Burisauibu3 21U04308|3 pue [ed14198]3 Ul "OS'IN 1¢0¢ 4393 Ld3S

19 IVHAHM-1V O3Avs
V4AVLSNN JISNOA

REPUBLIC OF TURKEY
GAZIANTEP UNIVERSITY
GRADUATE SCHOOL OF NATURAL & APPLIED SCIENCES

1IMWh BATTERY ENERGY STORAGE SYSTEM CONNECTED
TO DISTRIBUTION NETWORK: DESIGN, MODELING, AND

CONTROL

M.Sc. THESIS
IN
ELECTRICAL AND ELECTRONIC ENGINEERING

BY
YOUSIF MUSTAFA SADEQ AL-KHDHAIRI
SEPTEMBER 2021



1IMWH BATTERY ENERGY STORAGE SYSTEM CONNECTED
TO DISTRIBUTION NETWORK: DESIGN, MODELING, AND

CONTROL

M.Sc. Thesis
in
Electrical and Electronic Engineering

Gaziantep University

Supervisor

Assoc. Prof. Dr. Ahmet Mete VURAL

by
Yousif Mustafa Sadeq AL-KHDHAIRI
September 2021



©2021[Yousif Mustafa Sadeq AL-KHDHAIRI]



1IMWH BATTERY ENERGY STORAGE SYSTEM CONNECTED TO

DISTRIBUTION NETWORK: DESIGN, MODELING, AND CONTROL
submitted by Yousif Mustafa Sadeq AL-KHDHAIRI in partial fulfillment of the
requirements for the degree of Master of Science in Electrical and Electronics

Engineering, Gaziantep University is approved by,

Prof. Dr. Mehmet Ishak YUCE
Director of the Graduate School of Natural and Applied Sciences .............cccccee...

Prof. Dr. Ergun ERCELEBI
Head of the Department of Electrical and Electronics Engineering .............cccc.......

Assoc. Prof. Dr. Ahmet Mete VURAL
Supervisor, Electrical and Electronics Engineering
Gaziantep University

Exam Date: 09 September 2021
Examining Committee Members:

Assoc. Prof. Dr. Ahmet Mete VURAL
Thesis Supervisor, Electrical and Electronics Engineering
Gaziantep University

Assoc. Prof. Dr. Mehmet Ali OZCELIK
Vocational School of Technical Science
Gaziantep University

Assist. Prof. Dr. Murat Mustafa SAVRUN
Electrical and Electronics Engineering
Adana Alparslan Tiirkes Science & Technology University



I hereby declare that all information in this document has been obtained and
presented in accordance with academic rules and ethical conduct. | also declare
that, as required by these rules and conduct, I have fully cited and referenced all

material and results that are not original to this work.

Yousif Mustafa Sadeq AL-KHDHAIRI



ABSTRACT

1IMWH BATTERY ENERGY STORAGE SYSTEM CONNECTED TO
DISTRIBUTION NETWORK: DESIGN, MODELING, AND CONTROL

AL-KHDHAIRI, Yousif Mustafa Sadeq

M.Sc. in Electrical and Electronic Engineering
Supervisor: Assoc. Prof. Dr. Ahmet Mete VURAL

September 2021
177 pages

Battery energy storage system (BESS) is recently becoming a strong candidate for
being a system component of modern smart grids. In this thesis, a two-stage 1MWh
BESS connected to a 34.5 kV distribution grid is designed and simulated. The power
stage of the system consists of a three-phase wye-connected 11-level cascaded H-
bridge (CHB) converter and a DC-DC converter for each submodule of CHB
converter. At first, a recent literature survey is given about BESS components
focusing mainly on the battery storage unit in hierarchal order from cell to pack in
terms of modeling, design, and wiring diagrams. Then, CHB converter topology is
compared with other power electronic interfaces in terms of storage capacity and
switching elements. It is shown that CHB converter topology minimizes the number
of series connected batteries. The modeling details of the power circuit of the BESS
as well as its control system based on decoupled current control to exchange active
and reactive power between the BESS and the grid are described. Finally, a nonlinear
state feedback exact linearization controller is designed to control the bidirectional
buck-boost converter in each submodule to charge/discharge the batteries. It is also
shown that this controller can stabilize the dc-link capacitor voltage. Simulation tests
is then performed to test the capability of the designed system to exchange
active/reactive power with the distribution grid while charging and discharging the
battery.

Key Words: Battery Energy Storage System, Cascaded H-Bridge Converter,
DC-DC Converter, Feedback Linearization Control, Vector Control.



OZET

DAGITIM SEBEKESINE BAGLI 1 MWH BATARYA ENERJI DEPOLAMA
SISTEMI: TASARIM, MODELLEME VE DENETIM

AL-KHDHAIRI, Yousif Mustafa Sadeq
Yuksek Lisans Tezi, Elektrik ve Elektronik Miihendisligi
Damisman: Do¢. Dr. Ahmet Mete VURAL
Eylal 2021
177 sayfa

Batarya enerji depolama sistemi (BEDS), son zamanlarda modern akilli sebekelerin
sistem bileseni olmak i¢in giiclii bir aday haline gelmektedir. Bu tezde, 34,5 kV'luk
bir dagitim sebekesine baglh iki asamali IMWh kapasiteli bir BEDS tasarlanmis ve
benzetim ¢alismalar1 yapilmigtir. Sistemin guc kati, t¢ fazli yildiz baglantili 11
seviyeli bir kaskat H-kopri (KHK) doénistiiriicii ve KHK doniistiiricisuniin her bir
alt modilime bagli bir DC-DC déniistiiriiciiden olusmaktadir. Ilk olarak, modelleme,
tasarim ve kablo semalar1 agisindan hiicreden pakete hiyerarsik bir diizende esas
olarak batarya depolama birimine odaklanan BEDS bilesenleri hakkinda glincel bir
literatlir taramast sunulmustur. Daha sonra, KHK dénistiiriicii topolojisi, depolama
kapasitesi ve anahtarlama elemanlar1 agisindan diger gii¢ elektronigi arayiizleri ile
karsilastirilmistir. KHK doniistiiriicti topolojisinin seri bagli batarya sayisini en aza
indirdigi gosterilmistir. BEDS ile sebeke arasinda aktif ve reaktif giic aligverisi
yapmak i¢in ayrilmis akim kontroliine dayali bir denetim sisteminin yani sira
BEDS'nin gii¢ devresinin modelleme detaylar1 agiklanmistir. Son olarak, bataryalari
sarj/desarj etmek ic¢in her bir alt moduldeki ¢ift yonli buck-boost doniistiiriictiyii
kontrol etmek amaciyla dogrusal olmayan bir durum geri beslemeli kesin
dogrusallastirma denetleyicisi tasarlanmigtir. Ayrica bu denetleyicinin da-bag:
kapasitor gerilimini stabilize edebildigi de gosterilmistir. Daha sonra, tasarlanan
sistemin akiiyli sarj ederken ve desarj ederken dagitim sebekesi ile aktif/reaktif gii¢
aligverisi yapma kabiliyetini test etmek i¢in simiilasyon testleri yapilir.

Anahtar Kelimeler: Batarya Enerji Depolama Sistemi, Kaskat H-Kopri
Doniistiiriici, DC-DC  Doniistiirici,  Geribeslemeli

Dogrusallastirilmig Denetim, Vektor Kontroli.
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CHAPTERII

INTRODUCTION

1.1 Motivation of the Study

The continuous growth of the electrical power demand is proportional with the
economic and industrial growth which requires an equal electrical power generation
and consumption in return. The imbalance between the electrical power generation
and demand causes deviations and fluctuations in the grid voltage and frequency
which eventually negatively affect the resilience and stability of the electrical grid.
Most electrical power generation comes from fossil fuel and nuclear generation
facilities that is a major source of carbon dioxide emission and considered as a global
threat to the environment and a main contributor to the global warming phenomena
[1][2]. As a result, the penetration of renewable energy resources (RES) such as solar
energy and wind energy has acquired more attention globally to replace diesel
distribution generators to reduce the CO2 eruption and generate more eco-friendly
energy in both centralized and decentralized way [1]. However, the intermittent
nature of the RES and its dependency on the unpredicted weather conditions might
introduce several problems in the power quality, stability, and reliability of the grid.
Therefore, the introduction of energy storage system (ESS) can be a practical
solution for the aforementioned issues. The key principle of the ESS is to store
excess electrical energy of the grid in different forms of energy and release this
energy as electrical energy when it is needed. The ESS is categorized based on the
form of the stored energy such as electro-mechanical, electro-magnetic, thermal
storage, and electro-chemical storage systems as shown in Figure 1.1. The main
benefits of the ESS integration are to save energy by storing it for later usage,
improve the power quality and efficiency of the grid by decoupling the generated
energy from the demand, and defer the expensive upgrades of electrical

infrastructure ~ for  transmission and distribution systems [3][4].



Regarding the intermittence issue of the RES, the ESS can be considered as a
convenient solution by storing the excess energy generated by the RES and release it
when the RES cease generation occurs. This can fill the energy gaps and
intermittence making the RES more reliable and steady energy resource.
Additionally, ESS can provide different kinds of ancillary services to the power grid
and applications. Energy ratings, application power, weight, volume, operating
temperature, and response time are considered as key factors in deciding the
application of the ESS [2][5][4].

Energy storage
|
Mechanical Electromagnetic Chemical Thermal
storage storage storage storage

PHS SMES l HESS '
CAESS SC ' BESS |

]I FESS

Figure 1.1 ESS category.
This chapter gives a brief introduction on ESS technologies and their working
principles, also it describes the applications of ESS in different power sectors. This
chapter also mentions the key parameters that could differentiate between each ESS

technology and its appropriate application.

1.2 The Purpose of the Study

The main focus of this study is BESS in term of its structure and components,
operating principle, design, modeling, and control. BESS generally comprises several
battery modules, one or more power conversion modules (for example, AC/DC-
DC/AC power converters), optionally power transformers, harmonic filters and the
magnetic interface (for example, coupling reactor and power transformer) based on
the AC/DC and DC/DC converter topology used. Besides these details, the
charging/discharging stage controller must be relatively fast to fulfill the dynamic
performance required for the battery energy storage system. Therefore, in this thesis



all the aforementioned components topologies and different battery models will be
reviewed in order to choose the appropriate battery model and PCS topology that will
be used later in this study. Accordingly, a 1 MWh energy capacity battery energy
storage system will be designed, modelled, and tested in a computer simulation
environment. It will be connected to the distribution network under 34.5 kV (line-to-
line) at 50-Hz medium voltage level. The thesis will include a survey of the current
literature. Real and simulated large-scale battery energy storage systems that have
been constructed and are still in operation will be investigated, with the type of
battery technology chosen based on capacity, cost, charging and discharging
qualities, and other factors.

1.3 ESS Background
1.3.1 ESS Technologies

The key principle behind the concept of ESS is the charging and discharging
processes. In the chagrining process the energy is stored at a time when an excess
amount of energy is available. By contrast, the discharging process is the release of
the stored energy when it is needed. There are different kinds of technologies that are
used to store energy and each uses different materials and operates in a different
manner. Mainly ESS is classified into electrical and thermal energy type. Moreover,
this study focuses only on electrical ESS. Generally electricity cannot be stored
directly unless it is converted into a more stable form of energy that can be
transformed back to electrical form. The ESS technologies vary based on the form of
energy stored and can be categorized as follows: mechanical storage (pumped-hyrdo,
flywheel), electrochemical (battery, super-capacitor), electromagnetic energy storage
(super-conducting magnetic energy storage SMES). Figure 1.1 shows the each
energy form and its compatible energy storage technology. The choice of the storage
technology depends on the technological, economic or environmental performance

characteristics of available technologies [5][6].

1.3.1.1 Mechanical ESS

Mechanical ESS stores the energy in the form of mechanical energy and converts it

into the electrical energy when needed. The examples of mechanical ESS include



pumped hydro storage (PHS) and flywheel which will be discussed individually in
the following subsections.

1.3.1.1.1 Pumped Hydro Storage (PHS)

PHS is considered as the most mature energy storage technology and in fact it is the
most used ESS especially for large scale power applications. More than 99% of the
global large scale energy storage reserve is actually PHS. The PHS operates by
manipulating the gravitational potential energy of water storing electrical energy
from the power grid by pumping water from a lower reservoir higher to an upper
reservoir (charging). The stored water at the upper reservoir can be later released
downward to the lower reservoir while driving an electrical generator to generate
electrical energy (discharging). The capacity of the energy stored has a proportional
relationship with the height of the upper reservoir and the volume of the water
contained in it [5][6]. PHS can provide reliable power in a short time lapse (less than
one minute) with high efficiency up to 87%. However, since PHS can only be
integrated with natural water structures such as waterfalls, rivers, and natural lakes.
Hence, due to this geographical constraint, PHS cannot be installed easily anywhere

and can only be installed in locations of specific geological features [5].

1.3.1.1.2 Flywheel ESS (FESS)

FESS comprises of a rotatory disk coupled with mote/generator machined through a
shaft and often includes magnetic brackets that help to reduce the high speed friction
and self-discharge losses [2][5][6]. Originally, the flywheel was designed to improve
the power quality and solve some issues incorporated with short-voltage disturbances
[5]. Also, it was utilized to improve the output voltage stability of the synchronous
generators [2]. Moreover, due to the advancement in power electronics, FESS have
received more attention in other applications like transportation [2]. The maximum
rotational speed of the flywheel is considered as a key factor that can classify the
FESS and determine its type FESS [2]. Typically, the flywheels are ranged into high
speed flywheels that rotates over 10,000 rpm and low speed ones that rotate at a rate
less than 10,000 rpm [5]. The energy capacity of the FESS is decided by the
maximum rotational speed of the flywheel. The maximum torque produced at the
shaft of the machine limits the power capacity of the FESS that produces the electric

current. Hence the maximum power of the FESS is constrained by the ratings of the



electrical equipments [6]. High speed flywheels are capable of discharging for longer
time but with low energy capacities, the exact opposite is applicable for low speed
flywheels [2][5]. When the rotating mass of the flywheel starts to accelerate using
the electrical energy, the machine operates as a motor that transfers angular
momentum to the rotating mass through the rotating of the shaft that stores the
Kinetic energy and hence charging the FESS. In contrast, when FESS starts
discharging, the machine acts as a generator as the rotating mass decelerates and the
stored kinetic energy drives the generator via the shaft to generate the electrical
energy thereby discharging the FESS [5][6]. The high-efficiency, incredibly long life
cycle, and high power and energy densities are the main features of FESS. However,
FESS can be only limited to short term energy storage due to the presence of
frictional forces that cause a self-discharge of around 20% of the stored capacity in
an hour [5][6].

1.3.1.1.3 Compressed Air Energy Storage (CAES)

CAESS system is based on a similar concept of the gas turbine technology [6]. The
CAESS consumes the excess off-peak electricity to compress air and store it in
storage units located either above the ground in tanks or in underground caverns
(charging). When the energy is needed, the compressed air stored in the storage
caverns or tanks is released to be heated and expanded in a turbine to convert the
stored energy into kinetic energy that later drives an electrical generator [6]. The
CAESS is characterized for its long lifetime that reaches up to 40 years with an
approximated efficiency of 70% [5]. In term of large capacity energy storage
installation, CAESS is next to PHS similarly, CAESS installation is dependent on the

availableness of suitable geographic locations (underground caverns) [6].

1.3.1.2 Electromagnetic Storage Systems
1.3.1.2.1 Super Conducting Magnetic Energy Storage (SMES)

SMES stores energy in the form of magnetic energy in a super conducting coil by
inducing dc current through the coil to produce a strong magnetic field.
Fundamentally, a SMES comprises of three main components; these are, super
conducting coil with a magnet, cryogenically cooled refrigerator, and the power

conditioning system [5][7]. In order to charge the SMES, first, all resistive property



in the coil has to be removed by using cryogenically cooling refrigerator to cool the
coil below its super conducting temperature [7]. Normally, the super conducting coil
is either solenoid or toroid type. The solenoid design is simpler, cheaper, and easier
to control. Whereas, the toroid design provides a low stray field that can be useful in
SMES applications [5]. A dc current is necessary to generate the magnetic field that
can be obtained using a power converter. During the charging process, the current
increases. On the other hand, the current decreases during the discharging phase. [5].
The power density provided by SMES is considered as the greatest amongst the other
energy storage technologies [2]. In addition to its long lifetime, SMES is fit for
applications that require large power in short-time due to its high storage efficiency
(up to 90%) and incredibly fast response (in the range of milliseconds) [2][5][7].
However, the drawback of the SMES is that it requires large power and high cost to

cool the superconducting coil to its cryogenic temperature [5][7].

1.3.1.2.2 Super Capacitor ESS

Super capacitor (SC) (ultra-capacitor) is an electrochemical double-layered capacitor
that stores energy electrostatically by moving ions between two electrodes through a
separating porous membrane [6][8][9]. Compared to conventional capacitors, a SC
outclasses the other capacitors in terms of energy density, compactness, and larger
capacitance. The SC replaces the solid dielectric located between the two electrodes
in the conventional capacitors with an electrolyte solution [5][8]. SCs have large
cycle life that is capable of charging/discharging nearly million number of times.
Thus, they are virtually maintenance free [9]. Unlike the batteries that store energy in
their cells by performing chemical reactions for few hours to fully charge/discharge,
SC is capable of rapid charging/discharging by handling larger rate of electrical
currents [8][9]. However, with all the aforementioned features, SC suffers from daily
short self-discharge of nearly 5%. As a result, SC is mainly utilized in power quality

applications such as frequency regulation [5][9].

1.3.1.3 Electro-Chemical Energy Storage
1.3.1.3.1 Battery Energy Storage System (BESS)

BESS is considered as one of the oldest energy storage techniques [5]. It converts the

electrical energy into potential chemical energy and stores it in an electro-chemical



cell. The charging and discharging of BESS are performed based on reversible
chemical reactions called “reduction” and “oxidation” reactions (Redox term in
short). The Redox reactions take place between two electrodes called as cathode and
anode. [1]. A BESS consists of the battery units, power conditioning system, and
control system [10][11]. BESS is used widely in power system applications.
Additionally, due to its mobility and flexible small size, it is commonly used in
portable devices such as phones, laptops, and even electrical vehicles (EV) [5]. There
are too many types of batteries that vary in size, chemistry, and capacity. each BESS
type has different response time, power, and energy characteristics. The most
common battery types in the literature as well as in the industry is lead-acid, Li-ion,
and sodium-sulfur [1]. The BESS is the main focus of this thesis, thus BESS will be

explained in more detail regarding its operation, structure, and types in Chapter 2.

1.3.1.3.2 Hydrogen Based Energy Storage System (HESS)

HESS stores the electric energy drawn during off-peak hours and produces hydrogen
via water electrolysis. The produced hydrogen is then stored in high pressure
cylinders. The prime components of the HESS is the water electrolysis unit that
produces the hydrogen and the fuel cells [12]. Fuel cell is an electrochemical device
that consumes the chemical energy stored in the hydrogen to produce electrical
energy and water [2][12]. HESS is an eco-friendly technology that has high-energy
density. Besides, providing electricity during times of high-demand, HESS also
serves as a fuel for hydrogen vehicles [5][12]. Still, the considerable energy losses in

each cycle is the huge disadvantage for HESS applications [5].

1.3.2 ESS Applications

ESS can provide different kind of services in addition of boosting the performance of
various types of applications in different scales and aspects. ESS can be applied for
both stationary utility-scale and transportation based applications. Generally, ESS
applications are categorized into two groups based on the application’s time-scale as
listed in Table 1.1 [3][4]. This section defines these applications and gives an
example for each one. It is also mentioned about the deciding factors for each type of

ESS application.



Table 1.1 Major ESS application categories.

Energy Applications Power Applications
Energy arbitrage Frequency regulation
RES time-shifting Voltage support
Peak shaving Black start
Transmission and distribution (T&D) Spinning reserves

network upgrade deferral

Power quality and reliability

RES capacity firming

1.3.2.1 Energy Applications

Energy applications are long-term applications that operate over long periods of time
of several-hours and require large charge/discharge cycles. Such applications require
high capacity ESS in the range of MWh. Arbitrage, renewable energy time-shifting,
peak shaving and upgrade deferral of transmission and distribution networks are
some examples of energy applications which will be discussed in the following

sections [4].

1.3.2.1.1 Energy Arbitrage

The tariffs in the electricity market differ based on times of demand. At times of high
demand, the prices surge compared to the times of low demand. Furthermore, energy
arbitrage is a profitable approach to buy and store cheaper electricity at time of low
demand and sell it during high-demand periods when the prices are higher. Aside
from the economical profit, arbitrage can also enhance the system efficiency by
influencing the consumers end to mitigate the peaks in demand via the exploit of
real-time pricing [2][14]. The daily arbitrage activities and potential profit depend on
the number and shape of the peaks along with the road trip efficiency of ESS [4].
Energy arbitrage requires ESS that can handle long charge/discharge cycles with
considerably large capacity such as PHS and CAESS. PHS has a huge participation
in energy arbitrage due to its incredibly large capacity of hundreds of MWs and its

capability to function for long periods form 100 up to 1000 minutes [2].



1.3.2.1.2 RES Time-Shifting

The penetration of RES such as solar and wind energy has been growing rapidly as a
more environmentally clean energy source (ES). However, the unpredicted cloud
movement and the wind gusts cause intermittence and fluctuations in the generation.
This situation may cause instability in the power system and imbalance between
generation and demand [2]. Instead of supporting RES with traditional utility-power
plants RES can be integrated with ESS to manage these issues. Time-shifting of RES
is an application with similar concept to energy arbitrage. ESS stores all of the
energy generated from RES plants at time of low demand, and if necessary, cheap
energy can be bought from the grid. Later on, the stored energy is discharged and
sold at peak demand periods. As a result, the intermittent generation of the RES is
compensated and the reliance on peak utility-power plants can be avoided [6]. In
order to perform RES time-shifting, ESS can be placed anywhere near the load or the

source [14].

1.3.2.1.3 Peak Shaving

Peak shaving is a similar concept like energy arbitrage. Except, it operates to
mitigate the peaks in the load curve instead of making economical profit [14]. Peak
shaving operates in a time-lapse between 1 to 10 hours. Commonly, the application is

installed near consumer’s end, while the arbitrage is placed near the source [6].

1.3.2.1.4 Transmission and Distribution (T&D) Networks Upgrade Deferral

The upgrade of T&D networks requires an incredible amount of investment and
work. Usually transmission lines require upgrades when transmission congestion
occurs during high-demand times that limit the electric current flow on the
transmission lines. Also expensive upgrades are needed when equipment in T&D
network starts wearing due to exceeding their power ratings. Some of these
equipments are power transformers, transmission lines, and distribution lines. ESS
can be utilized to avoid the equipment of T&D network from exceeding their power
rating and delay the expensive upgrades for few more years by utilizing relatively
small energy storage energy to meet the excess demand. The energy storage size
used in T&D network deferral is related to the anticipated load growth and the

required time to delay the upgrade investments [5][15].



1.3.2.2 Power Applications

Power applications include the applications that exchange active and reactive power
between ESS and the power grid over short period of time (seconds to minutes
scale). Some of these applications are frequency regulation, voltage support, black
start, spinning reserves, RES capacity firming, power quality, and reliability that will
be discussed in the upcoming sections [4].

1.3.2.2.1 Frequency Regulation

Frequency regulation is a short-time scale (in seconds) ancillary service provided by
the ESS to stabilize the power system and maintain the nominal grid frequency at
50/60Hz. The system frequency deviates from its nominal value due to the imbalance
between supply and demand. When the demand surpasses the power supplied by the
system, the grid frequency falls below its nominal value this could cause black-outs.
On the contrary, if the supplied power exceeds the demand, the grid frequency rises
above its nominal value that could cause damage to the electrical equipments
[14][16]. ESS can be applied for frequency regulation to achieve balance between
generation and demand. Frequency regulation is divided into three types as follows:
primary, secondary, and tertiary reserves [6][14]. The function of primary regulation
IS to maintain the stability and the frequency of the grid during transients within
small time-lapse (5-30s). For that reason, it is usually directly incorporated with a
power conversion system (PCS) to ensure fast response [17]. For secondary
regulation, it acts as a standby reserve for the primary reserve with a response time of
5-15 minutes. The tertiary reserve serves as a standby reserve to maintain the system
synchronized by keeping the generation and load balanced in case of any
disturbance. Tertiary reserve is controlled manually with a response time of 15-60
minutes while the other reserves are controlled by automatic generation control
signals [4][14]. The types of ESS with high efficiency and fast response are suitable
for frequency regulation such as SMES, FESS, and BESS.

1.3.2.2.2 Voltage Support

Voltage support is important to maintain the voltage levels of the power system at its
desired limits in order to preserve the voltage stability. This can be realized by proper

control of the reactive power in the electrical network. Normally, it is difficult to

10



transfer reactive power over long distances. Therefore, ESS is placed locally near
large loads in order to maintain the system stability and the desired voltage levels by
applying voltage support [14][15]. ESS provides voltage support to the electrical
network by managing the amount of reactive power injected and drawn from the grid
depending on the corresponding voltage level. This requires the ESS to incorporate
proper control over power electronic devices with suitable size and rating in order to
exchange reactive power efficiently. Also, the power electronic components must be

capable of operating at non-unity power factor and be able to mitigate voltage ripples

[4][6].
1.3.2.2.3 Black Start

In case of unexpected large disturbances in the power system, it may be necessary to
completely shut down or reduce the generation. In this case, the power system should
be eventually restarted through black start operation to restore the system stability.
Therefore, ESS can be employed to supply the power required for black start
operation to restart the power plants. For this kind of application, ESS technology
should have fast response. Thus, ESS such as BESS or SC are considered suitable for
black start application [5][14][15].

1.3.2.2.4 Spinning Reserves

Spinning reserve is the unused capacity of the generated energy of the source during
normal operation. Moreover, the spinning reserve can be utilized as an online reserve
to responds in short-time (within 10 minutes) to unexpected blackouts in generation
or transmission systems by injecting power for certain time until the power shortage
iIs compromised and the system regains its stability [14][18]. Therefore, this
application requires ESS with large capacity and ability to discharge over long time
periods (at least 15-60 minutes) [14][15].

1.3.2.2.5 Power Quality and Reliability

Downstream loads can be exposed to quality problems such as variations in the
nominal frequency/voltage, and unwanted harmonics caused by short-term events in
the power system. ESS can be used to cover these variations in the power quality.
ESS can be also installed near sensitive loads to support power reliability purposes.

During outages, both the load and the ESS are disconnected from the power grid and

11



are required to operate in islanded mode until the power is restored and the islanded
system is resynchronized with the main grid [14][15]. Power reliability is similar to
the power quality in principle, but it takes longer time to restore power as it occurs
after power quality. Thus, the ESS type used for this kind of application should
support high reliability power with best quality [14].

1.3.2.2.6 RES Capacity Firming

Short-term fluctuations in the generated power from the RES could introduce
variations in the system frequency and voltage, which leads to degradation in the
power quality. ESS can be used to carry out the capacity firming application by
injecting power simultaneously with the RES to feed the load demand. Consequently,
the output power of the RES is smoothed and the power quality is improved
[61[14][17].

1.3.3 ESS Characteristics

The diversity in the ESS technologies brings about different types of applications to
be carried out to provide multiple services to the power system. Moreover, each type
of application requires specific requirements such as specific time response, specific
energy, and specific efficiency, and etc. Thus, the fundamental characteristics of the
ESS has to be studied in order to create a selection criterion to implement each ESS
technology for its appropriate application. In this section the main characteristics of
the ESS will be discussed briefly.

1.3.3.1 Energy/Power Density

Power density of the ESS device can be defined as the ratio of the rated power output
to the weight or volume of the storage device. In other words, this ratio denotes the
maximum power provided by the ESS device relative to its weight (Watt/Kg) or
volume (Watt/l). Likewise, the energy density is the ratio of the actual energy stored
in the ESS device to its corresponding weight (Wh/Kg) or volume (Watt/l).
Commonly, ESS having high power density has low energy density and vice versa.
The size and weight of the ESS device is inversely proportional to the power and
energy density, as the power and energy increase the size of the ESS device. ESS
technologies with high power density are typically used in applications that demand

high power efficiency, large discharge currents, and quick response time. PHS and
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flow-batteries are example of low energy density ESS. Alternatively, BESS and
HESS exhibit high energy and power density particularly Li-ion batteries are
commonly used in portable devices and mobile applications due its extremely high

energy density.

1.3.3.2 Lifetime

Naturally, after a certain amount of time, all ESS devices degrade. The lifespan of
the ESS can be defined by both calendar life (the time elapsed since its operation in
term of years) and cycle life (the total number of charge/discharge cycles until the
storage device cease to function [18]. The ESS lifetime is determined by the ESS
technology used, operating parameters such as depth of discharge, charge/discharge
cycles, and other environmental factors [16][18]. As the lifetime of the ESS is
directly correlated to its cost-efficiency, it is considered a major factor in determining
which application is feasible for the corresponding ESS technology. ESS
technologies that have long lifespan are more recommended for applications that
involve economical investments. Electro-mechanical based ESS such as PHS, CAES,
and FESS often have long lifetime that are basically dependent on the life span of
their corresponding mechanical parts. On the other hand, electro-chemical based
storage devices such as batteries usually have short lifetime due to the chemical
degradation over time [5].

1.3.3.3 Time Response

Time response is defined as the time needed for the storage device to reach full
discharge from no discharge state in order to meet the power demand. Each type of
application requires time-response in specific range. For instance, applications that
deal with power quality issues and fluctuation damping require the time response to
be in the range of milliseconds. Thus, the ESS technology adopted is bounded by the
time response requirement of the application. SMES, flywheels and SC have rapid
response in milliseconds, while the secondary batteries have response in seconds,

while PHS and CAES have slower time response in minutes [5][18].

1.3.3.4 Round-Trip Efficiency

Efficiency is an oversimplified term that is denoted as the ratio between the

discharge energy to the stored energy over single point of operation [19]. Therefore,
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the term round-trip efficiency or cycle-efficiency is introduced as a more general
term to characterize the efficiency of the ESS. It is defined as the ratio between the
output and the input energy of the ESS over a whole charge and discharge cycle
[5][18]. In addition to the losses associated with the energy storage device, round-trip
efficiency takes into account all the losses that result from the supplementary devices
(e.g. power electronic converters) and other patristic loads throughout the operation
of the ESS. Hence, it is considered as a key factor for ESS cost-effectiveness. Among
the ESS with high round-trip efficiency such as SMES, BESS, FESS, SC, Li-ion
batteries, have the highest reported efficiency (87-94%). Comparably CAES has the
lowest efficiency (40-55%) [5][16].

1.3.3.5 Cost of ESS

The investment in ESS for commercial use is economically rewarding. Moreover, the
cost of ESS is a critical factor which has to be analyzed thoroughly to determine
whether or not it can be commercially deployed [5]. The cost of the ESS is divided
into capital and operating costs. The capital cost involves the energy cost of storage
devices ($/kWh) as well as the subsystem’s power costs ($/kW) that covers the cost
of the PCS and other equipments [18]. Operating costs include all the costs related to
operating and maintenance of ESS. It also includes the costs of spare parts. For long-
term consideration, other costs such as disposal and recycling costs might be
considered [19]. Storage systems with low-efficiency and low-cycling capacity
typically has the lowest capital costs, being CAES as an example. Hence, it is critical
to assess the durability of the storage system. SMES, FESS, and SC have high power
density with low capital cost of kWh per cycle, making them ideal for applications
that demand high power outputs for short periods of time [5][19]. The cost of the
ESS is a function of total annual costs, and the cost of the energy discharged

annually [18].

1.3.3.6 Self-Discharge

Following the charging of the ESS, if the ESS does not discharge for long duration,
the unused stored energy will start discharging which means that the energy will tend
to dissipate over time. The scales of self-discharge vary based on the type of energy
storage technology and its principle of operation. Electro-chemical energy storage

systems such as batteries, exhibit self-discharge losses due to chemical reaction when
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the batteries are inactive. FESS self-discharges at large rate on daily basis at 20-
100%, thus it is preferred for short-term application so that the stored energy is
discharged as soon as it is get charged to minimize the losses from self-discharge. On
the other hand, self-discharge is almost non-existent in PHS and CAES technologies
[18][19].

1.3.3.7 Technical Maturity

Technical maturity of ESS is essential in deciding if it should be used for a specific
energy storage application. Matured technologies are normally favored because they
have gained more operational experience than their less matured counterparts.
Furthermore, as technology matures, the price of the it decreases. The maturity of
ESS can be categorized into three levels; fully, medium, and early technological
maturities. Examples of fully matured storage technologies are lead-acid batteries
and PHS. Whereas, technologies such as CAES, FESS, and Li-ion batteries fall
between high and medium maturity levels. Early matured technologies include flow
batteries. If mobile applications and portable devices is considered, Li-ion and Ni-Cd

can be regarded as fully matured energy storage technologies [5][18].

1.3.3.8 Storage Capacity

This is the amount of energy that can be stored in the storage unit. To put it another
way, it refers to the total amount of energy contained in the energy storage unit. It is
measured in units of Wh. Since discharge is normally incomplete, it differs from the
energy recovered from the storage unit. Energy storage systems with large storage
capacities typically used for commercial scale operations. Because of the self-
discharging issue, storage period is also regarded as an important factor to consider
when selecting an energy storage technology for a specific application. Another
factor that affects the recoverable stored energy is how fast the storage system
charge/discharge. Incase of fast charge/discharge the efficiency drops and recovered
energy becomes lower than the original stored energy as efficiency. The massive
energy capacity of PHS and CAES makes them suitable for grid-scale applications.
[51[19].
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1.3.3.9 Recharge and Discharge Time

Recharge and discharge time is defined as the time necessary for the energy storage
device to get charged and discharged, respectively. Normally ESS has equal charging
and discharging rates. However, it is not always the case as charge/discharge rate
varies based on PCS capacity and control as well as energy storage technology. If
ESS is not charged or discharged fast enough, it is not possible to be able to supply
power for the next service cycle. If it is too fast to charge and discharge, the
efficiency of the ESS might decline [18][19]. The installation of ESS can be at
different voltage levels and capacities based on its position with regard to the power
system to overcome certain challenges in different power sectors as simplified in
Figure 1.2. ESS can be installed at distribution networks to maintain the power
system stability at transmission networks to relief electrical congestion at the time of
high demand, and also ESS can be used in power generation to participate in energy

arbitrage.
Challenges

Volatility Low Utilization Congestion Security “Dirty” Power

Fuel Generation Transmission Distribution Services

Hedge risk Baseload arbitrage Higher utilization Stability Power quality

Renefits

Figure 1.2 Utilization of ESS at different power sectors [20].
The power output and energy density of ESS is used to define the performance of
ESS in such manner that can be derived for each energy storage technology and their
befitting application which is based on the power requirement and according to the
respective location in the power system. The ESS applications versus ESS
technology are shown in Figure 1.3. Observably, power to gas, PHS, and CAES are
used for applications that require tremendous power and capacity over time duration
from hours to months which makes them more fitting for applications implemented
at generation side of the power system. As mentioned before, FESS and SC have

short discharge duration from fraction of seconds up to few hours making them a
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proper choice for providing ancillary services such as frequency regulation and
voltage support at T&D networks. Whereas, BESS can be applied for a broad range
of applications and installed anywhere in the power system. This flexibility comes
from the flexible design as it can be small enough to deliver 1 kW or big enough to

supply hundreds of GW of electrical power.

-
g loGw
5 u
- = [}
5 g 3%
g 1ew % % 5 Pumped hydro
°:‘ Ls® wind Eﬂ ? -3 - (PHS) Generation
: WAL I &
£ PV: grid B Eg¢ )
100 GW support < Compressed air
K energy storage
e W E (CAES)
c 5 £&
c 5 &3 %
o= =al@
noGw F =2 %350
£ 33 ea
&% oo 1.k
£ b= B 18
o 5 - E
1MW .'&!jl s 2 System/network
; % §. = operator
= § 1
g iz
100 kW SS"wind — Off- a =
PV: grid scale
support utility
scale -
10kW Z
@
ort £
scale/ =1
e Endus
TkW user nd user
self-
cons.
okw - v & 5 = x c T "v & = > x c
s 5§ 35 8 8 3 ¢ s 5 3 3 8 8 §
o o £ I = = o o £ I = 3
2 8 = @ 2 & = A
8 b
S 5
= =
Discharge duration
1) Small-scale 2) Large-scale 3) Power-to-gas Applications Technology

Figure 1.3 ESS applications versus ESS technology [16].
Over the last two decades, the installation and usage of BESS facilities have swiftly
increased for both stationary applications (e.g. grid utility, RES integration) and
mobile applications such as EV. Stationary BESS applications play a key role in
utility-grid applications. Nearly half of stationary BESS installations are mainly
equipped in T&D networks to perform frequency regulation owing to the fast
response characteristics of BESS. While the rest of installations provide other
ancillary services such as voltage support or participate in electrical market for
energy arbitrage. Stationary BESS is frequently integrated with RES to minimize the
fluctuations associated with the intermittent nature of the RES [21][22][23].
According to the reports of International Energy Agency (IEA), the total capacity of
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utility-scale BESS is installed globally nearly peaked 25 GW in 2020, as shown in
Figure 1.4.
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Figure 1.4 BESS capacity installation prediction over the next 20 years [24].

1.4 Thesis Description and Methodology

As the price of batteries (Li-ion in particular) is on a continuous decline, BESS
installation has attracted the attention of researchers and industrial investors to setup
more BESS projects in the power systems, portable devices as well as transportation
applications. This study aims to review stationary BESS by giving a full review of its
structure, operation, components, and control. Previous studies available in the
literature were conducted on the BESS related to different fields of operations such
as RES (e.g. PV and wind turbines) integrated micro/smart grids. Also, some studies
focused on finding the optimum sizing and allocation of the BESS project
installation. After a general review of the most essential aspects of the BESS, this
thesis aims to give model, design and simulate a 1LMWh BESS connected to a 34.5
KV distribution network. The general review is given in Chapter 2 that includes the
modeling topologies, design assessments, and control strategies available in the
literature. The Lithium iron phosphate (LifePO4) battery type is selected in this study
to build the BESS. The dc-side behavior of the BESS is modelled using a non-linear
model to capture the battery and dc-link dynamics well. Thus, a non-linear state
feedback exact linearization (ES-FBL) controller is proposed to control the
bidirectional DC-DC converter connected to each storage unit to regulate the
charging and discharging of the batteries and maintain a stable dc-link voltage. By
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adopting a multi-level cascaded H-bridge converter, the battery banks are divided
among the multiple power modules to be connected to the distribution grid. The ac
side of the BESS contains a cascaded H-bridge (CHB) inverter that can be modeled
as a voltage source coupled with the distribution network through a coupling
transformer. The design of the BESS is highly dependent on the voltage and the
capacity requirements. In order to meet these requirements the BESS has to be sized
properly without over or under sizing the system to avoid impractical design. Thus,
including additional hardware such as a DC-DC converter and CHB can improve the
flexibility and robustness of the design in such a manner that multiple options can be
acquirable. Moreover, the BESS will be more fault tolerant in case of any failure in a
battery unit. Vector oriented control scheme is adopted at the ac side of the BESS to
control the power flow by regulating the current components in the rotating reference
frame. The simulations are carried out to demonstrate the performance of the BESS
design with different case studies. Due to the large scale of the BESS model in this
study and the adaptation of the CHB converter, the battery banks are modelled using
single battery cell model with the required capacity and voltage specifications
assigned to the individual block. In this study, the temperature effects and other
aspects related to the chemical nature of the batteries are ignored. The battery
dynamics involve the voltage, current, state of charge (SOC), and the dc-link voltage
of each CHB power module. Implementation and control of the battery management
system (BMS) are beyond the scope of this study such that SOC and other parameter
estimations are excluded but only reviewed in Chapter 2.

1.5 Thesis Structure

This chapter has presented a general background on the ESS including the
technology, application areas, as well as the services provided for the power system.
Later on, the characteristics and parameters that distinguish each ESS technology are
clarified. Accordingly, a selection criterion is reviewed for each ESS technology.
The motivation as well as the purpose of the study are given in this chapter. Also, the

methodology used in this study and the limitations are clarified.

Chapter 2 is related with BESS. The concept of the BESS is explained alongside its
core components. At the beginning, the operating principle of a simple battery cell

and its fundamental parameters are defined. The different kinds of battery

19



technologies available in the literature are reviewed and compared. Next, the
modeling topologies for the battery cells and the battery pack as well as different
connection configurations are reviewed. Later on, a review on the common PCS and
other components are given. Lastly, the design process of a large-scale BESS and its
control scheme are outlined together with the design options and control strategies
available in the literature.

In Chapter 3, the BESS is modeled and designed using a non-linear model to
describe the dc side of the BESS. The ES-FBL control scheme is designed to regulate
the DC-DC converter to charge/discharge the batteries. The BESS design is based on
CHB converter to interface the batteries with the distribution grid. Vector oriented
current control strategy is used to exchange the active and reactive power with the

network.

In Chapter 4, the simulation studies are conducted with different case studies to
verify the designed BESS model. Different control tasks are considered under
different circumstances. At the end, the simulation results are presented and
discussed.

Finally, Chapter 5 includes the conclusion of this work and future prospects related

with this thesis. The findings are summarized and the contribution of the study is

underlined
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CHAPTER I

BATTERY ENERGY STORAGE SYSTEM (BESS)

2.1 Introduction

This chapter starts by reviewing the previous successful BESS installations in the
world and the previous simulation studies related to different aspects of BESS. Later,
a literature review is presented covering multiple research materials related to
different aspects of BESS starting by giving a general overview of the BESS
structure and components. The battery modeling is also reviewed from single cell to
multi-cell battery pack perspective as well. The different types of connections
topologies and power conditioning system topologies for interfacing BESS with the
grid are reviewed thoroughly. Next, the design procedures and design options for
implementing utility-scale BESS available in the literature and industrially are
reviewed in detail. Finally, the control strategies available in the literature to control
and optimize the performance of BESS for different applications are reviewed.

2.2 Previous BESS Installations and Simulations

The majority of the current BESS installations are distributed in China, India, and
United States. Furthermore, the global total capacity of BESS will keep increasing at
a pace of nearly 100 GW over 10 years peaking approximately 105 GW capacity in
2030 and almost reaching 225 GW total installations by 2040. An example of
successful BESS implementation that has been operating for over a decade is
Aomori, Rokkasho-Futamata wind farm BESS since August 2008 incorporating 245
MWh sodium-sulfur BESS which mainly operates to smoothen the output power
fluctuations of the wind turbine farm and solve low-voltage ride through and reactive
power compensation problems. Other examples of utility-scale BESS operating at
grid side is the Henan 100.8 MW/125.8 MWh Li-ion BESS and Jiangsu Zhenjiang
101MW/202 MWh Li-ion BESS in China which participate in peak shaving
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and provide ancillary services to the grid such as frequency and voltage regulations
and also function as emergency resource. The SDG&E Escondido Li-ion 130
MW/120 MWh BESS project in United States is one of the examples of economic
profitable BESS projects that performs energy arbitrate to participate in the electrical
energy market. An example of hybrid BESS projects that consists of multiple
different battery technologies in the energy storage facility is Zhangei wind-PV
project in China which comprises of 14 MW/63 MWh Li-ion battery, 2 MW/8 MWh
redox flow battery, 2 MW/12 MWh lead-acid battery, and Lithium-titante battery 2
MW/1 MWh [17]. As BESS is getting on the trend line, a variety of studies in the
literature is focusing on the modeling, control, and simulation of BESS from
different perspectives and for different applications and purposes. In [93] a large-
scale BESS that adopts Y-connected CHB for PCS was modeled and controlled
based on a real BESS of 10 kV/2 MW constructed in Shenzhen, China. The system
proved by experiment splendid performance in realizing decoupled power control for
active and reactive powers, very fast step response at millisecond time scale, and
full-load shutdown was achieved in microsecond timescale. Ref [127] performed a
simulation study on a grid-tied 2 MW/968 kWh Li-lon BESS that employs a VSC
with vector control strategy to provide frequency regulation while meeting the
standards of UK primary national distribution network operator based on real
frequency data. In [123] grid-scale BESS was modeled as grid-supporting converter
and controlled to provide primary- secondary frequency response and voltage
support for the grid. The model effectiveness was verified through simulation
studies. BESS is considered as a splendid countermeasure for the grid fluctuations in
frequency, voltage, and power that is associated with the rapid penetration of RES.
The 21 MW/21 MWh and 16 MW/16 MWh BESS developed by EGAT in Thailand
Chai Badan and Bamnet Narong respectively are examples of grid-scale BESS that
performs RES capacity firming by providing large power and energy under short
periods of time in order to reduce the fluctuations caused by weather condition and
stabilize the power system [25]. Another similar existing BESS projects are the
Futamata-Aomori 34 MW NAS BESS that is integrated with 51 MW wind farm and
the Wakkanai-Hokkaido 1.5 MW NAS BESS integrated with 5.02 MW PV farm.
The main objectives of those projects are to optimize the power control and mitigate
the fluctuations associated with the intermittent operation of wind turbines and PV

[128]. In [129], a mathematical model for large scale grid-tied BESS which provides
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high accuracy in estimating the energy flow characteristics and battery SOC were
developed. Also, a model was proved to be capable of simulating 20-50 faster than
conventional equivalent circuit models. The study of the sizing and allocation for the
BESS is considered as a critical factor to efficiently participate in the electric market
of distribution networks and companies (DISCO). Ref [130] proposed a practical
model for the optimum BESS allocation based on particle swarm optimization (PSO)
algorithm in distribution system. The method demonstrated effective results by
saving costs for DISCO by finding an appropriate plan for buying energy. Different
benefits can be obtained based on BESS location corresponding to the distribution
line. For example, the placement of BESS at the end of the distribution line provides
better end voltage regulation, while allocating the BESS in the middle of the line
helps to reduce the losses associated with the power transmission from distribution
generators or PV panels along the distribution line [131]. From economical
perspective, BESS installation in T&D systems can save the high investment costs
related to the network upgrades required when congestion occurs. The network
upgrade cost analysis in [3] for the Pattaya Tai Thailand 115/22 kV distribution
network proved that BESS installation is more cost saving and feasible than the
conventional network reinforcement method. Moreover, BESS installation is not
only limited to differing investments, it is also capable of reducing the line losses and
improving load curve by injecting power to the grid at peak demand times in the
evening [131]. Mobile battery energy storage system (MBESS) is a practical
technology that allows the BESS to be transported to areas with high power demand
or utilized for emergency cases to compromise for blackouts and faults in micro
grids. MBESS can be used for seasonal demands in such a way that it moves to areas
with high demand or requirement to perform different kinds of applications such as
network reinforcement or peak-shaving. When it has fulfilled its purpose, it can be
easily assigned and moved to other demand area [132][133]. Ref [134] used three
different modeling methods namely average, ideal-dc link, and detailed models to
model and simulate 1 MWh two-stage BESS connected to a micro grid in both grid-
forming mode and grid-supporting mode. Reference [135] presented a control
strategy for charging and discharging batteries in distribution system in order to
optimize the energy transaction cost by performing a forecasting the wind and PV
powers, and the short-term load profile. The control strategy for managing the BESS

plays a vital role in providing the most benefits of the BESS and delivery the
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maximum operating efficiency in distribution systems. Reference [136] simulated
low-voltage distribution network using coordinated control scheme for controlling
multiple BESS to reduce the overvoltage associated with PV generation. The method
proved efficient in improving the BESS reliability and robustness. In [137], an
optimization algorithm based on linear programming was adopted to manage the
operation of 500 kW/1440 kWh Lead-acid BESS connected to 2 MW islanded micro
grid comprised of PV and diesel units power generators. With the proposed
algorithm, the BESS improved the utilization of PV power and reduced the fuel
consumption in diesel generators without forecasting. Ref [138] simulated the
addition of 100 kWh capacity BESS in a low-voltage distribution network located to
provide power to end-user (elementary school) in Kinmen Island Taiwan. This
installation shows that implementation of BESS and RES can save costs for end-
users and solve the voltage reliability issues in islanded micro grid. Ref [139]
performed a simulation study on low-voltage active distribution network in Denmark
using BESS controlled by optimization control based on single step model predictive
control to improve the PV peak shaving and reduce the network power losses. Ref
[140] modeled and simulated a 0.5 MWh BESS to provide voltage and support and
peak shaving for 10 kV distribution system using distinctive active and reactive
power support algorithms. In [141], a two-stage BESS connected to PV micro grid
was modeled and controlled using PQ control strategy to control the active/reactive
power flow between the BESS and grid, while voltage/frequency control was
adopted to maintain the stability of the micro grid. Due to the asymmetrical nature of
distribution systems, unbalance voltage is more common to transpire causing severe
damage to the system components. [142] proposed a two-stage scheduling strategy
based nonlinear programming for BESS to reduce the voltage unbalance in the

network.

2.3 BESS Structure and Components

BESS consists of several components such as the battery banks which are the main
energy storage units that use reversible electrochemical reactions to store excess
energy in the form of chemical energy when the battery is charging and discharge it
as electrical energy when there is a demand for energy at the load or grid. These
battery packs are formulated from several battery cells connected either in series or

parallel. Subsequently the battery banks are connected to a PCS that provides a four-
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guadrant power conversion between both ac and dc systems. PCS may include a
dc/dc converter to regulate charging and discharging operations of the battery and
able to step up the battery voltage to provide higher voltage levels at the dc-link
capacitor. dc/ac bidirectional converters convert the dc current to ac current or vice
versa that serve to exchange the energy between the battery packs and the electrical
grid or load depending on the charging and discharging state. At the ac side of the
BESS, choke filters are utilized to filter the harmonics associated with high
frequency switching of the power electronic converters. Also, a coupling transformer
can be added to synchronize the voltage levels of BESS and grid. Furthermore, a
control system or an energy management system to coordinate the operations of
charging/discharging processes, besides a BMS is also employed in each battery
module to control the battery cells and protect them from thermal and voltage
instabilities such as over-voltage or under voltage problems. As well as the control
and estimation of the SOC of the batteries are required to provide a longer lifetime.
Figure 2.1 shows a general overview of a grid-tied BESS structure. Many other
structures and connection topologies of BESS are available depending on the

utilization type and objective [25].

1

T

Figure 2.1 A general overview of a grid-tied BESS.

2.3.1 Battery

BESS is composed of several battery cells connected either in series or parallel,
however the most traditional batteries are connected as series strings to accumulate
the voltage to a specific level. On the other hand, further several series strings of
battery cells are connected in parallel to increase the current capacity [26][27].
Batteries use electrochemical reactions known as Redox reactions (which is a short
term for reduction and oxidation reactions) to convert electrical energy and store it in
the form of potential chemical energy in battery cells [6]. Figure 2.2 shows a

schematic of the electrochemical cell in both charging and discharging operations
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[28]. Observably, once battery discharges, oxidation occurs at the anode and an
electron is released and transferred through the electrolyte and accepted by the
cathode through reduction. This electron transition leads to the generation of
electrical current. Moreover, during charging operation, the same principle is
applicable with reversed reactions while the battery is supplied by an external source
[28].

Lurrent_ Current
External load e I I e
External
power source
Anion 9’
- Cati
ation
)
Positive Negative Positive Negative
electrode Electrolyte electrode electrode Electrolyte electrode
(a) Discharging (b) Charging

Figure 2.2 The electrochemical cell structure and reactions during: (a) discharging,
(b) charging [28].

Basically, a battery cell consists of two circuits; an internal circuit that allows the
movement of the resultant ions, and an external circuit (load or ES) which closes the
electrical circuit and allows for the current flow. However, an energy difference
between the electrochemically active substances is essential for the flow of electrons
and ions to exist. The battery cell discharges when an external circuit (load) is
connected between the electrodes. The redox reactions occur simultaneously at the
anode and the cathode yields an electrical current such that the electrons flow from
the anode to cathode. This operation reverses for charging where the external circuit
added is an ES [6].

2.3.1.1 Battery Characteristics

The battery can be characterized by its capacity (Q) which is given in Equation (2.1)
where [, is the battery current and open-circuit voltage (OCV). Q is the highest
possible energy quantity which is measured in coulombs. Q is a function of the

battery volume, mass, and the material type being used. On the other hand, OCV it is
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the potential difference between the battery electrodes when the battery is neither
charging nor discharging. However, during charging and discharging, the measured
voltage can be above or below the OCV due to polarization effect which is caused by
chemical reactions and the internal components. Thus, the battery terminal voltage is

a more precise characteristic parameter that accounts for the polarization effects.

Q=[1,dt 2.1)

There are other battery parameters that should be monitored and estimated
throughout the operation of the BESS. These parameters are used to characterize the
battery performance and how the BESS operates by setting a stopping/starting
criterion for the charging/discharging processes. These parameters are SOC, given in
Equation (2.2), depth of discharge (DOD), state of health (SOH), and round-trip
efficiency. SOC is a significant reference parameter in a BESS which indicates the
available remaining electric charge capacity of the battery cell compared to its rated
nominal capacity (Q..qx)- The SOC is measured in percentage units of amber-hour
(Ah) of the battery’s energy drawn until it is fully discharged. Moreover, the exact
value of SOC or the chemical energy cannot be calculated or monitored directly by
using sensors due to battery’s chemical nature. Therefore, SOC is estimated by
implementing a BMS that uses different SOC estimation algorithms and approaches
to give an accurate estimation of the current SOC value. Having information on SOC
protects the battery from overvoltage and under voltage, also SOC information
provides better capacity utilization to have better management over the battery
energy. There are multiple ways for estimating the SOC value which differ in
accuracy and complexity. Columb-counting and OCV estimation methods are
considered as the most basic commonly used SOC estimation approaches
[27]125][29][30]. Columb-counting method is a straightforward estimation approach

in which SOC is calculated as a function of initial SOC value SOC,) given in

Equation (2.3), where I(t) is the charging/discharging current, n is the

charging/discharging efficiency, and Q,, is the battery nominal capacity.

S0C =100+ (1- =) 2.2)

max

S0Cq = SOC(y) + fy, ™4

(2.3)
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Since this method highly relays on the current measurements, any error in current
measurement will have great impact on the SOC estimation accuracy. Also,
obtaining prior information on the initial SOC value is difficult as battery SOC is
usually charged between certain ranges depending on the type of the battery used
[31]. The OCV of the battery share a non-linear relationship with battery SOC such
that SOC value could be estimated with high accuracy based on the measured battery
OCYV following battery resting. Other popular estimation methods are Kalman filter
(KF) based estimation, extended KF (EKF), and adapted KF. Originally, KF filters
out statistical noise and other forms of inaccuracies from measured data to provide an
optimal estimation of the unknown variables in a dynamic system in term of
minimum variance. KFs are more befitting for linear system. However, Li-ion
battery exhibits a non-linear behavior adding more challenge in estimation due to
polarization parameters related to the equivalent circuit models which vary over time
under different operating conditions. Hence, EKF or unscented Kalman filter is
considered as a solution to improve SOC accuracy in nonlinear systems
[32][33][34][35]. More accurate SOC estimation can be acquired using adaptive
methods which employ different neural network algorithms but the estimation
complexity is considerably increased [36][37][38]39]. Effects like temperature and
capacity have considerable impact on the SOC of the battery. During the modeling
and simulation of the BESS the following factors should be considered;

1- Charging and discharging rate: The capacity and SOC vary among the cells

when the battery is charged or discharged at different rate. Peukert Equation
given in Equation (2.4) demonstrates a relation between the battery capacity and
the charging/discharging current. C is the capacity, i is the charging current, n

and K are the battery constants, respectively [30].

C =Kt (2.4)

2- Temperature: The temperature affects the SOC. For example, uneven

temperature among the battery packs can influence the cell aging and may cause
capacity fade. The influence of the temperature on the SOC can be described by

a common model, given in Equation (2.5),

Q=0Cyx[1— a(25-T)] (2.5)
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where, Qis the battery capacity under temperature T, Qs is the battery capacity
when the battery operates under a temperature of 25°C, a is the temperature
coefficient that varies in different temperature intervals, and T is the actual
temperature [30][40].

Capacity fade: The capacity will continuously fade throughout the aging of the

battery and eventually negatively affect the SOC [30].

Self-discharging: Self-discharging occurs due to the chemical reaction within

the battery without being connected to any external circuit. This phenomenon
differs according to the battery type and technology and some batteries do not
exhibit this effect such as Zn-Br or flow batteries. Relevant data regarding this
phenomenon is commonly provided by the battery manufacturer [30].

Internal resistance: The internal resistance continually increases throughout the

aging of the battery resulting in a slight decrease in discharge voltage and battery
capacity. Moreover, in the equivalent circuit model, the internal resistance
manifests a strong influence on the SOC, or rather becomes a function of SOC
[30][41].

Cell-to-cell variation: This is another major factor which could have a

significant impact on SOC estimation and on the capacity of BESS. In [41], the
effect of cell-to cell variation along with the deterioration and inconsistency is
tested and discussed in detail implying how the deterioration of a single cell
could limit the capacity and functionality of the whole battery back.

State of energy (SOE): SOE is a similar to SOC. The SOE indicates the ratio of

the remaining energy of the battery. However, SOE is a more general term

which can be used for any storage device [29].
Depth of discharge (DOD): DOD is the ratio of the battery capacity that has

been discharged in relative to the maximum capacity of the battery which is

expressed in Equation (2.6);

Jy ip(tyat

Qmax

DOD = (2.6)

Looking at Equations (2.1), (2.2), and (2.6), one can conclude that DOD is a

complement of SOC and can be written as follows;

SoC =1—DOD 2.7)
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Both SOC and DOD are expressed as percentage of the battery maximum capacity.
For example, if SOC is 20%, this value indicates that the current energy capacity
available is 20% of the maximum battery capacity. Oppositely, a 20% DOD means
that 20% of the maximum capacity is being discharged while 80% remains. The
deeper the DOD the faster the battery life-time decays. Similarly, if the SOC exceeds
100% when charged or fall below 0% when discharged, it could cause degradation in
the battery cells that could shorten the life span of the battery. This situation is called
as “over-charging” and “over-discharging”. In case of Li-ion battery, the SOC is
preferred to be in range of 20%-80%. Therefore, the appropriate monitoring and
control of SOC and DOD are essential for safe and efficient operation of the BESS
[25].

9- State of Health (SOH): SOH is the ratio of the current maximum capacity of

the battery to its initial maximum capacity. SOH is used to express the
deterioration rate of the battery. However, SOH is commonly described by an
attenuation index of the battery due to the difficulty to estimate the number of
the remaining cycle of the battery in an accurate manner. A common way to

estimate SOH is the capacity fading rate formula which can be expressed as:

SOH = — 2~ QeoL (2.8)

QBoL—QEoL

where Qg i the begin of life capacity or initial maximum capacity of the battery,
and Qg is defined as the end-of-life capacity. In addition, end of life refers to the
time when the battery capacity is reduced to 80% of its original capacity [25][41].

10-  Energy efficiency: The operation of the BESS is not ideal, consequently

there are losses accompanied with the charging and discharging processes. Apart
from the losses from the PCS, there are losses in the battery cell due to the chemical
reaction in the battery cells which vary with the type of the battery technology used,
and the self-discharge nature of the battery cell [23]. The energy efficiency is
proportional to the net energy change of the battery, energy acquired during
charging, and energy drained from the battery during discharging. The charging and
discharging efficiencies can be described as follows:

AQn
Ncharge = Q_m (2.9)
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Qou
Ndischarge = E: (2.10)

where AQ,, is the net energy change of the battery, Q;,, and Q,,; stand for the energy
acquired by the battery and the energy drained from the battery, respectively [42].
The energy efficiency of the battery cell can also be studied as a function of the cell
voltage and the thermodynamic voltage which is the maximum voltage attained from
the chemical reaction in the battery cell. Because of the effect of the internal
resistance of the cell, the cell voltages are higher than that of the thermodynamic
voltage during discharging but lower when charged. Additionally, the voltage cell is
dependent on the SOC and it is possible to derive a relation between the energy
efficiency and the SOC in a linear manner such that the discharging efficiency
increases with the SOC. On the contrary, the charging efficiency decreases with SOC
[6]. The charging/discharging current also has an influence on the efficiency, since
the energy consumed in the internal resistance increases proportionally with the
charging and discharging current [42]. Therefore, an optimum average SOC should
be considered to optimize the overall efficiency of a cycle [6].

11-  Round-trip efficiency: This parameter is deemed to be a major factor in

determining the cost-effectiveness of the energy storage system that is defined as the
ratio of the energy regained from discharging to the spent energy when the battery is
charged calculated through an entire charging/discharging cycle. The round-trip
efficiency takes into account the losses from power conversion and other losses that
accompany the operation of the energy storage device [16][29]. CAES has the lowest
round-trip efficiency of around 40%-55%. Li-ion batteries hold the highest round-trip
efficiency up to 95% [16][43].

2.3.1.2 Battery Types

There are many different battery technologies that use different chemical substances
in their electrodes and electrolytes. These technologies can be characterized based on
several factors such energy density, round-trip efficiency, cycle life, effective cost,
and self-discharge. Batteries in general are characterized into primary cells and
secondary cells, primary cells are batteries that can be only used once with no
rechargeable capability. while secondary batteries have cells capable of reversible
reaction that allow it to be recharged continuously. The most common secondary
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battery types available in the literature as well as in the industry are Lead-acid, Li-
ion, NAS, Ni-Cd, and the flow batteries. These battery types are discussed and

compared in the next section.

2.3.1.2.1 Lead-acid (Pb-acid) Battery

Lead-acid battery is considered as one of the first rechargeable battery type
introduced for commercial use in the mid of the 18th century. Lead-acid battery
technology is deemed to be one of the most mature battery technologies, commonly
used in EVs and other applications requiring high-discharge currents, Lead-acid
batteries are well known for their low-cost compared to other battery types which are
highly dependent on lead price, capability of deep current discharge, efficient
recycling, and good performance at low and high temperatures [6][16][44]. Lead-
acid battery cell is made of parallel arrangement of lead plates that is alternatively
polarized such that the cathode plates are coated with lead dioxide (PbO2) and the
anodic plates with porous lead are immersed in a sulfuric acid electrolyte [6]. Lead
sulfate is produced with an excess electron from a chemical reaction between the
porous lead at the anode (negative electrode) and the sulfuric acid during
discharging. This electron is then transmitted to the cathode (positive electrode) and
reacts with the lead dioxide resulting in a potential of 2.04 V between the two
electrodes and water [6]. Lead-acid has a non-linear power output and the life time of
lead-acid batteries change significantly upon usage ratio, discharge rate, number of
deep discharge cycles, ambient temperature, and the frequency at the charging and
discharging state [44][45]. Lead-acid batteries have low energy and power density,
slow charging, and periodic maintenance. Another drawback of this battery type is
that it suffers from low life-cycle, around 200-1800 cycles based on DOD and
operating temperature. Hence it is more commonly used in power quality
management and backup power applications [6][16][44][45]. There are several types
of Lead-acid batteries. Flooded battery is the most common topology among other
traditional Lead-acid batteries. Flooded batteries may suffer from water loss in case
of overcharging and might require frequent water maintenance. Therefore, the
utilization of valve-regulated Lead-acid batteries in utility scale system might be a
better consideration regarding this issue, since they ensure no electrolyte or gas
leakage. However, they fall behind in terms of life and reliability [6][16][44][46].
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2.3.1.2.2 Nickel-Cadmium (Ni-Cd) Battery

Nickel-cadmium battery consists of electrodes of nickel oxide hydroxide at the
cathode and metallic cadmium at the anode immersed in an electrolyte of potassium
hydroxide solution. The chemical reactions in this kind of battery produce an
electrical potential of around 1.2 V which is less than the 2.04 V electrical potential
of Lead-acid batteries [6]. There are two forms of Nickel-cadmium batteries: sealed
form which is used in portable applications such as drills, razor, portable computers,
and other electronic devices and the flooded form which is utilized in industrial
applications [6][16][46]. Nickel-cadmium is also applied for hydro-EVs and tested
for aviation battery technology [47]. Nickel-cadmium batteries exhibit great
characteristics regarding the durability. Also, they are better resistant to harmful
effects like, over-charging and over-discharging that cause sulfation and life
reduction observed in Lead-acid batteries. The low maintenance for Nickel-cadmium
batteries can make them operate for up to 15 years without the need for any water
addition. Nickel-cadmium deems to be a great choice in PV applications due to its
remarkable reliability and its long-life of 20-25 years performance. Nickel-cadmium
is also known for its high-ramp rates, cyclability (3500 and max cycles of 50000 at
10% DOD), environmentally safe (75-100% recyclable), and has the lowest cost per
cycle [6][16][46][48]. However, the disadvantages of Nickel-cadmium hinder it for
becoming commercially feasible. First reason is the requirement of high number of
cells to obtain high voltage due to its low cell voltage of 1.20 V. Second one is the
high cost of Nickel-cadmium batteries compared to Lead-acid (ten times of Lead-
acid price). Third, the toxicity of cadmium and nickel expose human to danger and
health risks. Last one is the memory effect which is considered as the capacity drop
caused by repeatedly recharging before reaching fully discharged state. This problem
causes Nickel-cadmium batteries to exhibit sudden voltage drop. This effect is only
limited to the in-sealed (portable sintered plate) type Nickel-cadmium batteries
[6]1[16][46].

2.3.1.2.3 Sodium-sulfur (NAS) Battery

A NAS is a promising energy storage technology which was first introduced in 1966
by Ford Company for vehicle applications. NAS is a molten metal battery composed
of sodium (anode) and sulfur(cathode). In contrary to other batteries, the electrodes

33



in NAS are liquid separated by a solid electrolyte of beta-alumina ceramics. The
electrical potential between the two electrodes attained from the electrochemical
reactions is around 2.075 V at 350°C. NAS offers high energy density (151 kWh/m3,
as three times that of Lead-acid), long cycle life, and no self-discharge. Thus, a 100%
columbic efficiency is achievable. Its high dc conversion efficiency of around 85% is
a promising subject of interest for further research on dc distribution systems
[6][16][44][49]. NAS batteries operate under high temperature such as 300°C-350°C
limiting them for stationary grid-scale energy storage systems and high-power
storage applications. The combustible nature of the sodium which behave
explosively, the corrosion due to sulfur, and the extra costs for building an enclosing
structure for leakage prevention could be the drawbacks for this type of batteries
technology [6][16][44][49][50].

2.3.1.2.4 Redox Flow Battery

Redox flow battery is a new promising energy storage technology adapting a
different operating technique than other conventional batteries. It stores the positive
and negative electrolytes in two separated tanks. These electrolytes are pumped
through an ion-selective membrane. Meanwhile oxidation and reduction take place in
the anode and cathode respectively during charging process resulting in flow of
electrons. This process is reversed in case of discharging. The sizing and calculation
of the electrochemical cell and the external storage tank determines both the power
rating and capacity rating, respectively. Vanadium redox flow battery (VRFB), Zinc—
bromine battery (ZBB), and Polysulfide bromide battery (PSB) are the major types of
VRFB technology [6][16][51]. VRFB is a type of redox flow batteries that store and
provide chemical energy through the use of distinct oxidation states of vanadium
ions in the electrolyte solution. The electrodes of the cell at the anode and cathode
are both made of catalyzed graphite. A polymer membrane separates the anodic and
cathodic regions which both has an aqueous electrolyte based on sulfuric acid
solution. The cell potential of VRFB is reach up to 1.6 V. VRFB can reach a splendid
number of life-cycles up to 20000 cycles which is still limited to the lifetime of ion
exchange membrane that is easily replaceable. VRFB can reach a splendid number
charge and discharge cycles up to 13000 cycles at 100% depth of charge with an
efficiency of 78% [6][51][52].
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Figure 2.3 VRFB block diagram [51].

ZBB is another redox flow battery technology that operates in the same manner as
VRFB. But as for the ZBB, the anode and cathode are composed of solutions of Zinc
and complex bromine respectively which is separated by a polyolefin sheet that
prevents the battery from self-discharge caused by the direct reaction of Zinc and
Bromide. The electrolyte is an aqueous solution of dissolved Zinc-bromide in
different oxidation states. During charging, the oxidization of Zinc leads to the
conversion of Bromide into Bromine, yielding a cell voltage of around 1.7 V. The
rated life time of ZBB is about 2500 cycles [6][44]. PSB is considered as the least
mature redox flow battery technology among the rest of others. Similar to the Zinc-
bromine, a polyolefin sheet separates the anode and cathode regions which are
composed of aqueous electrolytes of Sodium sulfide and Sodium tribromide,
respectively. The Sodium sulfur at the anode is oxidized during discharging, losing
electrons in which support the reduction at the cathode. The electrical potential
between the electrodes reaches up to 1.5 V [6][16]. The common characteristics of
the aforementioned redox flow battery technology is the low cost of production,
environment friendly for its high-recyclability, low self-discharge, capability of
charge and discharge over long intervals, fully discharging property at 100% DOD
without any issues. The flaws of this technology is the low energy density,
complexity, and immaturity of the technology which limits it to stationary
applications [6][16][51].
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2.3.1.2.5 Lithium-ion Battery

Lithium-ion battery is one of the most developed and common battery energy storage
technology which is traditionally used in consumer mobile electronic devices such as
laptops, smartphone, and cameras etc. Recently it has been highly preferred in the
field of modern EV and grid-connected applications. The working principle of Li-ion
battery is defined by the motion of Lithium ions between the positive and negative
electrodes which produces a flow of electrical current. A cell potential of 3.7 V can
be reached. This potential is the he highest cell voltage among other batteries
technologies. Li-ion batteries offer significantly high round trip efficiency, long
cycles, high energy density (170-300 Wh/I), and high specific energy (75-125
Wh/kg). Moreover, its light weight is a considerable factor for its popularity in
mobile applications. The fast charging and discharging capability along with the
significant reliability make Li-ion batteries a preferred candidate in frequency
regulation and power quality applications. However due to the scarceness of Lithium,
Li-ion battery costs are roughly higher than the rest of the traditional battery
technologies. Other drawbacks are high sensitivity to over-charging and over-
discharging which could slightly decrease the life-time and the rated capacity of the
battery. Moreover, Li-ion battery requires additional circuits for protection to prevent
thermal-runaway [6][16][44][51][52]. Lithium cobalt oxide (LiCoO2), Lithium
manganese oxide (LiMn204), Lithium nickel manganese cobalt oxide
(LINiMnCo0O2, or NMC), LiFePO4, and Lithium titanate (Li4Ti5012) are the
common commercially established forms of Lithium-ion batteries. It should be noted
that each type of these batteries has different formation and chemistries. Therefore,
each type provides different energy/power density, safety/reliability assessment, as

well as different cost [16].

2.3.1.2.6 Comparison of Battery Types

There are several battery technologies which are commercially used in the industry
of energy storage systems. So far, we have discussed some of the most commercially
used batteries technologies in energy storage applications. The selection of these
batteries for certain applications relies mainly on the assessment of their specific
energy, specific power, energy density, cell voltage, capacity, power density, life
time, life cycles, and their cost per kWh. Other traits like the greenness and
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maintenance requirement can also play a part in the comparison in some sort of
cases. However, this diversity between battery technologies comes from different
chemistry and operation technique. Table 2.1 presents the comparison metrics for the
aforementioned battery types [6][16][45]. There are other attributes that nominated
the battery type for its specific application in energy storage applications. For
instance, fast response and the extremely high charge of Li-ion batteries are major
reasons for its utilization in power quality and load leveling applications. Regarding
high discharging rate, Li-ion batteries suffer from degradation when charged above
80% SOC or discharged at SOC less than 20%. Redox flow batteries can be fully
discharged at 100% DOD without harming the battery. VRFB, for instance, could
reach up to 13000 charge cycles and discharge cycles at 100% DOD exhibiting an
efficiency of 78 %. Nevertheless, Li-ion battery has still the superiority in terms of
highest specific energy/power, and high energy density over all other battery
technologies [6][44][52]. When it comes to the battery price, Lead-acid batteries hold
the lowest case among all the kinds of other batteries (50-110$ per kWh), whereas
Li-ion battery has the highest cost among the rest of the batteries (200-4000$ kWh)
[16]. As we have mentioned so for, each battery technology has its own uniqueness,
pros and cons. Therefore, a selection criterion amongst battery technologies depends
on their cost-effectiveness and functionality in a specific application [6][16][45].
Table 2.1 compares each battery technology based on different characteristics. Table
2.2 summarizes the pros and cons of each battery technology and as well as their
corresponding befitting applications.
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Table 2.1 Comparison metrics between different battery types [1, 6, 16, 43, 53-54].

Battery Specific Specific Self- Cycle life | Energy Capital Life-time (yr)
technology energy power(W/kg) | discharge | (cycles) | efficiency | Cost($/kWh)
(Whrkg) (%) (%)
Lead-acid | 25-50[1][43] 25-415[16] <0.2 500-3000 | 70- 50-150[43] 5-15[1,6]
[1,14] [1] 85[1][6]
Ni-cd 30-80[43][53] | 100-150[6] 0.2- 3500[6,43] | 70[43] 400-2400[43] | 10-20 [43]
0.3[1,14]
NAS 100-175[1,43] | 115[6] No [1,14] | 2000- 75-85[1, | 200-600[43] 10-20[43][6]
5000[1] 6]
VRB 16-35 160(W/kg)[6] | Negligible | 13000- 65- 600[43] 10-20[43]
(Wh/L)[52,43] [1,14] 20000 85[6,43]
[6,52]
ZBB 60-85[6,43] 45(6] No 2000- 65- 500[43] 8-10[6, 43]
2500[43] | 85[6][43]
PSB - - No 100- 60- 300-1000[43] | 15[6, 43]
13000[43] | 75[6,43]
LI-ion 100-200[6,43] | 1500- 1-5[1,14] | 500- 75-95[14] | 900-1300[43] | 14-
2500[52] 10000[1, 25[1,6,43,45]

54]
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Table 2.2 Comparison of battery technologies in terms of pros/cons, application type, and discharge time

Battery type Pros Cons Applications Discharge
time
Lead-acid Low cost Poor cycle life Uninterruptible | sec-hrs
[1,43,55,56,57] Highly Mature | Low power | power supply
technology density (UPS)
High cycle | Environmentally | Electric
efficiency harmful Energy Time
Fast response Maintenance Shift
Slow-charging | requirement Renewable
smoothing
Frequency
regulation
Ni-cd Low- Memory effect | Renewable sec-hrs
[6,43,48,55,57] maintenance High  toxicity | integration
Long life and | materials Spinning
high reliability | High cost reserve
(UPS)
NAS high energy | High operating | peak shaving sec-hrs
[43,44,52,55,56,57] | capacity temperature and | renewable
good power | thermal integration
density management power quality
good efficiency | Low safety reserves
high High operating | (UPS)

recyclability

cost
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Table 2.2 (Continued)

Battery type Pros Cons Applications Discharge
time
VRB Low maintenance | Low energy | Renewable sec-10
[1,6,16,51,52, and material cost | density Capacity hrs
,55,57] Fast response Low power | Firming
Large storage | density Power quality
capacity High total | enhancement
Long life cycles cost Load leveling
safe
ZBB No self-discharge | Material (still in early | sec-10
[43,55,57]] High recyclability | corrosion stage of | hrs
Deep  discharge | Low  cycle | demonstration)
capability efficiency Mainly for grid
Low power support
applications
PSB Fast response Low still in early | sec-10
[6,55,56, 57] Scalable efficiency stage of | hrs
Abundant Low energy | demonstration)
electrolyte density Bridging
materials Low power
Cost effective performance | Frequency
Electrolyte control
Cross- Voltage

contamination

regulation
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Table 2.2 (Continued)

Battery type Pros Cons Applications Discharge
time
Li-ion High efficiency High cost Frequency min-hrs
[1,16,44,45,54 58] | Long life time Degradation | regulation
fast charge and | Need of | Peak shaving
discharge. additional Energy
High energy and | circuit for | arbitrage
power density protection Black start
No memory effect | Sensitive  to | Renewable
Low maintenance | ambient Capacity
temperature Firming




2.3.1.3 Battery Models

The modeling process of the battery cell is essential as a means to capture the battery
dynamics and extract and estimate the aforementioned crucial parameters such as
SOC, SOH, and DOD. The battery modeling is crucial to monitor the battery
performance and maintain an efficient control over the battery charging and
discharging ensuring safe operation and long life for the battery. Since the battery
stores electrical energy in the form of chemical energy and due its non-linear
performance, no direct approach is available to estimate those parameters. Thus,
battery models are built and analyzed through different modeling approaches and
from different perspectives. Accordingly, battery modeling is classified into four
main models such as mathematical models, electrochemical models, equivalent
circuit models, and data-driven models. Each modeling method will be discussed in

detail in the following section [44].

2.3.1.3.1 Electrochemical Model

Electrochemical model is formulated in order to describe the chemical reactions
inside the battery, enhance the physical design aspects of the battery, and
characterize the mechanics of charge generation. In addition to these, battery voltage
and current can be identified. The electrochemical model is the basis of the other
kinds of battery models and considered as the foundation of some significant
physical laws, such as Ohm’s Law, Faraday’s Law, and Fick’s Law of diffusion. The
pseudo-2D model and the single particle model are the two common electrochemical
models in the literature. The active materials in the electrode are considered as
spherical particles that are equal in size and volume in the pseudo-2d model. On the
other hand, the electrode is considered as a single particle in the single particle
model. Regardless of the high accuracy of the electrochemical model, the complexity
and time-consuming computation hinder it from becoming a preferable model. The
main reasons behind this complexity of the electrochemical model are that the
electrochemical model is expressed in the form of nonlinear partial differential
equation which requires numerical methods to change the equations into ordinary
differential equation and obtain a direct analytical solution. Another reason for the
complexity of this model is the difficulty to obtain the real parameters of the models
which require the use of heuristic methods such as PSO and genetic algorithm for
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parameter identification of the model and therefore increasing the computation time
[59][60].

2.3.1.3.2 Mathematical Model

The mathematical model simplifies the electrochemical model by adopting the
empirical equations that represent the battery terminal voltage as a function of the
current, SOC, and dc gain to predict system behavior (battery run-time, efficiency,
and capacity). The parameters of this model are acquired through minimizing the
mean square error between the model voltage and real voltage. Hence for these
parameters to be found, a prior data set must be available. Three traditional common
empirical models are available: Shepherd model, Nernst model, and Unnewehr
universal model, described by the Equations (2.11), (2.12), and (2.13), respectively.

Q 4 .
Ve=E, —K (Q—fidt) i — Ry (2.11)
Vp = Ey — R; - iy — K - In(SOC) + K5 - In(1 — SOC) (2.12)
VT = EO — Rl * lk —3 K1 (213)

Vr the terminal voltage, E, is the OCV when the battery is fully charged, R; is the
internal resistance, K is the polarization resistance, and i, is the cell instantaneous
current. This current is positive when charging and negative when discharging
[60][61]. Both the Nernst and Unnewehr universal models show better performance
and accuracy than the Shepherd model. However, Nernst model has the best
accuracy and performance compared to other models. The traditional empirical
models lack in terms of accuracy. Each model holds a kind of deficiency, so
including more effects inside the battery and adding more parameters can improve
the accuracy of model to fill the model deficiency. But the tradeoff between
computation and complexity is increased. For example, Nernst model can describe
the dynamic terminal voltage in an improved manner by adding additional constants
7and t,. As well as considering the hysteresis effect of the battery voltage the term
s - M can be added to the Nernst equation to achieve that [60][61].
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2.3.1.3.3 Data-driven Models

The extensive development in the field of artificial intelligence and machine learning
utilizes a data-driven model to approximate the electrochemical model through
training a sample dataset and establishing a relationship between battery variables
directly without any prior knowledge of the battery. The process of this model is as
follows: Firstly, a set of data or training sample is attained from the applications. In
the second step, the sample data set goes on a training process of machine learning
algorithms, and finally the data-driven model is established and the battery
parameters are predicted. These parameters are current, SOC, temperature, and the
terminal voltage V,. The data-driven models are based on the machine learning and
artificial intelligence algorithms that make the modeling process easier, however the
accuracy and usage of the data-driven model are limited by the training dataset.
Examples of data-driven models are neural network based model and radial basis

function neutral network-based model [60].

2.3.1.3.4 Equivalent Circuit Model (ECM)

The ECM simplifies the electrochemical reactions of the battery by using electric
circuits that comprise of voltage sources, resistances, and capacitors that capture an
electrical relationship with different inputs such as SOC, current, temperature, and
terminal voltage. The ECM is a moderate model that falls between the empirical
model and the electrochemical model in terms of accuracy and computational
requirements which makes it favorable in battery modeling. There are variety forms
of ECM in the literature that differ in the circuit elements included in the model. The
traditional models available in the literature are the simple R; model, Thevenin based
model, partnership of new generation of vehicles (PNGV) model, and general
nonlinear model (GNL). Other models are multi-purpose comprehensive model and a
specific battery type model such as flow-batteries that have unique characteristics
than other conventional batteries [60]. Simple model (R; model) is the most basic

ECM as shown in Figure 2.4 where V,, indicates the battery OCV.
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Figure 2.4 R; model

The internal resistance can be obtained by measuring the OCV and the terminal
voltage when a load is connected between the battery terminals at full charge. The
main reason behind the poor accuracy as well as the inability to reflect the transient
processes of charging and discharging in this model goes back neglection of the
relationship between SOC and the internal resistance. Also, as the internal resistance
is assumed constant, the energy drawn-out from the battery is assumed limitless
[41][59]. This model can be modified and improved by taking into account the
variation of internal resistance in regard to the varying SOC and the varying internal
resistance [44][59]. Thevenin model is considered as the most common battery
model used for parameter identification, and for SOH and SOC estimation,
frequently used in the modeling of Li-ion battery. This model circuit is shown in

Figure 2.5.
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Figure 2.5 Thevenin model [30].
This model comprises of constant open circuit voltage V,,, internal resistance R;,
polarization resistance R,, and polarization capacitance C,. The addition of the RC
network helps to predict the battery response to a transient load at a certain SOC and
captures the terminal voltage dynamics related to polarization effect
[30][41][59][60][62][63]. The parameters of this model can be found by using the
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voltage respond to current excitation [64]. A general expression of the polarization
voltage v, and terminal voltage for Thevenin model are described by Equation (2.14)
and (2.15), respectively [30][38].

dvp _ @ | i®) (2.14)
dt  RpCp Cp '
Vr =Vp = R;i(t) — v, (t) (2.15)

The drawback of this model is that it is unable to capture neither the battery voltage
variations in steady-state nor the runtime information [59]. However, connecting
additional RC circuits can improve the accuracy and capture additional terminal
voltage dynamics, but increases the complexity and the computation burden [60].

The dual polarization (DP) model is shown in Figure 2.6.
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Figure 2.6 Improved Thevenin model (DP model) [30].
An improved Thevenin model that connects one additional RC circuit to increase the
accuracy and capture the polarization characteristics more accurately is also available
[30][64]. The PNGV model shown in Figure 2.7 is established by connecting a
capacitor C, to the ordinary Thevenin model which expresses the OCV variation
with the accumulation of load current [30][59]. Compared to simple R; model and
Thevenin models, PNGV model has generally better accuracy [59]. The GNL model
is obtained by adding an additional RC network to the PNGV model. This model
shows high accuracy as it is able to reflect the polarization effects in more detail in
which it sub divides the battery polarization effect into ohmic polarization,
electrochemical polarization, and concentration polarization. However, this model is
not convenient for large-scale energy storage systems due to the complexity in

identifying the parameters which comes from the large number of nonlinear model
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links [41][59][65]. Compared to the ordinary Thevenin model, the high order models
such as PNGV and GNL are more accurate in reflecting the multi-state response
process. Nevertheless, it is difficult and complicated to model their parameters in
large scale BESS [65].

Figure 2.7 PNGV model [30].
Comprehensive models are types of models that utilize complex circuits to simulate
multiple characteristics of the battery. The comprehensive model given in Figure 2.8
splits the model into two parts. The left part simulates the life time of the battery,
whereas the right part simulates the current-voltage characteristics of the battery. The
capacitor C,and current-controlled current source i, is used to model the run-time,
SOC, and the capacity of the battery. The SOC is bridged with the OCV by using a
voltage-controlled voltage source. In addition, an RC network on the right side
simulates the transient response. The comprehensive model is known for its high
accuracy in predicting run-time, steady state, and transient response. In addition, this
model also considers other dynamic electrical characteristics of the battery such as
the usable capacity C., OCV, and the self-discharge characteristic. The
comprehensive model can be further improved by adding an additional RC network
on the right side, and R resistance on the left side, as displayed in Figure 2.9 to

improve the polarization characteristics and include the capacity fade [30][59].
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Figure 2.9 Modified comprehensive model [30].
The impedance-based model is based on electrochemical impedance spectroscopy
which is a measurement method used to model the ac equivalent impedance in
frequency domain over a wide range of frequency impedance spectroscopy in order
to study the electrode system. The equivalent circuit model shown in Figure 2.10
consists of V, to express the SOC, resistance R, that is modeled based on the
conductivity of the electrolyte, inductance L; which is often neglected due to its
small value, and ac impedance Z,. which is a complex equivalent circuit used to fit
the impedance spectra. This ECM obtains additional characteristics of the battery
dynamics such as diffusion, activation and concentration polarization. However, the
impedance-based model is unable to predict dc response and battery run-time as it
can only work under constant SOC and ambient temperature conditions [53][59][66].
There is a proportional relationship between the complexity of the model and the
accuracy in such way as the complexity increases, the accuracy of the model

increases as well [30]. The accuracy of the battery models can be increased further
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by taking into account more characteristics. The temperature has a high influence on
the battery characteristics such as OCV and the battery capacity. Modeling the
battery parameters such as the internal resistance, OCV, and hysteresis as function of
temperature and SOC can improve the accuracy of the battery model. The higher

accuracy of the model the more accurate the SOC prediction becomes [61][64].

Figure 2.10 Impedance model [59].

2.3.1.4 Battery Pack Modeling

The BESS consists of a large number of battery cells connected both in series and
parallel to meet the voltage and current (capacity) requirements. The connection of
the batteries is based on a hierarchical order, where the battery cell is the simplest
element. A group of a few connected battery cells is called “battery modules”.
Similarly, multiple strings of the battery modules are connected to form the “battery
pack”. In ideal case, there is no variation between the cells of the battery pack and all
battery cells are assumed identical to each other. Thus, despite the connection
topology used, the battery pack capacity as well as the voltage are proportional to
those of a single cell. Large battery banks are formed by connecting multiple battery
packs that contain multiple modules of cells which are connected either in series or

parallel, as shown in Figure 2.11.
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Figure 2.11 Battery cell connections: (a) series connection, (b) parallel connection,
(c) series/parallel connections.
Multiple cells are connected in series to obtain higher voltage level by adding up the
voltage of each cell and in parallel to stack up higher capacity. When multiple cells
are connected in series as shown in Figure 2.12, the voltage of each cell is added up
to calculate the overall OCV (OCV,,is) as expressed in Equation (2.16), where m is
the number of the cells connected in series and OCV; is the OCV of the jt* cell.
Equation (2.17) shows the total internal resistance (R; series) When multiple cells are
connected in series, where R; ; denotes the R; corresponding to the jt*cell. Equation
(2.18) shows the total equivalent polarization resistance (R series) When multiple
cells are connected in series, where R, ; denotes the R,, corresponding to the j“*cell.
The equivalent capacity (C,, series ) OF the multiple cells connected in series is shown
in Equation (2.19). As seen, Cp, series 1S €qual to the capacity of each cell (C,, ;). This
is true if all cells are identical. However, in real case, the variation in cell capacity
always exists due to manufacturing diversity and different ambient temperature of
the battery cells. Hence, this variation in battery cells causes overcharge and over
discharge leading to a significant degradation in both capacity and life cycle of the
battery pack [67][68]. The cell with the lowest capacity determines the capacity of
the entire string. Series connected cells discharge at the same rate until it reaches the
cut-off voltage. Nevertheless, this cut-off voltage is limited by the cut-off voltage of
the weakest cell in such a way that only the weakest cell reaches its cutoff voltage.
The terminal voltage (Vrseries) OF the series battery string can be defined in Equation

(2.20), where V,, is the polarization voltage across the RC network.
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OCVypries = MOCV = OCV, + OCV, + -+ OCV,, (2.16)

Riseries =mR; = Ris + Rip+ -+ Ripm (2.17)
Ry series =MRp = Ry + Ry + -+ Ry (2.18)
Chseries = Cna = Cpa = Cym (2.19)
Vrseries = mVy = m(OCV — V,, — R;i) (2.20)
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Figure 2.12 The model of series connected battery cells.
Figure 2.13 depicts the model of parallel connected battery cells. In parallel
connection, the OCV of each battery cell is equal to each other as shown in Equation
(2.21). The equivalent internal resistance of parallel connected battery cells

(Ri paraiier) 1 given in Equation (2.22), where n is the number of parallel connected
cells. On the other hand, the equivalent polarization resistance (R, paraier) and

capacitance (Cyparaner) Of parallel connected battery cells are given in Equation

(2.23) and (2.24), respectively.
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Figure 2.13 The model of parallel connected battery cells.
The terminal voltage V; in the parallel configuration can be expressed in Equation
(2.25) as a function of the OCV, the current flowing through each parallel connected

cell iy, and the n number of parallel connections. Evidently, the terminal voltage is
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inversely proportional to the number of parallel connected cell as it decreases with
more cells connected in parallel. The discharge current rate in parallel connected cell

is unequal and expressed as a decreasing function of the output voltage.

OCVparallel = 0CVy; = 0CV, = 0CV,, (2.21)
R; 1 1 1._
Riparatier = P (E + Ris + o+ m) ! (2.22)
R _ Lt N
Rp,parallel ~ (Rp,l + Ry + + Rp,n) (2.23)
Cn,parallel =nC, = Cn,l + Cn,Z + -t Cn, (2-24)
ocv -2+ —pcy - By, (2.25)
n n n n

In order to obtain safe and optimum performance of the battery, a multi-cell battery
model should be built to reflect the characteristics of voltage, capacity, and the
current distribution between cells. Moreover, these characteristics depend on several
factors such as connections of the cells, cell-to-cell variations, and discharge current
rate [68]. The modeling of the battery packs in the literature is generally based on
three modeling methods. The first method is to model each individual cell and create
pack model based on the accumulative series/parallel connections of the cells [68]
[69]. Despite the high accuracy of this method, it is associated with great complexity,
because all the differences among the cells are treated individually [69][70]. Hence,
it is only suitable for applications of lower number of battery cells [71]. As for the
second modeling method, the cell model is scaled into a simplified battery pack
model and treated as a single cell model. In this method, the cell inconsistency issues
related to the battery to the battery pack is included in the pack model. Also, this
method has faster simulation speed compared to the first method making it suitable
for simulation and design of utility scale BESS [69]. The third method builds a well-
battery pack model than can grasp the total behavior of the pack from different
aspects. In this method, the battery pack model includes the battery cells
characteristics along with the thermal impact on them. The advantages of this
approach are the relatively fast simulation speed with less computational effort. In
addition, capability to capture the non-idealities characteristics in battery pack such
as weak cells and interconnection impedances is also available in this approach

[69][71]. The cell-to-cell variation is a serious dilemma in batteries that could cause
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SOC imbalance between the batteries by limiting the available capacity and reduces
the lifetime. Ideally, all battery cells are considered to have uniform capacity and the
effects of the packaging elements on the battery pack is neglected. Accordingly, the
parameters of the pack model are varied based on the series and parallel connection
of the multiple cells. On the other hand, the differences in capacity and internal
resistances of the multiple-cells have to be considered in real case in order to model
the battery pack. In this case, the capacity of each cell must be priory determined
[70]. The study in [72] presents a screening method that is used to sort the battery
cells with similar characteristics together to minimize the effects of cell variations.
This can be done over two steps. In the first step, the cells with similar discharging
capacities are grouped after being measured several times at different discharge
current rates. In the second step, the selected cells from the first step are subjected to
pulse-type charging/discharging current at a diversity of SOC points to choose cells
that have similar variances. After the screening process is applied, the battery pack
can be modelled by extending the model from single cell to multi-cell battery such
that the parameters of the battery pack for series string of simple or Thevenin multi-
cell models can be expressed. Battery packs with series connected cells suffer from a
serious reliability issue since a fault in a single cell causes the entire pack to cease
operation. On the other hand, parallel connected cells are able to continue the
operation even during a fault in a single cell, but the imbalance of the
charging/discharging current rates among the cells could lead to cells mismatch. A
battery pack having cells connected both in series and parallel can be considered as a
more robust design with all the features of the series and parallel connectivity.
However, this arrangement is also accompanied with all their drawbacks. For
example, a single fault will cause failure in one series string but the rest of parallel
connected strings will be unaffected. Also, the battery pack capacity will also be
limited by the weakest cell.

2.3.1.5 Battery Cell Arrangements

There are different ways to attain series/parallel battery pack models depending on
the wiring order of the series and parallel modules as well as the cell arrangements
inside the pack. The parallel cell module (PCM) and series cell module (SCM)
named by Plett and Klein are considered as the most common wiring arrangements in

the literature [68]. In PCM, the cells are wired in parallel forming modules of parallel
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connected cells then the modules are wired in series. As a result, this approach is able
to ease out any variation in the resistance and capacities of the cells such that the
battery packs continuously operate even with significant parameters variation. If a
single cell introduces leakage current a fault can occur. The battery can still be
functional but with less terminal voltage amplitude in case of short-circuit fault in a
single cell as all cells in the module are affected by the same fault. SCM, on the other
hand, at first, the cells are connected in series, then the modules are wired in parallel.
This configuration allows the modules to self-balance when no load is connected.
When a single cell is subjected to open-circuit fault, the entire string associated with
the faulty cell is disconnected from the pack. Whereas, a short-circuit fault in a single
cell subjects all the cells in the same string to higher voltage in order to keep up with
the bus voltage of the battery pack. The study in [68] involves 4 different cells
connection topologies including SCMs and PCMs, as shown in Figure 2.14. It is
focused on inspecting the relationship between the maximum capacity of the battery
and the cells arrangement in case of mismatch in the cell’s parameters. It is then
found out that the battery pack with PCM arrangement provides higher capacity and
reduces the statistical dispersion. Also, it is highlighted that the battery pack capacity
can be even lower than the weakest cell and the first cell to reach the cut-off voltage
is not necessarily the weakest cell. There is an extensive number of arrangements for
wiring the cells inside the battery pack. The appropriate arrangement of the cells is
critical such that different arrangements can lead to huge variation in the capacity of
the battery pack inferring that batteries arrangement has large impact on the overall
battery performance. The number of possible arrangements n for wiring the battery
cells or modules can be estimated based on the number of parallel connections p

having s cells as follows;

(pss)!
n =2 (2.26)

2.3.1.6 Battery Charging Methods

Conventionally, a battery is charged by injecting electrical current into the battery
when its SOC falls below 20% of its maximum capacity. How fast the battery is
charged to its maximum capacity depends on the current amplitude flowing into the

battery as high currents achieve faster charging. However, batteries cannot sustain
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large currents for long time duration due to temperature increase that could be
harmful for the batteries. Also, while charging, the batteries current and voltage
should be kept within their rated thresholds values to guarantee the battery safety.
Therefore, an appropriate charging technique has to be selected to safely charge the
battery at reasonable rate while maintaining the temperature, voltage, and current
within their rated values to avoid faster battery aging and drop in performance. There
are different charging techniques that are available in literature. The most basic
charging methods are constant current (CC) charging and constant voltage (CV)
charging. In CC charging, as the name implies, the battery is charged at low rate of
CC until a predetermined threshold value is reached. The charging current rate is
considered as the key factor that influences the behavior of the battery in this
approach. Faster charging can be attained with higher current rates at the cost of
reducing the lifetime of the battery. For charging with lower current rates, high-
capacity utilization can be realized but the charging speed will be significantly
reduced. Therefore, an optimum current rate has to be determined in order to
implement CC efficiently in such manner the battery can be charged at reasonable
speed without accelerating the aging of the battery [31]. CV charging is another basic
common charging method that charges the battery while maintaining a constant
output voltage. By adopting CV charging method, the life time of the batteries can be
further prolonged due to the prevention of overvoltage and irreversible side
reactions. The charging speed in CV approach is a function of SOC and current rate
such that the charging current is higher when charging the battery from lower SOC
and as SOC increases during charging the current progressively decreases as the
battery is gets closer to full charge. Moreover, the charging speed can be reasonably
fast when charging between 0.15% and 80% SOC and get significantly slower
beyond 90% SOC. Furthermore, large current rates are required during the initial
stages of CV charging operating to maintain constant output voltage, the battery
lattice will be more exposed to collapsing and the battery poles could be broken. For
CV charging, the most difficult aspect is determining an appropriate voltage value
that can achieve balance between electrolyte decomposition, capacity utilization, and
charging speed [31][73]. Constant current-constant voltage (CC-CV) is a

comprehensive charging technique that combines both CC and CV charging.
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Figure 2.14 Different battery module arrangements [68].
The operation of CC-CV approach is divided into 3 stages as shown in Figure 2.15.
The first stage is called “trickle-charge”. This stage is only activated in case the
battery is subjected to over discharge. The main objective of this stage is to check the
operating status of the battery by supplying the battery a constant charging current
for a predetermined period and analyzing the battery voltage slope [74][75]. If the
battery is found out to be damaged the charging is aborted. Otherwise, the second
charging stage is initiated. During second stage, CC is applied to charge the battery
at constant current and stops when the battery voltage hits its maximum threshold
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value that is usually around 70% SOC. If CC charging continues further the battery
voltage will rise above its rated maximum voltage exposing the battery to excessive
heating which could severely damage the battery. Therefore, the charging is switched
to the third stage employing CV charging keeping the battery voltage at its maximum
rated value while the charging current gradually decreases until it falls to trickle-
charging level which is usually around 10% of the maximum charging current. When

the battery is fully charged CV charging is terminated [75].
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Figure 2.15 CC-CV charging graph.
The aforementioned approach is the standard CC-CV charging method that was
firstly used for Lead-acid battery charging as it is highly recommended in the
industry. It can be applied to other battery technologies with few minor adjustments.
Li-ion battery has higher terminal voltage and charging acceptance than Lead-acid
battery, thus larger constant current rates are required for charging Li-ion battery
usually set between 0.5-3.0 C [31]. The utilization of CC-CV charging method is
much better than using CC and CV charging individually as it is capable to
compromise between the weaknesses of each basic charging mode. For example, CV
charging mode can compensate any capacity losses that occur in the CC phase due to
large electrochemical polarization. On the other hand, CC charging mode is able to
compensate for the slow charging speed of CV mode. Moreover, executing both CC

and CV charging modes means the challenges of finding a proper CC rate and CV

57



threshold still remains [31]. More advanced CC-CV charging techniques can be
applied to improve the charging performance of the standard CC-CV approach by
involving more charging stages or by adjusting the duration of each charging stage
[75]. In [76], faster charging was obtained by applying a CC stage for longer
duration in such a way that the duration of CV stage where charging is slowed down
Is shortened. This is achieved by setting the reference threshold voltage slightly
above the maximum voltage. Another charging approach that can improve the
battery charging speed and lifetime corresponding to the CV stage in the
conventional CC-CV method is the multi-stage constant current (MSCC). In this
technique, the charging duration is divided into multiple CC levels in a descending
staircase pattern as shown in Figure 2.16. Whenever the battery voltage hits the
threshold voltage, the current is descended to the next level. This occurs repeatedly
until all predefined current stages are fulfilled [31][73]. This method is applicable for
charging Ni-Mh, Lead-acid, and Li-ion batteries. The main challenge for this
approach is determining the number of current levels and its corresponding
amplitudes. Several studies were conducted to search for an optimum charging
pattern for MSCC. In [77], particle swarm optimization method was used to find an
optimum 5 stages charging pattern. In [78], a fast-charging pattern based on 5 stages
MSCC capable for charging Li-ion battery to 75% SOC in only 40 minutes was
found by adopting Taguchi-based algorithm. An alternative fast charging strategy is
the pulse charging. In this method, the battery is charged by applying a pulsating
current pulsing between 1 sec and milliseconds depending on the charging
frequency. Also, the charging current rate can be controlled by adjusting the pulse
duty cycle [73][75]. The battery charging behavior based on pulse charging scheme
is depicted in Figure 2.17. Observably, as pulsing current is charging or discharging
the battery, the voltage slightly surges above the maximum threshold as a means to
allow the battery fully sustain the charging current. Once the pulse current is in OFF
state, the battery voltage starts recovering and settles a bit above its original value
prior to the pulsing current charge and this occurs repeatedly. The time required for
the battery voltage to recover after surging above its maximum threshold depends on
the corresponding battery SOC as SOC increases during charging the battery.
Meanwhile, the voltage recovery time increases as well. Therefore, this relationship
can be used as an indicator to determine when the battery is near fully charged to

stop the battery charging [75]. The large charging currents can be applied in the form
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of pulses but not consistently due to the fact that the amount of charge that can be
stored or drawn from the battery gets lesser as charging current rate increases. Thus,
besides the charge constraint, if the battery continues charging faster than the
chemical reactions, it will result in excessive heating in battery leading to undesirable
effects on the battery safety and performance such as capacity fade and polarization
[73]. However, applying large charging currents in the form of pulses will not be as
harmful as constant charging, since the battery is allowed to rest in between charging
pulses achieving even ion distribution in battery electrolyte as well as accelerating
the battery charging [73][74].The study in [79] investigates the impact of inductor
current ripples associated with pulsing charging/discharging on the aging of Li-ion
battery which ends up concluding that those current ripples are irrelevant to faster

battery aging.
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Figure 2.16 MSCC charging [31].
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Figure 2.17 Pulse charging [145].
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The charging of the battery considering different cell arrangements in the battery
pack is studied in [80]. In that study, 3 Li-ion battery cells with different initial SOC
values are connected to a charger to deliver a constant current and voltage needed to
charge the battery pack. When the battery cells are connected in series, to ensure the
charging speed of the Li-ion battery pack, it is first charged by CC, as the terminal
voltage exceeds the threshold voltage. The charger switches to charging by CV as
soon as one of the cells reaches 100% of its nominal capacity. Additionally, the
charging stops to prevent over charging. Even though the series charging can achieve
fast charging with consistent charging current, the battery cells are more vulnerable
to SOC imbalance that could limit the overall capacity of the battery pack. This
situation can also lead to overcharging or undercharging. In a similar manner, when
the parallel connected cells are subjected to parallel charging, the charging current is
distributed between the cells based on their SOC, as the cell with the lowest capacity
is charged with higher current amplitude. Such an action realizes better energy
balance in the battery pack, but at the cost of increasing the polarization effects.
Later, a comprehensive approach is proposed that can realize both series and parallel
charging to achieve fast charging and energy balance in the battery pack by adding
switching devices across the battery terminals to interchange between the two

charging modes.

2.3.2 Battery Management System (BMS)

The BMS is a control and optimization system which is crucial for proper
functioning the BESS to protect batteries from electrical and thermal issues such as
variance in discharging current among cells, SOC imbalance, and overheat. A
general schematic of BMS is depicted in Figure 2.18 [67]. The main function of the
BMS is SOC balancing using different SOC balancing algorithms. Monitoring
voltage, current, SOH, temperature of each cell/whole pack, internal faults,
protecting the batteries from over-charging/discharging are other functions of a BMS
[67]. In real case, the influence of the BMS on the battery parameters is minor and
can be neglected. Since, it appears as a small resistance and has non-significant
influence on the voltage source as well as the value of the polarization resistance
[71].
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Figure 2.18 General schematic of BMS [67].

2.3.3 Power Conversion System (PCS)

PCS utilizes power electronic converters to act as an interface between the ESS and
the grid. PCS also provides an electrical isolation between the ESS and the grid and
allows power flow in both directions for charging and discharging of the ESS. PCS
can also be managed for providing ancillary services to the grid and the electrical
market. There are a variety of converter topologies which depend on the type and the
final application of the energy storage technologies used. The PCS for mostly all
different types of energy storage technologies are usually composed of a coupling
transformer that boosts the voltage from hundreds of volts to medium voltage (MV)
level of distribution network, a filter to eliminate the harmonics at the ac side, grid-
side converter (DC/AC converter) to connect the ESS to the ac grid, and a switching
gear that protects the whole system which trips when a fault occurs to isolate the ESS
from the grid [6][81]. Conventional power electronic converters can operate for a
long time (over 20 years) while maintaining constant low thermal cycles and
temperature profile [82]. The bidirectional configuration of the power electronic
converters is the most common one in the literature to be used in the ESS. Since,
these converters control to power flow in both directions. Therefore, there is no need
to use a separate converter for each direction of the power flow. This attribute

reduces the size and cost of the system and remarkably increases the performance
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and efficiency [83]. The power electronics topologies used for ESS can be classified
into 3 categories: Standard topologies, multilevel topologies, and multiport
topologies. The standard converters are also referred as two-port converters in which
its input is connected to the ESS and its output is connected to the load or grid. There
are two structures for the convenient power converters that is the single stage
structure and the double stage structure. In the single stage, only a single power
converter is used at the grid side of the ESS to control the power flow between the
electric grid and the ESS to manage the charging and discharging processes. In case
of double stage structure, an additional power electronic converter is employed at the
storage side, mostly a dc/dc converter to individually or collectively manage the
charge and discharge processes. The multilevel topologies are capable of providing
more output voltage levels, high voltage amplitude, and large output power with
minimized harmonic content. Therefore, multilevel topologies are suitable for MV
and high voltage applications (HVDC) and utility scale BESS applications. Finally,
the multi-port topology is a type of power electronics structure that interfaces
between different types of energy storage devices or ES to multiple loads such as
PV-BESS integration [81] [84].

2.3.3.1 Single-Stage Converters

Single-stage converters are considered as the most simple and efficient for
connecting ESS to the ac grid. In this kind of converters, the batteries or storage units
are directly interfaced with the bidirectional dc-ac dc-link to transfer energy between
the storage system and the grid [84][85]. They are usually used in non-isolated
connections. Despite high efficiency, single-stage converters exhibit floating voltage
in the dc-link which depends on the characteristics of the batteries or storage device.
Consequently, the dc voltage should be greater than ac voltage. The ratio is
approximately 1.5 times. This imposes a constraint on the voltage of the battery pack
which has to be designed with higher nominal voltage in order to inject current in the
grid when the batteries are fully discharged [4][85]. A typical single-stage power
converter consists of a bidirectional ac-dc converter with a line frequency
transformer. The most common and mature topology is the two-level H-bridge
converter which is shown in Figure 2.19 [6][84]. The IGBT is recommended for this
topology as the power switch. The voltage and the power rating of this topology or

three-level one can be further increased by connecting semiconductor switches in
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series and in parallel, respectively. Moreover, applying this approach may increase
the total cost and require more expensive output filters since low switching

frequency is needed to reduce the switching losses [6][81][84].
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Figure 2.19 Bidirectional two-level converter (a) single phase (b) three-phase [84].
The z-source inverter (ZSI) overcomes some issues that exist in traditional two-level
inverter such as shoot-through problem that affects the converter reliability by
providing a boost function invulnerable to shoot-through. The quasi-ZSI is an
improved form of ZSI in such that the ratings of passive components are reduced and
a continuous input current is supplied [84]. Both ZSI and quasi-ZSI have wide
regulation freedom due to utilizing shoot through states for the voltage boost
function. However, both of them have a unidirectional power flow capability. In
order to achieve bidirectional power flow, an additional power switch is connected
across the diode as shown in Figure 2.20 to handle the current in the rectifier mode

operation [84].
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Figure 2.20 (a) Three-phase bidirectional ZSlI, (b) three-phase bidirectional quasi-
ZSI| [84].
Another alternative approach is utilizing bidirectional matrix converters. This

T FEECT

% | storage Eé)}}; E E EE storage

(a) (b)

topology comprises of controlled four-quadrant bidirectional switches in an array

structure to provide variable output voltage with variable frequency. An example of
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matrix converters is the ZSI and quasi-ZSI three-phase bidirectional ac-dc converters
as shown in Fig 2.21. These converters can attain a variable ac output voltage and
frequency in the inversion mode and a regulated output dc voltage from varying
voltage and frequency ac source in the rectification mode [84][86]. In [87], a single-
stage isolated matrix based bidirectional ac-dc converter is presented for energy
storage. This converter comprises of six bidirectional matrix switches at the primary
side, a high frequency transformer to process the high frequency ac voltage, and four
switches at the secondary side that are capable of zero voltage switching to provide
high efficiency. Moreover, the matrix-based topology provides higher power density
and power conversion efficiency in single-stage topologies.
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Figure 2.21 Three-phase impedance source matrix based bidirectional ac-dc
converters: (a) ZSI (b) quasi-ZSI [84].
The overall advantages of the single-stage topologies are reduced losses, lower
device count, and low cost. However, this topology is limited to low voltage storage
systems. Since multiple storage modules are required to be connected in series to
attain higher voltage levels. However, a failure of a single unit could cause a failure
for the whole system which is considered a major disadvantage. There are three main
categories for the control algorithms that can be used for single-stage converters:
voltage source current controlled, voltage source voltage controlled, and space vector
controlled. The space vector controlled is the most common control algorithm among
the others which consists of two control loops: inner loop for ac current and outer
loop for voltage. The three-phase input current is converted into complex d-g vector
space. This control algorithm demands good computation power from the control due

to the transformations back and forth from d-g frame into abc frame [84].
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2.3.3.2 Two-Stage Topologies

The two-stage topologies provide more flexibility in developing the voltage range of
the storage device in which the dc voltage is allowed to be below or above the ac
voltage of the grid [4][82]. This is achieved by connecting a dc/dc converter at the
storage side to process the power absorbed or delivered by the batteries by
controlling the voltage at the dc link [13][83]. The bidirectional dc/dc converters are
divided into two major categories which are the non-isolated topology and the
isolated topology [83][84]. The non-isolated topology has a simple configuration
since it does not include a transformer. The power is transferred without any
magnetic isolation thus this topology does not exhibit any magnetic interference that
is accompanied with the galvanic isolation. On the other hand, the isolated topology
provides galvanic isolation and employ a higher frequency transformer that offers
higher step-up voltage gain ratio than the non-isolated topology. In both of these
topologies, dc voltage is converted to ac voltage waveform through the high-
frequency transformer and then rectified back to dc waveform [83].

2.3.3.2.1 Non-isolated DC/DC converters

The bidirectional half-bridge (buck and boost) topology is shown in Figure 2.22.
This topology is the simplest and commonly used converter type known for high
efficiency which is over 90% [84]. The bidirectional half-bridge converter acts as a
buck converter when charging the batteries and acts as a boost converter when
discharging the batteries. The buck-boost converter shown in Figure 2.23 is similar
to the typical bidirectional half-bridge topology [83][84]. However, this converter is
capable of operating in buck and boost modes in both power flow directions with
negative output voltage that make it a suitable for applications where the voltage
varies in wide range [13][83][84]. The bidirectional CUK converter shown in Figure
2.24 has a similar concept of the buck-boost which is also a symmetrical topology
that is capable of step-up/step-down the voltage in both directions with reversed
output voltage. This converter has the ability to provide continuous input and output
currents and also capable of eliminating the input and output current ripples [83][84].
The disadvantages of the CUK converter are the large inductor requirement and high
voltage rating transfer capacitor [84]. The conventional bidirectional dc/dc converter
has limited boosting capability and in order to increase the dc-link voltage, several
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storage devices are required to be connected in series. The cascaded DC-DC
topology is an alternative solution to improve the voltage boosting capability and
reduce the current to operate in higher power ratings. In this topology, multiple DC-
DC converter is connected in cascaded structure to achieve higher voltage gain ratio
with the same duty cycle of the switch. An example of cascaded dc/dc converters is
the double bidirectional half-bridge converter as shown in Figure 2.22 (b) and the

cascaded buck-boost bidirectional converter as shown in Figure 2.23 (b) [83][84].
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Figure 2.22 (a) Bidirectional half-bridge dc/dc converter, (b) Double bidirectional
half-bridge dc/dc converter [83][84].
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Figure 2.23 (a) Bidirectional buck-boost dc/dc converter, (b) Double bidirectional
buck-boost dc/dc converter [83][84].
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Figure 2.24 Bidirectional CUK converter [83][84].
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2.3.3.2.2 Isolated DC/DC converters

Generally galvanic isolation adds an extra degree of freedom granting higher voltage
boosting capability [83]. However, in certain cases, the galvanic isolation as a safety
measure to deliver power safely to sensitive loads are vulnerable to noise and faults
[13][83]. lIsolation can be applied to some of the aforementioned non-isolated
topologies to further improve the voltage boost ability. For example, fly-back
converter as shown in Figure 2.25 can be obtained by adding isolation to buck-boost
converter by replacing the inductor of the buck-boost converter with a transformer.

Similarly, including isolation for CUK converter (Fig 2.26) can provide more
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benefits to the original design such as eliminating input/output current ripples [38].
The back-to-back bidirectional topologies such as half-bridge, full-bridge, and dual-
active bridge (DAB) converters are the most popular isolated topologies that use
high-frequency transformer for isolation. The DAB is the most common among the
back-to-back converters. The conventional DAB converter as shown in Fig 2.27 is
comprised of two full-bridge converters separated by high-frequency transformer.
The DAB includes total 8 switches, 4 in each full-bridge which allow for its
utilization in high power application, since the number of switches is proportional to
the bidirectional converters power capacity. However, including additional switches
result in more switching losses which can be dealt with by utilizing soft-switching
techniques and low loss switches such as silicon-carbide (SiC) or gallium nitride
(GaN) [81][83]. During charging, DAB converter operates in buck mode where the
full-bridge on the grid side acts as an DC-AC inverter then the high-frequency
transformer steps up the voltage. Finally, the full-bridge on the storage side acts as an
ac-dc rectifier. This process is reversed in case of discharging [13][83]. Figure 2.28
shows a comprehensive approach of the DAB converter combined with bidirectional
buck-boost converter to achieve maximum efficiency. The buck-boost converter
regulates the battery voltage and keeps it constant allowing the DAB converter to
function in one operating point. This is a commonly used topology of DAB converter
especially for high power applications [84]. Another back-to-back topology is the
dual half-bridge (DHB) (Fig 2.29). This topology has half number of switches of the
DAB, which makes it more preferable for lower power applications. However,
having half the number of switches of DAB doubles the current flowing in the
switches. The DHB is divided into two groups: voltage-fed and current-fed DHB.
Voltage fed converters are well-known circuits for converting high voltages at the
input to low voltages at the output in high-power switch mode power supply.
Because the boosting action is only accomplished by the winding ratio in voltage-fed
converters, a high winding ratio between the primary and secondary sides of the
high-frequency transformer is required. This also leads the snubber to be increased to
manage the surge at turn-off switching instants. Moreover, voltage fed converters
might not be ideal option as it requires larger number of electrolyte capacitors to
handle the current ripples. Current-fed DHB on the other hand, includes an inductor
which helps reducing the current ripple and capacitor size. Also active boosting

action can be performed with a lower winding ratio [146-147]. The current-fed DHB
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can improve the life cycle and performance of the energy storage devices by
performing SOC estimation under dynamic environment. Also, using a current-fed
DHB can further improve the transformer efficiency through boosting the dc
capacitor voltage. Moreover, the current-fed DHB is considered as more beneficial
than voltage-fed DHB [84].

Figure 2.25 Fly-back converter [83].
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Figure 2.26 Isolated bidirectional CUK converter [83].
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Figure 2.28 Bidirectional buck-boost combined with DAB [84].
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Figure 2.29 Dual half-bridge converters (a) Voltage-fed DHB (b) Current-fed DHB
[84].
The main purpose of the bidirectional DC-DC converter is to maintain a constant dc
bus voltage along with regulating the charge/discharge current. There are two main
control algorithms implemented for DC-DC converters. These are voltage mode
control (VMC) and current mode control (CMC). VMC is simple and flexible which
can be implemented in any all kinds of dc/dc converters. VMC is based on fixed
frequency pulse width modulation (PWM) control methods and can be implemented
with phase shift modulation [84]. The main objective of VMC is to control the dc-
link voltage. The CMC overcomes the VMC with faster response time and short-
circuits protection [81]. The CMC controls the charging/discharging current of the
battery. There are three sub-variations of the CMC. These are peak, average, and
hysteretic. Moreover, all of the aforementioned control algorithms can be
implemented for the isolated topologies except for peak and hysteretic CMC
[81][84]. The utilization of bidirectional DC-DC converters in two stage topologies
can solve several issues in the ESS and reach an optimized design. One of the issues
Is the variation of the battery voltage which is resolved by controlling the dc link by
using bidirectional DC-DC converters [81]. Another issue is the increased number of
batteries in the string to meet the required string voltage which can be solved by the
boost ability of the DC-DC converters [81]. The traditional method to comply with
the voltage and power requirements of the BESS is the series connection battery
packs to increase the output voltage level and the parallel connection of battery packs
to increase the output current [88]. An alternative approach is the array connection of
battery power modules (BPM). Each BPM comprises of battery pack connected with
a bidirectional DC-DC converter. Similarly, BPM can be connected in series
configuration to boost the voltage rating and in parallel configuration to increase the
current rating. Furthermore, this approach can deal with the imbalance in the battery
bank in such the power flow of each pack can be individually regulated.

Additionally, a balanced charging and discharging can be achieved by stopping the
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connected converters or turning off some of the mechanical switches to isolate the
that are fully charged, over discharged, and damaged batteries from the BESS
[81][89]. In [88], a series connection of isolated DC-DC converters is proposed to
achieve a direct connection to MV grid. In this paper, series connection of DAB cells
iIs proposed to dramatically boost the output voltage to 11 kV. The paper also
proposes a method to reduce the device count and the number of semiconductors
used by replacing the DC-DC converters in the BPM with two contactors. However,
double-stage topologies include additional losses from power switching devices and
increases the total cost of the PCS and BESS.

2.3.3.3 Multilevel Topologies

The multilevel topologies are considered as a practical solution for the utilization of
BESS in MV range without using transformers. The main objective of the converters
based on multilevel topology is to obtain an ac voltage from several dc voltage
levels. Generally, these converters comprise of branches of series connected modules
and inductor. Instead of switching all modules at the same time, the multilevel
converters are capable of switching only the connected modules, thus reducing the
harmonic filtering requirements and the switching losses. CHB, modular multilevel
converter (MMC), and neutral-point clamped (NPC) converters are the most
common multilevel topologies [83][90]. The three-phase CHB shown in Figure 2.30
comprises of three phase legs. Each leg consists of a series connected H-bridge cells
to boost the battery voltage to MV range without the use of a transformer. The
utilization of this topology helps to improve the robustness and reliability of the
system by equally distribution of the battery modules among the converter cells and
achieving shorter battery strings. Since a failure in a single battery cell inside the
string could cause a failure of the entire string. Another merit of CHB is that in case
of fault, in a single cell, the operation of the other healthy cells will not be affected
[81][84]. The output voltage levels n can be described in Equation (2.27) where k is
the number of H-bridge cells connected in series. The voltage level scales with the

number of connected cells in series [91].

n=2k+1 (2.27)
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The CHB converter can either be connected in delta or star-configuration. Due to
short-circuit and circulating current problems, star-connection is usually preferred
[82][92]. The inclusion of a DC-DC converter in the CHB structure can decouple the
power variation of the dc-link from the battery which achieves an operation over a
wide modulation index for the grid-side converter [84][90]. The optimum modulation
technique for the CHB converter is optimum harmonic stepped waveform which can
efficiently eliminate the harmonics and obtain lower switching losses. Adding more
converter cells with lower rated semiconductors can decrease the conduction losses

that increase proportionally with the number of connected cells [82][92].
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Figure 2.30 Three-phase CHB converter and H-bridge cell circuit [81].
MMC shown in Figure 2.31 is another cascaded approach for interfacing of BESS
with MV grid similar to the concept of CHB but with two branches of 6 phase legs.
The MMC can be integrated with BESS to interface the MV grid in two manners.
Either in centralized manner where MMC is directly connected to the MV dc link or
in a distributed configuration in which battery modules is distributed among the sub-
modules (SM) forming the arms of the converters. In regard to the centralized case
the SM is connected to a common dc-link that is associated with a long battery string
where the voltage of the dc-link is equals the sum of two branch voltages [81][90].
However, using long battery strings deny the main benefits of the cascaded structures
and result in the flow of low-order current harmonics through the batteries.
Therefore, the distributed structure is a more beneficial approach for the integration
of mmc in BESS implementation [81]. The main function of the mmc is to divide the
high total voltage into smaller steps that can be managed between the low-voltage
sub modules that acts as independent voltage sources allowing for scalability of the
total voltage rating. In addition to scaling the total voltage, this scalability provides
high reliability by adding more modules to compensate the failure of the other

modules. The MMC comprises of cascaded modules that includes H-bridge modules
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that consist of semiconductor switches, capacitor, and diodes. Furthermore, forming
a balanced voltage divider along with balancing SOC of the capacitors within the
SMs in such way the terminal voltage has less constraints compared to the other
multilevel topologies [92]. Moreover, SOC balancing is done by injecting circulating
currents in the converter phase-legs which could lead to an increase in the switching
and conduction losses [81]. Another feature of the MMC is its flexibility in changing
the total voltage during the operation with minimum number of semiconductors
ensuring low switching losses [92]. However, compared to the CHB, MMC has
double number of switching devices, Also MMC has 6 branches compared to the 3
branches in CHB which introduce more complexity and cost. Nevertheless, MMC is

a still valuable approach for other applications such as HVDC transmission [81][90].
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Figure 2.31 MMC converter and corresponding SMs (a) Centralized configuration
(b) Distributed configuration [81].
NPC inverter was proposed in 1981 by Nabae, Takahashi, and Akagi which was
basically a three-level diode clamped inverter [84][95]. In this topology, dc voltage is
divided into several levels by connection a series of capacitors in a string allowing
the capacitors to be recharged as a group. The main feature of the NPC converter is
that all phase legs share a common dc-link bus that is subdivided by (m —1)
capacitors depending on output phase voltage level m which lessens the capacitance
requirements. However, one disadvantage of the NPC is that due to average dc
levels, the capacitors tend to overcharge or discharge hence requiring a charge-
balance control for the capacitors [84][95]. The three-level NPC and active NPC

(ANPC) converters are shown in Figure 2.32. Consequently, with an optimum
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switching state sequence and commutations, the loss among the devices can be well
distributed granting higher utilization of semiconductor switch [84]. ANPC converter
provides partial modularity and expanded redundancy. Thus, it is an efficient
approach for direct coupling of high voltage batteries with reduced components of
power electronics. However, due to the voltage variation of the batteries, it is
necessary for the overrating of the power electronics switches [82].

(a) (b)

Figure 2.32 Three-level diode clamped inverters (a) NPC (b) ANPC [84][85].
The flying capacitor (FC) was introduced by Meynord and Foch as an alternative
topology to the NPC [95]. Figure 2.33 shows the structure of a three-phase FC
inverter which shows how capacitors are used to divide the dc side voltage compared
to the clamping diodes in NPC inverter [84][95]. In contrary to the NPC inverters, it
IS not necessary for ON state switches to be in sequential series. Moreover, FC
inverter has phase redundancies that balance the voltage levels of the capacitors.
Another merit of FC inverter is that the real and reactive power flow can be
controlled. However, the drawback of the FC is the complexity in tracking the

voltage levels of all capacitors and recharging them at the same voltage level [95].

73



Figure 2.33 Three-level FC inverter [84][85].

2.3.3.4 Multiport Topologies

The conventional converter topologies are considered as two-port converters having
ES port as the input and load port as the output. On the other hand, multiport
topologies add more flexibility to the ESS allowing more independent ESs or
multiple loads to be processed by the PCS simultaneously. Moreover, having
multiple ESs to share a common dc bus is considered as more efficient approach than
having the ES coupled at the ac grid. This approach can be applied in BESS
providing redundancy by interfacing several independent battery strings [4][84].
Figure 2.34 presents three different configurations for connecting the multiple energy
storage sources. Figure 2.34 (a) presents that the two ESs are connected in parallel
coupling the common dc-link directly. This case is the uncontrolled configuration
such that it is not possible to regulate the power flow of each element independently.
In addition, the ESs should be in the same voltage range. Otherwise, voltage
variations in the dc-links will appear due to variation in SOC between the ESs. The
semi-controlled configuration shown in Figure 2.34 (b) has better controllability and
also eliminates the current limiting impedances requirement by connecting DC-DC
converter to ES1 in order to control the power flow and regulate the terminal voltage
of ES1 as it is different from the voltages of ES2 and dc-link. Nevertheless, due to
the variation in SOC of ES2, the variation in dc-link voltage remains. Lastly, the
fully-controlled configuration is shown in Figure 2.34 (c). In this configuration, each
ES is associated with DC-DC converter allowing for full controllability of the power
flow and the voltage of each ES can be individually regulated. Thus, the issue of the

voltage variation in the dc-link is resolved [81].
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Figure 2.34 Typical connection configuration of multiple ESs: (a) Direct connected
(b) Half controlled and (c) Fully controlled [81].
In [85], a comparison study was conducted between three-level NPC, three-level

ANPC, three-level FC, and five-level CHB topologies based on efficiency, common
mode voltage, and output redundancy in order to design a 5 MV converter for
direction connection of a battery group to a 4.16 kV ac grid. The comparison was
conducted by simulation studies based on commercially available modules. Space
vector PWM modulation was used with level-shift for NPC and phase-shift for the
other converters. Moreover, by using level-shift modulation in the NPC, the output
line voltage is reduced to half of dc-link voltage, compared to the output line voltage
of three-level FC and three-level ANPC, as shown in Figure 2.35. The filter sizes
were also compared. The NPC topology requires the minimum size output filter such
as 1230uH. Three-level ANPC topology requires an output filter of 3250uH and
three-level FC topology requires an output filter of 1720uH. The common voltage in
three-level NPC converter reaches up to the one third of dc link voltage compared to
one-sixth of dc link voltage in case of three-level ANPC and three-level FC
topologies. This result increases higher common mode current over switching dead
times. Five-level CHB has a similar line voltage ripple to that of FC and ANPC
converters. The five-level CHB exhibits higher output redundancy that results in the
smallest output filter such as 980uH compared to the other converters. Figure 2.35
displays a bar graph comparing the loss distribution of the four converters for an
average dc-link voltage. Accordingly, NPC is the most efficient one with 0.91%
losses. The losses of the CHB and NPC converter are calculated as 0.93%. However,
despite the small output filter, a large amount of gate drives and control signals is
needed. FC converter has relatively low efficiency with 1.56% of losses due to the
low power rating of its switches which apparently lead to relatively lower efficiency

compared with the other topologies.
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Figure 2.35 Converter loss distribution [85].
CHB and MMC converters were compared in [90] in terms of efficiency, voltage,
and energy variations. The double-stage CHB including DC-DC converter
(CHBDCDC) adds a DC-DC converter to the conventional CHB converter which
changes the voltage variation in the modules. Both the CHB and CHBDCDC lack
dc-link capacitors to deal with the energy variations. Hence, a frequency filter is
essential in order to minimize the harmonic content of the battery current. In contrary
to the MMLCHB that does not allow the generation of negative voltage in addition to
the restriction on the battery voltage being twice higher than the maximum voltage,
the MMLCFB uses full-bridge modules granting negative branch voltages and
allowing the output voltage to be higher than half the dc-link voltage. Based on the
simulation results of this study the CHB is a more feasible option in BESS
implementation than the MMC having battery efficiency and requiring lower number
of modules and semiconductor switches. In addition, it provides better battery
manipulation. It can be seen from Figure 2.36 that CHB converter outperforms than
MMC converters. CHB converter shows better performance than CHBDCDC, but
the efficiency linearly decreases as the battery voltage variation increases. There is a
point where CHBDCDC has better efficiency than CHB. Therefore, the utilization of
CHBDCDOC can be considered when a large variation in battery voltage is concerned.
Moreover, the reduction of battery voltage variation by using CHBDCDC was

proved in a laboratory experiment [90].
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Figure 2.36 Maximum possible efficiency for real power
application depending on battery voltage variance [90].
A more general comparison about efficiency and cost was conducted including
two/three-level converters in a 22 kV grid-connected 30MW BESS application [81].
Figure 2.37 (a) presents a bar graph comparing the power loss of the different
topologies at 0.8 pu power level. Moreover, this comparison was evaluated
considering a continuous operation of BESS for load-leveling and peak shaving
under intermittent RES generation. It can be noted from Figure 35 that two-level
converters have the lowest efficiency as a result of increased switching frequency. In
fact, most of the two-level converter losses come from the high frequency
transformer. On the contrary, the three-level converter has relatively better efficiency
and is slightly affected by the switching frequency increase. The MMC and CHB
have the highest efficiencies among the other converters due to the low switching
frequency. Accordingly, the CHB and MMC converters outperform the other
configurations with better quality of output sinusoidal waveform and smaller filter
requirements. MMC has 3% higher efficiency than CHB under heavy loads. Yet
CHB outperforms MMC converter under light load conditions. It should be also
noted how a high share of the power losses come from adding DC-DC converters,
which can be considered as a reason for not including it in practical applications.
Figure 2.37 (b) illustrates the cost evaluation of five different converter
configurations with the CHB having the lowest cost compared to other converters.
The high frequency transformer in the two-level converter serves 40% of the total
cost which is saved in the CHB. Contrarily, MMC for its relatively bulk capacitance

is the most expensive power conversion system [81].
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Figure 2.37 General comparison of power electronic converters topologies for BESS
operation (a) Power loss evaluation (b) Cost evaluation [81].
Multilevel power converter is a more favorable choice for designing large scale
BESS as it provides more scalability in power and voltage with a smaller number of
series battery connections. Excess amount of series connections can lead in reliability
issues. There are many other approaches and designs that can be applied to design
large scale BESS. For instance [96][97] propose series/parallel connected battery
modules which are interfaced with a DC-DC converter and ac-dc converter to obtain
higher voltage levels with high reliability. Reconfigurable battery packs utilize
switches to reconfigure the battery cells connections in order to improve the battery
performance and efficiency. In [98], a new modular reconfigurable battery pack is
introduced which consists of single or several cascaded reconfigurable battery
modules connected to a H-bridge converter. Each battery pack needs only one power
electronic switch to charge and discharge the battery cells. Such a design allows
better control over the battery cells and disconnects only the faulty cell without
disrupting the BESS operation. Consequently, this design features fault-tolerance and
high-reliability with least power switch requirements. A review on different kinds of
reconfigurable battery techniques and designs are presented in [99]. Power blocks
can be used as a means to minimize the size of the battery pack by splitting the
battery modules among a smaller power block increasing the design reliability. In
case of a battery cell failure, only the corresponding series string to the faulty cell are
disconnected [100][101]. Another design is the intelligent battery pack which
connects two MOSFETSs to the battery cell or module: one in parallel and one in

series. In case of fault in a particular cell or module, this strategy utilizes the set of
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MOSFETs to bypass the faulty unit without disrupting the BESS operation
[102][103]. Ref [40] compares between power block design, intelligent battery pack
design, and CHB topology for large-scale BESS application rated at 11 kV and
1MWh. The designs were evaluated in terms of cell losses and the power electronic
devices based on Markov-based modeling. It was concluded that intelligent battery
pack and CHB designs are more favorable due to their fault-tolerant and built-in
SOC capabilities. The cost of the protection device is a major factor in the
assessment of the converter topology to be used in BESS integration. Some features
of the protection measures in each topology are as follows: For the topologies that
use a series connection of devices to attain high-voltage dc-link, a high voltage dc
breaker is required. However, cheaper low-voltage dc breakers can be employed for
the cascaded and two/three-level parallel connected converters. In cascaded
topologies, the second harmonic oscillation in instantaneous power is a major issue
that can be solved by employing large dc capacitors to absorb these harmonics. For
parallel connected two/three-level converters, a significant amount of ac switchgear
and bus bars are required to step up the ac voltage [81]. The main objective of adding
an additional DC-DC stage is for better regulation of the batteries. However, there is
a trade off in cost, efficiency, and battery safety when considering the addition of
DC-DC stage in the system. The reason why the conventional converters are favored
in industrial solutions is that in case that DC-DC stage is only needed for isolation
purposes, the cost of the DC-DC converters will only by applicable to CHB and
MMC converters. Low-order harmonics naturally occurs in CHB and MMC
converters which can negatively affect both the life expectancy and safety of the
batteries. Therefore, by employing DC-DC converters, the safety and life of the
batteries can be preserved. As mentioned before, the battery technology plays a
significant role in deciding the converter topology. An example of this is the
Lithium-titante that has high tolerance to low order harmonics. So, the use of DC-DC
converter is no more required for CHB, MMC as well as other converters. Another
example is the usage of CHB configuration for flow batteries. Since, flow battery has
high capacity compared to other batteries, it is difficult to distribute the flow battery
among the CHB cells [81].
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2.3.4 Filter and Transformer

A filter is usually the combination of L and C components used to mitigate the
harmonics associated with high frequency switching in power converters. The filter
can be connected to the input, output, or both side of the power converters. In a
BESS application, as the simplest case, a single choke inductor connected with a
resistance, or an advanced type such as LCL filter can be arranged. On the other
hand, a transformer is essential for grid-connected BESS applications to step-up or
step-down the voltage level of the BESS output. The transformer sizing and rating
depend on the scale of the BESS and the topology of the power electronic converters
being used. The transformer is usually required for two or three level converters. But
in case when multilevel converters are utilized, a transformer connection is not
generally necessary, as higher voltage level can be attained at the converter output.
Also, with the use of multilevel converter topology in BESS applications, the
transformer rating and size can be reduced to couple with MV networks, hence the
costs are reduced.

2.4 PCS Operation and Control

In this study, double-stage PCS is considered to interface the BESS with the
distribution grid, CHB is chosen to provide bidirectional dc/ac conversion between
the BESS and the grid which includes a non-isolated bi-directional buck-boost half-
bridge converter is connected to each H-bridge module to obtain higher voltage
levels and regulate the charging and discharging of the batteries. Thus, only the
operation and control of related to the aforementioned topologies will be discussed in
this subsection.

2.4.1 Bi-directional DC-DC Converter Operation and Control

As mentioned before, the main objective of the DC-DC converter is to buck and
boost the voltage at the dc-link and regulate the charging and discharging processes
of the batteries. This converter is depicted in Figure 2.38. It is comprised of two
power switches with anti-parallel diodes, a dc-link capacitor to reduce the voltage
ripples at the dc-link, and an inductor at the storage side. This converter is capable of
operating in two modes depending on the system power flow and the switching

states. It can either operate in buck or in boost mode. As shown in Figure 2.39, when
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the converter is operating in buck mode, the power flow direction goes toward the
battery while switch S1 is ON and S2 is OFF in the first period permitting the power
flow. But on the second period, both S1 and S2 is OFF and the current flows in a
closed circuit. On the other hand, as shown in Figure 2.40, when the battery
discharges (Boost mode) and the power flow is to the direction of the load or grid,
switch S2 will be ON while S1 is OFF allowing the current to flow in closed circuit
passing through the inductor as the inductor is charged. In the second period when
both S1 and S2 is OFF, the current flows towards the load while releasing the energy
stored in the inductor simultaneously with the battery which in turn results in higher
capacitor voltage at the output. The control of the DC-DC converter switches is
achieved by controlling the duty cycle d which can be expressed in Equation (2.28).
The duty cycle d is the ratio of the ON time (T,,) over the total switching cycle (Ts).
Since S1 and S2 cannot be both ON simultaneously, the duty cycle for each switch
must be the complementary of the other one. There are many approaches available in
the literature to control the buck-boost DC-DC converters. The most common control
approach is the cascaded PI control scheme as shown in Figure 2.41. This approach
consists of two control loops: an inner control loop that controls the inductor current
and generates the duty cycle values that later modulate through PWM, and an outer
loop that controls the dc-link voltage. Usually, the inner loop is five to ten times
faster than the outer loop to deny any kind of noise or disturbance before it
influences the outer voltage loop. This approach was applied in [104] for controlling
bidirectional DC-DC converter in two-stage BESS and further improved in [105] by
adding a feed forward controller to minimize the voltage fluctuations at the dc-link
capacitor. Other approaches such as non-linear control was applied in [106-109] by
using exact ES-FBL to regulate different DC-DC converters. Based on these studies,
a non-linear model of the bidirectional DC-DC converter will be introduced in

Chapter 3 which is controlled by ES-FBL control scheme.

d="ron (2.28)

Ts

The PWM scheme compares a low-frequency reference signal with a high-frequency
carrier signal, being usually a sawtooth or a ramp signal. With this comparison,

switching pulses (logic 1 or logic 0) are produced as shown in Figure 2.42. V,ontrot
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and V, is the control voltage and the peak of the carrier sawtooth waveform,
respectively. The frequency of the carrier signal determines the switching frequency
of the semiconductors. For buck-boost converters, the duty cycle d can be expressed

as a function of the output voltage (V,,;) and input voltage (V;;,) as follows:

Vour _ D
Vin (1-D)

(2.29)

In case of bidirectional DC-DC converter, d of each switch is the complementary of
the other one in such a way that only a single switch is in ON state while the other is
OFF.
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Figure 2.39 Bi-directional DC-DC converter equivalent circuit in buck mode.
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Figure 2.42 The switching pulse generation of PWM scheme [110].

2.4.2 CHB Operation and Control

2.4.2.1 CHB Principle of Operation

CHB has gained much attraction from researchers especially for MV applications

due to its ability to accumulate different voltage levels and operate in both directions

of power flow (both inverter and rectifier operation) with low harmonic distortion.

This type of multilevel inverters is practical and deems to be useful for ESS such as

batteries or SC. The CHB structure mitigates the number of series connected

batteries, since each H-bridge SM is connected to a dc-source such as battery to

accumulate the voltage. Thus, in case of a fault at the dc-source, the system will not

cease its operation but rather bypass the faulty SM that contains the faulty dc-source.
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The number of voltage levels n at the output of a CHB converter is related to the
number of SM’s N and expressed in Equation (2.30). Also, the level number [ of line

voltage in three-phase configuration can be expressed in Equation (2.31);

n=2N+1 (2.30)
l=2n—-1 (2.31)

As shown in Figure 2.43, each converter cell contains a four-switch H-bridge
inverter connected to a dc-link capacitor and a bidirectional DC-DC converter that is
connected to a battery bank or ES device on the on other end. A single H-bridge
converter can generate the output voltage as +V,, —V,, and 0. The output of the CHB
is the peak ac phase voltage which is the summation of the dc-link voltage of each H-
bridge cell and can be expressed in Equation (2.32) when the losses of the switching

devices are negligible [95].

VO = Vdclsl + VchSZ + -+ VdC]S] (232)
N
Vo = Z - Vaes S
j=1

MOSFET1

p—— @_ 4@9 IGBT1 @> IGBT2
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Figure 2.43 CHB cell.
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Figure 2.44 Stepped staircase waveform of a 11-level CHB [95].
An example of the output voltage waveform of 11-level CHB can be seen in Figure
2.44. Such a waveform is called “stepped staircase waveform” as each step
represents a unique voltage level. The Fourier transform of such waveform and the
magnitudes of the Fourier coefficients when normalized with respect to V. are

demonstrated in Equations (2.33) and (2.34), respectively.

4V qc
T

sin(wt)

V(wt) =

Ynlcos(nb; + cosnb, + -+ + cos 6,,] * ,n=1357 (2.33)

sin(wt)

H(n) = ;—n [cos(nB, + cosnb, + -+ + cosnb;] * ,n=1357 (2.34)

where 6,,6,, ..., 0, is called the “conditioning angle” which are chosen to keep a
minimum total harmonic distortion (THD) of the voltage commonly chosen to
eliminate lower frequency harmonics such as 5, 7, 11, and 13, it can also be noted
that CHB output voltage does not exhibit even harmonics. w is the angular
frequency, V,. is the output voltage, and n is the harmonic order. In three-phase

systems, the output of each CHB phase can be connected either in delta or star
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configuration. Accordingly, the line voltage can be expressed as the difference
between two phase voltages as follows:

Vab = Van — Von (2-35)

where V,, is the line-to-line (line) voltage, V,,, and V},, is the line-to-neutral voltage
of phase-A and phase-B, respectively. The benefits of three-phase CHB converter are
that all triplen harmonic components in the line voltage are eliminated [111]. The
following three voltages can be obtained from a single H-bridge cell such as +V,
—V,, and 0, which depend on the ON/OFF states of the switches at the given time.
The CHB converter is able to generate multilevel voltages by a cascaded connection
of multiple H-bridge SMs and control each cell switch individually to regulate the
output voltage. For each H-bridge, a pair of switches is turned ON and OFF
simultaneously to provide a unique voltage output. The Boolean state of each switch
can be either logic 1 (ON) or logic 0 (OFF). When the H-bridge operates in forward
direction to produce +V, positive voltage, the switches T1 and T4 is ON
simultaneously as depicted in Figure 2.45. On the other hand, when the H-bridge
operates in reverse direction, the negative voltage —V, is obtained when both
switches T2 and T3 are ON at the same time. However, zero voltage level can be
obtained when either T1 and T2 or T3 and T4 are ON.

+ +
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T3 T4 T3 T4
(a) (b)
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Figure 2.45 H-bridge inverter switching states.
Consequently, higher voltage levels can be obtained by controlling the switch

positions of each SM connected in the CHB inverter. For example, a 11-level CHB
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has five SMs by controlling the states of the switches. So, a total of 11 voltage levels
can be attained as depicted in Figure 2.44. The switching states of the 11-level CHB
inverter are shown in Table 2.3. Generally, CHB topology can be operated either as
symmetrical or asymmetrical which means that the dc-source voltage in each SM can
be either equal or unequal, respectively. In the pre-mentioned explanation and
examples, the symmetrical topology is considered in which the dc-sources are
assumed to be equal in each SM. However, in asymmetrical topology, unequal dc-
sources are used in each SM which provides higher voltage levels with less
semiconductor requirements compared to the symmetrical operation [112]. However,
utilizing asymmetrical topology in a BESS means that the battery bank in each CHB
cell will be unequal which can result in discrepancies for the charging/discharging of
each battery bank and will eventually lead to variations in the internal resistances

between the batteries that can finally cause SOC imbalance.

Table 2.3 Switching states for 11-level CHB converter.

Switching states required Output voltage
All SMs with (51, 54),, must be ON +5V
Four SMs with (51, S4),, must be ON +4V
Three SMs with (51, 54),, must be ON +3V
Two SMs with (51, S4),, must be ON +2V
One SM with (51, $4),, must be ON +V
All SMs with (51, 52),, OR (53, 54),, must be ON 0
Single SM with (52, §3),, must be ON -V
Two SMs with (52, 53),, must be ON -2V
Three SMs with (52, 53),, must be ON -3V
Four SMs with (52, 53),, must be ON -4V
All SMs with (52, 53),, must be ON -5V

To keep the battery parameters is difficult and requires complex control algorithms.
The highest voltage level m that can be attained with unequal dc sources CHB can be

given by

m = 3" (2.36)



where n is the number H-bridge cells. The number of the switching devices N,

either in symmetrical or asymmetrical operation can be calculated as follows:
Ny, = 4n (2.37)

Equation (2.38) can be used to express the maximum output voltage V, ;4 0f CHB
converter with unequal dc-sources by excluding the zero-level voltage and divide by

two for the negative voltage, given as follows:

3n-1

Vomax = (T) Vac (2.38)

The functionality of the batteries in the BESS in different kinds of systems can be
controlled with different types of control strategies such as voltage-oriented control
that decouples the components in dgO rotating reference frame. This control scheme
controls both active power P and reactive power @, respectively. Hysteresis control
scheme is also available which controls the load current within a defined hysteresis
band [113].

2.4.2.2 PCS Control

Simply, the control of the CHB or any PCS in general is the control of the power
transfer between the ES and the grid while meeting the grid or network regulations.
There are many control schemes to control the PCS interfacing with the grid. One of
the most popular control strategies is the direct power control. As the name suggests,
this control strategy grants direct control over active and reactive power by creating
an optimum switching table from the instantaneous errors between active and
reactive power references and their corresponding measured values [114]. Vector
oriented control scheme is another control scheme that is vastly used in the literature.
In this control strategy, three-phase quantities are transformed from the stationary
frame to the synchronously rotating dg0 reference frame to simplify the
computations and grant a straighter forward control over active (d-axis) and reactive
(g-axis) components. Additionally, with this transformation, independent control of
active and reactive power is possible by independently regulating the (d-axis) and (g-

axis) current respectively. The block diagram of this control scheme is illustrated in
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Figure 2.47. As seen, Pl controllers are used to control the d and g-axis current
components to generate the reference signal. Then, both of these signals are used to
generate the switching signals of the semiconductors through PWM scheme. The
grid phase angle has to be tracked in order to achieve synchronization between the
power converter and the grid, A typical approach for synchronizing utility networks
and grid-connected power electronics converters is the phase-locked loop (PLL). In
such applications, the PLL's role is critical in detecting the utility phase angle
accurately and quickly enough to provide the grid-connected inverter's reference
signal. The common method to realize PLL on three-phase system is by using
synchronous frame PLL. The block diagram of synchronous frame PLL is shown in
Figure 2.46 The instantaneous phase angle 6 is detected by synchronizing the
reference frame with the three-phase voltage vector (v,, v}, and v,). To be locked to
the phase angle of utility voltage vector, the Proportional-Integral (P1) controller
drives v, to be zero, as given by the reference v,*which gives the angular speed
quantities. Finally phase angle 6 can be simply derived by integrating the angular
velocity [148].

wo
Vpk = X
¥
Ug | dg € Ua
— U
<« i
V4 abc Je=— Uc

Figure 2.46 Phase-Locked Loop (PLL) block diagram [148].
Considering the CHB-BESS shown in Figure 2.47, an expression can be derived to

define the voltage and current expressions as follows:

digpc

9 — Reigpe (2.39)

Vave = Viabe — Lf
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Figure 2.47 Grid connected 11 level CHB based BESS circuit diagram
where V. is the line-to-neutral grid voltage, Vi, IS the line-to-neutral inverter
output voltage, Ly and Ris the filter inductance and resistance, and i, is the phase
current. In order to apply vector current control scheme to the system, Equation
(2.39) has to be transformed into the synchronous rotating dgO reference frame by
using Park Transformation, as follows [115]:

cosf®  cos(6 — 2?”) cos(8 + 2?”)

Xd Xa
[xq] = g —sinf —sin(0 — z?n) —sin(6 + 2?”) xb] (2.40)
Xo L L L Xe

2 2 2

Then the following decoupled equations are obtained as follows:
_ . . dig
Vd = Vid + Lf(l)lq — Rfld - Lf E (241)
. . di
Vq = Viq - Lf(l)ld - Rflq - Lfd_: (242)

where V; and V;, represents the dgq components of the grid voltage, i, and i, are the
dq currents, and w is the angular frequency. After transforming the system to the

rotating dgO reference frame, as the currents are decoupled into d-axis and g-axis
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components, the control of the active and reactive power is simplified. The

instantaneous powers can be calculated in dq0 reference frame as follows:

P =2 (Vaiq + Vyiy) (2.43)

Q == (Vgla = Vaiq) (2.44)

By aligning V, on the grid reference voltage vector, V, becomes zero and the power

equations are simplified as follows:

Q = —=Vaiy (2.46)

With this way, P and Q, respectively, can be controlled independently by i, and .
Consequently, the reference values of d-axis and g-axis current components (ig", i;")

can be calculated using active and reactive power reference values (P*,Q*) as

follows:

% 2P*

g = 5~ (2.47)
207

= -2 (2:48)

As shown in Figure 2.48, each reference current component and its corresponding
measured counterpart is compared and regulated via PI controller. The output of the
PI controller is added to the feedforward terms given in Equations (2.41) and (2.42)
to generate the reference voltage signals that will be later used to manage the PWM

scheme to generate the firing pulses for the switching devices.
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Figure 2.48 Decoupled current control scheme and ac side mathematical model.
From control theory perspective, the transfer function of each PI controller (Cg, C;)
can be expressed as follows:

kpS‘l‘ki

Co= Cq= L=k, (ED) (2.49)

s Ts

where k,, and k; is defined as the proportional gain and integral gain, respectively,

and Ts = % is the time constant. The CHB-BESS can be modeled as an ideal
voltage source with a time delay equals half of the switching cycle due to the fact
that in order to generate the PWM signals, the reference and carrier waves are
compared. This process depends on the current value and a slight error could result in
a delay in the system that could be as significant as one switching cycle. Thus, the

average value of half the switching cycle is used as follows:

1
1+sTg4

Gpwm(s) = (2.50)
where T; = % is defined as the averaged time delay. The system given in Equations

(2.41) and (2.42) is modeled in synchronous rotating dq0 frame that reflects the
behavior of multi-input/multi-output nonlinear coupled system. Hence, it is difficult

to obtain decoupling with conventional linear control strategy. The terms associated
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with the angular frequency Lrwi, and Lrwi, provide cross-coupling for both axes.
These terms can be considered as disturbance and the whole system can be split into
two parts: a current compensating part and a voltage feed-forward compensating part

that can be rewritten as follows:

dig

Vid = Vd - Lfa)iq + Rfld + Lf E (251)
—_— ———
feedforward compensating term  cyrrent compensating term
- : . dig
Viq = Vq + wald + Rflq + Lf E (252)

. — —
feedforward compensating term  cyrrent compensating term

Once the inverter voltage for both d and q axes are cross-coupled, as voltage

feedforward term is disregarded as disturbance, the system is rewritten as follows:

= Rpiq + L 22 (2.53)

By applying Laplace transform to Equations (2.52) and (2.53), the equations become:

Vi () = sLglq(s) + Rely(s) (2.55)
Vl-q(s) = sLely(s) + Relg(s) (2.56)

Now, the system is successfully decoupled and each current component can be

independently controlled. Then, the transfer function can be obtained as follows:

14(s) 1 1 1
Gfilter(S)z 0 = a0 ( ) (257)

Vig(s) o Vig(s) - R_f 1+sT

where T = ;—f is the time constant. There are various modulation techniques available
f

for CHB based inverters. The modulation techniques used for CHB can be classified

into fundamental frequency switching techniques such as space vector control and

selective harmonic elimination control), and high-switching frequency PWM such as
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space-vector PWM, selective harmonic elimination PWM, and sinusoidal pulse
width modulation (SPWM) [95]. The SPWM is the most commonly used modulation
strategy to generate the switching patterns due to its high efficiency and simple
implementation compared to other techniques. Also, it can easily eliminate lower
order harmonics [116]. The basic principle of SPWM is that a reference signal
usually a sinusoidal modulating waveform is compared with a carrier waveform
usually a triangular wave. By comparing these wo waveforms, the firing signals for
the semiconductor switches are generated. A multi-carrier SPWM technique can be

categorized as follows:

1- Phase-shifted SPWM
2- Level-shifted SPWM
3- Hybrid SPWM

The modulation index m, amplitude modulation index m,, and the frequency

modulation index m, can be defined as follows:

— _Vres
™ TV (2:58)
me =2 (2.59)
my = (2.60)

The modulation index m is defined as the ration between the amplitude of the
modulation signal to the measured signal in the converter that is later compared with
(n — 1) carrier waves to generate 2(n — 1) firing pulses that drives the CHB
switches. The amplitude modulation index m, is defined as the ratio of the peak
voltage of the modulating wave 1}, to the peak value of V... of the carrier wave. The
frequency modulation index my it is the ratio of the carrier wave to the fundamental

frequency of the modulating wave [95][116]. In phase-shifted SPWM, each adjacent
carrier wave is phase shifted from another one by a ratio of @ = % where n is the

level count. However, the amplitude and frequency of all carrier waves are the same.
An illustrated example of a five-level CHB carrier waves are shown in Figure 2.49.

Each carrier wave is shifted by 90°.
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Figure 2.49 Phase-shift SPWM.
The level-shifted SPWM modulation scheme is classified as:
1- In-phase disposition
2- Phase opposition disposition
3- Alternate phase opposition disposition

In-phase disposition SPWM scheme is well-suited for CHB inverter due to its lower
harmonic distortion at high modulation indices compared with the other SPWM
techniques. In this method, all amplitudes and frequency are same for all carrier
waves with no phase shift between them. However, the carrier waves start at
different offset values. The orientation of the carrier waves in-phase disposition
SPWM is shown in Figure 2.50. A comprehensive hybrid SPWM modulation scheme
that combines phase-shift and level-shift modulation schemes is presented in [116].
This is achieved by applying phase shift between all carrier waves while assigning
different offset for each individual carrier wave. The hybrid SPWM demonstrated

low THD at the output voltage compared to other modulation schemes.
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Figure 2.50 Level-shifted in-phase disposition SPWM.

2.4.2.3 CHB SOC Balance

The previously mentioned modulation methods cause SOC imbalance during
operation due to uneven distribution of power among the CHB SMs. Even with even
distribution, SOC imbalance is inevitable due to other factors such as aging,
parameters variation, switching losses, and manufacturing diversity. Therefore, a
balancing algorithm is essential in order to ensure SOC balance between ES units to
realize optimum capacity utilization and improve the reliability of the system. The
key principle of SOC balancing algorithms is to balance the power distribution in the
CHB cells. The CHB balancing methods is divided into phase-to-phase balancing
schemes which aim to equalize the average SOC of each CHB leg, and in-phase
balancing that balances the SOC of all CHB cells inside single phase or branch. For
phase-to-phase balancing, the most common approach for CHB based BESS is
clustered balancing. The main concept of this strategy is to maintain an equal
average SOC values between all phases by injecting zero sequence voltage to the
reference voltage of each phase. This adds more power to the phases with less SOC
until all phases are balanced [117][118][119]. Ref [120] achieves phase-to-phase
balancing in a different way by adding a six-switch balancing circuit embedded with
a battery unit to the neutral point of the hybrid-CHB to interchange power between
phases until all phases are balanced. The main aim of in-phase SOC balancing

algorithms is to achieve SOC balance between all CHB cells inside an individual
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phase. For in-phase SOC balancing, the balancing algorithms depends on the
modulation method used. A common SOC balancing strategy for level-shifted PWM
is reconfiguration of carrier waves by rearranging the carrier wave offset in such a
way that the cells with the highest SOC will have lower offset to discharge more
power while cells with lower SOC set at higher offset to discharge less power. The
exact opposite is applicable in case of charging where cells with higher SOC is set at
higher offsets compared to lower SOC cells. This strategy is further improved by
proposing a modulation range instead of fixed offset. This includes the battery
voltage variation related to the open circuit SOC relation allowing for better
balancing even if different batteries in the CHB cells are considered without the need
of any dc-link voltage balancing [121]. Both in-phase and phase-to-phase SOC
balancing in CHB induce no losses in energy since it is achieved without any

external circuits or additional hardware.

2.5 BESS Operation and Control

In order to exchange power with the grid, BESS is equipped with power electronic
converters as current controlled devices while synchronizing the current phasor with
the phase angle of the grid voltage. Grid-tied BESS is modeled based on the control
mode used to control the interfaced power electronic converter which can be
classified into either grid-following mode or grid-forming mode. In grid-following
mode, the PCS behaves as current source that exchanges active and reactive power
with the grid based on predetermined power and current references. The majority of
today’s converters adopt grid-following mode. This control mode uses PLL to keep
the track of grid voltage phase-angle in order to synchronize with the grid. However,
grid-following based converters are limited to grid-tied mode and cannot be utilized
for islanded operation. In grid-forming mode, the converter is modeled as ac voltage
source that behaves like a synchronous generator. The main differences between the
two modes are that grid-forming has the ability to regulate both voltage and
frequency in islanded and grid-tied operations and its synchronization method is
mostly related to the concept of active power transfer and swing equation [122][123].
The CHB-BESS considered in this thesis adopts grid-following mode in such a way
that the active and reactive power imported and exported from the BESS are
managed by controlling the converter current components using vector control which

is previously discussed. During charging operation, CHB consumes a predetermined
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value of active or reactive power from the grid by modifying the phase angle and
modulation index of the voltage reference signal. Each battery unit charges with a
predefined set-point dependent on total active/reactive power set-point divided by the
number of operating CHB cells at the time. Meanwhile, the voltage and energy at the
dc-link rises during charging. Hence, by adding DC-DC converter to the dc-side, the
voltage at the dc-link capacitor can be maintained by transferring energy at the dc-
link to the battery units. Similarly, when the BESS is discharging the CHB injects
power to the grid by modifying the reference voltage modulation index and phase
and angle, and each battery bank discharge rate is dependent on the predetermined
active/reactive power set points and the operating CHB cells. During discharging, the
voltage at the dc-link is maintained by transferring energy from the battery into the
dc-link capacitor. The CHB based BESS structure and its control scheme proposed in
this thesis are illustrated in Figure 2.51. Observably, PI controllers are adopted for
controlling the current loops at the point of common coupling (PCC) while the exact
state feedback linearization (ES-FBL) method is used to regulate the DC-DC

converter which will be discussed in the next chapter.
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Figure 2.51 BESS-CHB structure and its control scheme proposed in the thesis.

2.6 BESS Cost Assessment and Analysis

The cost of BESS has witnessed great decline over the past three decades as the

prices of Li-ion batteries has dropped 90% of its original price since its

commercialization three decades ago. The price of Li-ion is on a falling trend as

shown in Figure 2.52. Since, Li-ion battery technology continues to mature and the

adoption of Li-ion batteries for energy storage increases day by day [143].
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Figure 2.52 Li-ion cost over the past decade [143].
It is necessary to make a cost analysis study before proceeding to implement any
ESS in order to acquire the most benefits and profits out of the ESS and avoid any
financial losses. As shown in Figure 2.53, the costs of an ESS can be categorized into
ESS capital costs, operating and maintenance costs, decommissioning costs, and
performance metrics. A general cost model describing the annual life-cycle costs C;

($/Kw-yr) of ESS can be derived as follows:

CLC:CI+CO&M+CR+CE0L (261)

where C; is the capital cost which includes the capital costs of the storage units such
as battery modules, PCS such as inverters, DC-DC converters, and etc, and the
balance of plant components such as transformers, cables, protection, cooling
system, and other related components. Cpgy Weights the costs related to all the
operation and maintenance performed throughout the lifetime of the ESS including
replacement parts, labor, warranty and insurance costs and other relevant costs. Cy
weights the costs of estimated replacement for the components that wear over time
due to aging effects. Cg,; represents the costs of storage end life including the costs
of recycling/disposal, disassembly/removal, and the costs of disconnection from the
grid [6]. Considering the detailed cost assessment and analysis illustrated in Figure
2.53, the total installation cost can be estimated as 1793 $/kW and 448 $/kWh for an
installation of 1 MW power capacity operated over 4 hours. Furthermore, the
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installation cost estimation for 1 MWh LFP BESS can be nearly around 448000 $

excluding operation and other costs.
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Figure 2.53 LFP cost estimation and prediction for 2020 and 2030 [144].

2.7 Results

In this chapter, the overall BESS concept was discussed and reviewed from different
aspects. Different types of battery technologies were reviewed and assessed.
Different topologies for modeling battery cells and packs were reviewed. Multiple
PCS topologies used for ES are reviewed. Important studies related to multilevel
converter topologies for BESS applications, specifically CHB was highlighted. Half-
bridge bidirectional DC-DC converter and CHB operation and control were
discussed. Finally, the control and operation of the overall BESS were summarized.
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CHAPTER 11

BESS DESIGN, MODELING, AND SIMULATION

In this chapter, the design details of 1 MWh BESS are given in detail. The design is
based on symmetrical Y-connected CHB converter connected to a 34.5 kV
distribution grid through an L filter to mitigate the harmonics at PCC and a coupling
transformer. The chapter starts by designing the BESS-CHB to meet the capacity and
voltage requirements. Next, the battery unit incorporated in each CHB cell is
modeled. Then, the DC-DC converter embedded to each battery is modeled using a
non-linear modeling approach which is utilized to design a ES-FBL controller to
regulate the charging and discharging of the battery. Finally, the CHB-BESS is
modelled and controlled using the pre-described vector-oriented control scheme in

order to perform a simulation study for the BESS under different case studies.

3.1 BESS Design

The main basis for designing a BESS is to meet the capacity and voltage require-
ments that are usually determined by more complex studies for sizing and allocation
of the BESS in distribution networks which is out of the scope of this study. In this
study, the desired energy capacity and voltage is decided as 1 MWh and 34.5 kV,
respectively. In order to meet the voltage requirement, a MV transformer is needed.
Moreover, as we adopt CHB as the power converter, the usage of transformer can be
neglected by adding a significant number of CHB cells instead. However, due to the
high computational requirements accompanied with large number of CHB, a
transformer with a rating of 4.16 kV/34.5 kV is used. As mentioned in previous
chapters, the voltage of the battery pack V, is the sum of the nominal voltage of n
number battery modules connected in series. The total output voltage is the sum of
each active CHB SM that contain multiple battery packs connected both in series and
parallel. Depending on the battery SOC, the battery voltage may vary between
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minimum and maximum limits. Therefore, it is more feasible to consider a minimum
voltage in designing N number of CHB cells for BESS to ensure no voltage drops

occur at the ac side. Thus, the number of CHB cells can be calculated as follows:

3.1)

where V, is the line-to-line voltage at the PCC, and V}, ,,;, is the minimum battery
bank voltage. A redundancy in CHB cells is always preferred to compromise for any
system failure or shortening. The inclusion of some voltage factors in the design such
as grid voltage deviation factor K, (usually 15% voltage deviation) and the voltage
drop at the filter inductor K; which is around 5% can improve the robustness of the

CHB design. Hence, Equation (3.1) can be rewritten as shown below:

V2: Vi Ky'K|

By adding a DC-DC converter to the SM, the design of the battery and CHB gains
more flexibility by allowing for the system to attain the voltage required at each
CHB branch with less series battery connections and a smaller number of CHB SMs.
By replacing the V,, ,,;, term with the dc-link voltage V,. in Equations (3.1) and

(3.2), it can be rewritten as follows:

V2: Vi

N > \/5-—1/‘10 (3.3)
V2: Vi Ky K|

N > \/§'—Vdc (3.4)

To make the DC-DC converter controller effective, the minimum dc-link voltage has
to be maintained higher than the maximum battery voltage under all operating
conditions. The capacity of the BESS, on the other hand, is determined by the
parallel connections of M battery modules. The total energy of the BESS will be the
sum of each battery bank energy at each individual SM inside the CHB. Thereby,
assuming the same battery is used in all SMs, the minimum energy and capacity of
each SM or battery bank can be then calculated as follows:

E ess
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Cp = g (36)
where, E}, is the battery bank energy in each SM, Ej is the total energy of the
BESS, and N is the number of SMs used in each CHB phase or branch multiplied by
three for a three-phase system. However, the number of CHB cells is a design
problem which has to be designed beforehand to meet the voltage requirements of
the BESS. Upon designing the preceding parameters, the number of the batteries and
its n series and m parallel connections can be designed to meet the general design
based on the required dc-link voltage and the energy of each individual battery bank,
respectively. Moreover, when the CHB is integrated with a bidirectional DC-DC
converter, there will be a variety of battery series/parallel connection settings and
combination to meet the design specification. In this thesis, the voltage deviation and
drop factors in Equation (3.4) are considered in the design stage such that a
redundant SM in each CHB branch is added to introduce more robustness and
reliability. Also, half-bridge buck-boost bidirectional DC-DC converter is used in
each SM to control the charging/discharging operations of the batteries. The
parameters of the CHB-BESS design used in this thesis are listed in Table 3.1.

3.2 BESS Modeling
3.2.1 Battery Model

The standard LifePO4 battery module is considered in this thesis. The specification
of this battery module is listed in Table 3.1 The generic battery model available in
the simulation environment is used as shown in Figure 3.1 [126]. This model is
suitable to be updated to simulate different kinds of secondary batteries.

Table 3.1 The specifications of the CHB-BESS design.

Total number of SM in CHB topology 6

Total number of voltage levels at the output of CHB | 11 levels
Total number of battery banks 18

Total number of battery modules per bank 24

Total number of battery modules 432
Total number of battery cells 6912
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Figure 3.1 The generic battery model used in simulation environment [126].
The charging and discharging voltage of the Li-ion battery for this generic model can

be expressed as a function of current as follows:

Vsdischarge = Eo = K (s=2=)i = Rii — K (==2=) [ idt + Ae P /it (3.7)

Q-J[idt Q-[idt
- F —k(—2 \i_pi— Q : -B [idt
Vecharge = Eo — K (0-1Q+fidt) i—Ri—K (Q—fidt) f idt + Ae (3.8)

where A is the exponential voltage and B is the exponential capacity in Ah~1. Two
more terms are added to the Shepherd model. The fourth term in Equations (3.7) and
(3.8) denotes the polarization properties associated with the overvoltage. This term,
when combined with E,, can produce a more accurate relationship for the non-
linearity of OCV related to the SOC variance. The fifth term represents dynamic
voltage, which changes exponentially with SOC and can be seen as discharge curves

given in Figure 3.2 to indicate non-linear hysteresis when charging and discharging.

Typical Discharge Characteristics

r Discharge curve
Fully Charged R svvennneeneeene ool [ Noviinal area
Exponential
Mominalg:

] [C——JExponential area

AN NN (NN

Exponential Marm Max
Capacity (Ah)

Figure 3.2 Generic battery model discharge curve [126].
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The aforementioned model assumes the followings:

1-

5_
Based

Internal resistance R; is assumed to be constant during charging/discharging
cycles and does not change with current amplitude in the model given by
Equations (3.7) and (3.8).

The ideal case is assumed in which both charging and discharging processes
have identical characteristics. The parameters are retrieved from the
discharge characteristics.

The Peukert effect is negligible as the capacity does not vary with the current
amplitude.

The self-discharge is negligible, since it can be derived by placing large
resistance in parallel with the battery terminals.

The battery memory effect is not considered.

on those assumptions, the generic battery model is favorable when the

aforementioned effects and characteristics are not a matter of concern. This model is

preferred in large-scale BESS applications where tremendous numbers of battery

cells are included in CHB based BESS that requires large number of batteries and

switching components that impose heavy computational burden for simulation. The

specification of each battery pack used in the thesis is listed in Table 3.2.

Table 3.2 The specifications of the battery module.

Battery type LiFePo4

Voltage min. /nom./max. | 440V /51.2V/58.4V
Stored energy 2.56 kwh /50 Ah
Number of cells per module | 16

Table 3.3 Battery pack parameters.

Battery type Li-ion

Nominal voltage | 410V

Rated capacity 150 Ah
Cutoff voltage 3075V
Fully charged 477.2V

voltage

Internal resistance | 0.027 Q
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3.2.2 Bi-directional DC-DC Converter Model and its Control

Figure 3.3 shows the primary circuit of the CHB converter cell. A battery is
connected to a bidirectional buck-boost DC-DC converter that is coupled to an H-
bridge inverter through a dc-link capacitor. The bidirectional DC-DC converter
works in both forward and reverse power flow from the battery to the grid or vice
versa, as the name implies. The DC-DC converter is capable of managing the battery
charging and discharging modes. As a result, the voltage level design for the batteries

becomes more flexible.

lHp

g

—
81 J | 83 n—} S6
—
+ -
C ch
Vdr‘ —
s2 =S t}%

Figure 3.3 CHB SM including battery, DC-DC converter, H-bridge inverter.

Kirchhoff's voltage and current laws are used to derive the equations defining the
dynamics of the bidirectional DC-DC converter in both buck and boost modes. The
equivalent circuit of bidirectional DC-DC converter in buck-mode is shown in Figure
3.4. In this mode, switches S1 and S2 are turned ON and OFF, respectively. In buck
mode, the dynamics of the DC-DC converter can be characterized using the

following equations:

LEL =V, — iR, = Vg (3.9)
AVae . Vae .
Cd_‘ti: lL_R;dC_lHB (310)

where L is the inductance on the battery side, C is the dc-link capacitance, R, and R
are the internal resistance of the inductance and capacitance, respectively, V, and V.
are the battery and dc-link voltage, respectively, i; is the inductance current, and

iyp IS the current of H-bridge inverter.
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Figure 3.4 The equivalent circuit of bidirectional DC-DC converter in buck-mode.

C Rc

When switch S1 is turned OFF and switch S2 is turned ON, the equivalent circuit of
DC-DC converter reduces to the one shown in Figure 3.5. In this mode, the DC-DC
converter operates in boost mode. The dynamics of the DC-DC converter can be

characterized using the following equations:

LEL =V, — iR, (3.11)
dvge Vac .
Cd_?: _Ri_lHB (312)
I‘Hﬂ +
RL L b 1
YV > C R
L Vdc‘
TVb

Figure 3.5 The equivalent circuit of bidirectional DC-DC converter in boost-mode.

Equations (3.9)-(3.12) can be reduced to a couple of equations, since the
bidirectional DC-DC converter operates in the continuous mode of conduction. Thus,
averaging state-space approach can be used to get a PWM bi-directional buck-boost
converter model using the converter duty cycle d. Then the averaged equations can

be written as bellow:

diy,

L—==V,— iR, — (1= d)Vq (3.13)
dv e . Vac
cd—j= (1—d)lL—R—dC—lHB (3.14)
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A non-linear state-space model can be acquired from Equations (3.13) and (3.14) by
selecting the inductance current i; and the dc-link voltage V. as state variables and
the duty cycle d as the system input. Hence the state-space representation of the

system can be expressed as follows:

x=fx)+gXu, u=d

y = h(x),x = [i, V4] (3.15)
Vb _Rixa X2 X2
L L L L

fO =12 x| 9= [__xl] (3.16)
C CR. c c

In general, buck-boost dc-dc converters are usually known to be unable to directly
control the dc-link capacitor voltage, since the open-loop transfer function for the
converter is non-minimum phase. The dc-link voltage should therefore be indirectly
controlled by selecting the inductive current i, as the system output. The system is
then transformed into a minimum phase, as the dc-link voltage becomes controllable.
So, the bidirectional DC-DC converter state-space average model can be described as

follows:

x=fx)+ gy,
u=d,y=h(x)=x, — Uyopr X = [i1 Vacl (3.17)

Here the error which is between the measured and the reference value of the inductor
current is chosen as the output of the system. After redefining the state-variables and

selecting the errors as the new state-variables, the following equation is obtained:
e=[e1 €]=[x;—1i,,. %~ Vac,,] (3.18)

where e is the error vector, x;and x,is the state variables defined in equation 3.15,
Uy is the reference inductor current, and Vac,or is the reference dc-link voltage

value. Then, Equations (3.16-3.17) can be rewritten as follows:

e=f(e)+gle)u, u=d
y=nh(e),=e; (3.19)
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vV, Rilei+iy,) (ex+Vy,)

fo=|¢ - :
e)= .
(el + llref) (ez + Vdcref) iHB
C CR, C
(e2+Vac, )
_ L
g(e) - I_(el+ilref)“ (3.20)

c

Moreover, the inductor current reference i1, CAN be derived from Equation (3.14) as

follows:

V Vdcre .
= (—L + iyp) (3.21)

3.2.2.1 Exact State Feedback Linearization (ES-FBL)

The ES-FBL approach is able to use the suitable state variable definition to convert
the non-linear model into a new linear model. The method proposed is somewhat
different from common linearization methods. Small signal analysis, for example, is
limited to linearize the system only around a single operating point. Whereas, ES-
FBL has the benefits of linearizing the model across the whole operating range of the
model compared to other methods such as small-signal linearization [124][125]. The
following theorem must be examined in advance before attempting to apply the
proposed approach for controlling the bidirectional DC-DC converter.

Theorem 1: The following two conditions have to be met to ensure that ES-FBL

controls the affine SISO non-linear system given in Equation (3.20).

Condition 1.1: Throughout every x that is in closure of x°, the rank of the matrix

[g adsg,...,adm-2g] has to be the same as the dimension n of the system, where

ady g is the lie bracket operative.

Condition 1.2: When x = x’, the vector field set D = {g ,ad;g,...,adm-2g} has

to be involutory.
If the aforementioned conditions are satisfied, there must be an output function
W (X) that brings the relative degree r to be equal to the system's dimension n, and

satisfy the expression L,W (X) = 0. The term L, W (X) represents the lie derivative
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operator of W (X) along g. Furthermore, the coordinate transformation shown below

can be used to generate new coordinates z,,:

z1 h(x)
z= |7 =0@= Lrh(x) (3.22)
Zn Lennx

With the use of the above coordinate transformation, a new linear system can be

obtained from a nonlinear system, expressed as follows:

Zl = Zz
ZZ = Z3
Zn—l = Lf”h(x) + LgLfn—l h(X)u (323)

where z, is the new state variables of the new linear system, Liny ) is the lie
derivative of the output h(x) with respect to ™, and Ln-1 h(x)u is the lie derivative
of h(x)u with respect to f™* and LyLgn-1 h(x)u term is the lie derivative of the
Lgn-1 h(x)u term with respect to g.

Accordingly, a new control input can be introduced in the new linear system as:

v=alkx)+L(x)u (3.24)

where  a(x) = Lgnh(x) and B(x) = LyLen-1 h(x). Summarily, a linear

configuration can be realized from the original nonlinear system as:

Z= AZ+ Bv (3.25)

Finally, Equation (3.25) can be used to develop a new nonlinear system control law

in which the control input is defined as:

_ —a(o)+v
= =" (3.26)
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3.2.2.2 Bidirectional DC-DC Converter Controller Design

We refer to Theorem (1) to determine whether the nonlinear system specified in
Equation (3.20) complies with the aforementioned conditions of the ES-FBL in order
to design ES-FBL controller. Therefore, by applying the lie bracket operative of g

along f we get;

dg(e) df(e)
adyg =22 f(e) - L2

d de
491 dgi £.(e) an  dfr ©
de, de, 1€ de; de;||dg1(€
95, aaa|[fy(e)] |4z a2 lg0e) (3:27)
d61 dez del dez
Substitution of Equation (3.20) in Equation (3.27) yields:
_eZ+VdCref . Ry, (eZ+VdCref)
dgs | o T (3.28)
WG = | Ly, Rulertin,) —(ertiy,) '
L LC ~ R.C?

According to Equation (3.28), the rank of the matrix Rank[g ad;g]| = 2. This is
equal to the dimension n of the nonlinear system. As a result, Theorem (1) is
satisfied, and the ES-FBL can be used to solve the nonlinear system provided in
Equation (3.20). Following that, the relative degree must be checked to see if it
matches with the dimension n of the nonlinear system given in Equation (3.16). The

lie derivative operator Lgh(e) can be used to demonstrate this check as follows:

(32 +VdCTef)

dh 1
Loh(e) =gg@ =1 0| .5, o= 2(e2+Vac,,;) £ 0 (3.29)

C

Equation (3.29) shows that the relative degree r is not equal to the dimension n of
the non-linear system given in Equation (3.16). Thus, there is a W (e) virtual output
that could be designed to meet the condition (L, W (e) = 0), which has been found

to be:

112



W(e) = Le;? + Cey? + 2Liy,, 61 + 2CVqe,, €, (3.30)

Thereby, the nonlinear system of bidirectional buck-boost converter provided in

Equation (3.20) can be expressed in a linear form as in Equation (3.23):

7= [3 (1)] 7+ [(1’] v (3.31)
7= [ Lf%) (3.32)

And the full state feedback controller v can be defined as

v=—(KiZy + K, 2Z5) (3.33)
Since the liner system given in Equation (3.33) is a 2" order system;

21+ K, Z, +KiZ, =0 (3.34)

By substituting the error terms e; and e, with the state variables x; and x,.

Accordingly, LW (e), a(e), and f(e) becomes:

2
LW (e) = 2Vpx; — 2% — 2ippx, — 2R 2,2 (3.35)

2V, (Vy — x, — 3R x1) N 4x,

a(e) = Lpz2W(e) = T R

4RLX1

X (=1 + L5iyp +22) + 222 X (=2, + +iyp) + &

x (R, +x,)  (3.36)

2Vbx2 + 4x5X1 + ZiHBXZ _ 4RL.X'1.X'2 (3 37)

Ble) = LgLyW(e) = L CRe c L

Finally, by substituting Equations (3.36) and (3.37) in the control input u in Equation
(3.26), the new control law is obtained as:

—sz w(e)+v
LgLfW(e)

(3.38)
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Finally, the control block diagram of the ES-FBL of the bi-directional DC-DC
converter is illustrated in Figure 3.6.

€2
l- e Linear . Virtual controller v
'lref ‘31 Transformation Eqn (24)
Vy Eqn(22,23)
Cref
Vd c
X
1 X DC-DC ES-FBL controller|
converter PWM law u
X2 Eqn (19,20) Eqn (38)

Figure 3.6 ES-FBL control diagram of the DC-DC converter proposed in the thesis.
Referring to the circuit of the bidirectional DC-DC converter shown in Figure 3.3,

the natural vibration frequency and the RC constant can be calculated as:

1

1
=L o= (3.39)

Wy

Accordingly, as the system given in Equation (3.25) is a second order system, the
selection of the controller gains [K; K, ] in Equation (3.34) can be determined based

on classic control theory of second order systems by defining the control gains as

K, = w,? = % and K, = 2z,/K; where z is the damping ratio.

3.2.3 CHB-BESS Model

As was previously mentioned, the CHB topology is chosen to interface the BESS
with the grid. The main objective of the CHB is to interface the ESS with the grid to
exchange energy and power. Thus, the CHB converter and the grid are modeled as an
ideal voltage source as shown in Figure 3.7. Moreover, by adopting this approach,
the switching losses and the high frequency effects caused by the switching devices
in the CHB is neglected. Furthermore, the ideal voltage sources considered are

connected through an inductive filter.

Lf R

@ Y'Y Y\ AMN @
Veabe e AN A S VSabe

@ Y AAA @

Figure 3.7  Simplified schematic of the system.
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The peak output voltage of each phase of CHB can be described in Equation (3.40)
as a function of modulation index (m,, x = a, b, c¢), the sum of dc-link voltages for
each operating CHB cell (XX, Vy;S;) where S; is the switching function

corresponding to the SM i, and converter phase angle 6,.

Vo =m, Z?’:l Vdc,iSi ’ COS(@C)
2
Vo = my T4y VaeiSi  cos (6. — )

Ve = me Ny Vae,Si * cos (6 +) (3.40)

Assuming all the losses related to switching and dc-link capacitor is negligible based
on the power conversion law, the power balance between the BESS and the PCC can

be expressed as follows:

Poac=Pgc
\/§ Vactac = Zx=a,b,c Z?,:l Vb,iil,iSi (3-41)

In Equation (3.41), the left side is defined as the power of the ac side and the right
side as the power of the dc side, where V. is the line-to-line voltage at PCC and i,
is the line current. Based on the power flow the current components in dc and ac
sides, the current polarity will be negative during charging operation and positive
during discharging operation of the BESS. By assembling the voltage output given in
Equation (3.40) and placing them in Equation (2.39), it can be transformed to dq0
reference frame to be utilized in the vector current control strategy mentioned in the
previous chapter. The ac side of Equation (3.41) can be rewritten along with the

voltage expression at the PCC in the synchronous rotating reference frame as

follows:
> (Vala + Vaiq) = Bxape et Vi i1 S (3.42)
Vig = Va— Lywiq + Ryig + L =2 (3.43)
Viy = Va + Lywiq + Ryig + Ly = (3.44)
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Where V; and V; are the d and g components of the grid voltage respectively, iy and
iq are the d and g components of the line currents respectively, V,,; and i;; is the

battery voltage and inductor current respectively corresponding to the it* SM of x

phase. V;, and Vi, are the d and g components of the inverter voltage respectively, L;

is the filter inductance, and Ry is the filter resistance. Based upon the above
equations, the vector control strategy discussed in Chapter 2 can be adopted to
control the power exchange between BESS and grid at PCC. The main control of the
CHB-BESS is divided into two parts: current control and voltage control. For the
current control part, the amplitude and the direction of the line current is controlled
by adjusting the phase angle of the converter such that the phase angle set is at
leading when injecting current into the grid by discharging the batteries, and lagging
when the batteries are charging as the power is consumed from the grid. The voltage
control, on the other hand, controls the voltage amplitude by adjusting the
modulation index of the reference signals. In the thesis, the firing pulses for the
semiconductor switches of the CHB are produced using level-shifted PWM due to its
low THD at the output voltage. The charging/discharging current rates of the BESS
are determined by the active/reactive power references from Equation (2.46) and
(2.47). Since level-shifted PWM is selected, the SOC of the batteries can be balanced
using an offset interchanging approach whose flowchart is depicted in Figure 3.8.
Additionally, the overall control process of the CHB-BESS is simplified in Figure
3.9.

116



Start

Yes / No
P> 0
-—
Y
Charging Discharging
b 4
S0C, Balanced >— L S0C, Balanced
’ Yes Yes
No No
v
Sort (offsets,Ascend) Sort (offsets,Descend)

Figure 3.8 The flowchart of in-phase LS-SPWM SOC balancing.
In the SOC balancing scheme, the SMs with the least SOC value is assigned with
higher offsets for their corresponding carrier waves compared to the reference signal
during discharging. In contrast, when BESS is charging, the carrier waves
corresponding to SMs with the lowest SOC values is assigned with lower offsets,
while the higher offset is assigned to SM with higher SOC values. This led the
batteries to charge and discharge at different rates until all batteries have balanced
and nearly equal SOC value. In this thesis a redundant CHB SM is included in the
design which is considered a more practical design such that in case of fault
occurrence in a single SM, only the faulted SM is by passed with no need to bypass
SM's in the other phase branches as there will be no significant voltage drop at the
output. However, the fault-tolerance test in this thesis considers only faults
associated with batteries excluding faults related to switches and other components.
Additionally, the fault diagnosis is out of the thesis. Thereby, only the appropriate
action after the fault detection in a battery cell in single SM is investigated.
Furthermore, assuming fault occurrence in a single battery bank, the battery is then
open-circuited by triggering the safety switches inside the battery bank. In order to
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bypass the SM associated with the faulty battery bank, the following switching pairs
given in Figure 2.45 must be ON (T1, T2), (T3, T4), (T1, T3) or (T2, T4)
simultaneously. Using redundant cell design adds more reliability to the system such
that the voltage drop can be avoided and disconnecting a single SM in the other CHB
branches will not be necessary. However, the addition of redundant SM means that
more components and switches are used which increases the total cost of the system.

Q* P*

<0 0" >0 >0

>0 <0
Current Current Current Current
Controller Controller Controller Controller
v )
: i SPWM SPWM
Capacitive Inductive statcom
statcom operation operation l ]
Drive CHB Drive CHB
ES-FBL ES-FBL
Controller Controller
DC-DC DC-DC
converter converter
(Buck mode) | | (Boost mode)
Battery Battery

Charging Discharging

Figure 3.9 Flowchart of the overall control process

3.3 Simulation Studies

Considering the battery and system specification listed in Table 3.1 and 3.2
respectively, the two-stage CHB-BESS model presented in Fig. 2.52 is used to
perform different simulation studies which were carried out on a PC with Intel core
i7 2.6Ghz processor© and 16 GB RAM. In order to validate the effectiveness of the
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proposed non-linear controller embedded with decoupled current control, the
following case studies and the parameters are performed/investigated:
1- Active power consumption from the grid (BESS charging)
2- Active power injection into the grid (BESS discharging)
3- STATCOM operation to inject inductive and capacitive reactive power into
the grid while charging BESS
4- STATCOM operation to inject inductive and capacitive reactive power into
the grid while discharging BESS
5- Fault tolerant test

Table 3.4 Parameters of grid-tied CHB-BESS proposed in the thesis.

Parameter Symbol Value

Grid line-to-line voltage Vo LL 34.5 kv
Grid frequency i 50 Hz

PCC line-to-line voltage ViiL 4.16 kV

Base power at PCC S 1 MVA

Filter resistance Ry 3.14 mQ

Filter inductance L¢ 0.5mH
Battery voltage Vs 410V
dc-link voltage Vae 680 V
dc-link capacitance Cac 7 mF
capacitor internal resistance R 10 kQ

Energy storage cell inductance L 0.36 mH
Inductance internal resistance R, 0.1Q
CHB switching frequency fow 2 kHz
DC-DC converter switching fac—dc 10 kHz

frequency

In the first two case studies, the BESS is operated to test the capability of exchanging
active power with the grid by controlling the synchronous rotating currents i, and i,
through decoupled current control by setting arbitrary reference values for the active
and reactive power references while setting the reactive power reference to zero. At

first, the simulation is conducted for charging phase with the initial SOC of the
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batteries set at 50%, then the simulation was performed to discharge the batteries
with an initial SOC of 80%. Similarly, in the third and fourth case studies, the BESS
is operated to test the capability of exchanging reactive power with the grid by
controlling the synchronous rotating currents i, and i, through decoupled current
control by setting arbitrary reference values for the active and reactive power
references and setting a constant value for active power. At first, the simulation is
conducted for charging phase with the initial SOC of the batteries set at 50%, then
the simulation was performed to discharge the batteries with an initial SOC of 80%.
In the final case study, a fault is assumed in the battery bank of an individual SM
resulting an open-circuit in the battery bank and the SM associated with the faulty
battery is bypassed. This case demonstrates the effect of fault on redundant cell CHB

design.

3.4 Results

The design approach and the necessary calculations for developing a CHB based
BESS were mentioned in this Chapter. Following that the battery, DC-DC converter,
and CHB converter were modeled individually. The battery was modeled after the
built-in generic battery model available in the simulation environment. The DC-DC
converter was described using a non-linear model and a ES-FBL control scheme was
presented for controlling the DC-DC converter to regulate the charging/discharging
processes of the battery. Finally, the CHB-BESS model was discussed in order to
implement vector current oriented control that was previously mentioned in the last

chapter.
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CHAPTER IV

SIMULATION RESULTS AND DISCUSSION

This chapter reports the results and findings of the simulation performed on the
designed system in Chapter 3 for 1 MWh rated BESS-CHB. The objective of the
simulations conducted in this thesis is to demonstrate and verify the performance and
capability of the designed CHB based BESS operating under different conditions. In
this chapter, the graphs and tables are utilized to present the recorded results and
measurements. In the appropriate places of this chapter, the key points for these
results are discussed. The battery charging and discharging behavior depends on the
active and reactive power set points of the main CHB current vector controller, and
the ES-FBL non-linear controller for the DC-DC converter. The nominal discharge
current and arbitrary discharge currents curve are shown in Figure 4.1. These curves
can be extracted to give a general idea on the battery dynamic behavior under
different discharging currents. As seen, the open-circuit voltage of the battery has a
proportional relationship with the battery SOC, as it decreases during discharging
and increases when charging. The battery bank can be fully discharged in one hour if

it were to discharge at 1C rate which nearly equals 150 A discharging current.

4.1 Case 1: Active Power Control (Charging)

In this simulation scenario, positive arbitrary active power set points are applied to
the respective controller to consume active power from the grid while maintaining a
constant zero reactive power to ensure unity power factor operation of the BESS.
The dynamic performances of the active and reactive power controllers are shown in
Figure 4.2. The simulation starts by setting the active power referenceto 1 puatt=0s
which is followed successfully after short transients as shown in Figure 4.2. At t=1.5
s, the active power reference is decreased to 0.7 pu followed by another decrease to
05puatt=1.8suntilitissetto O puatt=2s. Then,itissetbacktolpuatt=22s
which is finally increased to 1.5 pu at t=2.5 s until to the end of the simulation.
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It is observed that the active power controller was able to successfully follow the
given reference set points for the active power with a fast response and zero steady-

state error.

Nominal Current Discharge Characteristic at 0.43478C (65.2174A)
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Figure 4.1 The battery model discharge curve (a) nominal discharge current curve,

(b) arbitrary discharge currents curve.
The output voltage and current of phase-A of CHB-BESS is recorded and shown in
Figure 4.3. As can be seen, the output voltage consists of 11-levels meaning only 5
out of 6 SMs are switching at the time while one module is redundant and kept
inoperative until it is needed to operate to compensate for a faulty cell or to response
to excessive power demand. However, considering in-phase SOC balancing, this
redundant SM will always be operating such that 5 out of 6 SMs are operating while
taking the place of redundant SM to maintain equal and balanced SOC even with the
redundant SM.
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Figure 4.2 The dynamic performances of the active and reactive power controllers.
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Figure 4.3 The output voltage and current of phase-A of 11-level CHB.

Three-phase voltage and current profile at PCC is depicted in Figure 4.4. As it
appears that both the voltage and current waveforms exhibit acceptable sinusoidal
form as the voltage and current are completely in phase indicating unity power factor
operation and the BESS is behaving as a pure resistive load while drawing active
power to charge the batteries. As shown in Figure 4.5, THD of the PCC voltage is
obtained as 3.91% during the first simulation period when active power is at 1 pu.
The THD of the PCC current, on the other hand, is obtained as 2.63%. The recorded
THD values are listed in Table 4.1 and compared with the standards of IEE 519 for
systems with bus voltage of 69kV and below. Accordingly, the obtained THD for
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both the voltage and current at the PCC are considered acceptable and within the
IEEE 519 regulations. Those THD values can be further improved if more voltage
levels are added in the CHB by including more SMs.

Table 4.1 Total Harmonic Distortion During Charging Operation.

Description Voltage THD in % Current THD in %
11-level CHB 3.91 2.63
IEEE 519 Maximum 5 5
Standard

Voltage and current profile at PCC
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Figure 4.4 Three-phase voltage and current profiles at PCC.
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Figure 4.5 THD analysis during charging (a) voltage (b) current waveforms.
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Due to the excessive amount of simulation data, only the batteries and other elements
associated with phase-A is recorded and demonstrated for different case studies.

Table 4.2 Initial SOC of the battery modules.

Battery | SOC (%)
Bl 50.01
B2 50.02
B3 50
B4 50.015
B5 50.03
B6 49.99

The initial values of each battery in phase-A are given in Table 4.2. Due to the short
time period of the simulation, the initial SOC of each battery bank is set nearly equal
with difference in two decimals to demonstrate the SOC balancing capability of the
in-phase balancing scheme. The SOC of the battery banks for phase-A without in-
phase balancing scheme is demonstrated in Figure 4.6. It is obvious that each battery
SOC keeps on charging on the same pace with no regard to other battery SOC which
eventually leads to unbalanced SOC and the difference gap in SOC between each
battery keeps growing until a significant difference emerges limiting the whole BESS
operation capability. Additionally, the redundant battery is observed at the bottom of
the graph discharging at negligible rate due to either DC-DC converter switching or
nearly negligible over modulation. On the other hand, in-phase SOC balancing
allows to charge all the batteries at the same rate reaching nearly equal SOC for all
batteries. This behavior is shown in Figure 4.7. It is observed that all batteries
including the redundant battery are utilized. It starts charging with all the batteries
while the battery with the highest SOC is stopped charging. Thus, allowing to reduce

the strain on the batteries while charging.
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Figure 4.6 The SOC of the batteries for phase-A without in-phase balancing scheme.
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Figure 4.7 The SOC of the batteries for phase-A with in-phase balancing scheme.
The dc-link voltage was fixed at 680 V for all SMs to generate the required 11-level
output voltage to meet the voltage requirement of 4160 V (line-to-line) at PCC. This
was carried out using ES-FBL control scheme to regulate the dc-link voltage at each
SM through linearizing the dc side model under all operation conditions that showed
spectacular performance in maintaining the desired voltage throughout the simulation

period with varying the power set points as seen in Figure 4.8.
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Figure 4.8 DC-link voltages of CHB SMs for phase-A.
There was a minimum amount of voltage throughout the simulation time. However,
there were some fluctuations at the dc-link voltages for all SMs when the system was
consuming 1.5pu active power at t=2.5 s which is not significant. Also, there were
some minor voltage fluctuations between t=1 s and t=2 s for Vdcl, Vdc2, Vdc4, and
Vdc5 that are caused from interchanging the carrier waves offsets in the in-phase
SOC balancing scheme as seen in Figure 4.7. Where, Vdcl, Vdc2, Vdc3, Vdc4,
Vdc5, and VVdc6 are the dc-link voltages numbered corresponding to the SM in phase
a branch of the CHB. Looking at the current and voltage behaviors of battery 1 in
Figure 4.9, it is quite evident that the battery exhibits pulsating charging behavior
caused by DC-DC converter switching, as the battery is charging at pulsating current
and the voltage slightly increases until it settles at certain value. Here, the current is
charging at an average current of -134 A between t=0 s and t=1.2 s and settles at
nearly 447 Volt of average battery voltage. The minus current indicates that the
battery is charging while the positive current discharges the battery. Moreover,
looking at battery 2 and battery 5 in Figure 4.10 and Figure 4.13 respectively, it is
clear that those batteries are charging lesser than the other batteries due to their
higher SOC values. On the other hand, batteries 3 and 6 are charging the most
throughout the charging operation due to their lowest SOC values compared to other

batteries. As the batteries continue to charge, it can be seen that the charging current
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starts varying throughout the operation due to the SOC balancing. For example, as
battery 1 becomes the most charged battery at nearly t=1.2 s, the charging rate of it
dramatically reduced while battery 5 starts charging in its place. This operation

continues to maintain SOC balance between all the battery units.
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Figure 4.9 The current and voltage waveforms of battery 1.
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Figure 4.10 The current and voltage waveforms of battery 2.
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Figure 4.12 The current and voltage waveforms of battery 4.
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Figure 4.13 The current and voltage waveforms of battery 5.
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Figure 4.14 The current and voltage waveforms of battery 6.

4.2 Case 2: Active Power Control (Discharging)

In this case study, the simulation settings are same as in the first case study, but the

initial SOC of each battery module is given near 80%, as listed in Table 4.3.
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Table 4.3 Initial SOC of the battery modules.

Battery | SOC (%)
B1 80.01
B2 80.02
B3 80
B4 80.015
BS 80.03
B6 79.99

Arbitrary negative active power set points are given to the respective controller to
inject active power into the grid to realize BESS discharging while maintaining
constant zero reactive power to ensure unity power factor operation. The simulation
starts by setting the active power reference to -1 pu at t=0 s which is followed
successfully after short transients as shown in Figure 4.15. At t=1.5 s, the active
power reference is decreased to -0.7 pu followed by another decreased to -0.5 pu at
t= 1.8 s until it set to 0 pu at t=2 s. The system is set back to 1 pu at t = -2.2 s which
is finally increased to -1.5 pu at t= 2.5 s until the end of the simulation. It is observed
that the controller was able to successfully follow the given reference set point for

the active power with a fast response and zero steady-state error.
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Figure 4.15 The dynamic performances of the active and reactive power controllers.
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The output voltage and current for phase-A of CHB-BESS is recorded and shown in
Figure 4.16, bearing the same concept during charging. Three-phase voltage and
current profile at PCC are depicted in Figure 4.17. As it appears, both the voltage and
current waveforms exhibit acceptable sinusoidal form with the voltage and current
waveforms are 180° out of phase which indicates unity power factor operation.
BESS is behaving as an active power generator. According to Figure 4.18, the THD
of the voltage is recorded as 4.24% during the first simulation period when active
power is at -1 pu. The current THD, on the other hand, is obtained as 2.97%. The
recorded THD values during discharging operation are listed in Table 4.4 and
compared with the standards of IEE 519 for systems with bus voltage of 69kV and
below. Accordingly, the obtained THD for both the voltage and current at the PCC
are considered acceptable and within the IEEE 519 regulations. Those THD values
can be further improved if more voltage levels are added in the CHB by including
more SMs.

Table 4.4 Total Harmonic Distortion During Discharging Operation.

Description Voltage THD in % Current THD in %
11-level CHB 4.24 2.97
IEEE 519 Maximum 5 5
Standard
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Figure 4.16 The output voltage and current of phase-A of 11-level CHB.
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Figure 4.17 Three-phase voltage and current profiles at PCC.
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Figure 4.18 THD analysis during discharging (a) voltage (b) current waveforms.

The initial SOC values presented in Table 4.3 are considered in this case study. The

SOC of the battery banks for phase-A without in-phase balancing scheme is

demonstrated in Figure 4.19. It is obvious that each battery SOC keeps on

discharging on the same pace with no regard to other battery SOC which eventually

leads to unbalanced SOC. The difference gap in SOC between each battery keeps

growing until a significant difference emerges limiting the whole BESS operation

capability. Additionally, the redundant battery is inoperative as its SOC is nearly

constant. On the other hand, by including in-phase SOC balancing allows to

discharge all the batteries at the same rate reaching nearly equal SOC for all batteries

as shown in Figure 4.20. Also, it enables for the utilization of all batteries including
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the redundant battery as it starts discharging with all the other battery while the
battery with the least SOC takes the place and stops discharging, thus, allowing to

reduce the strain on the batteries while discharging.
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Figure 4.19 The SOC of the batteries for phase-A without in-phase balancing

scheme.
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Figure 4.20 The SOC of the batteries for phase-A with in-phase balancing scheme.
The dc-link voltage was fixed at 680 V for all SMs to generate the required 11-level
output voltage to meet the voltage requirement of 4160 V (line-to-line) at the PCC.
This was realized using ES-FBL control scheme to regulate dc-link voltage at each

SM through linearizing the dc side model under all operation conditions that showed
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spectacular performance in maintaining the desired voltage throughout the simulation
period with varying power set points, as seen in Figure 4.21. There was a minimum
amount of voltage throughout the simulation time. However, there were some
fluctuations at the dc-link voltages for all SMs when the BESS were injecting 1.5pu
active power at t=2.5 s which is not significant. There were minor voltage
fluctuations at t=1.3 s for Vdcl and Vdc4, as their carrier waves were frequently
interchanged at that time. Similarly, Vdc3 and Vdc6 introduced trivial noise between

t=0.9 s and t=1.5 s due to SOC balancing operation.
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Figure 4.21 DC-link voltages of CHB SMs for phase-A.

Looking at the current and voltage behaviors of battery 1 in Figure 4.22, it is quite
evident that the battery exhibits pulsating discharging behavior caused by DC-DC
converter switching as the battery is discharging at pulsating current and the voltage
slightly decreases until it settles at certain value. Here, the current is discharging at
average current of 134 A between t=0 s and t=1.3 s and the voltage settles at nearly
435 Volt of average battery voltage, a minus current indicates that the battery is
charging while positive current discharges the battery. Moreover, looking at battery3
and battery6 in Figure 4.10 and Figure 4.13, respectively, it is clear that those
batteries are discharging lesser than the other batteries due to their lower SOC
values. On the other hand, batteries 2 and 5 are discharging the most throughout the

discharging process due to their highest SOC values compared to other batteries. As
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this operation continues, the discharging current for each battery keeps on varying
based on their SOC to maintain SOC balance between all the battery units.
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Figure 4.22 The current and voltage waveforms of battery 1.
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Figure 4.23 The current and voltage waveforms of battery 2.
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Figure 4.25 The current and voltage waveforms of battery 4.
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Figure 4.26 The current and voltage waveforms of battery 5.
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Figure 4.27 The current and voltage waveforms of battery 6.

4.3 Case 3: STATCOM Operation (Charging)

In this case study, the performance and capability of the CHB-BESS for STATCOM
operation to inject both inductive and capacitive reactive power into the grid while
charging the batteries is tested and verified through simulation. The SOC initial
values are set the same as given in Table 4.2. Observably from Figure 4.28, the
arbitrary reactive power set points are given to the respective controller to inject

138




capacitive and inductive reactive power into the grid, while the active power is fixed
throughout the operation. The simulation starts by setting the active power reference
to 0.5 pu for the entire simulation period while reactive power is set to zero. At t=0.3
s, the inductive reactive power of 0.3 pu is injected into the grid followed by an
increase to 1 pu at t=0.8 s, that is later reduced to O pu at t=1.7 s. Subsequently, at
t=1.8 s, the CHB starts injecting capacitive reactive power into the grid at -0.5 pu
followed by an increase to -1 pu at t=2.3 s, which continues until the simulation ends
at t=3 s. Conclusively, the controller was able to successfully track the given
reference set point for both the active and reactive powers with a fast response and
zero steady-state error.
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Figure 4.28 The dynamic performances of the active and reactive power controllers.

The output voltage and current for phase-A of 11-level CHB-BESS is recorded and
shown in Figure 4.29 for inductive reactive power operation and in Figure 4.30, for
capacitive reactive power operation, respectively. As expected, when the BESS is
injecting inductive reactive power, the voltage slightly drops. Oppositely, the voltage
rises slightly during capacitive STATCOM operation. These results clearly show that
the BESS can smoothly participate in voltage support to help maintain the grid
voltage within its code limits if it is used in real case scenario. Three-phase voltage
and current profile at PCC are depicted in Figure 4.31 and Figure 4.32, for both
inductive and capacitive STATCOM operations, respectively. Obviously, it can be
noted that power factor is lagging during inductive STATCOM operation, while it is
leading during capacitive STATCOM operation.
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Figure 4.29 The output voltage and current of phase-A of 11-level CHB during
inductive STATCOM operation.
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Figure 4.30 The output voltage and current of phase-A of 11-level CHB during
capacitive STATCOM operation.
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Figure 4.31 Three-phase voltage and current profiles at PCC during inductive
STATCOM operation.
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Figure 4.32 Three-phase voltage and current profiles at PCC during capacitive
STATCOM operation.

Figure 4.33 shows the dc-link voltages for all SMs. It is clearly observed that the
waveforms are stable within their reference values throughout the simulation period
within both the inductive STATCOM operation from t=0.3 s. to t=1.7 s, and the
capacitive STATCOM operation from t=1.8 s to t=3 s.
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Figure 4.33 DC-link voltages of CHB SMs for phase-A.
As the active power is fixed at 0.5 pu, the batteries are expected to charge at a
constant rate while the SOC balancing scheme is ON which can be observed in
Figure 4.34.
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Figure 4.34 The SOC of the batteries for phase-A with in-phase balancing scheme.
Figure (4.35)-(4.40) shows the current and voltage waveforms for batteries 1 to 6. It
can be seen that the most batteries charge at low rate and only battery 3 and 6 are
charging during the entire simulation period due to their lower SOC values compared

to the other batteries.
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Figure 4.35 The current and voltage waveforms of battery 1.
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Figure 4.36 The current and voltage waveforms of battery 2.
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Figure 4.38 The current and voltage waveforms of battery 4.
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Figure 4.39 The current and voltage waveforms of battery 5.
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Figure 4.40 The current and voltage waveforms of battery 6.

4.4 Case 4: STATCOM Operation (Discharging)

In this case study, the performance and capability of the CHB-BESS for STATCOM
operation to inject both inductive and capacitive reactive power into the grid while
discharging the batteries are tested and verified through simulations. The SOC initial
values are set the same as the ones listed in Table 4.3. Figure 4.41 shows the
controller performance of the BESS in this mode of operation. Arbitrary reactive
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power set points are applied to the controller to inject capacitive and inductive
reactive power into the grid while the active power is fixed throughout the operation.
The simulation starts by setting the active power reference to -0.5 pu for the entire
simulation period while reactive power is set to zero. At t=0.3 s, an inductive reactive
power of 0.3 pu is injected into the grid followed by an increase to 1 pu at t=0.8 s
that is later reduced to O pu at t=1.7 s. Subsequently, at t=1.8 s, CHB start injecting
capacitive reactive power into the grid at -0.5 pu followed by an increase to -1 pu at
t=2.3 s which continues until the simulation ends. Conclusively, it seen that the
controller was able to successfully track the given reference set point for both the
active and reactive powers with a fast response and zero steady-state error.

Active/Reactive power (pu)

| | | | |
0 0.5 1 15 2 25 3
Time (s)

Figure 4.41 The dynamic performances of the active and reactive power controllers.

Figures 4.42 and 4.43 shows three-phase voltage and current profiles at PCC for the
11-level CHB-BESS during inductive and capacitive STATCOM operations during
discharging, respectively. Similar to the previous case studies, the voltage drops
during inductive reactive power injection with a leading power factor. In contrast, a
slight voltage rise occurs as capacitive reactive power is injected into the grid with a
lagging power factor. The dc-link voltages for phase-A SMs are depicted in Figure
4.44. Accordingly, it is observed that the ES-FBL control scheme was able to
maintain the voltage at the dc-link capacitor at 680 V throughout the simulation time
under different conditions. However, there are some noises introduced between t=0.8
s-1.7 s and t=2.3 s-3 s, which is caused mainly by a slight residual error between the
reference and measured values of the inductor current for the DC-DC converter

controller.
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Figure 4.42 Three-phase voltage and current profiles at PCC during inductive
STATCOM operation.
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Figure 4.44 DC-link voltages of CHB SMs for phase-A.
As the active power is fixed at -0.5 pu, throughout the simulation, nearly all the
batteries discharge at steady constant rate while SOC in-phase balancing is ON as

shown in Figure 4.45.
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Figure 4.45 The SOC of the batteries for phase-A with in-phase balancing scheme.
Nearly, all batteries discharge at the same rate as shown in Figure 4.46-4.51, except
for battery 3 and 6 which nearly does not discharge at all due to their lower SOC
compared to the rest of the batteries. Generally, in case 3 and 4, the batteries only
charge and discharge based on the active power, as the reactive power has almost no

impact on the charging/discharging characteristics, since reactive power is associated
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with the converter switches and other reactive elements such as inductors and

capacitors inside the system.
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Figure 4. 46 The current and voltage waveforms of battery 1.
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Figure 4.47 The current and voltage waveforms of battery 2.

149



Vb (V}

Vb (V)

. A WMM
IMM AR
T |
s et

442 /-"“‘" e “w
i "“AWM"&““‘L«JWW
as
0 0.5 1 15 2 25 3
Time (s)
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Figure 4.49 The current and voltage waveforms of battery 4.
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Figure 4.51 The current and voltage waveforms of battery 6.
4.5 Case 5: Fault Tolerant Test

In order to demonstrate the effectiveness of employing an additional SM in each
phase, a fault in a single SM of branch A is assumed. The fault considered is related
only to the battery bank which is assumed to be instantly detected and dealt with
accordingly. The system is simulated for discharging at constant active power at 1
pu, while reactive power is also fixed at O pu over a duration of 2 s. The initial SOC
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of each battery bank is listed in Table 4.3. Att = 1.1 s, a fault transpires in battery
bank of SM 6 which is instantly detected and the battery bank is open-circuited while
the SM is bypassed. Figure 4.52 shows the voltage of current for phase-A branch. It
is apparent that the fault has no effect on the voltage and current due to the
redundancy SMs used in the design. However, in real case, a slight voltage drop can
occur until the fault is diagnosed and the appropriate action is taken.

Table 4.5 Initial SOC of the battery modules.

Battery SOC (%)
Bl 80.01
B2 79.99
B3 80
B4 80.015
B5 80.03
B6 80.02
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Figure 4.52 Voltage and current waveforms of phase-A of 11-level CHB.
Figure 4.53 shows the dc-link voltages of phase-a SMs. It is evident that the other
SMs are not affected by the fault of the SM 6 and the voltage of faulty SM is
gradually, as the energy stored inside the capacitor is dissipating.
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Figure 4.53 DC-link voltages of CHB SMs for phase-A.
The SOC measurements of phase-A is shown in Figure 4.54. It is obvious that SM 6
completely stops charging at the fault occurrence. Also, the other SMs that are
discharging at lower rate, start discharging at higher rates to compensate for the
bypassed SM 6.
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Figure 4.54 SOC measurements of phase-A with in-phase SOC balancing scheme.
As seen from Figure 4.55, the faulty battery bank completely stops charging at t =
1.1 s, reducing the battery current to zero and the battery voltage is settled at its

open-circuit voltage.
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Figure 4.55 Faulty battery characteristics.
4.5 Results

This chapter introduced results and discussion for simulation studies that were
conducted for different scenarios starting by testing the designed 1 MWh CHB-BESS
for exchanging active power during charging and discharging the batteries in the
process. It can be concluded that all the results showed satisfactory performance.
Afterwards, the designed system was tested for STATCOM operation under charging
and discharging modes of the batteries. The controllers demonstrated good
performance in accomplishing STATCOM operation. Also, the SOC in-phase
balancing scheme of CHB demonstrated its effectiveness in balancing all the battery
SOC values without requiring any external hardware or complex control strategies.
Finally, the system fault tolerance capability was tested by assuming a fault
occurrence in individual SM in the CHB, which demonstrated the robustness and the

reliability of the designed system.
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CHAPTER V

CONCLUSIONS AND FUTURE PROSPECTS

5.1 Conclusions

This thesis gave an overview on the current literature on energy storage system in
general and battery energy storage systems in detail. The battery energy storage
system components, battery types, battery models, battery connections, battery
charging methods, and control were reviewed in detail in order to design and model
1MWh BESS accordingly. 1 MWh BESS connected to 34.5 kV distribution grid was
designed in this thesis used CHB as main grid converter to generate 4.16kV output
voltage that is stepped up to 34.5 kV using a coupling transformer. The CHB were
designed using 6 SM’s in each phase branch in order to meet the voltage and
capacity requirement including one redundant SM to increase the system safety and
reliability in case of failure. Each CHB included battery bank connected to a DC-DC
converter to regulate the charging and discharging of the battery and maintain stable
dc-link voltage. ES-FBL nonlinear controller was proposed to control the DC-DC
converter, while conventional Pl controllers based on vector-oriented control were
used to control the grid-connected converters to independently regulate active and
reactive power by independently controlling the dg current components in rotation
reference frame. Finally, simulating environment is used to verify the designed and
modeled 1 MWh BESS by performing different case studies starting by testing the
system capability to charge and discharge the BESS and exchange active/reactive
powers with the grid and verifying the proposed ES-FBL nonlinear controller which
showed impressive results in regulating the DC-DC converter by maintaining the dc-
link voltage at the desired value under different circumstances at different simulation

scenarios.
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The key points of the conclusive results and contribution of this thesis is outlined as

follows:

1-

ESS literature Review: At the beginning of this thesis a literature review is

presented on the different available ESS technologies, applications, and
characteristics. Each ESS type has a distinct characteristic and is best suited
to a limited number of applications. In this thesis BESS is the main focus
which is characterized for its high efficiency, fast response time, and long-life
cycle making it more suitable for broad range of applications such as
providing grid ancillary services and RES integration. ESS literature review
was presented in chapter 1 of this thesis.

Review of past BESS installations and simulations: Actual projects of

operating BESS of various power and energy ratings that uses different BESS
technologies were reviewed. Also, different studies that design and simulate
BESS were reviewed along with studies that cover different subjects related
to sizing and allocation of BESS. This part was shown in chapter 2.

BESS literature review: BESS was investigated in terms of its structure,

topology, components, and control systems. The main components of a BESS
are batteries, DC-DC converters, and PCS. The differences between different
types of batteries, as well as the construction, operating principle, and control
system of a DC-DC converter and a PCS, were evaluated and investigated.
According to previous evaluations and assessments LFP battery was selected
in this study, while half-bridge DC-DC converter was selected to regulate the
dc-link voltage and battery operation. For interfacing the BESS with the grid
CHB was selected due to its high reliability and efficiency in handling utility
scale BESS. BESS literature review was given in chapter 2.

BESS Design: The design of BESS involves the calculation of the required
batteries and their series/parallel connections in order to meet the capacity
and voltage requirements of the system. In this thesis CHB PCS topology is
chosen which helps mitigate the number of series connected batteries
increasing the reliability of the system as in case of a fault in a battery cell
only the SM associated with the faulty cell will be by passed without the need
to cease the BESS operation. Also, the multi-level voltage generated by CHB
improve the THD and reduce the filter size at PCC. The design of CHB based
BESS is discussed in chapter 3.
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5-

BESS cost assessment: The cost of Li-ion batteries is in continues decreases

due to the increasing demand over the past decade. For future evaluation and
experimentation purposes the cost of the IMWh designed in this thesis is
assessed and approximated to cost around 448,000$ which includes only the
installation cost. This part is included in chapter 2.

BESS Modeling: The modeling of the BESS components was done separately

in this study. The dc side of the BESS was modeled using non-linear model
which was used to develop a ES-FBL controller to regulate the dc-link
voltage. While the ac side of the CHB-BESS was modeled as ideal voltage
source that is controlled using current vector-oriented strategy using Pl
controllers to regulate the d and g components of the line currents as means to
control the active/reactive power exchange between the BESS and CHB.
Different battery cell and battery packs models and modeling methods was
reviewed in chapter 2, in this thesis the generic battery model available in the
library of the simulating environment is used to model the battery banks
designed in this thesis which is considered practical for modeling large scale
BESS. This part was discussed in chapter 3.

BESS simulation: A simulation was carried out on the simulating platform

using the generic battery model in its library-the CHB-BESS designed and
modeled in this thesis was built and simulated for different case studies.
Those simulation proved the capability of the designed system and controllers
to exchange both active and reactive with a 34.5kV grid with minimum error
and fast transients. The performance of the ES-FBL proposed in this thesis
for regulating the dc-link voltage showed stable and robust behavior in
maintaining the desired dc-link voltage throughout different circumstances.
The behavior of the batteries current and voltage showed an expected result
during both charging and discharging. SOC balancing among the SM inside a
single phase of the CHB was achieved by utilizing SOC in-phase balancing
scheme by interchanging the carrier waves offsets of each SM which allows
for more efficient utilization of all the SM including the redundant SM. Also,
a fault-tolerance case study was investigated which showed that having a
redundant SM in the CHB design is more reliable and efficient as the system

operation will not be affected in case of bypassing a faulted cell and there is
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no need to bypass other SM in the other phases. BESS simulation was
presented in chapter 4.

5.2 Future Works and Prospects

The research in this thesis was limited to design and model the BESS and test its

performance and operation for normal test scenarios. In future studies we

recommend the follows:

1-

2

3

4

To implement the BESS designed in this thesis and simulate it for real case
scenarios considering real actual distribution networks to further improve the
operation of distribution networks and load handling by using BESS for
different kind of applications.

An experimental study of the CHB based BESS designed in this thesis is
recommended to be build and tested in laboratory environment to further
investigate the CHB bases BESS and make further improvements.

An experimental study involving the ES-FBL proposed in this thesis is
recommended to build and test bidirectional DC-DC converters controlled
using the pre-mentioned approach to regulate dc-link voltage and the battery
charging/discharging operations.

In this study the BESS connected to the grid was composed of multiple
battery banks, DC-DC converter, and H-bridge converters. The battery banks
were modeled as single battery model blocks using the generic model which
is close to the Shepherd and R; model that does not reflect all the dynamics of
the battery such as self-discharge, temperature, and internal resistance. A
more detailed battery models is recommended to be adopted for for future
studies for large scale BESS.

As soft computing techniques and artificial intelligence are emerging as main
trend in the literature, a study concerning the optimization of BESS and CHB
structures is essential especially using reinforcement learning algorithms
which can show high performance in the optimization problems. Therefore,
potential studies on using reinforcement learning algorithms to control and
optimize the BESS for different kind of operations are recommended.

In this thesis SOC estimation and faults associated with switches and other
components was not investigated in direct manner, in future study SOC

estimation using soft computing techniques is recommended along with fault
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tolerance studies regarding faults in switches and other components in CHB
based BESS.

7- In order to implement BESS in distribution networks finding the most
feasible nodes in the network is crucial. Thus, study of the sizing and

allocation of BESS in distribution network is essential.
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