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Introduction

The research activity described in this dissertation is related to
the design and prototyping of Energy Storage Systems (ESSs) and ad-
vanced control algorithms to enhance their performances while ensur-
ing safe operation. In particular, three main tasks can be distinguished
in this research activity. The first one deals with the development of
advanced state estimators for extending the lifetime of Lithium-Ion
battery packs, accurately assessing the State of Charge (SoC) at cell
level and, concurrently, at pack level as well as managing the cell-to-
cell inaccuracies and imbalance conditions. Secondly, Hybrid Energy
Storage Systems (HESSs) for stationary and automotive applications
have been investigated. In detail, the activity has regarded the de-
velopment of a battery/supercapacitor storage system and the SoC
estimation algorithms for all the involved storage systems to enable
advanced power allocation control strategies. The third task includes
the sizing and the implementation of bidirectional DC-DC power con-
verters for interconnecting different high-voltage storage systems and
energy sources in stationary and automotive applications. HESSs and
Electric Vehicles (EVs) application fields have been chosen due to
their high performance requirements in terms of current profiles, fast
response and system dynamics as well as size, costs and reliability of
the integrated structure.

Motivation

The dependence on traditional energy sources, global warming and
environmental pollution problems have been among the most con-
cerning topics in the last few years. Worldwide public authorities,
including the European Union (EU), are defining increasingly strict
regulations on pollutant emissions and fossil fuels consumption. Ma-
jor efforts are made in reducing greenhouse gas (GHG) and pollutant
emissions as well as in maximizing the integration of Renewable En-
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Introduction

ergy Sources (RESs). In detail, the EU defined global climate goals
to be fulfilled by 2030, including a 55% reduction in GHG emissions
with respect to 1990 levels, 40% of energy production from RESs and
a 55% of average emission reduction in automotive sector.

However, according to data reports from the International Energy
Agency, the power sector, including electricity generation, accounts
for the 40% of total CO5 emissions, and the bigger part of them is
accounted to coal-fired power plants. In addition, the transport sector
is responsible for the 23% of global emissions, mainly due to road
transport.

In this context, one of the leading solutions to address the challenge of
global warming through integrating Renewable Energy Sources (RES)
in the power system is using Energy Storage Systems (ESS). On the
other hand, the electrification of the automotive field can significantly
contribute to decarbonisation and emission reduction of the transport
sector. However, consistent efforts in technology innovations develop-
ment are still required to accelerate EVs adoption and storage systems
integration.

Currently, in the electric powertrain of an EV, the battery system
strongly limits the overall costs and performances. On the other hand,
inadequate dynamic response and power control challenges for battery
storage systems limit the storage integration with RESs in the grid in-
frastructure. Therefore, the development of new battery technologies
as well as hybrid systems consisting of different ESSs can lead to si-
multaneously meeting the needs of high specific power and energy
density. Moreover, the performance increase of storage systems is one
of the main factors leading the increasing developments in Battery
Management Systems (BMSs).

Likewise, power converter are integral part of the system in applica-
tions requiring high performance and reliability, such as high-power
charging stations for EVs and HESS topologies. In both application
fields, high efficiency, bidirectional power transfer and input/output
galvanic isolation are the main requirements. Therefore, the develop-
ment of high performance and high efficiency power converters for EVs
and stationary applications can strongly impact on their adoption in
transport and power sectors.

The main motivations of this dissertation include the development of
advanced BMSs for Lithium-Ion battery packs and

battery /supercapacitor HESSs, capable of estimating cell-to-cell state
conditions variability and accurate SoC knowledge for each storage
system involved. In addition, high performance DC-DC converters

xii



Introduction

need to be integrated in the system to maximize the energy and power
capability of the storage system while ensuring safe operating condi-
tions.

Original Contribute

High performance storage systems, such as Hybrid and Battery
Energy Storage Systems, are required in stationary and automotive
application fields to lead the electrification of the road transport sec-
tor as well as the integration of renewable energy sources in the power
system. However, the development of pure and hybrid battery packs
require effective Battery Management Systems (BMSs) to ensure per-
formance exploitation and safe operating conditions. On the other
hand, high efficiency and fast dynamic response are required from the
integrated power electronic converters to effectively interconnect the
whole power system.

This dissertation has focused on the development of an advanced BMS
for automotive battery pack application as well as stationary HESS
systems. In particular, the State of Charge (SoC) estimation has been
investigated to develop accurate and reliable solutions for state esti-
mation both at cell and pack level. Subsequently, the hybridization of
energy storage systems has been investigated and the SoC estimation
functionality has been implemented for HESSs considering a battery
and supercapacitor integration.

The main contribution has concerned the development of accurate
models for both supercapacitors and battery systems as well as the
design of advanced and reliable model-based state estimation algo-
rithms to improve the system performances.

Subsequently, DC-DC power converters for smooth integration of dif-
ferent storage technologies and their interconnection in power systems
have been investigated. A design methodology for Dual-Active-Bridge
converters has been defined by taking into account main system re-
quirements. Moreover, advanced modulation techniques and control
strategies have been investigated and a real prototype has been im-
plemented for experimental validation. In detail, a modular 25-kW
SiC-based DAB converter, working at 100 kHz switching frequency,
has been prototyped with the aim of performance evaluating in real-
world application.
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Figure 1: Flowchart of the adopted methodological approach.

Methodology

The adopted methodology is of paramount importance to define a
systematic approach in the research activity. The experimental-based
approach depicted in figure 1 has been adopted in this dissertation. It
can be summarized in the following steps:

- Problem review: an extended bibliographic study is needed
to gain familiarity with the specific topic. All the functionalities
and implementation objectives of Energy Storage Systems have
been investigated with particular focus on the conversion stages
involved in battery systems and HESSs. Moreover, model-based
state estimation methods and their applications in SoC evalua-
tion for battery packs and supercapacitors have been analyzed.
In addition, related topics, such as State of Health (SoH) and
DC-AC high power converters have been studied in order to gain
widespread knowledge in the research topics and similar appli-
cation fields.

- Theoretical Analysis: in this phase, mathematical models are
developed to analyze the faced problem from a scientific point
of view. Moreover, analytical and/or experimental approach for
identifying the model parameters are investigated. This step al-
low to deeply understand strengths and weaknesses of the mainly
adopted solution and, thus, leading to new algorithms and con-
trol strategies proposal.

- Numerical Analysis: with the numerical analysis, the estima-
tion performances of the proposed methodology have been com-
pared to conventional and state-of-the-art methods, highlight-
ing necessary improvements and further implementation steps.
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Moreover, the design approach of DC-DC converters for energy
storage systems has been preliminary validated in numerical en-
vironment in order to demonstrate its effectiveness.

- Experimental Analysis: once the numerical validation is passed,
the experimental set-up is designed and implemented to fully
validate the estimation accuracy and reliability of the developed
algorithm. Furthermore, the same approach has been pursued
for the Dual-Active-Bridge converter and its performances in
terms of efficiency and power control have been experimentally
validated.

Summary

The dissertation is organized in five chapters. The first one re-
ports the fundamentals of Energy Storage Systems for stationary and
automotive application fields, while power converters for storage sys-
tems are discussed in the second one. The third section illustrates
an overview of the BMS functionality with focus on SoC estimation
methods for ESSs. The last two chapters highlight the original con-
tribute of the proposed research activity, including the development of
model-based SoC estimation algorithms for battery packs and super-
capacitors as well as the DAB converter prototyped and implemented
in real-world application.

In detail, the dissertation is organized as follows:

e Chapter 1 provides an overview on main characteristics of
Energy Storage Systems as well as benefits and challenges for
vehicle electrification and grid-support stationary applications.
Moreover, different architectures for Hybrid Energy Storage Sys-
tems are illustrated, highlighting advantages and disadvantages
of each solution.

° Chapter 2 introduces the power converters for storage sys-
tems and main DC-DC converters in automotive and stationary
applications are discussed.

e Chapter 3 is focused on model-based algorithms for SoC esti-
mation in batteries both at cell and pack level and in high power
supercapacitors. In particular, different variants of Kalman Fil-
ters combined with different plant models have been considered.
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Furthermore, mathematical and implementation details of the
investigated estimators as well as the modeling procedures and
techniques are provided in this section.

e Chapter 4 illustrates the proposed solutions for state esti-
mation in Lithium-based battery packs and in supercapacitors
for HESSs implementation. In detail, an Adaptive Square-Root
Unscented Kalman Filter has been developed and its integra-
tion with different battery and supercapacitor models has been
investigated. The impact of model accuracy and parameter vari-
ations and the system operating conditions has been evaluated
as well.

e Chapter 5 presents the details related to the development,
sizing and implementation of the real prototype of the considered
Dual-Active-Bridge converter. The design performances and the
project requirements have been validated by means of experi-
mental tests in real-world implementation. Typical automotive
and stationary operating conditions have been evaluated since in
both cases high performances in terms of power, fast dynamics
and efficiency as well as system reliability are required.

Xvi



Chapter 1

Fundamentals of Energy
Storage Systems

Energy storage systems based on Lithium-Ion batteries are widely
adopted in Hybrid and Electric Vehicles, as well as in stationary ap-
plications. These application fields increasingly demand high perfor-
mance and reliability, resulting in the need for fast response and high
power and energy capability. However, in order to fully benefit from
system characteristics, in many cases different storage technologies are
coupled for enhancing both power and energy density while ensuring
safe operation and longer useful life. This gives the Battery Man-
agement System (BMS) an important role in monitoring the state
conditions of each storage system, such as State of Charge (SoC) and
State of Health (SoH), which result fundamental in power manage-
ment strategy in order to maximize efficiency and lifetime.

In this chapter, an overview of energy storage technologies, with a
focus on Lithium-Ion batteries and dual layer supercapacitors is pre-
sented. Morevoer, different hybrid solutions for both EVs and station-
ary applications are introduced and their characteristics are discussed.

1.1 Energy situation

Nowadays, the environmental problem is of primary concern in
worldwide public opinion, and decarbonization, as well as emission
and pollution reduction, are leading research efforts in maximizing the
use of Renewable Energy Sources (RESs) and in road transport electri-
fication. Indeed, public authorities, including European Union (EU),
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Figure 1.1: Global energy-related CO2 emissions by sector. Source: Inter-
national Energy Agency.

are issuing strict regulations on pollutant emissions and fossil fuels
consumption. With the Paris Agreement, countries have committed
to pursue efforts in order to maintain the Earth temperature increase
below 1.5°C. Global warming is mainly related to the uncontrolled
emissions of carbon dioxide gas (CO;), which has been continuously
increased by human activities in the past decades. Figure 1.1 shows
the global COs emissions related to energy production and consump-
tion, divided by sector. The power sector, including electricity gener-
ation, accounts for the bigger part of CO, emissions, while the 75%
of them is due to coal-fired power plants, meaning that foundamental
actions have to be taken in energy production regards. In addition, a
consistent contribution is given by the transport sector, which is re-
sponsible for 23% of global emissions, the largest part of which is due
to road transport. Indeed, passenger road vehicles contributed for 3.6
Gt of COy production, while 2.4 Gt were accounted to road freight
vehicles, representing 44% and the 30% over the total transport sec-
tor emissions, respectively. Considering that the transport sector still
relies on oil products for 91% of its final energy, the electrification of
road vehicles represents a strategic move towards sustainability and
consistent CO4 emission reduction.

As a matter of fact, both energy and transport sectors have been
included in the global climate goals, recently defined by the EU to be
fulfilled by 2030, as follows:

e 55% reduction of net greenhouse gas emissions, compared to
1990 levels;

e 40% of energy production from RESs;

2



1.1 Energy situation

e 55% average emissions reduction of new cars;

As a consequence, in the past decades, the interest in installing new
distributed energy generators has increased, and the use of renew-
able energy is nowadays widespread. However, the typical variability
and lower inertia of Renewable Energy Sources (RES), compared to
traditional sources, makes the grid support, in terms of voltage and
frequency regulation as well as the need for energy reservoir, a crucial
task for embracing their full utilization in the grid infrastructure. The
most promising solution for moving towards a sustainable power sec-
tor is represented by Energy Storage Systems (ESSs). ESS overcomes
the intermittency and unpredictability of RES by saving energy at
the time of less demand and discharging when the demand is high [1].
With the deployment of ESS in an electricity system, voltage insta-
bility, frequency fluctuation, poor power quality, load-following, and
other power system challenges could be mitigated [2]. On the other
hand, a significant decarbonisation with consequent emission reduc-
tion can only be achieved in the road transport by means of vehicle
electrification. Indeed, conventional vehicles, which are based on in-
ternal combustion engines (ICE), can be replaced by different vehicle
solutions which can be classified on the basis of the electrification level,
as follows:

e Battery Electric Vehicles (BEVs);
e Hybrid Electric Vehicles (HEVs);
e Plug-in Hybrid Electric Vehicles (PHEVS)

e Fuel Cell Electric Vehicles (FCEVs)

BEVs and FCEVs can be considered fully-electric vehicle, while
the hybrid solutions represent an integration between BEVs and ICE
vehicles. They both exploit an electric motor supplied by power con-
verters, but they differ in the storage technology. It is represented by
electrochemical batteries for BEVs, while the hydrogen is adopted as
energy source in FCEVs and fuel cells realize the conversion in elec-
tric power. Depending on the design solution, the ICE can be used for
charging the energy storage or even it can be employed for traction
in HEVs. On the other hand, a charging plug is provided in a PHEV
and both the electric and the traditional powertrains can contribute
to the driving of the vehicle.
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1.2 Energy storage systems

Energy Storage Systems (ESSs) are technical solutions for captur-
ing and storing energy generated from a variety of sources. They allow
energy to be stored and then released when it is needed, rather than
being generated and used immediately.

ESS technologies are usually classified in relation to the form of the
energy stored, the following are currently the most appropriate solu-
tions:

e Mechanical Energy Storage, which includes Flywheels (FES) and
pumped hydro energy storage;

e Electrochemical Energy Storage, including Batteries (BES) and
Fuel Cells (FC);

e Electromagnetic Storage, such as Supercapacitors (SC).

Each of them has different characteristics in terms of specific power
and energy, and the most appropriate technology will depend on the
specific application and the characteristics of the energy source. For
instance, batteries are widely used for small-scale applications such as
electric vehicles, while pumped hydro is highly prevalent in large-scale
energy storage. However, in many cases, a Hybrid Energy Storage
System (HESS) is required, which consists of coupling two or more dif-
ferent ESSs in order to efficiently fulfill the application requirements,
while guaranteeing the best performance of the system.

In stationary applications, high amounts of energy are required
for ensuring the grid support possible during the entire working daily
profile. On the other hand, high peak power capability is required
when high frequency load and source variability are characteristics
of the system. In the case of automotive applications, the system
performances are strongly related to the ESS, since it is responsible
for efficiency, peak power, maximum speed/torque as well as driving
range of Electric Vehicles (EV).

Figure 1.2 depicts the Ragone plot, comparing power and energy
densities of main storage technologies. All the available technologies
for storage devices substantially differ from each other in their char-
acteristics, in terms of specific energy and power density. Therefore,
the best trade-off is pursued depending on the specific application
needs. For instance, supercapacitors can provide high power in very
short time periods, while fuel cells guarantee high energy with slower
discharging rates.
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Figure 1.2: Ragone plot of different Energy Storage Systems.

Figure 1.3 shows the typical application fields for ESS and their re-
quirements in terms of energy, expressed as discharge time, and power
rating. The applications fields are classified in three topics, as follows.

Energy Management: the main objective is decoupling the gener-
ation of electric energy from its instantaneous consumption.

System Services: they include any service that aims to improve and
support the quality of energy production and distribution in electric
power systems.

Transportation: every kind of electric transport system, including
BEVs, HEVs, trains, planes, ships and so on.

As can be deduced from figure 1.3, all the main ESSs applications
ideally require a wide range of power and energy, which is hardly ful-
filled by a single energy storage technology at the actual state of the
art. In many cases, Lithium batteries are chosen as a good trade-off
in accomplishing power and energy needs. Indeed, Energy storage
systems based on Li-lTon batteries are widely adopted in Hybrid and
Electric Vehicles, as well as in stationary applications. However, to
fully benefit from system characteristics, in many cases different stor-
age technologies are coupled for enhancing both power and energy
density while ensuring safe operation and longer useful life.
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Figure 1.3: Typical applications of ESSs and their requirements in terms
of power rating and discharge time [3].

1.3 DBattery storage

Battery Energy Storage Systems (BESSs) store the electrical en-
ergy under the form of chemical energy. The conversion takes place
between the two electrodes electrically separated by a porous elec-
trolyte, which is the means of diffusion of the ions. The discharging
phase consists in the migration of electrons from the negative pole
(anode) to the positive one (cathode) through a reduction-oxidation
(Redox) reaction, while the charging of the battery is obtained by in-
verting the electrochemical reaction by the electrolyte ionization. The
process is limited during the device lifetime, since the nominal capac-
ity and power decrease with the number of executed cycles due to
materials and components degradation as well as non-ideal chemical
phenomena. Moreover, battery performances are strictly related to
the material and realization choices of the involved components. Cur-
rently, the most adopted technologies include lead-acid, nickel-based
and lithium-ion batteries [4].

1.3.1 Lead-acid Batteries

Lead-acid is a well known battery technology and it is the most
common and widely used solution in many application fields, such as

6



1.3 Battery storage

automotive, industrial as well as naval and submarine applications.
A lead-acid battery is typically made of a lead dust anode, a cathode
composed of dioxide lead (PbO3) and a sulphuric acid (HySOy) elec-
trolyte. It represent the cheapest and most mature battery chemistry
and it can be designed to withstand frequent charge/discharge cycles
(deep cycle batteries mostly used in Uninterruptible Power Supplies)
or to provide high amplitude inrush currents for very short time pe-
riods (shallow cycle batteries mostly used in automotive applications
as combustion engine starters). However, main disadvantages are low
energy and power densities, decrease of performances at low temper-
atures and limited number of life cycles.

1.3.2 Nickel-based Batteries

Nickel-based batteries present many advantages if compared to
lead-acid technologies, such as higher power and energy density, longer
useful life and lower self-discharge. Typically, these batteries have a
cylindrical structure and they can be distinguished in different types
depending on which material is considered for the negative electrode.
Main nickel batteries are represented by nickel-cadmium (NiCd) and
nickel-metal-hydride (NiMH). Despite the use of Cadmium which is
a toxic heavy metal, NiCd technology is the most common. How-
ever, in many applications they have been totally replaced by the
NiMH batteries, which are more robust, reliable and environmental
friendly. Main disadvantages include the complexity of manufactur-
ing the metal-hydride component and the higher cost compared to
lead-acid batteries.

1.3.3 Lithium-ion batteries

Lithium batteries structure include a negative electrode composed
by graphite active material while the positive one is typically made
of metal oxides. An aluminum and a copper current collectors for
the positive and negative terminals, respectively, are located in con-
tact with the active materials. Between the two electrodes a porous
electrolyte acts as separator and allows the migration of lithium ions.
Depending on the direction of the ions flow towards the electrodes,
the charging or the discharging can occur in the battery [5].

The Lithium-ion technology is considered the most promising to allow
larger integration of storage devices in electric transport and station-
ary applications [6]. A few characteristics of these batteries that make
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them highly attractive can be summarized as follows:

e the variety of cell shapes and materials adopted in batteries re-
alization result in high design flexibility, making them suitable
for a wide application range;

e Thanks to different design solutions and research progress in
material innovation, high energy or high power density can be
achieved in order to satisfy high performance requirements;

e the cell voltage level of the basic battery element, approximately
of 3.7 V, is the highest among the chemistries available, which
allows for reducing the number of series-connected cells in a bat-
tery pack.

Despite the high power/energy and efficiency characteristics, the
technology is improving year by year and incremental improvements
are commonly seen in disruptive battery technologies [7]. However,
its full potential is still unexplored. In the recent years, many efforts
were made in designing new battery technologies and developing in-
novative materials in order to achieve higher performances in many
applications. In particular, BESSs and HESSs for automotive and
stationary applications usually require high energy and high power at
the minimum possible volume and weight.

Major concerns about this technology are related to safety issues.

Indeed, damages to the internal components, caused by elevated tem-
peratures or overcharge/overdischarge conditions, can lead to gases
release and potential thermal runaway. Moreover, battery packs are
made by a large number of series and parallel connected cells. There-
fore, a battery management system is always needed for monitoring
the entire pack and ensuring highest performances in safe operating
conditions.
For a better understanding of the advantages as well as the limitations
of the current technology, a detailed knowledge of battery features is
needed. In the following, an overview of the general terminology used
to describe battery characteristics is introduced. These characteristics
are usually adopted for defining the performance and properties of the
batteries.

Capacity

The nominal capacity represents the maximum amount of energy
that can be stored in a battery expressed in Ah. Typically, it is defined
as the amount of coulombic charge that can be drawn from the device

8
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starting in full charge down to full discharge condition at nominal or
lower current value. It can also be indicated as an energy amount, by
roughly multiplying for the nominal voltage, obtaining a Wh or kWh
value.

C-Rate

The C-Rate is the normalized value of the charge or discharge cur-
rent referred to its nominal capacity expressed in Ah. It is defined with
the expression zC' where z is the ratio between the current amplitude
and the nominal capacity.

Terminal Voltage

The voltage measured between the positive and negative terminals
of the battery, while a load or a charger is connected, is defined as
terminal voltage. It is strictly related to cell parameters and operat-
ing conditions, such as temperature, current amplitude and state of
charge.

Open-circuit Voltage

The Open-circuit Voltage (OCV) is the battery voltage detected
in no-load condition and when a consistent rest period is respected.
Measuring the OCV is not a straightforward task and may require high
precision measurement tools. Moreover, the duration of the needed
resting time, before the measure is considered reliable, depends on
many factors, including the chemistry of the device and the applied
current amplitude, and ranges from several minutes up to some hours.

State of Charge

The State of Charge (SoC) of a battery provides an indication of
the actual stored energy expressed as a percentage of the nominal ca-
pacity. It is one of the most important information for safety purposes
and it is usually derived by integrating the measured current over time
and dividing it by the rated capacity. However, since non-ideal con-
ditions negatively affect this measurement, more advanced methods,
such as state observers, are usually required. More details will be
illustrated in section 3.

Depth of Discharge
The Depth of Discharge (DoD) represents the amount of energy
that has been discharged from the battery and it is expressed in per-

centage of the nominal capacity. Substantially, it is the complement
of the SoC.
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State of Health

The State of Health (SoH) is an indication of the remaining useful
life of the battery compared to the end of life condition. The latter
is defined as the point in which the device cannot fulfill anymore the
performance requirements for the specific application. Usually, it is
assumed to be related to the capacity or internal parameters of the
adopted model of the battery, since it is not directly correlated to
physical properties, and a wide variety of estimation methods can be
found in literature.

Cut-off Voltage

The cut-off Voltage is declared by the battery manufacturer and
it is the minimum allowable voltage value at which the device can be
operated. It represent a strict limit for the cell under which several
damages to the elementary components of the battery can occur.

1.3.4 Cell structure

The basic unit of an electrochemical battery is the cell, in which
the chemical reactions generating electric power take place. Lithium-
ions cells are characterized by a wide design flexibility which allows
for implementing the optimal solution for the specific application re-
quirements in terms of energy and power density as well as physical
distribution in the battery pack geometry. Moreover, a large variety
of materials can be adopted for the cell components, which accounts
for the overall battery performances. However, in order to promote a
deeper electrification of the road transport sector and likewise encour-
age the introduction of BESS and HESS in stationary applications,
further technological progress is needed. Indeed, the development of
improved lithium-ion cell components is still a topic of interest in the
research field.

1.3.4.1 Design solutions

Figure 1.4 shows the cylindrical, prismatic and pouch designs,
which are the main manufactured Lithium-ion battery formats on the
market [8].

Cylindrical

The cylindrical shape is widely adopted in cell design thanks to
its low cost and long life with good cycling capabilities. In addition,
it is characterized by an easy manufacturing process and by a good
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(a) (b) (c)

Figure 1.4: Formats currently available on the market for Lithium-ion cells:
(a) cylindrical, (b) prismatic and (b) pouch.

mechanical endurance. However, despite cylindrical cells allow for
high flexibility in assembling battery packs, their space cavities and
their weight lead to low package and energy densities. For safety
reasons, these cells usually incorporates a pressure relief mechanism,
which breaks up at high pressure, and a resealable vent with a spring-
loaded valve which opens to relieve pressure. Moreover, they can
present a Positive Thermal Coefficient (PTC) switch, which heats up
and interrupt the power flow at high currents, acting as a short circuit
protection.

The most popular package of cylindrical cells is the 18650, while other
formats include the 20700, 21700, 22700 and 26650. They all differ
from each other in rated quantities, such as the nominal capacity.

Prismatic

Prismatic cells have a layered structure and they are commonly
wrapped in aluminium cans. Thanks to the manufacturing process,
they make an optimal use of the space inside the package. They
present a liquid electrolyte and the case provides rigidity to the cell and
it include terminal connections and a vent plug. There are no standard
packages for this format and each manufacturer adopts custom designs
to fulfill the specific application needs. Despite a low energy density
due to the packaging, these cells are characterized by high robustness
and reliability. Moreover, they can be packaged in large battery packs
commonly adopted for EVs and heavy duty vehicles.

Pouch

Pouch cells are integrated in soft laminated cases, which lead to
a thin form factor. Terminal connections are made by wide conduc-
tive tabs welded to the electrodes which present low series resistance.

11



Fundamentals of Energy Storage Systems

This enables the cell to be charged and discharged at higher current
rates with respect to other cell formats. Despite the low mechanical
strength and the need for an external housing for protection, these cells
represent the more flexible and lightweight solution in battery pack de-
signs. However, major concerns are related to the excess swelling due
to gassing. In case of overcharge or overheating, gasses are released
and the cell may expand causing a separation of the internal layers.
Pouch cells are widely adopted in low power and energy devices, such
as smartphones, tablets and laptops thanks to their form factor, but
they result very suitable for EVs as well, thanks to their high power
capabilities.

1.4 Supercapacitors

Differently from battery technology, supercapacitors store the elec-
tric energy in an electromagnetic process. Also known as Double-Layer
Capacitors (DLCs), they are made by two conductive electrodes, act-
ing as anode and cathode, separated by a thin insulating material,
known as dielectric. A static charge is accumulated by means of
ions at the interface between electrodes and the dielectric when en-
ergy is stored in the device. They result in higher rate capability
for fast charging/discharging, when compared to other storage tech-
nologies, and lower energy density. Moreover, compared to batteries,
supercapacitors (SC) present a longer useful life in terms of the maxi-
mum number of charging/discharging cycles, which can be operated at
higher current rates without degrading the device’s performance. As a
result, many research efforts are made in developing high energy den-
sity supercapacitors, which represent an attractive technology in many
high-power applications [9]. Moreover, recent developments have been
directed in improving performances and efficiency of SCs, with the aim
of making them more competitive in comparison to other storage sys-
tems. At the actual state of the art, they can be adopted as a single
power source or in combination with other chemistries for improving
power efficiency or useful cycle life of the system [10]. Indeed, SC are
often used in applications that require quick bursts of energy, such
as in regenerative braking systems in electric vehicles, and in wind
and solar power systems. A crucial task in designing SC modules for
widespread applications is represented by the possibility to reach an
adequate energy density while ensuring acceptable size, weight and
cost.

12
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1.5 Hybrid Energy Storage Systems

Hybrid energy storage systems (HESSs) are systems that combine
two or more types of energy storage technologies to take advantage of
the strengths of each individual component. By combining different
types of storage, a hybrid system can improve overall performance and
reduce costs compared to using a single type of storage [3]. Indeed,
many applications require both power and energy, but none of the en-
ergy storage technologies can provide us with high power and energy
density at the same time. As a consequence, it is applicable that a
hybrid system consisting of two ESS is introduced to take advantage if
the strengths of different technologies, improving the useful life of the
overall system as well [11]. HESS solves the problems faced by alter-
native single-energy storage systems regarding simultaneously meeting
the needs of high specific power and high specific energy. Moreover,
it helps reduce the battery’s size and increase its lifespan. Several
hybrid configurations have been proposed in literature, which mostly
consist of the combination of two or more BESS characterized by com-
plementary features. Alternatively, different storage technologies can
be joined allowing for high performances in terms of both energy and
power capability.

One of the major concerns for HESS is related to the integration
and optimal sizing of the system. The design of an HESS is usu-
ally a difficult task, since the system development is based on specific
application-related requirements and many different features are con-
sidered in finding the best tradeoff. Moreover, the energy management
represents a crucial task to be taken into account, since the positive
features of each involved ESS have to be exploited in order to prop-
erly operate the HESS and much research has been done on improving
this aspect [12,13]. Moreover, many state conditions, such as State of
Charge (SoC) and State of Health (SoH), have to be monitored for en-
suring the highest performances and safe operating conditions [14,15].

1.5.1 Automotive application

In the past decades, the increase of interest in the environmental
problem made the decarbonisation and emission reduction from trans-
port sector one of the main targets to be addressed in the very close
future. The ambition of EU in substantially reducing greenhouse gas
emission made the electrification of transport sector one of the main
aims for achieving net-zero CO, emissions by 2070. Moreover, gov-
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ernments around the world are promoting the use of electric vehicles
through incentives and regulations to reduce greenhouse gas emissions
and dependence on fossil fuels.

Electrification of road vehicles plays a critical role in reducing emis-
sions from the transportation sector. However, it is a constantly tech-
nologically advancing sector and innovations are still needed to make
Electric Vehicles (EVs) the actual replacement option for traditional
vehicles.

Currently, alternative options to conventional transports include:

e Battery Electric Vehicles (BEVs), which are powered solely by
an electric motor and battery. They do not have an internal
combustion engine or a fuel tank, and must be recharged by
plugging them into an electric power source;

e Hybrid Electric Vehicles (HEVs), which combine an internal
combustion engine with an electric motor and battery. The elec-
tric motor is used to assist the internal combustion engine, and
the battery is recharged through regenerative braking and by
the internal combustion engine.

e Plug-in Hybrid Electric Vehicles (PHEVs), which present the
same HEVs structure, but the battery can be recharged by plug-
ging it into an electric power source. The electric motor can
power the vehicle for a certain distance before the internal com-
bustion engine needs to take over.

e Fuel Cell Electric Vehicles (FCEVs), including a hydrogen fuel
cell to power the electric motor. They have a very long range
compared to BEVs and they produce zero emissions.

However, according to the Ragone plot shown in figure 1.2 | the
same energy and power density levels of traditional combustion en-
gines cannot be reached by the capabilities of current energy storage
technologies, but in most cases the best solution can be identified to
meet the necessary requirements of the case. The most promising
devices are Lithium-ion batteries, since they represent a reasonable
choice to fulfill the EV goal in matching the necessary electric power
and vehicle acceleration, while ensuring a good driving range. How-
ever, in many applications regarding high performance EVs, both high
power and high energy capability are needed from the ESS. For this
reason, HESSs are becoming increasingly popular in the automotive
field, as they can improve the performance and efficiency of Electric
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Vehicles (EVs) and Hybrid Electric Vehicles (HEVs), and reduce the
overall cost of the energy storage system as well.

Most common solutions include the combination of hydrogen fuel cells
or flywheel storage systems with lithium-ion batteries. The latter con-
siders the battery for long time energy storage and the flywheel for
short-time power burst, while the first solution makes use of high
power batteries for overcoming fuel cells weaknesses. In addition, a
widely adopted HESS for EVs combines an high energy battery pack
and a supercapacitor module. The battery provides energy reservoir
over a long period of time in this case as well, while the SC allows
for delivering high power burst during acceleration and regenerative
braking. The same solution is commonly adopted in stationary ap-
plications as well. The main purpose is the exploitment of the SC
higher rate capability and the battery higher energy reservoir, while
improving the overall system lifetime.

1.5.2 Stationary applications

In the past decades, the electric energy generation system expe-
rienced substantial changes. Currently, fossil fuels are still the pri-
mary source of energy worldwide, but there has been a significant
shift towards renewable energy sources in recent years due to concerns
about climate change and the need to reduce greenhouse gas emis-
sions. Solar and wind power in particular have seen a rapid growth
and are becoming increasingly cost-competitive with fossil fuels. The
high penetration of Renewable Energy Sources (RESs), along with the
increasing complexity of energy generation infrastructure, introduces
new challenges in grid management such as frequency and voltage
regulation for grid stability. HESSs represent the best candidates for
facing these issues while managing the increment in global energy de-
mand. Moreover, there is more and more interest in energy storage
technology that allows for storing the energy generated during peak
production to use it during peak consumption. In the same way, as
the cost of renewable energy has decreased, there is more focus on
reducing consumption through energy efficiency measures and conser-
vation programs.

ESSs experienced a growing interest in shaping the future of energy
and electrical sectors. Batteries can provide long-duration energy stor-
age for grid support, such as peak shaving, load leveling and renewable
integration. They can store energy generated during periods of low
demand and release it during periods of high demand. Lithium-ion
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batteries are widely used in stationary applications due to their high
energy density, long life, and ability to handle deep discharge cycles.
On the other hand, supercapacitors can provide fast response for fre-
quency regulation and support the grid during periods of high power
demand, thanks to their ability to rapidly charge and discharge. They
can also handle many more charge/discharge cycles than batteries,
which means they can be used more often without suffering from
degradation. Furthermore, when SCs and batteries are used together
in stationary applications, they can provide a combination of fast re-
sponse and long-duration energy storage. Supercapacitors can provide
quick bursts of energy when the grid is under stress, while batteries
can provide long-duration energy storage to help smooth out the sup-
ply of energy to the grid.

Other common applications of hybrid energy storage systems in sta-
tionary for grid support include combinations of flywheels and batter-
ies, fuel cells and lithium-based ESSs as well as lithium-ion batteries
and compressed air energy storage. Overall, HESSs can provide a vari-
ety of services to the grid, such as frequency regulation, peak shaving,
and renewable integration, and can improve the overall performance
and efficiency of the system and reduce the overall cost. Moreover,
they can be used for both residential and commercial applications,
other than grid-scale energy storage projects.

Some major concerns about HESSs for stationary applications can be
summarized:

e complexity increase in comparison with traditional storage sys-
tems;

e reliability decrease in comparison with traditional systems due
to the use of multiple components;

e battery degradation over time;

e compatibility issues with some types of RESs or existing electri-
cal infrastructure;

e scalability, which can be challenging in order to meet changing
energy demand;

e cnergy management is not a straightforward task and more ad-
vanced management systems are required to optimize perfor-
mances of the system.
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Chapter 2

Power Converters for
Storage Systems

Power converters are integral part of the system in applications

requiring high performance and reliability, such as high-power charg-
ing stations for EVs and stationary BESS topologies [16]. In both
application fields, high efficiency, bidirectional power transfer and in-
put/output galvanic isolation are the main requirements.
In this chapter, an overview on different DC-DC power converters
applications is reported, focusing on automotive and stationary ap-
plications for grid ancillary services. Then, the main topologies com-
monly adopted for Battery and Hybrid Energy Storage Systems are
discussed. The operating principle of bidirectional isolated converters
is highlighted as well.

2.1 Applications of DC-DC Converters

2.1.1 Automotive Applications

In electric vehicles, power converters play a crucial role in convert-
ing the energy stored in the battery pack to the power needed to drive
the electric motor. They are also responsible for managing the flow of
energy between the battery and the grid during the charging phase.
In many cases, such as Vehicle to Grid (V2G) applications, bidirec-
tional high power and high efficiency converters need to be considered
to permit the highest level of flexibility, while ensuring optimal per-
formances, in power and energy management [17-19].
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Figure 2.1: Simplified block diagram of an EV electric power system.

Figure 2.1 depicts a typical architecture of a powertrain for EVs, high-
lighting the involved power converters. It is composed of an AC/DC
charger, a DC/AC traction inverter and a bidirectional DC/DC con-
verter for adapting the storage system voltage and power levels to the
DC link of the powertrain. The AC/DC charger allows for recharging
the battery pack of the BEV or PHEV by interfacing it to the grid.
The implementation of a bidirectional DC/DC charger can be con-
sidered for V2G technology enabling, which allows the EV to provide
additional ancillary services to the grid while improving the charging
performances [20, 21].

2.1.2 Stationary Applications

In stationary applications, the power converter is the interface be-
tween a storage unit and the electric grid, usually involving up to tens
of MWs at medium voltage level [22]. The involved power electron-
ics enable the power and energy sharing from the storage to the grid
and vice versa, while ensuring fast response and effective grid sup-
port. As a matter of fact, it plays a decisive role in providing high
performance service in mitigating the power system challenges, such
as voltage instability, frequency fluctuation and load-following [23].
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Figure 2.2: Simplified architecture of a distributed generation system.

Most common applications include residential back-up energy storage
and small distributed power plants. Figure 2.2 shows a typical ar-
chitecture of a distributed generation system involving an ESS. The
storage is commonly adopted for peak power support during load and
supply transient variations. The generation system employs an uni-
directional power conversion, whereas the grid supporting BESS re-
quire a bidirectional DC-DC converter to enable both charging and
discharging operation [24].

The power source and the battery systems are connected to a high-
voltage DC-link and different converters are usually considered to
maintain a constant bus voltage. The battery is designed with re-
lation to the involved power levels. For high power applications, high
voltage batteries are usually adopted to lower the currents expected
in the system. On the other hand, when the power level is lower than
5 kW, a low voltage battery may be chosen. In that case, the in-
put/output isolation has to be guaranteed by the converter due to the
large voltage ratio between the battery and the DC-link voltage [25].

2.1.3 Hybrid Energy Storage Systems

When different kind of ESSs are integrated to obtain an HESS,
the increase of complexity leads to different solutions for the DC/DC
converters to interface each storage technology. In particular, the in-
terconnection topology is responsible for flexibility of the system, dy-
namic performance, efficiency and lifetime of the involved ESSs [26].
As shown in figure 2.3, on the basis of their interconnection, the pos-
sible topologies can be distinguished in passive, semi-active and active
connection.
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Figure 2.3: Topologies of Hybrid Energy Storage Systems: (a) passive inter-
connection, (b) semi-active interconnection and (c) active interconnection.

Passive connection

The passive topology involves a direct connection between the dif-
ferent storage components without considering any conversion stage
in between them. It can be actuated when the ESSs present the same
voltage level and represent the simplest system architecture, since the
power allocation between each device is only dictated by their own
electrical impedance. For instance, the lower impedance of a superca-
pacitor with respect to a battery allows it for providing peak power
while the battery accounts for energy supply. However, the advantages
coming from the ESS hybridization are not fully exploited due to the
low flexibility in the system and the DC-DC power converter has to
be designed to manage both the high power and high energy from the
two storage systems.

Semi-active connection

The semi-active topology involves a single converter for interfacing
one ESS to the DC bus, which is adapted to the voltage level of the
other device directly connected to it. In this case, the energy manage-
ment system is in charge of controlling the power flow to the first ESS,
while the remaining part is passively provided from the second device.
In that case the conversion stage is designed to handle only the power
and energy level of one of the two storages, but it has to cope with a
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Figure 2.4: Simplified architecture of an active connection Hybrid Energy
Storage System implemented in a photovoltaic generation system.

variable voltage level of the DC-link due to the direct connection with

the second ESS.

Active connection

The active topology offers the highest level of flexibility since it in-
volves a distinct bidirectional DC/DC converter for each ESS involved
in the system. As a consequence, each conversion stage is appositely
designed for a specific storage system, enabling the full exploitation
of the system performances and characteristics.
HESSs with active connection topology are commonly employed in
Renewable Energy Sources (RES) power systems [27]. The storage
system is adopted to mitigate the variability of the power generation
and fast response as well as high efficiency represent the main re-
quirements. Figure 2.4 shows a typical system architecture when a
supercapacitor/battery HESS is considered to support a photovoltaic
generation system. The energy source only requires a unidirectional
DC-DC converter, whereas the storage systems need bidirectional iso-
lated DC-DC converters to cope with the power sharing at different
voltage levels.
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Despite the higher complexity of the system, the following advan-
tages of the active configuration can be summarized:

e the voltage levels of the involved ESSs and the DC link are in-
dependent from each other;

e higher flexibility for power sharing with a wide variety of control
strategies to be implemented;

e each power converter is designed for the power level of a specific

ESS;

e higher stability and safety levels can be guaranteed with the
decoupling of each storage system.

Thanks to its simplicity and lower number of involved compo-
nents, the semi-active topology is the most common solution adopted
in HESSs for EVs [28,29]. On the other hand, the active topology
has been widely implemented in stationary application considering
HESSs, since it allows for faster dynamics and higher performance in
grid support service [30-32].

Figure 2.5 shows a simplified block diagram of the typical components
involved in a DC/DC conversion stage. Input and output filters are
needed for providing smooth voltage and current waveforms at the
input and output ports of the converter, which means reduced stress
on batteries and other components involved in the grid. The DC/AC
conversion unit supplies the HF transformer with AC power, which
is then rectified by the AC/DC stage to the output port. Push-pull
circuits and half-bridge or full-bridge converter are usually employed.
The high-frequency AC network incorporates the HF transformer and
additional reactive components can be included for enhancing specific
characteristics of the converter or employing resonant power transfer.

2.2 Bidirectional Isolated Power Convert-
ers

In many applications, such as high-power charging station for EVs
and high-performance converters in grid-connected HESSs for ancil-
lary services, the involved power converters are integral part in the
system since their characteristics play a crucial role in defining the
global dynamics and efficiency. In most cases, high performances and
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Figure 2.5: Simplified block diagram of an isolated bidirectional DC/DC
converter.

reliability as well as bidirectional power flow and input/output gal-
vanic isolation are the main requirements. Best solutions to fulfill
these needs consider an high frequency transformer for achieving gal-
vanic isolation, and they can be distinguished in two major groups
depending on the adopted reactive network within the HF":

e Non-resonant dual bridge converters
e Resonant dual bridge converters

In non-resonant dual bridge converters, a simple non-resonant reac-
tive component, usually an inductor connected in series with the HF
transformer, or the transformer stray inductance itself is typically con-
sidered. Two major topologies are worth considering among the non-
resonant converters:

- Bidirectional Full-Bridge Converter
- Dual-Active-Bridge Converter

Resonant converters include series or parallel resonant converters,
LLC and CLLC converter topologies. Exploiting the resonant charac-
teristic, which guarantee zero current switching thanks to their typical
current waveform, these power converters can achieve lowest switching
losses and higher efficiencies compared to other topologies. However,
the need for additional components and the higher complexity of de-
sign and control strongly limit their adoption in real world applica-
tions.

2.2.1 Bidirectional Full-Bridge Converter

A bidirectional full-bridge converter is a type of bidirectional DC-
DC converter that uses four switches on each side of a transformer
to control the power flow between two voltage sources [33]. A typical
schematic of the converter is shown in fig. 2.6.
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When the electric power is transferred from Vj, to V,,; the input bridge
is operated as an inverter to impose an AC voltage on the primary side
of the transformer. The transformer only modifies the output voltage
amplitude by means of its winding ratio and the output bridge is
operated as a diode rectifier by keeping open the four switches 77, T5,
T5 and T;. With a PWM modulation on the input bridge the power can
be regulated by means of the duty cycle operated on the bridge legs.
The operation mode of the two bridges are swapped when the power
flow is inverted, which is easily obtained thanks to the symmetrical
structure. It follows that, the converter side working as output port
can only be operated at a lower voltage level with respect to the input
port and a linear relationship between the PWM duty cycle and the
output voltage is obtained, which does not depend on the power flow
direction.

Conduction losses can be reduced by operating the rectifying bridge as
a synchronous rectifier, leading to higher converter efficiency. More-
over, the device performances can be increased by implementing more
advanced control techniques, such as the phase shift modulation [33],
while switching losses can be reduced by enabling soft-switching op-
eration [34].

The topology results well-suited for various applications, such as en-
ergy storage systems, electric vehicles and renewable energy sources.

2.2.2 Dual Active Bridge Converter

As shown in figure 2.7, the Dual Active Bridge (DAB) converter
is composed by two voltage sourced bridges featuring an isolation
transformer. Half-bridges can be considered if using a low number
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Figure 2.7: Dual Active Bridge converter topology.

of switching devices is a requirement, whit the drawback of lowering
the AC voltage levels imposed on the transformer. On the other hand,
the use of full-bridges enables the full exploitation of the sources and
loads voltage potentials while providing enhanced flexibility for the
control strategy and better power regulation.

The input/output galvanic isolation is achieved by the adoption of an
insulated high-frequency transformer, which stray inductance is di-
rectly involved in the power transfer process. Moreover, an additional
inductance in the AC network can be considered for performance en-
hancement.

Thanks to its capability of transferring high power at high efficien-
cies, ensuring a bidirectional power flow and providing input/output
galvanic isolation, the DAB architecture is one of the most suited so-
lutions in application fields where high efficiency, fast response and
safe operation are considered as main requirements [35]. Most com-
mon applications include energy storage systems [36], DC distribution
and renewable power sources [37], aerospace and automotive applica-
tions [38].

Main advantages include the limited number of passive components,
the possibility of zero-voltage switching (ZVS) operation over a wide
operating range, high efficiency and, therefore, the possibility to achieve
high power densities. For enabling power transfer, the DAB utilizes
the stray inductance of the HF transformer as reactive network, while
an additional series-connected inductance can be considered for en-
hancing soft switching operation [39]. Moreover, its symmetrical struc-
ture easily allow for bidirectional power transfer, maintaining the same
characteristics in both directions. Indeed, when the basic modulation
technique, known as Single Phase-Shift (SPS) modulation, is consid-
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Figure 2.8: Typical power transfer characteristic, in per unit with respect to
the converter rated power, for a Dual-Active-Bridge operated under single
phase-shift modulation.

ered, the nominal power transfer can be achieved in both directions,
as illustrated in figure 2.8.

However, the converter performances are directly related to the op-
erating conditions, and the SPS modulation only provide a limited
range of ZVS operation, with consequently decrease of the overall
system efficiency. In addition, high RMS current values result in the
power components. On the other hand, the adoption of more advanced
modulation schemes can lead to current reduction in the HF network,
higher efficiency and wider ZVS operating range [40]. Hence, the opti-
mization of both performance and efficiency represents the main topic
of interest and several modulation improvements aiming to these ob-
jectives have been proposed in literature [41,42].

Noticeable performance improvements can be achieved if the degrees of
freedom are increased the modulation, obtaining a Double Phase-Shift
(DPS) [43] or a Triple Phase-Shift (TPS) [44]. Moreover, a proper
combination of multiple modulations, related to input/output volt-
age and power transfer levels, can lead to significant performance in-
crease and component stress minimization. This can be achieved with
the implementation of offline predetermined Lookup tables. Other-
wise, many solutions for online identifying the optimal modulation
have been proposed in literature, such as Sliding Mode Observers
(SMO) [45], Artificial Neural Networks (ANN) [46] and Model Pre-
dictive Controllers (MPC) [47-49]. Main advantages rely in faster dy-
namics, optimal utilization of the system with relation to the actual
operating point and component stress reduction.
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Figure 2.9: Schematic circuits of the reactive networks considered for dif-
ferent resonant DC-DC power converters: (a) Series Resonant, (b) Parallel
Resonant, (c) Series-Parallel Resonant LCC and (c) Series-Parallel Reso-
nant LLC networks.
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2.2.3 Resonant Isolated DC-DC Converters

The implementation of a resonant network with the high-frequency
transformer allows for soft switching operation and thus efficiency im-
provement. The resonance frequency of the reactive elements is ex-
ploited to obtain nearly sinusoidal current in the transformer which
leads to a natural turning off of the bridge switches [50]. However, the
main drawback is the necessity of operating the converter at variable
switching frequency, which depends on the load and on the voltages
at input and output ports.

Most popular topologies include the Series Resonant Converter (SRC),
the Parallel Resonant Converter (PRC) and the Series-Parallel Reso-
nant Converter (SPRC). They differ from each other by the considered
reactive elements and their connection in the resonant network, while
the bidirectional functionality is achieved by the implementation of
active bridges on both the input and output stage.
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The SRC resonant network consists in an inductor L, and a ca-
pacitor C,. series-connected to the HF transformer, as shown in figure
2.9(a). The RMS current strongly decreases with the load decreas-
ing [51], but the wide voltage operating range leads to a strong vari-
ability of the switching frequency. In addition, high current is expe-
rienced at low voltage load, due to the voltage sourced output, and
the converter cannot be operated at no load condition since an infinite
frequency should be actuated.

The PRC resonant tank gives the possibility to control the output
voltage even in no load condition. It is composed by a resonant ca-
pacitor connected in parallel with the transformer, as shown in figure
2.9(b). High current operation at low output voltage can be improved
with the adoption of an inductance in the output filter. However, in
this topology, the current in the bridges is not considerably lowered
at low power operation. Thus, this converter is not suitable for wide
operating power ranges.

The benefits of both the preceding topologies are collected with the
adoption of a SPRC converter. The resonant network can be made
by a single inductor connected to two resonant capacitors, obtaining
a LCC converter [52], while a double inductance interconnected to a
capacitor is represented by the LLC topology [53], as shown in fig-
ures 2.9(c) and 2.9(d), respectively. Low RMS transformer current is
achieved at low load conditions and a smaller range of required switch-
ing frequency allows for a wider operating range in terms of transferred
power compared to the SRC.

2.2.4 LLC Converter

The resonant LLC converter has become increasingly popular in
the last years thanks to its high efficiency, low electromagnetic emis-
sions and the possibility to achieve high power density [54]. The bidi-
rectional feature can be enabled by implementing actively controlled
bridges on both the input and output stage of the converter, as shown
in figure 2.10(a).

When a rectangular voltage waveform is actuated by the input bridge,
an approximately sinusoidal current is obtained in the transformer,
thanks to the resonant tank of the converter. On the output bridge,
Zero-Current Switching (ZCS) is naturally actuated, thanks to the
resonant nature of the converter. Furthermore, the output bridge
can be operated as synchronous rectifier to further reduce conduction
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Figure 2.10: (a) Bidirectional LLC resonant converter topology and (b) typ-
ical voltage gain characteristic with respect to the normalized switching
frequency at minimum and maximum load condition.

losses and increase the overall efficiency. A typical output voltage
gain characteristic is illustrated in figure 2.10(b), which depends on
the switching frequency and the load condition. On the other hand,
when the converter is operated with a reversed power transfer, the
characteristic changes since the inductance L, is not involved in the
resonant tank [55].

Despite the topology results suitable for various applications [56-59],
there are still several disadvantages that limit its fully adoption. In-
deed, major concerns are related to the control complexity, since it
has to be performed at variable switching frequency. In addition, the
non-symmetrical structure leads to different transfer characteristic in
the bidirectional power transfer and the design optimization cannot
be effective for both directions.
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Figure 2.11: (a) Bidirectional CLLC resonant converter topology and
(b) typical voltage gain characteristic with respect to the normalized switch-
ing frequency at different load conditions.

2.2.5 CLLC Converter

Uniform characteristics for bidirectional operation are easily en-
sured with the adoption of a CLLC bidirectional converter.
Different from the LLC topology, in the CLLC resonant tank two LC
branches are considered on the primary and the secondary side of the
transformer, respectively. As possible to notice from the schematic in
figure 2.11(a), the two resonant tank need to be designed by defining
two quality factors and two resonant inductance ratios.
A symmetric design is usually adopted to ensure uniform character-
istics for bidirectional operation [60]. It consists in making the sec-
ondary side LC tank equal to the primary LC components after re-
flection and it is suitable for small voltage range applications [61]. On
the other hand, an asymmetric parameter design can be considered
when highly variable and different voltage ranges are expected on the
converter input and output ports [62].
A typical characteristic of a symmetrical bidirectional CLLC resonant
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converter is shown in figure 2.11(b), which is easy to achieve in both
power transfer directions.

As a matter of fact, the design procedure and parameter optimization
are not straightforward tasks for this converter and the implementa-
tion complexity still represent a consistent issue.
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Chapter 3

SoC Estimation Methods for
ESSs

In most vehicular and stationary applications, power and energy
levels of installed ESSs are exponentially increasing. With the increase
of performances, the monitoring tasks performed by the Battery Man-
agement System (BMS) become of paramount importance since they
include accurate current and voltage measurements, cell voltage equal-
ization and reliable estimation of the State of Charge (SoC) and the
State of Health (SoH) in order to ensure safe operating conditions [63].

In BESSs, the accurate knowledge of the SoC helps in correctly
defining the power limits of the battery pack and the remaining us-
able energy during operation. Considering an EV implementation, it
results in perfectly knowing the remaining mileage before needing to
recharge the ESS. On the other hand, if a HESS for ancillary service
is considered, the best power allocation between two or more energy
sources with substantial differences in power and energy characteris-
tics is crucial. Hence, the SoC helps in exploiting the fundamental
information about the energy and power capability of the device and
consequently improving the performances in the HESSs control strate-
gies. Moreover, in all the mentioned examples, it represents a crucial
indicator for avoiding hazard conditions, such as overcharge and over
discharge. However, due to non-ideal characteristics of the storage
devices the SoC cannot be directly observed and its estimation results
a challenging task.

In this chapter, the BMS functionalities are introduced and an overview
of the main SoC estimation methods is presented. Moreover, the im-
plementation of a state observer for SoC estimation in Lithium batter-
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ies as well as in Supercapacitors is presented, including details related
to system models and characterization issues.

3.1 SoC Estimation

SoC estimation is one of the most demanding task for the BMS of
an energy storage system. From the user point of view it represents
an useful information for knowing how much energy is available in the
system. Moreover, it allows for performance increasing and guarantees
safe operating conditions. However, in many storage devices, including
Lithium-ion batteries and Supercapacitors (SC), the SoC information
is not directly available due to non-ideal behaviors and time-varying
characteristics. Currently, conventional methods can be distinguished
from more advanced model-based estimators, which include state ob-
servers such as Kalman Filters (KFs), data driven algorithms such
as Artificial Neural Networks (ANN) and nonlinear observers such as

Sliding Mode Observers (SMO).

3.1.1 Conventional Methods for Battery SoC Es-
timation

Most common methods for battery SoC estimation include the
OCV observation, the Coulomb Counting, Electrochemical models,
Internal Impedance Models and Equivalent Circuit Models (ECMs).

OCYV Observation

The battery cell presents an OCV characteristic related to the
SoC which can be used for online estimating the SoC by observing
the cell voltage. The main problem of this method is that the OCV
can only be represented by the cell terminal voltage after a long time
under no load condition. Therefore, a proper rest time needs to be
waited before measuring the OCV, which is hardly suitable during
battery operation, especially in high-power applications. Moreover,
the OCV-SoC curve is strictly related to the battery chemistry and
varies depending on environmental conditions such as temperature and
aging conditions of the cell. Hence, time consuming characterization
procedures must be taken into account. Moreover, some chemistries,
such as LFP batteries, have a very flat characteristic which involves
high inaccuracies in relating the SoC to the measured cell voltage.
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Coulomb Counting

The Coulomb Counting method is the most adopted solution for
battery SoC estimation thanks to its simplicity and low computational
cost. It is based on the integration of the pack current over time
for evaluating the amount of energy stored or discharged. Therefore,
starting from a known initial condition, the actual SoC SoC¢¢ can be
easily identified during online operation, as shown in equation (3.1).

SoCoc(t) = SoC(ty) — m / i(t)dr (3.1)

to

where SoC/(ty) is the initial SoC at time ¢, the division by 3600
is needed for converting the integral result in Ah, C,, is the nominal
capacity of the cell and i(t) is the measured battery current. Some non-
ideal behaviors can be taken into account by introducing the coulombic
efficiency n, which can be different in charging and discharging phase,
and the self-discharge rate Sy [64], as follows.

SoCoo(t) = SoC(to) — m /t (n-i(t) — Sy dr  (3.2)

The performances of this method strongly rely on the correct knowl-
edge of the initial condition SoCy, which is not an easy task. It is
accurate only in a few operating points such as fully discharged or
charged cell. These two cases are rarely met especially in applica-
tions involving high dynamics. For instance, in the automotive case,
quick charges and discharges are very usual and full charges are rarely
executed. Similarly, in stationary applications, the storage system
is subjected to rapidly changing currents and it is supposed to pro-
vide power supply as well as energy absorbing without prediction, so
it is preferred to avoid the extreme values of SoC during operation.
Moreover, current measurement errors and noise strongly affect the
accuracy of the Coulomb Counting method. Indeed, since the current
is integrated over time, the error related to measurement instruments
gets increasing during the battery operation until another known con-
dition is met. Moreover, the aging of the device usually results in a
capacity fade during lifetime, which should be taken into account for
improving the estimation accuracy.
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Electrochemical models

Electrochemical models represent the most accurate way to model
the behavior of a Lithium-ion battery. With the adoption of partial
differential equations, the SoC can be estimated by considering its de-
pendency with the lithium concentration in the positive and negative
electrodes. This is the most accurate method for identifying the state
of the battery, but it involves a large amount of model parameters to
be implemented, thus resulting too complex for online operation.
Alternatively, reduced-order electrochemical models have been pro-
posed in literature to be a good trade-off between complexity and
accuracy [65].

Internal Impedance Models

A characteristic curve can be derived in order to relate the inter-
nal impedance of a battery to its SoC. The estimation of the internal
impedance is made by means of the Electrochemical Impedance Spec-
troscopy (EIS), resulting in a model including inductances and capac-
itances over a wide range of frequencies [66]. A simpler approach can
be adopted if only the internal resistance is considered, which is calcu-
lated by the ratio between the cell voltage and the current variations
in DC current pulses. Nevertheless, the characteristics that relate the
impedance or resistance to the SoC are less accurate than the OCV-
SoC curve and they can be nonmonotonic functions. Therefore, this
method is usually unsuitable for real-world applications.

Equivalent Circuit Models

The Equivalent Circuit Model of a battery can be used for online
SoC estimation by comparing the model output to the measured ter-
minal voltage. Despite some chemical behaviors cannot be fully rep-
resented by circuit elements, ECMs are widely adopted in real-time
applications thanks to their good trade-off between model accuracy
and complexity [67]. However, two main drawbacks need to be taken
into account. Firstly, time consuming experimental tests are required
to optimally calibrating the model parameters. Indeed, a proper num-
ber of operating conditions, in terms of current profile, ambient tem-
perature and battery aging should be considered to achieve a good
modeling accuracy. In addition, the main parameter of the ECMs is
the OCV and the disadvantages illustrated for the OCV-SoC method

are inherited.
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3.1.2 Conventional Methods for Supercapacitor
SoC Estimation

Conventional methods for identifying the SoC in a SC include the
simple capacity model, the Coulomb Counting method, the OCV ob-
servation and the multi-branch Equivalent Circuit Model.

Simple Capacity Model

The simple capacity model calculates the energy from the voltage
measured at the device terminals, assuming the supercapacitor be-
havior to be approximately the same as a classic capacitor with its
nominal capacity. In particular, the SoC value is obtained as the ratio
between the actual stored energy and the maximum available energy in
the device, as shown in equation (3.3). The latter is derived from the
nominal voltage and capacity values, while the actual stored energy is
derived from the voltage measured at the device terminals.

ic0? 02

S0Cyimpre = 22 = < 3.3
simple %C’nVnQ Vnz ( )
where v, is the measured capacitor voltage, C,, and V,, are the
rated capacity and voltage values, respectively. This definition is
mostly used thanks to its simplicity and easy implementation. How-
ever, the supercapacitor non-linear behavior, comprising internal losses
and charge redistribution effect, is not taken into account, which in-

evitably leads to consistent error in SoC tracking.

Coulomb Counting

The Coulomb Counting method is widely adopted for SCs as well.
It is based on the same principle adopted for the batteries case, involv-
ing the equation (3.1) for SoC computation. Despite the self-discharge
can be taken into account and less intense nonlinearities are typical of
SCs, measurement issues still impact the SoC estimation and signifi-

cant errors can be caused by inaccurate knowledge of the initial SoC
value SoC'(tp).

oCcv

Similarly to the battery case, the OCV of a supercapacitor can be
observed to estimate te SoC or to interpolate the initial SoC value
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(SoC'(ty)) and clear the accumulated error in the Coulomb Counting
method. Nevertheless, the OCV-SoC relation ignores the typical non-
linear behavior of the supercapacitors, such as the voltage-dependent
capacity term. Moreover, even for SCs a minimum rest period has to
be waited in order to properly observe the OCV of the device.

3.1.2.1 Multi-branch model

The more accurate indication of the SoC value in a SC can be
achieved with a multi-branch model implementation. In detail, multi-
ple R-C' branches are considered for representing the nonlinear behav-
ior of the device, and the energy accumulated in the internal modeled
capacitors is monitored, as follows.
> ic %C’ivf

Emaa:

where n is the number of internal states included in the model, C;

and v; are the modeled internal capacitance values of the SC and the
voltage across them, respectively, and FE,,,, represents the character-
ized maximum energy considering all the internal states.
Despite this method is characterized by high accuracy in SoC estima-
tion, the internal voltage and capacity states of the SC are not physical
quantities easy to reach. Indeed, an additional algorithm should be
considered to estimate the internal voltages.

SOOMB = (34)

3.1.3 Kalman Filtering Methods

Among all the SoC estimation methods, state observers allow for
overcoming the issues of conventional methods. In particular, in the
past few years much research has been done on the model-based KF's,
which have become a commonly adopted solution. The main features
that support their adoption include the unneeded knowledge of the
initial state of the battery and their robustness to measurement noise
and errors.

3.1.3.1 State Estimation

The state estimation is the process of extracting information about
quantities which are not directly available by exploiting the measur-
able inputs and outputs of the system.
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Estimator

Process noise Measurement noise

System Model

Inputs

State variables Nonlinear | System outputs

Process

Sensors

Figure 3.1: Simplified block diagram of a state estimation process.

As shown in figure 3.1, a model-based state estimation needs knowl-
edge about the system model and information about measurement
noise. The measurement represents the output of the system, which
is a function of the input and one or more state. Moreover, the effect
of the past behavior is included in the system states.

A linear system model is usually represented by discrete-time state-
space equations, as follows:

{lckﬂ = Agzy, + Brug + g (3.5)

Yr = Cray + Dyuy, + 1

where z, is the state vector, uy is the input vector, y, represents
the measurable output, while ¢, and 7 represent the process and
measurement noises, respectively.

If the system is hardly represented by a linear model, a discrete-
time nonlinear equations system must be considered. It is composed
by a process function f( ) and a measurement function g( ):

{$k+1 = [ (zr, ur) + qr (3.6)

Yk = g (Tg, ug) + 1y

where u;, is the known input of the system, y; represents the mea-
surable output, while ¢ and rj represent the process and measurement
noises, respectively. ¢, and r; are assumed to be zero-mean white
Gaussian noises with covariance matrices (), and Ry, respectively.

3.1.3.2 Linear Kalman Fllter

The Kalman Filter is an optimal state observer which was intro-
duced in 1960 for state estimation in linear systems [68]. They result
unaffected by measurement noise and capable of correcting the ini-
tial estimation error [69]. Moreover, since linear models are hardly
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Table 3.1: EKF Algorithm.

Prediction
Computation of Ay and Cj

:E]; = f(l‘z_flauk—l)

Yp = g(z:,:, uy,)
Pr = AP AL +Q
Update

1

Ky = P, Cl'[C.P;Cl + Ri|
=g + Ky (Ymr — )
Pl =P, — K,Cy P,

applicable in applications such as lithium batteries and supercapaci-
tors, many nonlinear implementations have been developed in the past
years. Main estimators for identifying the SoC in nonlinear systems in-
clude the Extended Kalman Filter (EKF), the Unscented Kalman Fil-
ter (UKF) and the Square-Root Unscented Kalman Filter (SR-UKF).

3.1.3.3 Extended Kalman Filter

The Extended Kalman Filter (EKF) involves a first-order Taylor-
series expansion for linearizing the system equation, thus resulting an
effective solution when strong nonlinearities are not affecting the sys-
tem.

The linearization consists in Jacobian matrices of the state and mea-
surement functions (3.6) in the nearest of xy, as follows.

A — Of (z, ur)
k &'L‘k pr—— (3 7)
k 8[Ek .

The Jacobian matrices are iterated at each time step of the algo-
rithm, and the Kalman gain matrix K} is computed to correct the
estimation, as illustrated in table 3.1 [70].

This represents an effective solution to operate a linear filter for
state estimation in nonlinear systems. However, strong nonlinearities
and inaccuracies in the model may lead to performance decrease and
potentially divergence of the filter.
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3.1.3.4 Unscented Kalman Filter

The Unscented Kalman Filter (UKF) introduces a deterministic
sampling approach instead of linearizing the system model. In detail,
it iterates at each discrete time step the true nonlinear state-space
equations of the systems, by means of the so-called Unscented Trans-
form [71]. Tt is based on the propagation of sigma points through a
matrix square-root operation, which are used to estimate the state by
means of a weighted mean. Table 3.2 depicts the system equations
on the basis of the UKF. As possible to notice, considering L the
dimension of the state vector, 2L + 1 sigma points are evaluated.

Table 3.2: UKF algorithm.

Prediction
Sigma points computation

Xi-1= [Tr-1 Th1 + VPt @1 — 7V P

Xk,k—1 = f (Xk—lauk—l)
oL
T, =2 Wi Xikn-1
3 T
Pr=Y W¢ [Xigk-1 — 25| [Xippo1 — 25| + Qu
i=0
Tk,k—l =g (Xk,k—la Uk—1)
oL
Y = 2 Wik
i=0
Update
2L - o
Py= > W Tikp—1 =) [Tikp—1 — ] + B
i=0

21 .
Py = Z:OWf o1 — 25 ] [Tipr—1 — yi |

Ky = PP,

zy =z + Ky (Ymk — Ui )
Py = P — K, P,k

In order to ensure good performance, the weights W¢ and W™

need to be set properly. Their initialization is usually performed as
follows [71]:
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m A

V=T
A

c_ 1 — o2 .

Wi= Ty t1-0*+8 (3.8)
1

Wnh=WwWf= ———

' Y2 (L4 N

with
A=a’ (L+kr)—L

- (3.9)

where « determines the spread of the sigma points around the mean
state value (usually set to 0.5), & is a second scaling parameter (usually
set to 0) and f incorporates prior knowledge of the distribution of
the state. In particular, assuming a Gaussian distribution, f = 2
represents an optimal solution to be considered [72].

Since the set of sigma points is calculated through a square-root
operation, the UKF results computationally expensive and the co-
variance matrices are required to be positive definite for avoiding the
divergence of the filter.

3.1.3.5 Square-Root Unscented Kalman Filter

The SR-UKF is based on three linear algebra techniques known
as QR decomposition, Cholesky factor updating and efficient least
square, which are widely illustrated in [73], leading to an efficient im-
plementation of the square-root operation. In this way, the matrices
positive definiteness is guaranteed and the square root of the covari-
ance matrix is recursively updated. This also allows for avoiding the
need to re-factorize at each time step, leading to a computationally
less expensive algorithm.

As for the UKF, considering L the dimension of the state vector, 2L+1
sample points called Sigma points are computed in the SR-UKF and
iterated according to the algorithm reported in table 3.3 [72].

The matrix S is derived as the square-root of the initial state co-

variance matrix, as follows:

S=+h (3.10)
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Table 3.3: SR-UKF Algorithm.

Prediction
Sigma points calculation

Xi—1 = [Th—1 Tp—1 +VSk—1 Tk—1 — VSk-1]
Xt = f (kah qu)

2L
T = 2 WiXik
i=0
S =ar {[VIWE (i —x) QL
S, = cholupdate { S, x1(0) —z;, W§}
Ti =g (Xe, wk-1)

2L

yp = > Wit
i=0

Update

Sy=ar {[VWi (Yv —y;) R}

S, = cholupdate {S,, T(0) —y,, W§}
2L

P, = ;)VVf (X1 — 2] [Tip — yk_]T

Ky, = (Pay/ST) /S,

xr =z + K (Ymk — Yy,

U = K58,

Sk = cholupdate {Sk’, U, —1}

3.1.4 Kalman Filter Initialization

In Kalman Filtering methods, an initial calibration based on sys-
tem dynamics has to be made to guarantee the algorithm’s best per-
formance and robust operation, as illustrated in [74]. Indeed, a cal-
ibration of the filters is needed depending on the system dynamics
and characteristics. Details on the statistical properties of the process
and measurement noises in terms of covariance matrices are required.
However, since covariance matrices may also be time-dependent, it re-
sults difficult to find a mathematical correlation between the system
characteristics and the matrices initialization. Therefore, covariance
matrices are typically defined by trial and error methods in numerical
analysis. Alternatively, two different approaches can be distinguished
for optimally calibrate the initial parameters, including an analytical
procedure and a parameter fitting by means of a nonlinear least square
solver. In both cases, the measurement noise covariance R, the pro-
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cess noise covariance (7, and the initial state covariance Sy, are set as
diagonal matrices. This means that only the auto-covariance terms
are considered and the involved noise terms are independent of each
other.

Analytical equations

The initialization of a Kalman Filter can be achieved by consider-
ing practical guidelines to correlate the best available knowledge of the
system to the filter parameters [75]. In detail, considering a generic
model with n state variables x; ... x,, it results:

R = (dE,,)* (3.11)
(dry)> 0 - 0
o=| 0 (@ | (3.12)
; 0
0 0 (dw)?

where dFE,, is the measurement accuracy and dz; is the maximum
expected variation of the i — th state variable in a complete operating
process.
Likewise, considering the initial error e,, related to the estimation
of the i-th state variable, the initial state covariance can be yield as
follows.

(5“)2 0 - 0
p=| 0 () 5 (3.13)
: T 0
0 0 (es,)*

Parameter fitting

Since the covariance matrices influence the filter convergence and
estimation performance, a charging/discharging current profile can
be defined for validating their initialization. Therefore, as part of
the modeling procedure, an optimal calibration is achieved by fitting
the filter estimated state variables onto the ideally simulated ones by
means of the “Parameter Estimator” app tool in Matlab-Simulink®.
The toolbox implements the nonlinear least square solver for minimiz-
ing the error on the chosen model outputs. The obtained parameters
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represent the optimal choice for the Kalman Filter initialization in the
predefined operating conditions.

3.1.5 Adaptive Algorithm

As mentioned before, the filter performances depend on the process
and measurement noise covariance matrices initialization, which is re-
lated to the knowledge of system dynamics and statistical properties.
However, these parameters are usually unknown and they can change
over time. Therefore, KFs performance and accuracy improvements
can be achieved with the implementation of adaptive algorithms capa-
ble of calculating and updating the noise covariance matrices at each
time step. Several adaptive laws have been proposed in literature,
including an Adaptive Unscented Kalman Filter (AUKF) based on
the output voltage residual sequence of the battery model [76] and an
Adaptive Square-Root Unscented Kalman Filter (ASR-UKF') obtained
through the integration of the Sage-Husa adaptive filtering algorithm
with the SR-UKF [77-79].

Taking into account the adaptive algorithm presented in [76, 80],
the covariance matrices can be updated according to the residuals of
the output variable estimation, as follows.

Ch :% > (e) (3.14)

i=k—N

where (Y} is related to the covariance of the output residuals at
time step k, N is a window size for covariance matching and e is the
voltage residual of the battery model at time step k, defined as:

er = Ymk — Yk (3.15)

where y,,; is the output variable of the system measured at time
step k£ and y; is the estimated output variable.
In order to integrate this adaptive algorithm to the SR-UKF, the
square-root of covariances should be iterated as follows.

Qr = V/|diag(diag(KyCi,(Ki)T))|

2L . (3.16)
Ry = ,|Ck + Z WE Yk — Y] [Tik — Y]
i=1
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Moreover, only the absolute value of the main diagonal needs to
be considered in the updating step of Q for ensuring the positive defi-
niteness of the matrix. The integration of such adaptive law with the
SR-UKF leads to an Adaptive Square-Root Unscented Kalman Filter

(ASR-UKF), which results unaffected by the typical Kalman Filter
initialization issue.

3.2 Kalman Filter Implementation

3.2.1 Kalman Filter for Battery SoC Estimation

Kalman Filters are optimal state observers and have been proven
to be highly suitable in Li-Ion batteries state of charge estimation.
Nevertheless, their performances are strongly affected by the accuracy
of the battery model adopted for carrying out the SoC estimation [74].
In this section, an overview on battery modelling approaches and their
challenges is reported.

3.2.2 Battery Models

The development of an accurate battery model is a crucial task
for the design of a reliable SoC estimator. Indeed, numerical results
from battery models allow for achieving reliable information about
non measurable variables, such as SoC and SoH.

Many variants of battery models can be found in the literature,
differing in complexity and accuracy [81,82]. They can be classified in
four main categories: electrochemical, mathematical, black-box and
equivalent circuit models.

3.2.2.1 Electrochemical Models

Electrochemical models are the most accurate for representing the
electrical behavior of Lithium-ion batteries. Indeed, they provide the
highest accuracy in describing the electrochemical processes that take
place inside the cell. They make use of nonlinear partial differen-
tial equation for describing the transport, thermodynamic and kinetic
phenomena inside the cell, on the basis of porous electrode theory and
concentrated solution theory [83].

The electrochemical models are particularly useful in the design
process of battery cells but they result in high complexity since de-
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tailed knowledge of the battery chemistry is needed to achieve high
accuracy. Despite reduced order electrochemical models have been
proposed to reduce model complexity [65], these models are hardly
suitable for real-time state estimation applications.

3.2.2.2 Mathematical Models

Mathematical models describe the battery cell behavior by means
of analytical or stochastic approach. They are characterized by a set of
equation and they can be distinguished in Kinetic battery models and
stochastic cell models [84,85]. Complexity is still a concern with these
models and they are usually adopted for very specific applications.

3.2.2.3 Black-Box Models

Black-box models reproduce the behavior of the cell without look-
ing into the physical or electrochemical processes acting inside the
device. Indeed, these models consider the battery as an unknown
box and Artificial Intelligence (AI) techniques are applied to estab-
lish a relationship between the inputs and outputs of the system.
Most commonly adopted Al techniques include Artificial Neural Net-
work (ANN) [86], Fuzzy Logic (FL) [87] and Support Vector Machine
(SVM) [88]. These approaches need training procedures to capture the
system behavior with the use of large sets of data. In order to achieve
high model accuracy, the dataset should cover a wide operating range
and large amount of experimental data is required. However, the data
acquisition results in time consuming processes and the reproduction
of a wide range of operating conditions is not immediate, especially in
high-energy and high-power battery cells.

3.2.2.4 Equivalent Circuit Models

Equivalent Circuit Models (ECMs) aim at reproducing the non-
linear behavior of electrochemical cells by means of lumped circuit
components. Once the circuit topology is defined, the model param-
eters can be properly characterized to represent the dynamics of any
kind of battery chemistry, resulting in high flexibility for a large num-
ber of different applications. As shown in figure 3.2, starting form
a simple circuit involving a few number of constant parameters, the
model complexity can easily be increased up to the needed accuracy
level. For instance, the number of circuit components can be increased
and parameter variation over time or environmental conditions can be
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Figure 3.2: (a) Zero-order and (b) n-order Equivalent Circuit Model for
electrochemical batteries.

taken into account. Therefore, they allow to reach the best trade-off
between complexity and accuracy depending on the specific needs of
the application. Thanks to their easy implementation and relatively
low computational cost as well as limited number of parameters to
tune, ECMs are widely adopted in Battery Management Systems and
in state estimation tasks.

Figure 3.2 depicts a zero-order ECM and a generic n-order model,
obtained by increasing the number of dynamic elements in the circuit.
The voltage source V. represents the SoC-OCV characteristic, and
the zero order ECM only include a series resistor Ry to represent the
cell voltage response. The optimal trade-off between complexity and
accuracy is commonly found in second-order ECMs, which is typically
needed for reproducing the cell dynamics.

Including in the model the Coulomb Counting equation to represent
the SoC behavior, the generic model equations for a generalized n-
order ECM can be worked out as follows:

( t
1
= ty) — —— I
SoC = SoC(ty) 3600 CAh/ p (1) dt
dvi V; Ib

=~ "RC T+ c Vi=1l.n (3.17)

Vi=Voe—Ro-I,— Y vy
=1

to

\

where V; is the cell terminal voltage, Cy, is the nominal cell ca-
pacity expressed in ampere-hour, [, is the battery current, which is
positive in discharging, Ry is the series resistance and R,, and C,, are
the resistances and the capacitances values of the n-order ECM.
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Figure 3.3: Experimental HPPC test procedure: (a) measured current and
(b) corresponding terminal voltage.

3.2.3 Model Parameter Characterization

ECMs are usually characterized by means of experimental test
procedures. The first parameter to be identified is the capacity of
the battery cell. A complete discharge process starting from a fully
charged condition is typically performed in order to correctly define the
real cell capacity in different operating conditions. Since the capacity
strongly depends on temperature and charging/discharging C-rate, the
test is usually executed in a climatic chamber to maintain a constant
temperature during the whole test. Meanwhile, the current ampli-
tude is controlled by a cell cycler, which is usually a programmable
power supply/load. The other parameters are strongly related to the
SoC. Therefore, during the test procedure, the current measurement
is typically used to online calculate the SoC value with the Coulomb
Counting method. As result, a large amount of experimental data
is required to accurately identify the parameters of the ECM. The
SoC-OCV curve can be approximated by the cell voltage response un-
der low C-rate, constant current cycles. Alternatively, the OCV is
assumed to be the cell terminal voltage after a proper rest time.

The Hybrid Pulse Power Characterization (HPPC) is a widely
adopted experimental test procedure to identify battery ECM pa-
rameters [89]. Step changes in SoC are predefined and the cell is
gradually discharged from a fully charged condition, as shown in fig-
ure 3.3. Between each SoC change step, short-duration current pulses
are performed to generate sufficient dynamic behavior to identify the
parameters under the assumption of constant SoC.

Right after each pulse repetition, a one hour resting period is ob-
served to allow the cell for reaching electrochemical equilibrium and
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the OCV corresponding to each SoC step 7 is measured, as follows:
Voe(S0C;) = Vi(t) (3.18)

The series resistance Ry is usually calculated from the voltage drop
that occurs right after the start of a current pulse. Considering the
pulse being applied at time ¢; and the voltage drop being observed at
time t; + At, the series resistance is measured as follows:

Vi(t; + At) — Vi(t;)
I

where [, is the amplitude of the current pulse. The values of the
equivalent resistance and capacitance of the RC branches included in
the model are determined by exploiting the terminal voltage measured
during the cell relaxation right after the current pulse is stopped. In
particular, an exponential function is fitted to the measured voltage
and the R,-C, parameters are derived from the obtained time con-
stants.

Figure 3.3 shows the voltage and current measurements of a Lithium-
ion battery cell during an HPPC test.

Due to the large amount of experimental tests needed, and the
dependency to the operating conditions, these parameters are usually
identified in a laboratory environment. Subsequently, they are stored
in lookup tables or characteristic function are linearly extrapolated for
implementing the model in a real- world application.

Ro(SOCZ) =

(3.19)
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3.2.3.1 Modelling results

In order to validate the performances of the KFs in estimating
the SoC, the ECM of different Lithium-Ion batteries has been char-
acterized. In detail, the HPPC test procedure has been performed
on two different battery cells, a 40 Ah Kokam pouch cell (model
SLPB100216216H1) and a 3.5 Ah Efest cylindrical cell (model IMR18650
V1). The technical specifications of the two cells considered in the
analysis are reported in table 3.4.

Table 3.4: Technical specifications of Kokam and EFEST cells.

Kokam EFEST

Chemistry NMC LMO
Nominal capacity (Ah) 40 3.5
Nominal voltage (V) 3.7 3.7
Cut-off voltage (V) 2.7 2.5
Maximum working voltage (V) 4.2 4.2
Maximum charging current (A) 120 4
Standard charging current (A) 80 2
Continuous discharging current (A) 320 10
Pulse discharging current (A) 600 20

Temperature operating range (*C) 0 — 40 0 — 45

The Kokam Lithium-ion cell has been characterized by performing the
HPPC test at 0.5, 1 and 1.5 C-rates. The identified SoC-OCV curve
is shown in figure 3.4(a). It was extracted at each 10% SoC step after
1 hour rest time and it resulted approximately the same in all the
performed tests.

The other parameters for a second-order ECM were identified at dif-
ferent C-rates separately for charging and discharging phase. The
results are reported in figures 3.4(b-f), where the current is positive
for charging and negative for discharging.
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Figure 3.4: ECM parameters of a Kokam Li-Ion Battery for different C-
rates: (a) OCV-SoC curve, (b) Ry, (c) R1, (d) Cy, (e) Rz, (f) Co.

The EFEST Lithium-ion cell was characterized by performing the

HPPC test at 0.5, 1 and 2 C-rates. The identified OCV-SoC curve is
shown in figure 3.5(a). It was extracted at each 10% SoC step after
1 hour rest time and it resulted approximately the same in all the
performed tests.
The other parameters were identified for three ECMs with different
model order (zero, first and second-order) by analyzing the measured
data during the discharge phase of the tests. The results obtained
from the modelling procedures, distinguished by model order and C-
rate value, are reported in figures 3.5(b-j).
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Figure 3.5: Zero, first and second-order ECM parameters of a 18650 EFEST
Li-Ion Battery: (a) OCV-SoC curve, (b) Zero-order Ry, (c) first-order Ry,
(d) second-order Ry, (e) first-order Ry, (f) first-order C1, (g) second-order
Ry, (h) second-order C, (i) second-order Ra, (j) second-order Cs.
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3.2.4 Battery pack models

Lithium-ion battery packs usually involve a large number of cells
in series and parallel connections in order to meet the specific volt-
age and capacity requirements. Usually, in order to select similar
cells to compose a battery pack, manufacturers adopts specific design
processes such as scanning procedures and cell testing to check their
main features. However, even after these processes, the cells inside
a battery pack always present differences in real-world applications.
Therefore, the definition of a model to represent the behavior of a
complete battery pack is not a straightforward operation.

Multi-Cell Model

Multi-Cell Model (MCM) is the most accurate method to represent
the behavior of a battery pack. It adopts a single cell model, usually
chosen as a first or second order ECM, and model parameters are sep-
arately identified for each cell. Extensive details and interconnections
behavior are addressed with this approach. However, time-consuming
characterization procedures and high computational effort for imple-
menting the model are major concerns. Indeed, MCMs are hardly
suitable for real-time implementation and their adoption in state es-
timation tasks lead to high complexity, which cannot be afforded by
commonly adopted BMSs [90].

Big Cell Model

The Big Cell Model (BCM) approach adopts the same single-cell
model for the entire battery pack, which is considered as a single
unit. The identification process is performed only once without taking
into account internal connections and differences between the cells.
This model is characterized by simplicity and easy implementation,
while ensures enough accuracy for many applications not requiring
detailed knowledge of the battery pack internal behavior. However,
individual overcharge or overdischarge events are not highlighted in
the BCM, which results not suitable in applications with high safety
requirements.

Mean and Difference Model

Mean and Difference Models (MDMs) are the most promising for
online implementation in state estimation [91], thanks to their good
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trade-off between accuracy and complexity in representing the differ-
ent cell behaviors occurring inside the battery pack. They adopt a
mean model composed by mean values of the parameters of all the
cells, which represents the overall dynamic behavior of the battery,
while each single cell is modeled with a Cell Difference Model (CDM)
with respect to the mean pack representation. Nevertheless, this ap-
proach leads to significant model complexity related to the number
of parameter differences included in the CDM as well as a significant
effort in the characterization process.

3.2.5 Kalman Filter for Supercapacitor SoC Esti-
mation

In HESS, accurate knowledge of SoC is of paramount importance,
since it allows for maximizing system performance and improving en-
ergy management strategies while ensuring safe operating conditions.
Nevertheless, the amount of energy stored in a supercapacitor is not
directly measurable and internal nonlinear phenomena make the on-
line SoC estimation challenging.

3.2.6 Supercapacitor Models

A proper model of the real system needs to be defined in order
to implement an effective and reliable model-based state estimation
algorithm, such as the Kalman Filtering method.

In this section, the investigation of modeling approaches for su-
percapacitors is reported. Two different ECM models have been con-
sidered for representing the supercapacitors behavior since they are
proven to be the best trade-off between accuracy and implementation
complexity.

3.2.6.1 Supercapacitor ECM Models

Equivalent Circuit Models are proven to be the best candidates as
system models in model-based state estimation algorithms. Indeed,
they provide good trade-off between accuracy and computational cost,
resulting particularly suited for real-time implementation [92]. Among
the different variants that can be found in literature, multi-branch
models and the ECMs usually adopted for battery modeling can be
considered to be integrated in Kalman Filters.
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Figure 3.6: Three-branches Electric Circuit Model.
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3.2.6.2 Multi-branch Models

Multi-branch models are known to be the most accurate ECMs
in representing the typical nonlinear behavior of supercapacitors. In
particular, the three parallel branches dynamic model, reported in
figure 3.6, is proven to be a good trade-off between model accuracy
and computational cost for real-time implementation [92].

As shown in figure 3.6, it is composed of a main RC branch with
two parallel-connected RC branches. In the main branch, the basic
nonlinear capacitive effect is represented by the capacitor C' (v) con-
nected in series with the resistor R. The capacitance dependency on
the voltage is taken into account as follows:

C (U) = Co + Cv == C() + KU * Vo (320)

where Cj represents the fixed capacitance of the SC and K, is the
factor describing the dependency of the capacitance C', on its voltage
vg. The two additional RC branches, namely R;-C; and R,-C5, are
included in the model for distinguishing two different time constants,
accounting the dynamics related to ion diffusion effect [93]. A leakage
resistor Rj... for representing the self-discharge effect is included as
well and its value is usually declared on the manufacturer datasheet.
According to Kirchhoff laws, system equations can be worked out from
the ECM as follows.
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where R, = Ry || R1 || Rz || Riear, v1 and v are the voltages on
capacitors C and Cs, respectively.

As possible to notice, the observability of the SoC is not an imme-
diate task with this model, since the SoC is not included as a state
variable. On the other hand, the model is highly effective if the ob-
jective is the estimation of the internal voltages of the supercapacitor,
which are included in the model state variables. Therefore, a for-
mulation of the SoC related to the internal capacitor voltages can be
considered. In addition, considering the minimum operating voltage of
a supercapacitor, usually determined as half of the maximum voltage,
a relative indication is worked out according to equation (3.22).

n 1 2
Z 9 Civi - Emm

=12

SOOgB = E —E

(3.22)

where F,,.. represents the characterized maximum energy consid-
ering all the internal states, while FE,,;, is the minimum necessary
energy to be stored in the SC to fully operate it, which is defined as
follows:

"1
Ein = E 502'”72nm (3.23)
i=1
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Figure 3.7: (a) n-order and (b) first-order Dynamic Electric Circuit Model.

3.2.6.3 First-order ECM

Electric circuit models are widely adopted in battery state of art for
representing equivalent electrical behavior. The electrical characteris-
tic of a supercapacitor can be considered similar to the battery case if
the different voltage range and rated capacity exhibited by the device
is taken into account. Therefore, the behavior of a SC can be repre-
sented by an ideal voltage source connected in series with a resistor
Ry and one or more parallel branches R;-C;, as shown in figure 3.7(a).
In this work, the first-order ECM reported in figure 3.7(b) has been
considered, in which V. is the Open Circuit Voltage (OCV) and rep-
resents the SoC-dependent voltage exhibited by the device in no-load
condition. Ry is the equivalent series internal resistance, mainly due
to non-ideal contacts and electrodes, and the R;-C; branch represents
the internal charge redistribution and ion diffusion effect.

Since SoC is a variable in the system, the Coulomb Counting
method is included in the model, and the following equations are ob-
tained:

( 1 t
SoC = SOC(to) - m /;0 Isc (t) dt

dvy v n Isc (3.24)
dt RlCl Cl
‘/t:‘/oc_RO'[sc_Ul

\

where vy is the voltage across the R; — ' branch, Cyy, is the nom-
inal capacity expressed in ampere-hour, and I,. is the current flowing
in the SC, being positive for discharging and negative for charging
phase.
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3.2.7 Model Parameter Identification

A good prediction of the supercapacitor behavior in different oper-
ating conditions relies on the goodness of the characterization process.
In particular, the extraction of model parameters, by means of exper-
imental tests, is required under realistic operating conditions in order
to obtain a reliable supercapacitor model. The modeling procedure
need to be specifically defined to obtain the best results for the consid-
ered model. In the following, an overview of the modelling techniques
commonly adopted for the two supercapacitor models presented in
section 3.2.6 is reported. Moreover, the two considered models have
been characterized in a laboratory environment testing an EATON
166F supercapacitor (model XLR-48R6167-R with the specifications
reported in table 3.5) as Device Under Test (DUT) and the results are
illustrated as well.

Table 3.5: EATON XLR 166F Supercapacitor Specifications.

Parameter Value
Capacitance (F) 166
Maximum working voltage (V) 48.6
Equivalent Series Resistance (mf2) 5
Nominal leakage current (mA) 5.2
Stored energy at maximum voltage (Wh) 54
Nominal continuous current (A) 86
Peak power (kW) 118
Pulse current (A) 2200

Three-branches model

Different characterization procedures can be found in literature
and a large part of them consider an Electrochemical Impedance Spec-
troscopy (EIS) approach. It consists in applying AC tests with small
current amplitude (usually lower than 1 A) to define the AC resis-
tance of the device under test [94,95]. However, the low current
value is hardly representative of the typical supercapacitor behavior in
real-world applications. Therefore, many alternative approaches have
been proposed in the literature to achieve better modeling accuracy
in more practical operating conditions in terms of current and voltage
ranges [93,96-100).
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3.2.7.1 Modelling Results

When a multi-branch model is considered, the supercapacitor is
usually subjected to specific procedures during the characterization
process. Consequently, the circuit parameters are identified by ap-
plying specific formulae to the acquired voltage and current mea-
surements. A well-known and validated method was firstly proposed
in [93]. The test consists in imposing to the SC a step current to
execute a constant current controlled charge. Once the rated voltage
is met at the device terminals, the current is stopped and the ter-
minal voltage is observed over a 30 minutes time period. In detail,
with the assumption that only the main branch Ry-Cj is responsible
of the immediate voltage response, these two parameters are derived
considering the voltage and current response shown immediately after
the current step is imposed.

In table 3.6 the complete procedure and the related equations for
identifying the parameters are summarized.
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Table 3.6: Three-branch model characterization procedure.

Event

Procedure

t=0
DUT Fully discharged

Vi=0V
Switch ON the current source:
I = Ich

t=1t =20 ms

Measure V;

when V; = V) + AV
with AV = 50mV

i
R =—
! [ch
Measure ty and At = t5 — t;
At
Co=1y —
N

when V, = V3=V,
where V,, is the rated voltage

Measure t3
Switch OFF the current source:

I=0A

Measure V;, =V,
Qror = Lon - (ts — 1)

when £, = t3 + 20 ms C, = Q‘T/OT
4
2 Qror
K,=—" - C1
Vi ( Vi )
Measure t5 and At = t5 — 4

when Vs =V, =V, + AV
with AV =50mV

Consider Vg =V, — %

Cairf = Co+ Ky - Vo
Veo - At
Ry

- Cdoff AV

when ts = t5 +3- (Cl . Rl)
where C - Ry = 100 s (typically)

Measure Vg =V,
(o} KU
Clett_ (CO+-V6>

when V; =V, = V5 + AV
with AV = 50mV

Ve 2
Measure t; and At = t; — tg
AV

COHSider ‘/CO = ‘/6 — 7
Caisr = Co+ K,y - Vi

Voo
Ry = —<¢ ="
° 7 Cups - AV

when tg = 30 min

Measure Vg =V

_Qtot Kv
Cy = Ve Co + 5 Vs
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Figure 3.8: Experimental test for the first SC model characterization pro-
cedure: (a) measured current and (b) corresponding terminal voltage.

In laboratory environment, the test was performed by means of
a bidirectional power amplifier. The voltage and current waveform
measured at the supercapacitor terminals are shown in figure 3.8.
The obtained parameters are listed in table 3.7.

Table 3.7: Parameters for the 3-branch Supercapacitor model obtained with
the procedure from [93].

Parameter Value

Co 113.70 F
F
K, 2.12 v
R, 16.36 Q
Ch 6.49 F
Ry 147.55 Q
Cy 10.83 F
Ricak 9.5 kQ

A different approach has been proposed in the literature to im-
prove the characterization process and the model accuracy [92,100].
It considers the practical operating currents of the DUT in a realistic
application, in terms of current and voltage levels. In detail, a charg-
ing/discharging repeating cycle is performed by imposing constant
current steps on the device in order to characterize the three-branch
model. As shown in figure 3.9, the DUT is charged and discharged
four times between a selected minimum voltage level and its nomi-
nal value, applying 20 seconds rest period between each phase of the
test. In order to replicate a realistic application, the nominal current
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Figure 3.9: Experimental test for the second SC model characterization
procedure: (a) measured current and (b) corresponding terminal voltage.

amplitude have been imposed to charge and discharge the device be-
tween the nominal and minimum working voltage values. The latter
is defined as half of the maximum cell voltage level.

The test was performed on the EATON supercapacitor and the
extraction of the model parameters has been made by means of the
“Parameter Estimator” tool in Matlab-Simulink®. It allows to fit the
model voltage curve to the measured one by selecting the same current
input given by the experimental test. As a solver, the nonlinear least
square method was selected, and the parameters shown in table 3.8
were obtained.

Table 3.8: Fitted parameters for the 3-branch Supercapacitor model.

Parameter Value

Co 132.78 F
F
K, 1.08 v
R, 5.2 m§2
R, 11.01 ©
C 6.61 F
Ry 159.96 Q
Cy 2.38 F
Ricar 9.5 kQ

The two sets of model parameters have been compared in numer-
ical analysis. In detail, two different models, one for each parameter
set, have been implemented in Matlab-Simulink®. The current pro-
file shown in figure 3.9(a) has been imposed to the supercapacitor
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Figure 3.10: Numerical comparison of the two sets of parameters: (a) ter-
minal voltage and (b) corresponding absolute error with respect to the real
supercapacitor voltage.
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models and their voltage responses have been compared to the super-
capacitor terminal voltage measured during the experimental test. In
figure 3.10(a), the voltage measured during the experimental charac-
terization procedure and the terminal voltages of the two models are
shown. The first model (Model 1) is implemented by using the param-
eters reported in table 3.7, while the second one (Model 2) includes the
parameters from table 3.8. As a term of comparison, the absolute er-
rors between the model terminal voltages and the real supercapacitor
voltage have been considered (figure 3.10(b)).

The model implementing the second set of parameters, which were
obtained by fitting the voltage curve by means of the parameter es-
timator tool, shows a lower absolute error during the entire simula-
tion. In detail, the error is always lower than 1%, while the model
characterized with the procedure described in [93] reaches peaks of
4% absolute error compared to the experimentally measured voltage.
Thus, the improvements given by the second identification procedure,
which considers a typical operating current of a supercapacitor, have
been documented.

First-order ECM model

Differently from the multi-branch models, the n-order dynamic
Equivalent Circuit Models, described in section 3.2.6.3 are based on
a direct relation between each model parameter and the SoC. This
allows for an explicit estimation of the supercapacitor SoC when a
model-based state estimator is considered [101].

Considering a first-order ECM, a specific procedure for character-
izing the model parameters is needed. As mentioned in section 3.2.3, a
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Figure 3.11: Experimental test for the first-order ECM supercapacitor PPC
model characterization procedure: (a) measured current and (b) corre-
sponding terminal voltage.

commonly adopted procedure for Lithium-Ion batteries is the Hybrid
Pulse Power Characterization (HPPC) [89]. It involves 20 seconds
current pulses executed at incremental SoC values, assuming it to be
unaffected by the short duration of the pulses. In case of a superca-
pacitor, the same assumption is harder to guarantee due to its lower
capacity. Hence, the similar Positive Pulsed Current (PPC) approach
was adopted [102], and the current pulses were exploited for increasing
the supercapacitor SoC and concurrently identifying the parameters
of the equivalent circuit model. The procedure has been performed on
the EATON supercapacitor at different charging/discharging current
levels to characterize the model parameters, which values depends on
SoC and current amplitude. Figure 3.11 shows the current and voltage
acquired during a nominal current test, as an example. In detail, con-
stant current pulses are maintained for the necessary time to charge
or discharge the DUT by a 10% SoC value. Between two consecu-
tive pulses, a 20 seconds rest time is observed. The voltage measured
during each resting interval is used for parameter estimation, which
results related to the SoC value reached during the previous current
pulse. In particular, the series resistance R, is responsible for the volt-
age drop AV occurring at the moment the current is stopped, and it
is derived by dividing AV by the current pulse amplitude. The sec-
ond part of the voltage relaxation is modeled by the fitting of a RC
exponential voltage response curve, thus obtaining the values of R;
and C].

The different procedures for characterizing the two models, were both
executed with a nominal current amplitude of 86 A for charging and
discharging the supercapacitor.

The model parameters obtained from the PPC characterizing proce-
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dure are shown in table 3.9, distinguished in charging and discharging
phases.

Table 3.9: Extracted parameters with PPC procedure for the first order
ECM.

SoC Vi (V) Ro (mf2) Ry (m&) C (kF)
10%  6.08 2.7 2.6 477
20 % 11.28 2.7 2.1 5.47
o | 30% 16.28 2.7 1.9 5.97
2 40%  21.09 2.7 1.8 5.79
5|50 % 25.73 2.6 1.7 5.65
A 60% 3027 2.7 1.6 5.63
0%  34.73 2.8 1.4 5.75
80 %  39.14 2.8 1.1 5.52
90 %  43.51 2.6 0.8 3.90
10% 598 2.8 1.2 7.55
20 %  11.62 2.8 1.6 6.23
30 %  16.92 2.7 1.8 5.95
%40 % 21.92 2.7 2.1 5.64
Z150% 26.71 2.7 2.5 5.25
O 160% 3134 2.7 2.8 4.82
0%  35.85 2.6 3.2 4.42
80 %  40.26 2.8 3.3 4.31
90 %  47.03 2.6 4.0 3.78
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Chapter 4

Model-based SoC Estimation
in ESSs and HESSs

[Original contribute]

The knowledge of accurate SoC in Energy Storage Systems is of

paramount importance. In battery packs, it allows for performance
maximizing and avoiding hazard conditions at cell level, such as over-
charge or overdischarge. In Hybrid Energy Storage Systems, a correct
estimation of the SoC of the involved devices enables the use of ad-
vanced energy control strategies. Indeed, the best power allocation
between two or more energy sources with substantial differences in
power and energy characteristics can be achieved considering an ac-
curate knowledge of each system component state while ensuring safe
operating conditions.
In this chapter, SoC estimation techniques for batteries and superca-
pacitors are illustrated. A novel adaptive algorithm has been proposed
for single-cell Lithium-Ion batteries and a methodology for multiple
SoC estimation in battery packs have been proposed. The same SoC
estimator has been developed for supercapacitor SoC estimation in
Hybrid Storage Systems and their performances in many operating
conditions have been evaluated.

4.1 Introduction

The knowledge of accurate SoC in battery packs allows for perfor-
mance maximizing and avoiding hazard conditions, such as overcharge
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or overdischarge. The most common solution in practical applications
is the Coulomb Counting method, thanks to its simplicity and low
computational cost. However, the performance of this method result
affected by knowledge accuracy of the initial SoC condition as well
as measurement errors and noise. Different methods can be found
in literature for improving SoC estimation, and most promising solu-
tions among them are represented by Kalman Filters (KFs). They are
model-based optimal state observer, which result unaffected by mea-
surement noise and capable of correcting the initial state estimation
error.

4.2 Single-cell Battery SoC Estimation

In the actual state of the art, many variants of the linear Kalman
Fllter are proposed for state estimation in nonlinear systems. As
already discussed in section 3, main solutions for SoC estimation in Li-
Ton batteries are represented by the Extended Kalman Filter (EKF),
the Unscented Kalman Filter (UKF) and the Square-Root Unscented
Kalman Filter (SR-UKF).

4.2.1 Performance Comparison

The second-order ECMs for the 3.5-Ah EFEST and the 40-Ah
Kokam battery cells, presented in section 3.2.3, and all the KF's previ-
ously discussed have been implemented in Matlab® using the Simulink
environment with the aim of evaluating and comparing the differences
in estimating the SoC. In detail, numerous experimental tests have
been performed for characterizing the electrical behavior of the cells
and experimentally calibrating the second-order ECMs, in which all
the battery parameters depend on SoC and charging/discharging C-
rate.

The initialization of the KFs has been performed with reference to
the guidelines reported in [75] and discussed in 3.1.4, which consider
the computation of the measurement and process noise covariances as
illustrated in equations (4.1) and (4.2), respectively.

R = (dE,)’ (4.1)
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4.2 Single-cell Battery SoC Estimation

(dSoC)? 0 0
Q=] 0o @32 o (4.2)
0 0 (dU)?

where dF,, is the voltage measurement accuracy (assumed to be
equal to le — 2), dSoC' is the maximum SoC variation in a complete
charging or discharging process, dU is the maximum variation of the
voltages on the two RC branches in the ECM (indicatively set to
au =1V).
Likewise, assuming the initial state variables errors equal to 10% for
the SoC and 0.01 V for voltages, the initial state covariance (Fp) can
be yield as follows:

001 0 0
Po=| 0 00001 0 (4.3)
0 0  0.0001

The impact of the filter initialization on the estimation perfor-

mances has been evaluated by imposing a variability in the filter pa-
rameters of all the considered KFs, which have been subjected to the
same testing procedure. Moreover, the proposed adaptive algorithm
has been included in the analysis to confirm its robustness to the im-
posed variability.
Then, the impact of the initial estimation error has been investigated
by performing the numerical test at different initial SoC value set in
the KF algorithms. Further numerical analysis has regarded the influ-
ence of the battery model accuracy in the estimation performance. In
particular, the series resistance Ry of the cell model has been subjected
to a parameter variation with respect to the nominal value and the
estimation error of the main KFs has been compared to the proposed
ASR-UKF. Experimental results have been reported as well.

4.2.2 Impact of Filter Initialization

In this section, the issues related to the initialization and calibra-
tion of the KF's, thus the proper selection of the process and measure-
ment noise covariance matrices, have been investigated.

A constant discharging current at 0.5C for a time interval of twelve
minutes has been considered as current profile for the numerical anal-
ysis, which corresponds to a SoC reduction of 10% for the battery
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Figure 4.1: (a) Current profile and (b) corresponding battery terminal
voltage with random noise.

cell. Moreover, in order to reproduce the characteristics of commer-
cial current and voltage sensors, random noise has been added to the
voltage and the current measurements, as shown in figure 4.1. This
specific current profile allows for correctly defining the SoC condition
at the end of the discharging process and thus better evaluating and
comparing the estimation errors achieved with all the KFs.

Therefore, starting from an initial SoC condition equal to 80% for the
battery cell, the constant current profile at 0.5C (figure 4.1(a)) has
been applied to both the battery system and the ECM adopted by
the KFs for the SoC estimation. In this way, the difference between
the SoC estimated by the KFs at the end of the discharging process
and the expected SoC of 70% has been considered as a performance
parameter for the numerical analysis. It is important to highlight
that the initial SoC of the battery system model has been set to 80%,
whereas the KFs have been initialized with a SoCy = 75% in order to
evaluate the estimation results with a 5% of initial guess error as well.

The impact of the initialization and calibration of the KFs parame-
ters on the overall performances of the filters has been evaluated by
varying the values of both the measurement noise covariance R and
the elements of the process noise covariance matrix (), with respect
to the filter initialization performed by means of the equations (4.1),
(4.2) and (4.3). Therefore, the variability of the filters parameters has
been reproduced by adopting two coefficients for the measurement
noise covariance (ag) and the process noise covariance matrix (o),
resulting:

R=(dE,)* ag (4.4)
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(dSoC)* 0 0
Q=] 0o @2 o0 |-ag (4.5)
0 0 (dU)?

In detail, the SoC estimation results achieved by adopting the EKF,
the UKF and the SR-UKF with respect to different initialization of
the filter parameters are summarized in tables 4.1, 4.2 and 4.3, respec-
tively. As possible to notice, the SoC estimated by the KFs at the end
of the discharging current profile is highly dependent on the process
noise covariance (). Indeed, excluding the results for which a SoC
estimation error lower than 1% is achieved (highlighted in green), an
incorrect initial calibration of the matrix @) could lead to estimation
errors higher than 10% in several cases, especially for the EKF and
the UKF, resulting arp = a9 = 1e6 as the worst condition. In this
case, the SR-UKF is not able to provide a consistent SoC estimation
as well. Moreover, the initialization of the filters parameters according
to the guidelines reported in does not allow for minimizing the SoC
estimation error for both the EKF and the UKF since more accurate
results are observed by varying ar and ag. Therefore, these results
confirm quantitatively the issues related to the calibration of the KF's
parameters.
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4.2 Single-cell Battery SoC Estimation

The proposed adaptive algorithm described in section 3.1.5 and sum-
marized in table 4.4, has been adopted for overcoming the initialization
problem in Kalman filtering methods.

Table 4.4: Adaptive Square-Root Unscented Kalman Filter algorithm.

Prediction
Sigma points calculation
Xk-1 = [Tho1 Tho1 +YSk-1 Tho1 — YSk—1]
Xk = f (Xu—1, ur)
2L
x, = > Wik

i=0
Sy =ar{[VW} (e — ;) QJ}
S, = cholupdate {Sk_, xx(0) — z, W(f}

Ty = g(Xk,Uk—l)
2L

Yp = ;]VVZ-mTi,k
Updage
Sy =ar {[V/WF (Y —y;) R]}

Sy = cholupdate{Sy, T4(0) — v, W(f}

ZW [szk 1—»Ck] [Tz‘,k_y]:]T
*( ry/ v) /Sy
Tp =Ty +Kk(ymk—y;§)
U = K,S,

Sk = cholupdate {Sk_, U, —1}
Update of Covariance Matrices
Y =g (@, wr)

1
Cr = N Zf:k—zv (Yo — U)°

Qr = /|diag(diag(K.Cr(K)T))|

R, = \/Ck + ZQL WE Yk = Ymr) [Tig — Ymi]

In order to demonstrate the high performances of the proposed
ASR-UKF in terms of robustness and capability to be unaffected by
covariance matrices initialization, the proposed adaptive algorithm has
been tested and validated considering the discharging current profile
at 0.5C and the initialization of the parameters in the worst condition
previously observed. In particular, table 4.5 reports a comparison
among the SoCs estimated at the end of the discharging current pro-
file at 0.5C by the KFs and the proposed ASR-UKF in the worst
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condition, highlighting the effectiveness of the proposed adaptive al-
gorithm, which allows for achieving a SoC estimation error lower than
1% and thus results unaffected by the initial filter calibration.

Table 4.5: Comparison among the SoCs estimated by the KFs and the
proposed ASR-UKF.

ar = ag = 1le6 Final SoC estimated

EKF 67.42 %

UKF 50.00 %
SR-UKF NaN
ASR-UKF 70.08 %

Then, further investigation has been carried out for evaluating the
time interval needed by the proposed adaptive algorithm for updating
the covariance matrices up to their optimal value. Figure 4.2 shows
the variability of the covariance values operated by the proposed ASR-
UKF during the discharging current profile in the worst condition. As
possible to notice, the noise covariance R does not reach a steady-
state value since it is only related to the voltage measurement sensor
noise and thus it oscillates around the nominal accuracy value. On
the other hand, according to figures 4.2(b) and 4.2(c), the covariance
noise related to the SoC estimation process and the dynamic voltages
behave differently since they are expressed by the three coefficients
that compose the covariance matrix (). In this case, a brief transient
phase of about two minutes is noticed at the beginning of the current
profile, then a very low variability of the filter parameters operated by
the adaptive algorithm is observed. Therefore, these results highlight
the high performances of the proposed ASR-UKF, able to eliminate
the complexity and uncertainty related to the initialization and cali-
bration of the KF's parameters as well as to provide a fast response in
adjusting incorrect filter parameters.

4.2.3 Impact of Initial Estimation Error

In this analysis, the second-order ECM of the 40-Ah NMC Kokam
battery has been integrated as plant model for the filters.
The Coulomb counting method operated on the ideal current profile
has been considered as reference for SoC estimation results. On the
other hand, random noise has been added to the voltage and current
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Figure 4.2: Time-varying covariance matrices in Adaptive SR-UKF consid-
ering the worst calibration conditions: (a) measurement noise covariance
R, (b) SoC estimation process noise covariance and (c) dynamic voltages
estimation process noise covariance.

measurements for the filters in order to reproduce the characteristics
of commercial sensors.

Figure 4.3(a) shows the current profile adopted for testing the per-
formances of the Kalman filters implemented, which consists of a dis-
charging at 1C. The impact of different initial SoC values (SoCy) on
the performance of the filters has been evaluated by considering SoC
initial guess error of 10% and 30%. In detail, setting a true initial
SoC of 70% for the battery, figures 4.3(b) and 4.3(c) show the SoC
estimation results and the errors with respect to the Coulomb count-
ing method for SoCy = 60%, while figures 4.3(d) and 4.3(e) those for
S OC() = 40%

Table 4.6 reports the SoC' estimation errors achieved with the
Kalman filters implemented considering the two SoCy conditions. It
results that all the Kalman filters ensure SoC' estimation errors lower
than 1% in absolute value with respect to the Coulomb counting
method in both SoCj conditions. In particular, considering the two
merit factors reported in table 4.6, a similar responses of the filters
can be observed. Therefore, it can be assumed that the UKF, the
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Table 4.6: Numerical results: SoC estimation errors for the UKF, the SR-
UKF and the proposed ASR-UKF with respect to the ideal Coulomb count-
ing method.

SOCO = 60% SOC() = 40%
Mean RMSE Mean RMSE

UKF 0.26% 0.62% 0.76%  2.19%
SR-UKF 0.40% 0.69% 1.16% 2.33%
Proposed 0.24%  0.64% 1.14%  3.95%

SR-UKF and the proposed ASR-UKF are not particularly affected by
the SoC' initial guess error.

78



4.2 Single-cell Battery SoC Estimation

50

T o + e 1

Ibat (A)

101 1

5 10 15 20 25 30 35
Time (min)

—— UKF ——SR-UKF — Proposed

Error (%)
- o

0 5 10 15 20 25 30 0 5 10 15 20 25 30

Time (min) Time (min)
(b) (c)
80 2
—CC ---SR.UKF —— UKF —SR-UKF — Proposed
o — UKF - - ~Proposed|

~ 60 <

O 50 50

& 5
40 =

B /’\“‘"—"J/\

5 10 15 20 25 30 o 5 10 15 20 25 30

Time (min) Time (min)
(d) (e)

Figure 4.3: Numerical results for SoC' estimation considering different val-
ues for the initial SoC: (a) current profile with random noise; (b-d) SoC
estimation results and (c-e) error with respect to the Coulomb counting
method for SoCy = 60% and SoCy = 40% have been considered in Kalman
filters, respectively.
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Figure 4.4: Numerical results for SoC estimation considering a variation
of the internal resistance of the battery: (a) mean estimation error and (b)
RMSE.

4.2.4 Impact of Model Parameter Variation

The numerical analysis has been also extended to the investigation
of the filter robustness with respect to parameter variations of the
battery model. In detail, a variation of the internal resistance Rs of
the battery has been introduced in the model implemented for the
Kalman filters. The initial SoC value has been set to SoCy = 60%
for this analysis. Figure 4.4 shows the absolute mean SoC estimation
errors and the RMSE achieved with the UKF, the SR-UKF and the
proposed ASR-UKF by considering a variation of R, that ranges from
0.25 to 2 per unit. It can be observed that the proposed ASR-UKF
results to be less affected by parameter variations of the battery model
than both UKF and SR-UKF, since it maintains an estimation error
lower than 4% even for large variation of Rj.

The results have highlighted better performances of the proposed
ASR-UKF in compensating even large variations of the internal re-
sistance of the battery model.

4.2.5 Experimental results

An experimental set-up has been carried out for validating the
performances of the proposed ASR-UKF. Since the SR-UKF has low
computational cost and represents an improvement of the UKF, only
the comparison between the SR-UKF and the proposed ASR-UKF has
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been performed. Both filters have been implemented on a Texas In-
strument TMS320F28335 evaluation board which is characterized by
a 32 bit C2000 Digital Signal Processor (DSP) with a clock speed of
150 MHz mounted.

In order to avoid misalignment between the execution code of the fil-
ters in MATLAB and on the Texas microcontroller, the MATLAB
coder tool has been adopted. Furthermore, the SoC estimation re-
sults from the SR-UKF and the ASR-UKF have been compared with
those from the Coulomb counting method in real conditions. In this
way, the performances of the filters can be evaluated with respect to
a real-world application of the SoC estimation method.

Therefore, two different timer interrupt have been set, a slower one
for the Kalman filter execution (3 s of time step) and a faster one
for voltage and current measurements (1 ms of time step). This also
allows for correctly estimating the SoC and thus reducing the estima-
tion error from the Coulomb counting method. The battery terminal
voltage has been acquired and scaled down by means of a resistor
divider in order to be suitable for the 12 bit ADC of the microcon-
troller, whereas a current transducer (LEM model LA 125P) has been
adopted for current measurement.

A control tool has been also developed for automatically acquiring the
voltage and current measurements as well as managing remotely the
electronic load needed for carrying out the experimental test.

In detail, the current profile adopted for the numerical analysis has
been considered for the experimental test as well.

Figure 4.5 shows the results achieved from the experimental test, while
table 4.7 reports the SoC' estimation errors for the SR-UKF and the
proposed ASR-UKF with respect to the Coulomb counting method in
real conditions. In particular, the Coulomb counting method has been
operated by considering the true initial SoC equal to 70%, whereas a
SoC' initial guess error of 10% has been defined for the Kalman filters.

Table 4.7: Experimental results: SoC' estimation errors for the SR-UKF
and the proposed ASR-UKF with respect to the real Coulomb counting
method.

Mean RMSE

SR-UKF 0.88% 1.03%
Proposed  0.37%  0.67%
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Figure 4.5: Experimental results for SoC' estimation considering SoCy =
60%: (a) acquired current profile, (b) SoC estimation results and (c) errors
with respect to the Coulomb counting method in real conditions.

The experimental results validate the performance of the proposed
ASR-UKF, which allows for achieving a lower SoC estimation error
with respect to the SR-UKF.

4.3 Battery Pack Multiple SoC Estima-
tion

Lithium-ion battery packs usually involve a large number of cells
in series and parallel connections in order to meet the specific voltage
and capacity requirements. Performances and reliability represent rel-
evant aspects to be taken into account by the Battery Management
System (BMS), responsible of maximizing the usable capacity of the
battery pack while ensuring its safe operating conditions [63]. Among
all the main tasks operated by the BMS, an accurate estimation of
the State of Charge (SoC) is highly required for maximizing the pack

82



4.3 Battery Pack Multiple SoC Estimation

performances and avoiding hazard conditions. Moreover, considering
cell-to-cell parameters’ variations that can occur within the battery
pack [104,105] due to manufacturing tolerances, thermal gradients and
different aging conditions, the evaluation of the SoC of the least/most
charged cell allows an effective and safe management of the battery
pack, however a reduction of the pack energy utilization results [106].
Therefore, an estimation of the SoC at pack level is definitely necessary
for maximizing the performances by providing relevant information re-
garding the available energy and the whole battery pack state [105].
With reference to all the single-cell estimation methods proposed in
the literature, the model-based Kalman Filters (KFs) have become
a commonly adopted solution thanks to their robustness to measure-
ment noise and initial guess error [69]. They require a proper battery
model able to reproduce the pack behavior for increasing the estima-
tion performance [107].

The most accurate solutions rely on the combination of the observer
with a Multicell Model (MCM) approach [108], which separately iden-
tifies model parameters for each cell. As result, the related computa-
tional effort cannot be afforded by commonly implemented BMSs [90].

Other solutions include the Big Cell Model (BCM) approach, which
adopts the same single-cell model for the entire battery pack, neglect-
ing its internal connections and cell-to-cell parameters’ variations. In
this way, the overall pack state is estimated but individual overcharge
or overdischarge events cannot be prevented, leading to accelerated
ageing of the cells [109]. The evaluation of the SoC of the cell charac-
terized by the minimum or the maximum cell voltage during discharg-
ing and charging process, respectively, represents an effective solution
for preventing hazard conditions for the battery pack [110]. Similar
methods include a scanning process of the cells in order to identify the
Poorest SoC Cell (PSC) as a reference for the battery pack [111]. How-
ever, the lack of global state estimation of the storage system is not
addressed. Additional details of the plant condition can be achieved
with the adoption of a Mean and Difference Model (MDM) concur-
rently with a SoC estimation method [91]. This involves a mean model
composed by the mean values of all the cells’ parameters, which rep-
resents the overall dynamic behavior of the battery, while each single
cell is modeled with a Cell Difference Model (CDM) with respect to
the mean pack representation [112]. Nevertheless, this approach leads
to significant model complexity related to the number of parameter
differences included in the CDMs to be implemented and a significant
effort in their characterization.
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A methodology based on an Adaptive Square-Root Unscented Kalman
Filter (ASR-UKF) that allows for performing multiple SoC estima-
tions in real-time has been developed.

4.3.1 Proposed Methodology for Multiple SoC Es-
timation

This section describes the Adaptive Square-Root Unscented Kalman

Filter (ASR-UKF) method, adopted for multiple cell SoC estimation.
The ASR-UKF presented in [77] is taken into account since its higher
performances with respect to other Kalman filters have been demon-
strated [113,114]. The accurate state estimation has been extended
to multiple SoC evaluation task, leading to a high-performance bat-
tery pack state estimation algorithm in both average and extreme cell
SoC. In particular, the proposed methodology aims to correlate the
SoC estimation of the least/most charged cell by means of the ASR~
UKF with the average pack voltage in order to achieve the SoC at pack
level, which represents an important indicator of the energy utilization
of the whole battery pack.
In ideal conditions, a relationship between voltage variation and SoC
difference can be identified for a battery model, since the OCV-SoC
characteristic is a monotonic curve. In detail, the variation of the SoC
(ASoC) occurring in case of the experienced voltage difference AV is
computed as follows:

A
Asoc = &Y (4.6)
Sy

where Sy is the voltage sensitivity with respect to the SoC.

In a battery pack composed by n cells, Sy can be characterized, as-
suming to have a battery model that can approximate the behavior
of each cell. Therefore, this relationship can be adopted for the SoC
estimation of any cell by accurately knowing only one SoC in the pack.
Moreover, the SoC at pack level is obtained as additional information
by considering the deviation of the known cell state from the average
voltage of the pack.

For this purpose, a second-order equivalent circuit model (ECM) has
been experimentally calibrated for the cells and integrated in the ASR-
UKF by means of lookup tables for all the cell parameters, each one
composed by k values. Then, according to the cell model parameters,
the voltage sensitivity with respect to the SoC (Sy) has been defined
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as reported in equation (4.7), representing the expected rate of change
of the cell voltage related to the SoC variation.

Vel +1) Vel = 1)
V' S0C(j+ 1) — SoC(j — 1)

where V, is the modeled cell terminal voltage, SoC' is the cell State
of Charge and j is the index in the lookup tables. Therefore, once
identified the SoC of the least/most charged cell, the nearest index
j — 1 and j + 1 are selected and the sensitivity Sy is calculated on
the basis of the cell terminal voltages and SoCs corresponding to the
index identified. Subsequently, a step-by-step computation of Sy is
integrated within the ASR-UKF, leading to the equation (4.8). As
result, the average pack SoC (S0Cy.,) can be achieved as follows:

je2k—1] (4.7)

‘/lm - %vg
Sv

where SoCy, is the SoC of the least/most charged cell estimated
through the ASR-UKF, V},, is the measured voltage of the least/most
charged cell and V,, is the pack voltage averaged over the number of
cells that compose the whole battery pack.
The evaluation of the SoC of the least/most charged cell is achieved
by considering the pack current and the minimum or the maximum
cell voltage for the discharging or charging phase, respectively. All
the considered voltage and current information are used in the SoC
estimation by means of the ASR-UKF, according to the algorithm
reported in table 4.4. More implementation details about the ASR-
UKF algorithm can be found in [72,77].

S0Cqyg = SoCly,, — (4.8)

4.3.2 Numerical results

The proposed ASR-UKF has been implemented in Matlab®-
Simulink with the aim of demonstrating its multiple SoC estimation
capability. A 48 V battery pack has been modeled as plant model
for the numerical analysis. In detail, the pack is composed by 14
series-connected cells, obtaining a battery with a nominal voltage of
51.8 V. A relevant amount of numerical tests have been performed
considering different charging/discharging current profiles and imbal-
ance conditions in terms of SoC and voltage differences among all the
cells that compose the battery pack. Moreover, random noise has
been added to the voltage and current measurements for the filters
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Figure 4.6: Numerical results: (a) 1C constant discharge current profile,
(b-d) Average and minimum cell SoC estimated by means of the pro-
posed methodology compared to the SoC estimated with the ideal Coulomb
Counting and (c-e) related estimation errors with respect to the Coulomb
Counting method.

in order to reproduce the characteristics of commercial sensors. The
performances of the algorithm have been evaluated by comparing the
estimation results regarding the SoC of the least/most charged cell
and the SoC at pack level with the Coulomb Counting method com-
puted in ideal conditions considering the most unbalanced cell state
and the average among all the SoCs as initial conditions, respectively.

Figure 4.6(a) shows a constant discharge current at 1C-rate imposed
to the battery pack to validate the performances of the estimation
algorithm. The impact of different imbalance conditions, in terms of
initial SoCy value, on the performance of the filter has been evaluated
by considering a maximum SoC difference of 2% and 7% between the
least charged cell and the average of the battery pack. Figures 4.6(b)
and 4.6(c) show the SoC estimation results and the errors with respect
to the coulomb counting method for the first case, while figures 4.6(d)
and 4.6(e) those for the worst imbalance case.

As shown in figures 4.6(c) and 4.6(e), the estimation performances
are worsened with the increase of imbalance conditions in the battery
pack. Nevertheless, the lowest voltage cell SoC estimation and the
average pack SoC estimation are both limited in the [—0.5%; +0.5%)
error range with respect to the ideal Coulomb Counting, even in the
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Figure 4.7: Numerical results for the WLTP current profile: (a) average
and minimum cell SoC estimation results and (b) related estimation error
with respect to the Coulomb Counting method.

case of extreme SoC discrepancy among the cells.

Further numerical analysis have been performed by considering the
same battery pack subjected to similar initial state conditions. In
detail, the maximum initial SoC imbalance was set at 7 % between
the most and the least charged cells. Meanwhile, the rest of the cells
have been randomly unbalanced in a 5% range around 80% as initial
SoC value. A generic EV subjected to a WLTP driving cycle has
been considered for the simulation, and figure 4.7(a) shows the current
profile obtained by scaling down the power consumption to the battery
pack voltage and current operating ranges.

In figure 4.7(b) the minimum and average SoC estimation per-
formed by the proposed methodology is compared to the ideal Coulomb
Counting method, whereas the estimation errors with comparison to
the Coulomb Counting executed in ideal condition is reported in figure
4.7(c).

As possible to notice from figure 4.7(c), the least /most charged cell
SoC estimation achieves the best performance, while the average pack
SoC estimation is more sensitive to model inaccuracies when highly
dynamic conditions are considered. However, the absolute error with
respect to the ideal reference SoC is lower than 2%, thus leading to an
effective knowledge of the energy available in the overall battery pack.

4.3.3 Real-Time implementation

In real world applications, high cost-effectiveness ratios are usu-
ally required for the control section of a common BMS. For this rea-
son, low cost Digital Signal Processors (DSP) are commonly chosen as
microcontrollers for monitoring the battery pack and controlling the
hardware section of the BMS.

87



Model-based SoC Estimation in ESSs and HESSs

Table 4.8: Comparison between different microcontrollers.

STM32G484 TMS320F28335 ATSAM3XSE
Manufacturer STMicroelectronics Texas Instruments Microchip
Processor ARM Cortex M4 C2000 DSP ARM Cortex M3
Operating frequency | 170 MHz 150 MHz 84 MHz
Flash memory 512 kB 512 kB 512 kB
RAM 128 kB 64 kB 96 kB
Single precision FPU | yes yes no
32-bit timers 2 3 1

The main suitable solutions among all the microcontrollers available
on the market and their main characteristics are summarized in table
4.8.

The implementation of advanced state observers for the SoC and
the SoH estimation tasks, which are required to be run in real time,
may need high programming effort to fulfill time execution and mem-
ory restrictions [103]. Moreover, the implementation of a battery
model, such as the second-order ECM, usually require a significant
amount of flash memory for storing the model parameters in the form
of lookup tables.

For the proposed methodology, a 1 second timer interrupt dedi-
cated to the ASR-UKF has been adopted for ensuring the real time
execution and some changes were made to the code in order to opti-
mize the use of the microcontroller resources. In addition, the target
C code has been generated by means of the MATLAB coder tool, se-
lecting the toolchain of the specific microcontroller manufacturer, in
order to avoid misalignment and errors in the final execution code.
The optimization of the code has been achieved by adopting the fol-
lowing main changes with respect to the code executed in the Matlab®
environment:

e all the division operation were changed to multiplications;
e inline functions were preferred;

e all the double-precision variables were converted in single-precision
data type (i.e. float type in the compiler environment);

e the local defined variables were preferred to the global ones.

The final target code resulted in a memory allocation of about
20 kB for the flash memory section and 3 kB for the RAM section.
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Moreover, the adoption of single-precision variables allows for taking
advantage of the floating point unit (FPU) of some microcontrollers.
Therefore, the two platforms from the Texas Instruments and the
STMicroelectronics manufacturers resulted the best choices, accord-
ing to their specification in table 4.8. Finally, the TMS320F28335
has been adopted for the experimental analysis since its resources, in
terms of RAM, flash memory and computational capability, satisfied
the requirements of the generated execution code.

4.3.4 Experimental results

An experimental setup has been carried out for validating the pro-
posed methodology by means of Hardware-In-the-Loop (HIL) testing
approach. In figure 4.8 a block diagram of the developed HIL setup
is reported. The hardware under test is represented by the microcon-
troller performing the SoC estimation task, while a Typhoon HIL 404
has been adopted as HIL simulator for emulating the battery pack
model.

A 48 V battery pack, composed by 14 Lithium-ion cells, has been
implemented in the Typhoon HIL Control Center software as plant
model. FEach cell model is represented by an independent second-
order ECM of the same EFEST IMR 18650 battery cell considered in
the numerical analysis. Moreover, each model parameter is updated
in real-time by means of lookup tables to reproduce its dependency to
the actual SoC and C-rate, thus resulting time-variant during the exe-
cution of the tests. An exhaustive HIL validation has been performed
by implementing a large amount of operating conditions in several
test scenarios. In detail, different initial values in terms of SoC and
voltage were considered for the cells to simulate various unbalancing
conditions in the battery pack. Considering the input current of the
battery pack, the terminal voltages are obtained from the execution
of the cells ECMs and subsequently sent to the analog output of the
Typhoon HIL 404, where the real-time emulation by means of the
integrated 16-bit DAC takes place.

As shown in figure 4.9, a Texas Instruments TMS320F28335 evalu-
ation board has been adopted to perform the BMS functionalities.
The board is characterized by a 32 bit C2000 Digital Signal Proces-
sor (DSP) with a clock speed of 150 MHz mounted. As mentioned
in section 4.3.3, in order to implement the developed estimator in the
microcontroller, the MATLAB coder tool has been adopted. It al-
lows for generating the target C code starting from a Matlab code
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Figure 4.8: Block diagram of the Hardware-In-the-Loop setup.

script, avoiding misalignment and errors in the final execution code.
Moreover, a 1 s time step interrupt has been set for the filter real
time updating, while the voltages and the battery current have been
acquired in a faster interrupt task (1 ms of time step).

The cell voltages have been scaled down by means of resistor dividers
in order to make them suitable for the 12 bit ADC of the microcon-
troller, whereas a generic 20 A full-scale current transducer have been
emulated in the HIL simulator by considering a 1/7 V/A scaling fac-
tor for the current measurement. Besides the estimators, a CAN BUS
communication line has been set between the HIL simulator and the
BMS which enables the real time monitoring of the test execution
and the results from the microcontroller by means of a custom graph-
ical interface. Hence, the SoC estimation results from the proposed
methodology have been compared with the ideal SoC profiles from the
cell models in the HIL simulator. In this way, the performances of the
estimator can be evaluated by reproducing realistic battery conditions
without involving any power line. The Typhoon HIL SCADA software
has been adopted for automatically executing the test profile as well
as acquiring the measurements and the estimation results during the
experimental tests.

The same current profiles adopted for the numerical analysis have
been considered for the experimental tests as well, as shown in figures
4.10(a) and 4.10(d). A maximum imbalance of 7% in terms of SoC has
been considered between the battery cells as initial condition, since it
resulted as the worst case from the numerical analysis. In detail, the
initial SoC values of the fourteen cells in the battery pack have been
randomly set in the range 80% -+ 82%, whereas the least charged cell
has been initialized with a SoCy = 75 %.
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HIL
SIMULATOR

Figure 4.9: Picture of the adopted Hardware-In-the-Loop setup for the
experimental analysis.

Figure 4.10(b) shows the results achieved from the experimental test
when the pack is subjected to a 1C constant discharge current, while
in figure 4.10(c) the errors of the minimum and average SoC estima-
tion are reported. The error is computed with respect to the ideal
reference SoCs from the least charged cell and the averaged value in
the battery pack. These two reference profiles are included in the
battery pack model and real-time computed in the HIL simulator,
allowing the Typhoon SCADA software to concurrently analyze and
validate the algorithm performances while logging the results for even-
tual post-processing analysis. As can be noticed in the zoomed initial
minutes, the convergence time of both the estimators is very short
and the ASR-UKF maintains an estimation error lower than 0.5% in
absolute value for the least charged cell in all the performed tests. On
the other hand, the average SoC estimation deviates in a £2% range
from the true value.

Figures 4.10(e) and 4.10(f) show the obtained results when the
plant is subjected to a WLTP-shaped load current. The test repre-
sents a highly dynamic scenario and it is considered as the closest
representation of a real-world application. It is worth to notice that
the profile is significantly different from the commonly adopted mod-
eling procedures as well, thus leading to a reduced accuracy of the
considered model. The estimation of the minimum SoC cell confirmed
the same results of the constant discharge test. On the other hand,
despite the evident noise in the obtained SoC profile, the average SoC
estimation task has shown a result within the 2% range around the
reference value in the overall test profile. Therefore, the experimental
analysis confirmed the effectiveness of the proposed methodology in a
wide operating conditions for achieving an accurate knowledge of the
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Figure 4.10: HIL testing results: (a-d) load current profiles imposed to the
battery pack, (b-e) average and minimum cell SoC estimated by means of
the proposed methodology compared to the SoC estimated with the ideal

Coulomb Counting and (c-f) related estimation error with respect to the
Coulomb Counting method.

extreme cell state in the battery pack, while giving information about
the pack overall state and average available energy.

4.4 Supercapacitor SoC Estimation

As stated before, the accurate knowledge of SoC of the storage sys-
tems involved in a HESS is of paramount importance. In particular,
if a battery/supercapacitor hybrid storage system is considered, the
accurate SoC estimation allows for maximizing system performance
and improving energy management strategies while ensuring safe op-
erating conditions. However, the state of charge of a supercapacitor
is not immediate to estimate, since its stored energy is not directly
measurable due to internal nonlinear phenomena.

In order to investigate advanced methods for supercapacitor SoC es-
timation, both the models mentioned in 3.2.6 have been integrated
with an Adaptive Square-Root Unscented Kalman Filter (ASR-UKF).
Therefore, the state estimation performance of the proposed algorithm
have been evaluated and compared to the main conventional methods
commonly adopted for evaluating the stored energy in supercapacitors.
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Figure 4.11: Numerical results for SoC estimation: (a) Current profile,
(b) SoC estimation results and (c) errors with respect to the ideal SoC
reference.

4.4.1 Numerical Results

To compare their performances, all the SoC estimation methods
mentioned in section 3.1.2 have been implemented in Matlab-Simulink.
The three-branches model and the first-order ECM have been both
implemented as a plant model for simulating the supercapacitor be-
havior. Their model equations have been included in two different
ASR-UKF for evaluating the impact of the two modeling approaches
in SoC estimation methods. In addition, random noise has been added
to voltage and current measurements for reproducing realistic operat-
ing conditions. Similar to the modeling procedure, a constant current
is imposed on the SC for precharging it to the minimum operating
voltage. After a resting time, a sequence of charging and discharg-
ing pulse current is adopted for testing the performances of the esti-
mation algorithms, as shown in figure 4.11(a). The SoC estimation
results obtained from the four SoC computation methods are shown
in figure 4.11(b). As can be seen from the absolute errors with re-
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spect to the ideal reference SoC shown in figure 4.11(c), the proposed
ASR-UKF guarantees the best estimation performances if the three-
branches model is considered for representing the supercapacitor dy-
namic behavior.

4.4.2 Experimental Results

An experimental setup has been carried out to validate the pro-
posed SoC estimation algorithm. The ASR-UKF has been imple-
mented with both the models described in sections 3.2.5. A compari-
son between their performance and the conventional methods, namely
the simple SoC definition and the Coulomb Counting, has been per-
formed. Since the internal states of the DUT cannot be accessed,
the supercapacitor behavior exhibited in experimental tests has been
replicated in the Simulink environment and the computation of the
SoC, based on the ideal internal supercapacitor voltages, has been re-
garded as the true SoC reference SoC\.s. Moreover, the SoC resulting
from the Coulomb Counting method and the one resulting from the
ASR-UKF implementing the first-order ECM have been scaled in the
operating range of the SC, thus obtaining a relative indication for a
better comparison between the different methods.

The absolute value of the error with respect to the reference, computed
as in equation (4.9), has been considered as a performance indicator
for each estimation method.

€ =[80Cest — SoC,| (4.9)

where SoC.g is the estimated SoC.

The experimental measurements were obtained from the Eaton super-
capacitor.

The supercapacitor has been connected to a Spitzenberger&Spies DM
15000 PAS amplifier used as bidirectional current source, depending
on the imposed current profile. The power amplifier is controlled by
a Novacor RTDS real-time simulator to elaborate all the necessary
signals to automatically perform the tests. Voltage and current wave-
forms were measured and logged with a Zes-Zimmer LMG671 Power
Analyzer by means of voltage dividers and current transducers. The
estimation methods have been initially validated by means of an offline
execution in the Simulink environment. The current and voltages ac-
quired during experimental tests have been reproduced in simulation
and the current profile adopted for characterizing the first model (fig-
ure 4.11(a)) has been considered for the comparison of different SoC
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Figure 4.12: Experimental results for SoC estimation: (a) SoC estimation
results and (b) errors with respect to the ideal SoC reference.

estimation methods for Supercapacitors as well. The results obtained
in the first test are shown in figure 4.12, where each SoC estimation
is compared to the reference ideal SoC profile and the absolute error
is considered as a performance indicator.

The proposed algorithm, which includes the supercapacitor three-
branches model, allows for achieving the lowest estimation error during
the entire test case. Indeed, a maximum error between 6% and 8%
is achieved by the Coulomb Counting and the simple capacity meth-
ods. Similarly, the estimation error of the ASR-UKF, implemented
with the first-order dynamic equivalent circuit model, reaches a peak
value above 8%. On the other hand, if the three-branches model is
considered for representing the supercapacitor dynamic behavior, the
proposed estimator ensures an error lower than 2% with respect to the
supercapacitor SoC computed in ideal conditions.

Subsequently, all the SoC estimation methods mentioned in section
3, have been implemented in an Opal OP5700 real-time simulator and
the KFs execution time step was set to 0.5 s, while the CC and the
SoCsimple computations were executed at 50 pus. Figure 4.13 shows
the results obtained during a real-time execution of the algorithms
while the SC was subjected to a charging/discharging cycle between
the minimum and the maximum operating voltage.

As shown in figure 4.13(b), the conventional methods show the
same error range obtained in the previous test and a more noisy result
is due to the higher voltage measurement noise in the setup. The
proposed estimator achieves a more stable SoC estimation and the
maximum error is maintained in the nearest of 2%, thus confirming
the previous results.
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Figure 4.13: Experimental results for real-time SoC estimation: (a) SoC
estimation results and (b) errors with respect to the ideal SoC reference.

4.4.3 Experimental Validation under realistic grid
power profiles

Further experimental tests have been performed considering a 1-
hour time window extracted from a standard daily power profile mea-
sured in a German MV/LV substation [115]. As a plant model, a
HESS has been considered, which includes a Supercapacitor module
and a Lithium-Ion battery pack, adopting a Low-Pass Filter (LPF)
control strategy for allocating the power profiles to the ESS technolo-
gies. Moreover, the supercapacitor reference power profile has been
scaled down to the EATON SC voltage and current operating ranges,
in order to reproduce in a real-time experimental setup the same sce-
nario experienced in the MV /LV substation. In figure 4.14 the daily
power profile is shown, where the 1-hour time window considered in
the test is highlighted. The extracted 1-hour power profiles allocated
to the battery and the supercapacitor by means of the low-pass filter
are depicted in figures 4.14(b) and 4.14(c), respectively. Figure 4.14(d)
shows the supercapacitor current profile imposed by the power ampli-
fier during the experimental test. It has been obtained by scaling down
the power profile to the supercapacitor operating range and dividing
the power by the rated voltage of the device.

In figure 4.14(e), the supercapacitor SoC computed in ideal condition
and selected as true reference value and the one estimated by the
two conventional methods as well as the estimation performed by the
proposed method are shown. Asshown in figure 4.14(f), similar results
to the previous tests have been confirmed. The simple capacity model
reflects the voltage measurement noise, while the Coulomb Counting
method error is included in the 6% — 8% range. On the other hand,

96



4.4 Supercapacitor SoC Estimation

with the proposed ASR-UKF, the error is reduced from the 2% — 4%
range to below 1.5% during the entire test when the three-branches
model is considered, thus confirming the better performances in a
realistic scenario as well.
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Figure 4.14: Experimental results for SoC estimation of supercapacitor in
a HESS: (a) daily power reference profile in a German MV /LV substation
and considered 1-hour window; (b) power profile allocated to the battery;
(c) power profile allocated to the SC; (d) SC current profile scaled down to
its operating range; (e) supercapacitor SoC estimation results and (f) ab-
solute errors with respect to the ideal SoC reference.
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Chapter 5

Prototyping of
Dual-Active-Bridge
Converters

[Original contribute]

The development of a real DAB prototype have been included in
the dissertation. In particular, a modular converter for battery and
hybrid storage interconnection has been designed and implemented.
The development process has been conducted through the fundamen-
tal steps of numerical modelling, design and testing. Furthermore, ad-
vanced modulation techniques and high performance control strategies
have been investigated. The prototype have been finally implemented
with the aim of validating the control strategy in a real application.

5.1 DAB Modelling

As discussed in section 2.2.2, the Dual Active Bridge (DAB) is a
promising choice in many application fields thanks to its achievable
efficiency and power densities. As shown in figure 5.1, the converter is
composed by two full bridge circuits connected by an high-frequency
transformer and an auxiliary inductance (L). The waveform of the two
voltages generated by the bridges determine a power transfer through
the transformer, while the auxiliary inductance helps in performance
improving by extending the Zero-Voltage Switching (ZVS) operating
range of the converter [116].
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%

i)

Figure 5.1: Dual Active Bridge converter topology.

5.1.1 Ideal Model

For a properly controlled power transfer, AC voltages v,(t) and
veq(t) must be imposed on the inductor and on the transformer by the
two voltage sourced H-bridges. As shown in figure 5.2, the two bridges
can be replaced by the respective voltage sources v, (t) and v.4(t) when

considering the simplest representation of a DAB converter.
In the ideal model, the following assumptions can be considered:

_H; & g
I

\ T, T,
| Ml

Cout

———————¢— —
|
11

the transformer stray inductance is merged in the inductor L;

all losses are neglected;

input and output supply voltages (V; and V3) are considered

constant;

ideal static switches are considered in the bridges and their tran-

sients are neglected;

all the parasitic terms involved in the real system are neglected.

On these considerations, three voltage levels are possible to actuate
at the output of the two H-bridges, as follows.

+Vi N Ty=1
0 17,1, =1
0 1,75 =0
4! 7,7, =0

Vap =

100

Ty, Ty = 0
Ty, Ty = 0
Ty, Ty =1
Ty, Ty = 1

(5.1)
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Figure 5.2: Ideal lossless DAB model.

where the state 0 indicates that the power switch is open, while 1
means closed. Similarly, the possible voltage levels at the secondary
side of the transformer can be defined:

+V T5, 75 =1 16,77 =0
0 Ty Ty=1 To, Ty = 0
vy — 5, 16 7,13 (5.2)
0 15,7 =0 17, Ty =1
-V T5, 75 =0 T, 17 =1

Referring to the simple model shown in figure 5.2, the voltage imposed
on the inductor results as in equation (5.3).

Vr, = Ugp — N - Ved (53)

where N is the turns number of the high frequency transformer.
The resulting inductor current is derived as follows.

i) = in +% /t: o (#)dt (5.4)

where iy is the initial current at time ¢y,. The instantaneous
power generated or absorbed by the input and output voltage sources
is easily computed by knowing the current iy (t) and the two voltages
Vap(t) and veq(t).
Considering a switching period T}, the average power can be calculated
for both the sources:

Py = / " lt) - i ()t (5.5)

to

P — / " () - i (t)dt (5.6)

to
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Y

Figure 5.3: Inductor voltages and current during a switching period with
generic phase-shift and duty cycles.

Since the ideal DAB model is lossless, the two average powers equal
each other in absolute value (|P,| = |P.4| ). The period Tg can be
easily split in m shorter time intervals including constant voltages vy,
and v, to simplify the maths. Once the physical components of the
converter are defined, the average power is affected by the following
four parameters, which are able to act on the duration of the constant-
voltage time intervals:

the phase shift between the two H-bridges (¢ expressed in radi-
ants)

the duty cycle between the two legs of the input bridge (D)

the duty cycle between the two legs of the output bridge (D)

the switching frequency of the power switches (f;)

The mentioned parameters in a switching cycle are shown in figure
5.3.

5.1.2 Phase-shift modulation

The basic single phase-shift modulation (PS) has been selected as
reference due to its implementation simplicity and low computational
cost for an extended load range. With the adoption of this modulation,
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Figure 5.4: Inductor voltages and current during a switching period at
steady-state operation considering a single phase-shift modulation.

the DAB is operated at constant switching frequency and maximum
duty cycles (D; = D3 = 0.5) in order to achieve the maximum oper-
ating range in terms of transfer power. The phase shift between the
two converter bridges (¢) is only considered as control parameter to
vary the output power. With the two H-bridges working at maximum
duty cycle, the zero-voltage levels are not possible to be actuated on
the inductor L, and the two voltages vy, and v,y can only assume the
values +V;,, and +V,,,;, respectively.

Figure 5.4 show the steady-state voltage and current inductor wave-
forms when the converter is operated under phase-shift modulation.
T, is the time period related to the phase shift, and it is computed as
follows.

9
To =5,

(5.7)

As possible to notice, the voltage and current quantities are repeated
with opposite sign at each half switching period. Therefore, the trans-
ferred power P; can be calculated by considering only the first half of
the switching period Tj, as follows.

Ts/2 2 Ts/2
__/ vy (1) - ip ()t — ;@/ LBt (5.8)
0

When the phase shift is positive (0 < ¢ < 7), the inductor current
can be worked out as follows.
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ZL[)"‘(‘/zn‘i‘NV:mt)t/L 0<t<T¢

1n(t) = 5.9

1) {iT¢+(Vm—NV0ut)-(t—T¢)/L Ty <t<Ts/2 (5.9)
where iz and i, are the inductor current at time ¢ = 0 and ¢ = T,

respectively.

Considering the symmetry in the switching cycle, the current at time

t = 0 is obtained from equations (5.7) and (5.9), resulting:

: (m = 2¢)NVous — Vi
= 5.10
Lo Am fs L ( )
Extending the equations to the full range of the phase shift ¢, the
transferred power as function of the phase-shift is obtained, as follows.

o N‘/in‘/out(b(ﬂ- B ’(b‘)
B 212 f L

where a P, > 0 represents a power transfer from the input to the
output port, and vice versa for P, < 0.
The maximum power transfer achievable with a single phase-shift
modulation can be worked out from equation (5.11) as follows.

N‘/inv:)ut . T
Prgmas| = ——nrout th ¢ =+~ 5.12
| Ppsimaz| 3.1 with ¢ =+ (5.12)

P, —T<P<T (5.11)

Equation (5.12) is commonly adopted for deriving the maximum value
of inductance L when the converter power is a requirement in the
design.

As can be noticed in figure 5.5, the output power is directly propor-
tional to the phase shift only in the range —7/2 < ¢ < /2, which
is delimited by the maximum converter power. Therefore, only the
mentioned operating range is considered to guarantee stability in the
system. In addition, the phase shift value required for achieving a
known power transfer P, is worked out from equation (5.11), as fol-
lows.

. m 8st|Pref|
= Por)o=|1— )1 — 2=l 1
¢ = sign(Pres) - 5 \/ NViuVour (5:13)

Since the single phase-shift is capable of reaching the highest power
level among all the possible modulations, the mentioned equations are
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Figure 5.5: Transferred power in per unit for a DAB operated under single
phase-shift modulation.

adopted in the design process for meeting the basic project require-
ments.

The modulation is characterized by simplicity and easy implemen-
tation, since only the phase-shift angle between the two bridges has
to be adjusted to control the actual output power of the converter.
Moreover, the single phase-shift is widely adopted due to the low
computational effort required. However, high conduction losses and
a limited Zero-Voltage-Switching (ZVS) operation represent the main
drawbacks [117].

5.1.3 Advanced Modulation Techniques

The main weaknesses of the phase-shift modulation are related
to low efficiency, high transformer RMS current and electric compo-
nents stress. Since these drawbacks are intensified at low power op-
erating points and especially when the input and output voltages are
mismatched, alternative modulation techniques are worth investigat-
ing [118].

The Triangular and Trapezoidal Current Mode Modulation (TTCM)
has the capability of ensuring the ZCS operation and a potential re-
duction of the inductor RMS current. In particular, in case of limited
power range and sufficient difference between the voltages at the input
and output ports of the converter, the triangular current mode can be
applied, leading to a reduction of the inductor RMS current. Other-
wise, trapezoidal current mode is operated and higher power levels are
reached with the negative consequence of losing the ZCS operation on
the output port [118].
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Figure 5.6: Inductor voltages and current during a switching period at
steady-state operation for: (a) positive power transfer and triangular cur-
rent mode, (b) negative power transfer under triangular current mode,
(c) positive power transfer under trapezoidal current mode and (d) neg-
ative power transfer under trapezoidal current mode.
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Figure 5.6(a) depicts the typical voltage and current waveforms for a
positive power transfer from the input port to the output port of the
converter. Considering V;, > NV,,;, the inductor current is increased
during the first time interval (0 < t < t;), while in the second interval
it is decreased to zero. In the second half-cycle the same behavior is
repeated with opposite voltage and current sign.

The inductor current during the first half of the switching period can
be determined, as follows.

( V;n_N‘/ou
04 ——F— Lt 0<t<ty
, NV
ir(t) = Qig(t) — Lt—t) i <t<t (5.14)
0 ty <t L
\ )

In order to switch both the bridges to zero voltage when the current
is zero, the time instant ¢, can be determined as a function of t;, as
follows.

Vin
N ‘/;ut

Therefore, the power transfer can be controlled by changing the
duration of the time interval ¢;.

V Vin — NV
=—/ Vap * i1, (t)dt = 7 = (5.16)

The maximum power transfer is reached When the half switching pe-
riod is met with the decreasing current time period, i.e. ty = Ty/2.
Therefore, the value of the maximum increasing current time period
and the power limit achievable by means of the triangular modulation
are derived, as follows.

ty =

t (5.15)

N‘/out Ts
t = p— 5.17
LMAX T (5.17)
N2V? Vi — NV,
Pyivax = Ouz(f v ) (5.18)

As possible to notice from equation (5.16), the transferred power is
zero if V;, = NV,,; and it can be only positive if V;,, > NV,,;. How-
ever, a negative power transfer is achieved by swapping the two inter-
vals in which V;,, and NV,,; are imposed to the transformer, as shown
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in figure 5.6(b). Similarly to the previous case, the equations can be
rearranged, as follows.

( NV,
0—%-t 0<t<t
- V;n_NV;)u
ir(t) = iL(h)"‘#t(t—tl) h <t<ty (5.19)
T
\ 0 t2<t<?
Vin
g = — " ¢ 5.20
2V S NV ! (5.20)
Vi Vin — NV,
P=— L (5.21)

T, L !
Therefore, the operating range of the triangular current mode mod-
ulation can be summarized:

NV (Vin = NVour) NV (Vin = NVour)
<Ptm'

AfsLVip 4fsLVin

(5.22)

As a consequence, the power range is either zero or close to zero if the
input and output voltages are close to each other.

As discussed in [118], higher power levels can be reached by considering
a trapezoidal current mode modulation. Typical waveforms of this
case are shown in figures 5.6(c) and 5.6(d). Similarly to the triangular
current mode, the maximum power limit can be worked out, as follows.

N2V2V?2
P = wn ¥ out 523
TTCMM = T TVE S NV + N2 )
As a result, the extended operating range is achieved with the
adoption of the TTCM modulation which can be summarized as fol-
lows.

|P| < Puivax Triangular current mode

Ptri,MAX S |P| S PTTCM,MAX Trapezoidal current mode

TTCM {

Compared to other modulations, the TTCM presents lower current
peak values with consequent decrease in conduction losses, while the
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v

Figure 5.7: Inductor voltages and current during a switching period at
steady-state operation under TPS modulation.

switching at zero current for low load condition leads to further in-
crease of efficiency. However, the operating range in which the modu-
lation can be actuated is limited with respect to the full power range
of the converter and different modulation techniques have to be con-
sidered to optimize the converter operation under high load condition.
Adding one or more degrees of freedom to the single Phase-Shift mod-
ulation, the Phase-Shift Pulse Modulation (PSPM) [119], the Dual
Phase-Shift Modulation (DPS) and the Triple Phase-Shift Modula-
tion (TPS) allow for maximizing the converter efficiency and extend-
ing the operating ZVS range [120]. In detail, the TPS represents the
more general modulation by adopting three degrees of freedom in the
control strategy. As a matter of fact, the PSPM and the DPS can be
achieved as special forms of the TPS, depending on the choice of the
duty cycles of the H-bridges [121]. Therefore, the converter model is
extensively investigated by considering the more general case of TPS
modulation.

With the TPS modulation, the three voltage levels illustrated in
equations (5.1) and (5.2) can be imposed by the two H-bridges by
considering all the possible combinations of duty cycles and phase
shift, as shown in figure 5.7. The parameters d;, d and d3 are defined
as the duty cycle of the voltage vy, the phase shift between the two
bridges and the duty cycle of v.4, respectively.

The TPS extends the degrees of freedom in the DAB modulation by
adopting the duty cycles of both the H-bridges as control variables, in
addition to the phase-shift angle. As result, the TPS modulation can
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Figure 5.8: Variability of the RMS inductor current with respect to the
output power for each modulation technique at different operating condi-
tions, in terms of input (V;,) and output (Vi) voltage.

°

be considered as the most general case for a DAB converter, since any
other modulation can be achieved by appropriately fixing to a constant
value one of the three duty cycles. Therefore, only the assumption of
TPS operation can lead to the most comprehensive converter model.
Furthermore, the optimal operating point can be met by means of TPS
modulation and further reduction in current stress and converter losses
can be achieved with comparison to the other modulation techniques.

Figure 5.8 reports the variability of the RMS inductor current with
respect to the output power for each modulation technique considering
different operating conditions, in terms of input and output voltage
levels. In detail, the possible combinations of three voltage levels
(300, 400 and 500 V) at the input and otuput ports of the converter
have been considered considered in the analysis. As result, the TPS
modulation always achieves the lowest RMS current value and it is
confirmed as the most general case among the possible techniques.

110



5.1 DAB Modelling

Rp Lp

Y ST

|
&t M| o &}%

Figure 5.9: Equivalent circuit model of a Dual-Active-Bridge power con-
verter including the output filter and a resistive load.

Ce L Cou IRL

5.1.4 DAB Dynamic Model

A DAB dynamic model has been worked out by considering the

equivalent electric circuit shown in figure 5.9. An ideal voltage gener-
ator is included for the input voltage source, whereas a resistive load
Ry and a second order filter are considered at the output side.
In order to define the most general model for the considered converter,
all the possible combinations related to the switches states are defined,
as shown in figure 5.10. The value of the voltages imposed by the two
H-bridges on the reactive tank R.,-Le, is dictated by the states of
the high-side power switches on each bridge leg, since each respective
low-side is always driven in the opposite state.
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Figure 5.10: Equivalent circuit models of a Dual-Active-Bridge converter

with respect to the high side switches states {S;
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As possible to notice, the main circuit schemes corresponding to the
phase shift modulation are given by the combination of £V}, and £V,,;
and the circuit behavior is modelled by a fourth order dynamic model
(figures 5.10(a~d)). On the other hand, two ideally separated equiv-
alent circuits, characterized by a lower order dynamic, are identified
when zero-voltage is imposed by the output bridge, as shown in figures
5.10(g-1).

Subsequently, the equivalent circuits shown in figure 5.10 can be gen-
erally summarized by defining the following equations.

( diL@) . Vin Req . UCf(t)
o =5 Sz)Leq L., ir(t) = (S5 — Se) L.,
dio(t) _ Ucf<t) . &Z (t) . vOUt(t)
A L .
- dves() _ (g gyt _ ot
dt T
dvout(t) . Zo(t) N UOUt<t>
( dt  Couw RiCou
(5.24)

where S}, is the state of the k-th power switch and it equals 0 and
1 for the ON and OFF state, respectively.

The resulting fourth order differential equation system can be rear-
ranged in the matrix form, as follows.

#(t) = A()z(t) + B (5.25)

)
)
) (5.26)
)

and the matrices A(t) and B are properly defined, as follows.
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[ _Req 0 _S5 - SG 0 i
Leg Leg
. & 1 1
L L L
A=l s T Op Op (5.27)
Cy Cy
1 1
0 0 —
L Cout RLCout-
Vin
(51— SQ)Leq
B= 0 (5.28)
0
0

The solution to the matrix system equation can be expressed as fol-
lows.

$(t> = Cle)\ltﬁl + 026)\21‘/@2 -+ Cge)‘3t®3 —+ C4€A4t1A}4 +xp (529)

where C}, Cs, C5 and C) are constant coefficients, A1, A2, A3 and
Ay are the eigenvalues of matrix A and v, 09, v3 and 04 are their
respective eigenvectors. xp is the vector of the particular solutions,
which is defined as the steady state solution of the system equation
(5.24) by neglecting all the derivative terms.
At each time interval in the switching period, equations in (5.24)
change according to the power switch states S, So, S5 and Sg. There-
fore, the constant coefficients in equation (5.29) are computed at each
time interval and the initial conditions x(ty) are taken from the last
value of z(t) evaluated during the previous time step. In particular,
the constant coefficients as function of z(ty) and zp are worked out by
means of symbolic computation using a numerical solver. The result-
ing symbolic functions are then implemented in the dynamic model.
Moreover, a finite set of time-variant matrix A can be defined with
respect to the finite number of combinations of the power switches
states. Therefore, the eigenvalues and the eigenvectors can only be
defined once for all the possible cases.
Similarly the same approach can be adopted to include in the model
the dead time period, which generates additional equivalent circuits
depending on the direction of the current flowing in the anti-parallel
diodes other than the switches states.

114



5.1 DAB Modelling

D oW
S 2
S S

100

Voltage (V)
Current (A)
(=}

=)
S

©
S
S

&
S
S

12 3 4 5 6 7 8 9 12 3 4 5 6 7 8 9
Time (s) %107 Time (s) x1073

(a) (b)

)
@

e =i
S
S

S

Voltage (V)
Power (kW)

502 504 506 508 sl 201

> 504 506 508 5l
10

6 7 8 9 1 2 3 4 5 6 7 8 9

Time (s) %107 Time (s) %1073
(c) (d)

Figure 5.11: Simulation results of the Dual-Active-Bridge obtained from the
developed model considering the single phase-shift modulation: (a) voltages
imposed on the HF transformer (v, and v.4), (b) inductor current iy,
(c) output voltage and (d) transferred power.

Afterwards, the obtained model has been implemented in a runtime
script to be executed in Matlab®. Figure 5.11 depicts the results
obtained from the runtime script when the model is operated under
single phase-shift modulation. In detail, figures 5.11(a) and 5.11(b)
show the imposed voltages and the resulted current in the reactive tank
of the converter. On the other hand, the voltage and the transferred
power at the output port are illustrated in figures 5.11(c) and 5.11(d).
Then, the equivalent circuit shown in figure 5.9 has been imple-
mented in Matlab®-Simulink by means of the “simscape” blockset to
perform a comparative analysis with the developed dynamic model.
Figures 5.12(a) and 5.12(b) show the imposed voltages and the re-
sulted current in the reactive tank of the converter, while the voltage
and the transferred power at the output port obtained from the sim-
scape simulation are illustrated in figures 5.12(c) and 5.12(d).
As can be noticed by comparing figures 5.11 and 5.12, the developed
model reflects qualitatively the same behavior obtained in the sim-
scape simulation environment. On the other hand, some quantitative
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Figure 5.12: Simulation results of the Dual-Active-Bridge obtained from the
simscape model considering the single phase-shift modulation: (a) voltages
imposed on the HF transformer (v, and v.4), (b) inductor current iz,
(c) output voltage and (d) transferred power.

differences occur due to the larger amount of non-ideal operating con-
ditions included in the second simulation, since the simscape block-
set presents more parameters to be set for the electrical components.
However, the dynamic model results in less computational effort and
thus it is more suited for longer numerical analyses while still repre-
senting accurate dynamic performances.

116



5.1 DAB Modelling

A4l Lo

v

)

T
Vab@ Ved 'Vout__ HH
1 - — X—
(a) L J; g Ty ;\;\'TS
ile 0 i ]

Tl fg Vtg f4
1 Iy

A\ 4

|
|
1
1
1
s <) Lo
Vllt__ i T [N
1
1
|
1
I
1

»
|

(b)

Figure 5.13: Simplified Dual-Active-Bridge model considering a generic
Triple Phase-Shift modulation: (a) equivalent circuit and (b) voltages and
current in the reactive tank, highlighting the constant-voltage time inter-
vals.

5.1.5 DAB Average Model

As stated in the previous section, the TPS modulation resembles
the most generic case in a DAB converter. It allows to exploit all
the three output voltage levels of the input and output H-bridge with
any combination of duty cycles. Therefore, the TPS modulation is
considered to derive an average model of the converter for real-time
implementation.

The case 0 < dy < dy < d3 < 1is taken as an example for the analysis,
and the typical current and voltage waveform of the DAB transformer
are depicted in figure 5.13(b). The other possible cases are similar to
each other and can be analyzed in the same way [121].

In order to simplify the calculations, the ideal model shown in figure
5.13(a) is considered, in which the R,, includes the transformer wind-
ing resistance and the conduction resistance of the power switches.
Meanwhile, L., includes the eventual auxiliary and the transformer
stray inductance whereas a unit value N = 1 is considered for the
transformer ratio.

At steady-state operation, the model is derived by dividing the switch-
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ing period in time intervals during which the voltage across the reactive
tank is constant.

ia(t) 0 <t < diThs
2 ( diThs <t < dyTys
in(t) = ,*’( ) al o (5.30)
Zc(t) d2Ths S t S dSThs
ia(t) d3Ths <t < Thy

Then, the average value of the current i;, can be derived by means of
a piece-wise integration in the switching period Ty, resulting in the
following expression.

.
Vou Vout \ —Hea
Za(t) = R ! + <—It4 - R t) Leq
eq eq
Viw + Vi Vin + Vot | et 4y
ip(t) = % + (Itl _ %) o Tk (t=diTis)
“ “ (5.31)
. Vin Vin \ —Zea 4 dym,,)
lc(t) = R + It2 - R € ed
eq eq
. Vin — Vout Vin — Vout — Beq (t—dsThs)
R (T P
\ Req Req

where I, I;s, I;3 and Iy are the inductor current in the time
instants tq, t9, t3 and t4, respectively. In ideal conditions, i.e. consid-
ering constant voltages V;,, and V,,; in the whole switching period, it
results:

( i0(0) = — 11y
ia(diThs) = In
< p(daThs) = Lo (5.32)
Zc(d:sThs) = I3
L 1a(Ths) = I

Iy1, 1o, I3 and Iy are derived by substituting the equations (5.31) in
(5.32), as follows.
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The expressions (5.30), (5.31) and (5.33)-(5.36) constitute the av-
erage model of the considered DAB circuit. The model can be used

for defining

the inductor RMS current value by means of a piece-wise

integration in the switching period, as follows.

IL,rms =

2

T (5.37)

id(t)th)

d1Ths dyThs
(/ z’a(t)2dt+---/
0 d3Ths
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Figure 5.14: Ideal current path during a positive conduction phase of the
input H-bridge.

5.1.6 DADB Loss Model

An approximated model of the DAB losses is developed to optimize
the design process of the converter. The efficiency and performances
of the system are estimated by taking into account voltage and current
stresses of the components as well as the respective dissipated power.

5.1.7 Conduction losses

According to equation (5.38), conduction losses are computed by
considering the current path occurring during conduction phases in
the switching period. All the components involved in the path are
taken into account. In detail, the transformer windings resistance Ry,
and the ON-resistance Rpg,, of the power switches are derived from
the respective manufacturer datasheets.

Prona = R - I2yy6 (5.38)

where Rg is the sum of all the modelled resistors in the conducting
phase of a power switch and Iry;s is the RMS value of the circulating
current.
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Figure 5.15: Ideal DAB model considering conduction losses.

Figure 5.14 shows the circuit involved in the conduction phase of the
input H-bridge, highlighting the ideal current path occurring in the full
bridge when a positive voltage v,, = Vj, is imposed to the converter
AC side. The two switches S; and S4 are in ON state and their
conducting resistances are considered in the current path. The circuit
and the primary-side transformer winding resistors are included in
Ryr1. On the other hand, when a negative voltage vy, = —Vjy is
imposed the switches S, and S3 are turned ON and the same resistance
value occurs in the system.

The dual current path occurs in the output bridge when imposing
positive and negative voltages v.q = Vour and v.g = — V4, respectively.
As a result, the ideal DAB model considering conduction losses from
both input and output bridges is obtained as shown in figure 5.15.
The equivalent inductor L., includes the auxiliary and the transformer
stray inductances. Similarly, the equivalent resistance R., comprises
all the resistors involved in the current path, as follows.

Leg=L+ Liyy + N*Lyyo (5.39)

Ry =2 Rs+ Rypy + N?-(2- Rg + Riyn) (5.40)

In the circuit shown in figure 5.15, the current i, results according to
equation (5.41).

ir(t) =i(to) +

L /t (Uab — NUCd — ReqiL(t)) dt (541)

eq Jig

Depending on the implemented modulation technique, the switching
period can be divided in a certain number of time intervals in which the
voltages vy, and v.4 are constant. Therefore, the solution to equation
(5.41) is easily computed by piece-wise integration.
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In detail, if V,.; = vapi — Nveq, is defined as constant during the ¢-th
time interval, the solution of equation (5.41) results as follows.

Vaci
ZL(t) = e_t/Tz'L(ti_l) + (1 — G_t/T) R—7 t e [ti—la tz] (542)
eq

with 7 = Ley/Req.
With the same approach, the RMS inductor current can be computed.
Taking as an example the simple phase shift modulation, the RMS
value of the current i (t) shown in figure 5.4 results as follows.

92 Ty Ts/2
Iprms = \| 7 / i (t)2dt + / i (t)2dt (5.43)
Ts 0 Ty

The inductor RMS current is finally derived by substituting the equa-
tion (5.42) in (5.43).

Similarly, the RMS value of the inductor current can be computed
in the case of Triple Phase-Shift by increasing the number of constant-
voltage time intervals in the switching period.

5.1.8 Switching Losses

Considering the high switching frequency of the converter, hard
switching condition of the MOSFETSs lead to excessive losses and they
cannot be neglected in the dissipated power computation. The en-
ergy dissipated during turn-on (E,,) and turn-off (E,sf) event can
be determined from the manufacturer datasheet of the semiconductor
switching devices.

However, thanks to the DAB operating principle, ZVS operation for
the turn on phase of the switches is easy to achieve with advanced
modulation techniques. When this condition occurs, the switch on
losses are neglected and only the power dissipated during the turn off
phase are considered.

The datasheet values are declared at nominal testing condition, con-
sidering the nominal voltage and current amplitudes V., and I,om,
respectively. According to equation (5.44), the dissipated energy is
linearly converted to the actual operating conditions by considering
the maximum voltage on the bridge V,, and the peak current value
L.

122



5.2 Design of a Dual-Active-Bridge

’Isw’ : V:sw
Esw =5 5
Vnom : [nom

The switching losses in the input and output H-bridges are thus cal-
culated according to equations (5.45) and (5.46), respectively.

(5.44)

‘[sw‘ : V;n ‘Isw| : ‘/in

Psw,in = Ngsw 'np'fs -EONW +47’Lp 'fs -EOFFW (545)
|[sw| : ‘/out ‘[sw‘ : ‘/out

Pow.out = nsw'np'fs'EONW+4'np'fS'EOFFm (5.46)

where n, is the number of parallel-connected switches and ng,, is
the number of hard-switching devices in the bridge.
The losses are evaluated in various operating conditions of the con-
verter, which also affect the value of ng,.
The total switching losses are finally computed as follows.

Psw,tot = Psw,in + Psw,out (547)

5.2 Design of a Dual-Active-Bridge

A prototype of a Dual-Active-Bridge has been designed and its

performances have been evaluated in simulation environment. Then,
the results obtained from the design process have been used for the
implementation of a prototype and an experimental analysis have been
performed to validate the converter performances.
In this section, the application specifications are reported and the
proposed design workflow is depicted. Numerical results and the ex-
perimental test performed on the developed prototype are reported as
well.

5.2.1 Specifications

The application for the DAB converter design regards the inter-
connection of battery energy storage systems by means of a DC link.
The basic project requirements for the DAB are listed in table 5.1.
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Table 5.1: Key system specifications for the DAB converter design.

Parameter Value

Input/Output Voltages 300 + 500 V

Nominal power P, 25 kW
Overall efficiency 1y > 90 %
Switching frequency 100 kHz

5.2.2 Design Methodology

According to the numerical model developed for the DAB con-
verter, a proper sizing tool has been carried out for designing and
selecting its main parameters. This sizing tool is also integrated with
iterative processes able to optimize both the efficiency and the perfor-
mances of the converter.

A flowchart representation of the proposed design workflow is shown
in figure 5.16. In the following, a detailed description of each design
step is reported as well.

The Initial Parameters Definition consists in defining the initial
components of the circuit based on the key specifications of the project
(table 5.1). In detail, the transformer turns ratio N is identified to
meet a similar voltage range on its primary and secondary side (equa-
tion (5.48)). Indeed, a voltage ratio m as close as possible to 1 is
usually desired to extend the ZVS operating range.

v
_N‘/out

m (5.48)

In the case of study, the input and output bridges have to be de-
signed for the same voltage range and a transformer turns ratio N =1
has been selected. Then, the maximum value admissible for the aux-
iliary inductance is calculated by considering the nominal power as
the maximum achievable with the phase-shift modulation. Therefore,
Ppgmar = 25kW is substituted in equation (5.12) and L,,,, is ob-
tained, as follows.

N‘/in‘/out
Lpow = ——— =53 uH 5.49
8fsPPSmax a ( )
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Figure 5.16: Flowchart of the proposed DAB design methodology.

The Lossless Model is then used to define a preliminary set of
components, including the power switches. Considering the nominal
power and the minimum voltage on the input bridge, the maximum
expected current is computed, as follows.

b,
Linmaz = (5.50)

‘/in,min

The Iy, mas current value is taken into account to choose the power
switches. Considering the power level and the high voltage on both
the bridges of the converter, 1200 V' SiC MOSFET are chosen and
the possibility of multiple parallel-connected switches is taken into
account for handling the rated current.
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Figure 5.17: Circuit components involved in the soft switching process.

Once the power switches are chosen, the minimum auxiliary induc-
tance for ensuring ZVS operation is computed. In detail, the output
parasitic capacitance of the MOSFETS (Clss) has to be considered in
order to optimize the converter with zero-voltage switching [122].

As shown in figure 5.17, two power switches and the equivalent
inductance L, are involved in the soft switching event. When a tran-
sition from the ON to the OFF state takes place in the static switch,
the relative parasitic capacitance is charged from 0 V (short-circuited
condition) up to the input voltage level V;,. Meanwhile, the com-
plementary switch is commuted in the opposite way. The inductive
component in the circuit has the role of imposing the necessary cur-
rent to charge/discharge completely both the output capacitances of
the MOSFETSs before the second switch is turned on, allowing for the
soft switch transition. This condition is met if the energy stored in
the inductor, which depends on the inductance L., and the current
amplitude I, equals at least the energy stored in the two capacitances,
which depends on the C,,, value and the voltage level V;,, as follows.

1 1

Lt Lo, (5.51)
where C¢, is the sum of all the C,, involved in the commutation,

and L., takes into account the transformer stray inductance and any

auxiliary inductance.

Equation (5.51) is used to determine the minimum inductance value

needed in the DAB, since the ZVS operation is a requirement in the

project. In order to guarantee soft switching at least in nominal con-

ditions, the maximum current at rated power and the maximum input

voltage are considered, as follows.

126



5.2 Design of a Dual-Active-Bridge

Ceg V2
1112 mn,max (552>

in,max

Lmin =

At this point, the loss model can be considered to optimize and
validate the circuit parameters. An iterating process is executed un-
til the best conditions are met, by taking into account the following
boundaries:

- nominal power, which has to be guaranteed in all the operating
conditions of the converter;

- overall efficiency;

- minimum inductance value L,,;,, since it is decisive to enable
zero-voltage switching.

Starting from the maximum value L,,.;, the circuit inductance is
gradually decreased. As stated in section 5.1, the RMS inductor cur-
rent is directly proportional to the equivalent inductance L.,. Hence,
the conduction losses are decreased and the converter efficiency 7 is
increased by lowering L.,.

The design process is completed when both the conditions n > n,..f
and L > L,,;, are satisfied. In case this is not possible, the efficiency
resulting from an advanced modulation scheme, such as the triple
phase shift, is considered, otherwise the project specification regarding
the overall efficiency has to be reconsidered.

Table 5.2 summarizes the results of the sizing tool, highlighting the
main design parameters of the DAB converter. An optimal size for
the auxiliary inductor has been selected taking into account for the
nominal power, which defines the upper inductance limit, and the
reactive energy needed for performing the ZVS operation of the DAB
converter, which defines the lower inductance limit.
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Table 5.2: Design parameters of the DAB converter.

Parameter Value | Parameter Value

Input/Output Voltages 300 + 500 V | Output capacitor 0.33 mF

Nominal power 25 kW Output filter capacitor 3.3 mF

Transformer ratio 1 Output filter resistance 3 mf2

Switching frequency 100 kHz Output filter inductor 2.35 pH

Auziliary inductor 5.3 uH Input capacitor 10 mF
99
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Figure 5.18: Variability of the designed DAB converter efficiency with re-
spect to input and output voltage at nominal power (P, = 25 kW).

5.2.3 Numerical Analysis

A numerical analysis has been performed to validate the designed

DAB converter. The converter model described in section 5.1.4 and
the DAB loss model depicted in section 5.1.6 have been implemented
in a simulation environment and the performances of the converter,
in terms of power transfer and efficiency, have been evaluated under
various operating conditions.
Figure 5.18 shows the variability of the converter efficiency with re-
spect to the input and output voltage at nominal power transfer of
25 kW. As can be noticed, the developed DAB is characterized by
an efficiency of 96% in the worst case, when the input voltage is the
lowest admissible by the design (V;, = 300 V). Moreover, the maxi-
mum efficiency of 98.6% resulted at nominal input and output voltage,
fulfilling the technical requirements reported in section 5.2.1.
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Figure 5.19: Experimental setup of 25-kW SiC-based DAB converter.

5.2.4 Experimental Validation

An experimental setup has been carried out with the aim of validat-
ing the numerical results and the performances of the DAB converter
due to the adoption of different modulation techniques. According
to the design parameters achieved from the sizing tool, a prototype
of a 25-kW SiC-based DAB converter has been developed and im-
plemented. Figure 5.19 shows the experimental setup including the
prototype of 25-kW SiC-based DAB converter designed and imple-
mented. The prototype has been connected to a bidirectional power
supply used as voltage source for the input bridge, while a resistive
load has been connected at the output bridge. The efficiency of the
converter has been evaluated by means of a Yokogawa WT3000 Pre-
cision Power Analyzer, while isolated current probes and Tektronix
IsoVu probes were adopted for current and voltage monitoring, re-
spectively.

The preliminary experimental results obtained in case of phase-
shift modulation at 9 kW of power transfer are depicted in figure
5.20. They show a correct functionality of the DAB prototype when
operated at 350 V' and 300 V' for the input and output bridge voltage,
respectively.
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Figure 5.20: Preliminary experimental results obtained with the prototyped
DAB converter at P =9 kW, V;, =350 V and V,,; = 300 V considering a

single phase-shift modulation.

Further experimental tests were performed to characterize the con-
verter efficiency, as shown in table 5.3. Three different operating
points have been experimentally validated and the measured efficiency
resulted in the nearest of 96% for all the tested operating conditions.

Table 5.3: Experimental results obtained with a 25-kW SiC-based DAB
converter.

‘ Test 1 Test 2 Test 3

Input DC Voltage (V) 300 300 300
Output DC Voltage (V) | 300 300 350
Resistive Load (2) 40 30 30
Input Power (W) 2424.3 31125 41739
Output Power (W) 2320.1  2993.0 4013.8
Overall Efficiency (%) 95.70 96.16 96.16
Overall Losses (W) 1042  119.5  160.1

These results are in line with the ones obtained in the numerical
analysis. Indeed, the differences between the efficiencies experimen-
tally measured and the ones obtained with the numerical model are
—0.21%, —0.5% and 0.15% for the first, second and third test case, re-
spectively. This fully confirms the numerical analysis and the goodness
of the experimental results obtained with the implemented prototype.
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Conclusions

In the presented work, design methodologies for BESSs and HESSs
have been discussed considering automotive and stationary applica-
tions. An extensive research activity has been focused on model-based
state estimators for the accurate knowledge of SoC in different energy
storage technologies, such as Lithium-Ion batteries and Dual Layer
Supercapacitors. In particular, different variants of Kalman filtering
algorithms have been investigated and their performances have been
evaluated under various operating conditions. Moreover, an Adap-
tive Square-Root Unscented Kalman Filter (ASR-UKF) has been pro-
posed, which allows for correctly estimating the SoC while overcoming
the typical initialization issue of Kalman filters. A methodology to
extend the estimation task for assessing multiple SoC information in
battery packs has been proposed as well.

Equivalent circuit models have been developed and experimentally
characterized for representing the behavior of Lithium-Ion battery
cells and supercapacitor modules. Their integration with the pro-
posed ASR-UKF and their impact on the system performances have
been evaluated by means of numerical analyses in terms of estimation
accuracy and robustness to parametric variations. Then, the obtained
results have been experimentally validated. In particular, two differ-
ent Lithium cells have been adopted to perform charging/discharging
cycles with the aim of validating the performance of real-time SoC
estimation. The multiple estimation capability of the developed ASR-
UKF has been analysed by emulating a 48 V battery pack in a Hardware-
In-the-Loop testing environment. Moreover, a 48 V supercapacitor
module has been adopted with the aim of experimentally validating
the SoC estimation algorithm under realistic grid power profiles.
Both numerical and experimental results confirm the validity of the
developed algorithms and their feasibility for real-time implementation
in real-world applications.

The power conversion stage in Hybrid Energy Storage Systems has
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been included in the research activity and different DC-DC converter
topologies have been investigated. According to specific application
requirements, a design methodology for Dual-Active-Bridge (DAB)
converters has been developed to optimize both the efficiency and the
performances of the converter. Moreover, a detailed dynamic model
for extensive numerical analysis has been developed, while a loss model
has been adopted with the aim of evaluating the efficiency of the de-
signed DAB converter. Numerical analyses have been performed to
investigate the impact of different modulation techniques in terms of
power transfer capability, efficiency and dynamic performances of the
DAB. Then, the developed DC-DC converter has been prototyped
with the aim of experimentally validating the design methodology and
the considered modulation techniques.

Both numerical and experimental results validate the designed proto-
type and the goodness of the proposed methodology.

In conclusion, this dissertation provides an overall knowledge that en-
ables an effective approach in defining the main aspects related to the
implementation of BESSs and HESSs. This includes the development
of an accurate model-based SoC estimation algorithm, the selection of
appropriate storage technologies and interconnection architectures as
well as the design and implementation of the DC-DC converter.
Future improvements and developments will regard the implementa-
tion of the proposed estimation methodology in different real-world
applications, such as high voltage battery packs and complex hybrid
storage systems for Electric Vehicles as well as for grid ancillary ser-
vices. This will allow to evaluate the impact of the accurate SoC
knowledge on advanced power allocation control algorithms. On the
other hand, additional DC-DC converter topologies can be investi-
gated for extending the analysis presented in this dissertation. Fur-
thermore, the performance optimization by means of advanced control
strategies for an online selection of the optimal modulation technique
can be investigated and the experimental analysis can be extended in
different operating conditions.
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