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Abstract

ABSTRACT

In recent years, many research lines have focused their efforts on improving energy
efficiency and developing renewable energy sources. In this context, the use of energy storage
systems is on the rise, as they can contribute to the integration of renewables to the main electrical
grid. However, energy storage systems are divided into high energy or high power devices. Due
to the lack of a solution covering both aspects, researchers are forced to find alternatives. The
hybridization of different energy storage technologies is presented as a suitable solution for this

problem, since it combines high power and high energy within the same system.

The main goal of this thesis is the design and implementation of a hybrid energy storage
system (HESS), capable of improving the performance provided by a single storage technology.
As a first step in this direction, this document reviews and classifies the most relevant HESS
topologies found in the literature. This allows a better understanding of the drawbacks and

benefits of each configuration.

To ensure the optimal use of this HESS, it is essential to design a suitable energy
management strategy and a proper power electronic converter control. To this end, the control
structure has been analyzed from different approaches. On the one hand there would be the classic
multilevel control structure, which usually consists of three levels among which are the operating
constraints, the power sharing and at the lowest level the control of the converter. On the other
hand there would be the single level control structure in which both, the power distribution and
the control of the converter, are integrated within the same level by using modern MPC control

algorithms.

Finally, three different case studies are presented to show the practical application of the

developed control strategies together with the main conclusions of the thesis.

Keywords: Hybridization, Energy storage systems, Batteries, BMS, Model

predictive control, MPC, topology.
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Laburpena

LLABURPENA

Azken urteetan, ikerketa-lerro askok eraginkortasun energetikoa hobetzeko eta
energia berriztagarriak garatzeko ahaleginak egin dituzte. Testuinguru honetan, energia
metatze sistemen erabilera geroz eta handiagoa da, berriztagarrien integrazioa sare
elektrikoarekin erraztu dezaketelako. Hala ere, energia altuko edo potentzia altuko
metatze sistemak bakarrik aukeratu daitezke. Horregatik, ikertzaileek alternatiba berriak
bilatzera behartuta daude. Energia metatze sistema desberdinen hibridazioa, arazo horri
irtenbidea ematen dio. Honekin, potentzia eta energia maila altuak sistema bakar batetan

batu daitezke.

Tesi honen helburu nagusia, energia metatze sistema hibrido (HESS sigla,
ingelesetik Hybrid Energy Storage System) bat diseinatzea eta inplementatzea da. Sistema
honek, teknologia bakar batek eskaintzen duen errendimendua hobetzeko gai izan
beharko luke. Lehen urratsa bezala, dokumentu honek literaturan aurkitutako topologia
hibrido garrantzitsuenak laburbildu eta batzen ditu. Honi esker, konfigurazio bakoitzaren

abantaila eta desabantailak hobeto ulertzea ahal da.

HESS honen erabilera optimoa bermatzeko, ezinbestekoa da energia kudeatzeko
estrategia on bat diseinatzea bihurgailu elektronikoaren kontrol egokiarekin batera.
Horretarako, kontrol egitura ikuspegi desberdinetatik aztertuko da. Alde batetik, maila
anitzeko kontrol egitura klasikoa egongo litzateke, normalean hiru mailaz osatua
dagoena. Goi mailan funtzionamendu eta segurtasun mugak egongo lirateke, erdiko

mailan potentzia banaketa, eta azkenik bihurgailuaren maila baxuko kontrola.

Bestalde, maila bakarreko kontrol egitura egongo litzateke non mugak, potentzia
banaketa eta bihurgailuaren kontrola maila berean integratzen dira kontrol iragarleko

algoritmoen bidez (MPC).
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Laburpena

Azkenik, hiru kasu desberdin aurkezten dira garatutako kontrolen aplikazio

praktikoa erakusteko tesiaren ondorio nagusiekin batera.

Funtsezko hitzak: Hibridazioa, Energia metatze sistemak, Bateriak, BMS,

Ereduan oinarritutako kontrol iragarlea, MPC, topologia.
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Resumen

RESUMEN

En los tdltimos afios, numerosas lineas de investigacion han centrado sus esfuerzos
en mejorar la eficiencia energética junto con el desarrollo de fuentes de generacion
renovables. En este contexto, el uso de sistemas de almacenamiento de energia estd al
alza, ya que estos pueden contribuir a la integracion de las renovables en la red eléctrica
convencional. Sin embargo, la necesidad de elegir entre dispositivos de alta energia o alta
potencia, obliga a los investigadores a buscar otras alternativas. La hibridacién de
diferentes sistemas de almacenamiento se presenta como una solucién apropiada para este

problema, ya que combina alta energia y alta potencia dentro de un mismo sistema.

El objetivo principal de esta tesis es el disefio e implementacion de un sistema
hibrido de almacenamiento de energia (sigla HESS, del inglés Hybrid Energy Storage
System), capaz de mejorar las prestaciones que proporcionaria el uso de una unica
tecnologia. Como primer paso en esta direccion, en este documento resume y clasifica las
topologias de hibridacién mds relevantes encontradas en la literatura. Esto permite una

mejor comprension de los beneficios e inconvenientes de cada configuracion.

Para garantizar el uso 6ptimo de dicho HESS, es esencial disefiar una estrategia
adecuada de gestion de energia junto con un control 6ptimo del convertidor electrénico
de potencia. Para lograr este fin, la estructura de control ha sido analizada desde diferentes
enfoques. Por un lado se encontraria la estructura de control multinivel clésica, la cual
generalmente consta de tres niveles. En el nivel mds alto se encontrarian las restricciones
operativas y de seguridad, en el intermedio se encontraria la division de potencia, y por

ultimo el control de nivel bajo del convertidor.

Por otro lado, se encontraria la estructura de control de un tnico nivel, en la que
tanto las restricciones, el reparto de potencia y el control del convertidor se integran

dentro del mismo nivel mediante algoritmos de control predictivo (MPC).
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Resumen

Finalmente, se presentan tres casos de estudio para mostrar la aplicacion préctica
de las estrategias de control desarrolladas junto con las principales conclusiones de la

tesis.

Palabras clave: Hibridacion, Sistemas de almacenamiento, Baterias, BMS,

Control predictivo en base a modelo, MPC, topologia.
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Glossary of Abbreviations and Variables

GLOSSARY OF ABBREVIATIONS AND VARIABLES

Abbreviations
AC Alternating current
BMS Battery management system
CAES Compressed air energy storage
CC Constant current
CCS Continuous Control Set
Cv Constant voltage
DC Direct current

DFIG Doubly-fed induction generator

DOD Depth of discharge

DPC Direct power control

DTC Direct torque control

ESS Energy storage system

EV Electric vehicle

FC Fuel cell

FCS Finite Control Set

FES Flywheel energy storage
FOC Field-oriented control

GPC Generalized predictive control
HESS Hybrid energy storage system
HEV Hybrid electric vehicle

LFP Lithium iron phosphate

LPF Low pass filter

MIMO Multi-input multi-output

MOSFET Metal-oxide-semiconductor field-effect-transistor
MPC Model predictive control

MPPT Maximum power point tracking

NPC Neutral point clamped
ocv Open circuit voltage
PbA Lead-acid battery

Hybrid Energy Storage Systems via Power Electronic Converters XV



Glossary of Abbreviations and Variables

PEC
PHES
PI
PID
PLL
PSoC
PV
PWM
RMS
SMES
SOC
SOH
uC
UPS
VOC
VRB

Power electronic converter

Pumped hydroelectric energy storage
Proportional integral

Proportional integral derivative
Phase-locked loop

Partial State of Charge

Photovoltaic

Pulse width modulation

Root mean square

Superconducting magnetic energy storage
State of charge

State of health

Ultracapacitor

Uninterruptible power supply
Voltage-oriented control

Vanadium redox battery (or Vanadium redox flow battery)

Symbols and variables

QEF“ﬁth»%NN'\mU&OQwT»
N =

State (or system) matrix (continuous time)
Input matrix (continuous time)

Capacitance [F]

Output matrix (continuous time)

Duty cycle

Feedforward matrix (continuous time)

Stored energy [Wh]

Frequency [Hz]

Current [A]

Identity matrix

Cost function

Discrete time step

Inductance [H]

Natural number

Real power [W]

Resistance [Q]

Time [s]

Switch position, input (or manipulated) variable
Change in switch position

Sequence of switch positions (switching sequence)

xvi
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=
<

- > < =

Subscripts

Ag
B,
Cu

A&

Superscripts

ok

1

l'P

Operations

dx/dt

X

e

xS

Voltage [V]
State variable
Output variable
Weighting factor
Time constant [s]

State (or system) matrix (discrete time)
Input matrix (discrete time)

Output matrix (discrete time)
Feedforward matrix (discrete time)
Switching frequency [Hz]

Integral gain factor

Proportional gain factor

Prediction horizon

Number of cells in parallel

Number of parallel phases of the synchronous buck converter

Number of cells in series

High frequency component of real power [W]

Low frequency component of real power [W]
Drain-source on state resistance of the MOSFET [Q]

Sample time [s]
Optimal switch position

Optimal sequence of switch positions (or input variables)

Dynamic part of the output voltage of the cell [V]

Current tracking error
Absolute current tracking error
Weighting factor of the switching effort

Current reference
Predicted current

Time derivative of the variable x
Exponential of the variable x
Variable x belongs to the set S
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{a, b, ..} Set consisting of the elements @, b and so on

[a, D] Closed interval between ¢ and b
| x| Absolute value of variable x
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Chapter 1
Introduction

Chapter 1

INTRODUCTION

This chapter introduces the research work with a brief description of the actual
energy system situation. In this context, it is important to highlight the intention of public
administrations to promote renewable energy production and develop energy efficiency
plans. To make this possible, energy storage systems will play a decisive role in the near

future.

Apart from that, the contributions made during the thesis have been summarized

and the outline of the document is presented.
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1.1 Background and State of the Art

1.1 Background and State of the Art

The energy efficiency is one of the main roadmaps for the European Union (EU) in
the coming decades. Among the different programs promoted by public institutions,
Horizon 2020 is the most important one at European level. Within this strategic program,
the effort is focused on the fulfillment of climate and energy objectives until 2020, with

the following targets in mind [1]:

*  20% cut in greenhouse gas emissions. (from 1990 levels)
* 20% of EU energy, generated by renewable energy sources.

* 20% of improvement in energy efficiency.

But the H2020 is not an isolated program, it will be succeeded by a framework
program that is already being developed. In this sense, one of the main targets of this long
term strategy, is the development of resource-efficient technology solutions to
decarbonize the energy system in a sustainable way [2]. The decoupling of economic
growth from the consumption of resources is one of the key issues to decrease the

dependence on fossil fuels. In such a case, a better use of raw materials could be achieved.

The development of efficient energy management systems and the increase in
renewable energy production is of great importance. New ways should be explored to
save energy and considerably increase the share of renewable sources in the total energy
supply. However, these actions have to be linked to a stable and safe electricity supply,

which is not a trivial task when working with stochastic renewable energy sources.

The low predictability is the main problem of renewable energy sources, but not the
only one. With the integration of renewable energy sources with the main electrical grid,
stability problems are appearing. This is a direct consequence of the absence of inertia in
the system, due to a reduction in the number of synchronous generators [3]—[5]. These
two factors, together with the fact that these energy sources are not always available when
needed, contribute to the development of grid connected Energy Storage Systems (ESSs)

[6]. Several projects have been carried out in recent years to solve that issue [7], [8].

Nevertheless, the electricity market is not the only one promoting the use of energy

storage to improve application performance. In grid connected traction applications such

20 Hybrid Energy Storage Systems via Power Electronic Converters
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Fig. 1.1 Evolution of Li-Ion battery energy density and cost. [23]

as the elevator [9]-[15] and the railway industries [16]—[22], the use of batteries and ultra-
capacitors has already become a reality. The same happens with electric vehicles, where
the price of the batteries was the main obstacle for their commercialization in the past.
However, this trend is set to change because Li-ion batteries are becoming increasingly

price competitive (Fig. 1.1).

Traction applications have the particularity of combining constant consumption
patterns together with transient high power levels, as occurs in accelerations and
regenerative braking. This working mode can induce great stress in such storage devices,
reducing their lifespan. To date, the solution to this problem has been to oversize ESSs
entailing additional costs, volume and weight. Although the majority of current
applications contain only one energy storage technology, the hybridization of different

ESSs is gathering interest as it combines the advantages of different storage devices.

In this context, the implementation of Hybrid Energy Storage Systems (HESSs) has
been studied for different applications with satisfactory results. Normally, hybridization
is designed to handle independently the average consumption and power transients. These
types of systems consist of at least two different storage devices: long-term and short-
term devices. The former are characterized by having a relatively high energy density,
whose job is to provide the average power required by the application. The short-term
devices, however, have a high power density used for managing power transients. The
classical operating mode consists of separating the current depending on its dynamics.
The high power density device is responsible for absorbing the fast dynamics of the

current, while the high energy density storage device absorbs the slow dynamics. There

Hybrid Energy Storage Systems via Power Electronic Converters 21



1.2 Applications of Hybrid Energy Storage Systems
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Fig. 1.2 Ragone plot of main battery energy storage technologies for gravimetric (Kg)
characteristics. Analysis resume from [24]-[27].

exist other methods like state machines and virtual impedances, but the most suitable
method to perform the power sharing will ultimately depend on the application

requirements.

Apart from the benefits that the storage hybridization offers, providing a
satisfactory solution is not an easy task in most cases. Depending on the HESS
optimization level, it can be difficult to ensure its economic feasibility. Therefore, correct
device selection and the proportion of each storage technology in the HESS are
determining factors. For this work, the Ragone Plot (Fig. 1.2) is used as a first step since
it offers a comparison of different ESSs depending on their values of specific energy

(Wh/kg) and specific power (W/kg) [28].

1.2 Applications of Hybrid Energy Storage Systems

The hybridization of different ESSs is gaining interest because of the technical
improvements it offers. The HESS concept provides several degrees of freedom, starting

with the control and power sharing methods and following with the hardware and

22 Hybrid Energy Storage Systems via Power Electronic Converters
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Fig. 1.3 Most common applications where HESSs are used.

connection topologies. For that reason it has been used for different applications, of which

the most important ones are shown in Fig. 1.3.

The standard HESS configuration consists of at least two different ESS
technologies working together. Nevertheless, despite using only two storage devices,
there exist several ways to interconnect them to the common energy bus as it is shown in
Chapter 2. Leaving aside the different connection modes, since these will be analyzed in
depth in the following sections, the parallel connection of both storage devices will be
considered as an example. In microgrid applications is very common to find this type of
connection together with multiple energy sources and loads in the same energy bus. A
comprehensive example of this is shown in Fig. 1.4, where the HESS, solar panels and
loads are connected to a common DC bus. The HESS should maintain the bus voltage as
constant as possible storing or providing energy to the system. The constant consumption
would be fulfilled by the high energy density storage device (battery) while the high

power density storage device (ultracapacitor) would do so with the power spikes. In this

HESS
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Fig. 1.4 DC bus connected HESS with multiple energy sources and loads.
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case there also exists an interconnection between the DC bus of the microgrid and the

main electrical grid, thus providing bidirectional power flow between both.

The power consumption profile in traction applications is slightly different, since
the power required to accelerate is much higher than the average power. For these reason,
the maximum power managed by the high energy density storage device, is limited to a
safe value. On the other hand, the high power density storage device must be able to
deliver the rest of the power required by the electric drive. An example of this working
mode is presented in Fig. 1.5. Together with this, if the high energy density storage device
is not able to react fast enough to an abrupt power increase, a change rate limit can be

applied to its power reference.

Apart from the typical traction application where the hybridization is implemented
to separate energy and power, there are others in which the HESS is performed with
different purposes. In this sense, the hybridization is not only limited to the combination
of different storage technologies. Within the same technology, there are batteries with
differing features. In this sense there can be found batteries with high endurance against
deep discharges, while others are only able to last for long if remain most of the time in
floating mode. These two features can be used in a complementary fashion for some
particular applications, such as stand-alone systems with constant consumption loads. The
aim in these cases, is to make the most of the virtues of each battery so that the system
does not run out of energy. In this context, the main battery is responsible for providing
the daily consumption. While the secondary battery, works as an uninterruptible power

supply (UPS) supporting the energy demand of the load when the principal battery is

A == (Consumption power profile.
g /) HESS , DC === Power supplied by the UCs.
o] [ > 1 ies.
i %\ = bus Power supplied by the batteries
J" \ —_ A
) Time [s] - Batt. = (—P-) = /\
P =) K — q"‘ \\
_ > 23 5 I
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S | Induction /
E l uc = machine Time [s]

Time [s]

Fig. 1.5 HESS power sharing example in traction application.
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depleted. This configuration has been proposed for similar applications [29], [30], where

Lithium Ion batteries are combined with lead acid batteries.

For this kind of applications, the main battery is sized so that the secondary battery
only has to be brought into operation a few times during the year. Following this criterion,
the main ESS would be sized for the daily consumption requirements, for which the deep-
cycle battery is selected. While the secondary ESS would consist of the battery specific
for floating operation. In any case, the combination of batteries for cycling and floating
operation does not necessarily require the use of Li-lon technology. Within PbA

technology low cost alternatives can be found for such application (Fig. 1.6).

In addition, there are other reasons why the hybridization of batteries with other
storage technologies is of interest. The increment of the internal resistance due to aging
effects, can make the batteries unable to reach the energy and power requirements of some
applications such as electric vehicle (EV). However, there is the possibility of making the
most of these batteries by operating at less demanding current rates, such as in residential
applications [31], [32]. One possible way to achieve this is by the hybridization of these
reduced performance batteries with UCs (Fig. 1.6). Nevertheless, not all batteries are
good candidates for a potential second life use. Among the different battery types, LiFePO
is one of the few technologies suitable to be given a second life, proving its feasibility in
a laboratory environment [33], [34]. On the contrary, NMC technology has been tested
for second-life use with less satisfactory results due to their fast degradation after reaching
the ‘ageing knee’ [32]. The reuse of these so-called ‘second life’ batteries, can contribute
to the reduction of the initial outlay in several applications. In the same vein, it serves as
an efficient way to fully exploit the batteries before being disposed. But there are other
technical considerations that should be taken into account, since the performance of
second life batteries strongly depends on their first life usage. In the same way, the

economic success is directly influenced by this factor as well.

Cycling Floating

-o- — —

=
ﬁ =\ gag |+ Fe ki vs [
Lead Acid (PbA) Lithium
Lithium Second Life Low Cost Technology Improvement

Fig. 1.6 Example of future potential HESS applications.
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In any case, the hybridization concept offers multiple possibilities, as well as

advantages and drawbacks as shown below.

The main advantages of HESSs are:

Performance improvement: A case in which the hybridization could be useful, is
when the instantaneous peak power is very high compared to the average power of
the application. Additionally, in pulsed power applications, the hybridization of
batteries and UCs achieves a reduction in the ripple content of the battery current, a
fact which has been studied by many authors. As a result of this, it is possible to
extend the battery life and provide better system performance. This will depend on
the energy of each pulse, and the frequency of the pulsed consumption pattern.

Space saving: For high instantaneous power applications, it is necessary to oversize
the battery-pack in order to fulfil the peak power requirements. Some studies
suggest that the use of HESSs makes it possible to obtain a smaller pack rather than
using only one ESS technology.

Cost saving: If the proportion of each storage technology that constitute the HESS
is optimally selected, the final device will not only be more compact, but also cost
effective. Together with this, if ‘second life’ batteries are used the initial outlay can
be significantly reduced.

Reuse of batteries: Hybridization concept makes it possible to take disposed
batteries from demanding applications and reuse them for less demanding
applications in complementary fashion with another storage technology.

Although the use of HESSs has advantages, there are some drawbacks as well:

Initial outlay: The number of elements directly influences the final price, which may
hamper the cost-effectiveness of the system. In some cases, the technical advantages
offered by the HESS cannot justify the capital outlay. Thus, finding the best
relationship between technical and economic aspects is of crucial importance.

Complexity: Together with the points mentioned above, a greater amount of
elements increases the overall system complexity.

Reliability: A higher number of installed elements such as ESSs, control strategies
and PECs, entails a greater failure probability of the system.

Control: Another issue is the amount of different strategies that can be implemented
in order to obtain a proper control of the HESS.

26
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1.3 Degradation Mechanisms

In recent years, much is being said about the proper use of batteries and their
lifespan extension. The way in which these batteries are used is a determining factor for
that. In this context, there are several elements that negatively affect the battery life

expectancy in power applications.

The principal factors that affect battery degradation are the temperature, high
current rates, Depth of Discharge (DOD) and State of Charge (SoC). Indeed, not all
factors affect each battery technology in the same way nor in the same proportion. In the
case of high temperature and high current rates, it is widely known the negative impact
of both factors for the great majority of battery chemistries [35]-[38]. However, taking
PbA and Li-Ion batteries as an example, PbA technology results more affected under high
temperature and current rates. In the case of DOD, although both technologies are affected
when extremely depth discharges are performed, Li-Ion batteries are better able to handle
this type of situations. With regard to the SoC, this affects both technologies almost
inversely. While PbA experiments less degradation keeping it at high charge levels
(floating mode), it is preferable to maintain the Li-Ion in a medium level SoC (between
20% and 80%) since out of this range its lifespan is reduced, particularly at high SoC
[39]-[44].

Among the different degradation factors, temperature and current rate have the
greater impact on the reduction of the battery life. Between both, we only can act upon
the second one trying to reduce the stress suffered by the internal chemistry of the battery
due to the high current rates. The main problems come from the heat generated due to
high currents. As a result, this leads to an increase in Joule effect power losses which ends
up causing excessive internal heat in the cells. This directly affects the behavior of the
battery reducing its service life. In this context, the hybridization of these batteries with
other storage devices (such as UCs) capable of providing high power peaks, may be the
most suitable solution to consider. This will not only reduce the size of the storage system,

but also its cooling system, if any.

Limiting the current rates in PbA batteries is not only a matter of trying to improve

the instantaneous performance of the battery, but also a way of extending its service life.
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This internal stress in PbA batteries, causes a temporary reduction in usable energy since
the active material of the battery does not come into play in its entirety. But not only that,
this intense use can reduce their service life due to different degradation mechanisms.
Following on this subject, Li-Ion batteries present a higher robustness, indeed they are

only affected if such current rates are much higher than for PbA.

As mentioned before, temperature is another key factor when working with
batteries. It has direct influence in safety, performance and lifespan. Although the
temperature does not affect all technologies in the same way, all are negatively affected
by high temperatures. In PbA batteries for example, according to the Arrhenius law for
every 10 degrees of increase in temperature, their life expectancy is reduced by half. Other
battery technologies such as Li-Ion do not follow such degradation pattern, but they can
present severe security problems. In this sense, if temperature is not maintained within
safe limits, it is possible to trigger a chain reaction in which the battery can burn or even

explode.

Nevertheless, high temperature operation is not the only factor that causes
degradation in Li-Ion batteries. Low temperature conditions together with high charge
rates may result in another way of degradation known as lithium plating [1]. Working
under nominal conditions, there is no metallic lithium in the cell. However, under the
charge conditions mentioned above, deposition of metallic lithium can occur. Depending
on the anode material, the susceptibility of the cell to lithium plating varies [45]. On the
one hand, graphitic anodes are more susceptible to lithium plating while on the other

hand, lithium titanate anodes are less susceptible [45].

1.4 Objectives

The main goal of the thesis is the performance improvement of the existing energy
storage systems, batteries in particular. To this end, the hybridization of different energy
storage technologies has been considered as a promising option. The hybrid system
should be able to provide high power and high energy at the same time. However, there

is no single solution for all cases. In this sense, the design should be adapted in order to
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obtain the best technical solution for each case study. The following objective is proposed

to carry out this thesis.

Design and implementation of a Hybrid Energy Storage System, capable of

improving the performance provided by a single storage technology.

To accomplish this main objective, the following points are fixed to divide the work

to be carried out:

* HESS topology selection: Gathering and comparison of the most commonly used

HESS topologies currently proposed in the literature.

* Control strategies: Revision of the currently used control strategies for these

types of devices, as well as making an analysis of modern controls such as MPC.
* Simulations: Validate the topology and the control strategy via simulations.

* Experimental validation: Construction of an experimental platform to validate
the simulations. This will require the design and building of bidirectional DC-DC

converters.

1.5 Outline of the Thesis

Fig. 1.7 describes the structure of the thesis, gathering the different chapters
according to the part of the work they represent.

As it can be seen in this figure, during Chapter 2 State of the Art references and
publications about hybrid energy storage system topologies are reviewed. Therefore, a
classification of the most relevant HESS topologies has been performed. To this end, a
comprehensive analysis of the literature has been carried out. The benefits and drawbacks

of each topology are presented and compared, so as to serve as an aid in future designs.

In Chapter 3, an overview of the most important energy storage systems is carried
out. Together with this, the main requirements that have to be considered for battery and
UC sizing are described. In this sense, some sizing examples are presented. Finally,

battery and UC basic modeling techniques are explained.
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In Chapter 4 our purpose is to develop the mathematical models of the hardware.
The main purpose of this, is to develop a suitable controller design based on that models

and serve as an aid for the control of the system.

Chapter 5 gathers the currently used control strategies for power converters together
with modern control techniques. Multilevel and single-level control strategies are
presented. Furthermore, different power sharing methods are analyzed in order to perform

a suitable power distribution within the HESS.

Final Chapters (Chapter 6, Chapter 7, and Chapter 8) are focused on the
experimental validation of the control techniques mentioned previously. Different

scenarios are presented to finally validate the hybrid system in a real setting.

Finally, in Chapter 9 the most relevant conclusions and remarks are collected

together with future research lines.

Y
Chapter 1 Introduction
Y
Chapter 2 Hybrid Energy Storage System Topologies
A

Y

Chapter 3 Energy Storage Systems

S —

Y

Chapter 4 Hardware Modeling

S

Y

Chapter 5 Control Structures

.

Chapter 6 Case study I: PI vs FCS-MPC and CCS-MPC

Chapter 7 Case study II: Output Voltage Control

Experimental
Validation

Chapter 8 Case study I1I: DC-DC Hybrid System

Chapter 9 Conclusions and Outlook

Fig. 1.7 Structure of the chapters of the thesis.
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1.6 Scientific Contributions

* C(lassification of Hybrid Energy Storage System topologies.
In this work, we propose a novel way of classifying Hybrid Energy Storage System
(HESS) topologies. The classification is performed according to different
parameters, such as the intermediate conversion stages or the layout. Following the
abovementioned classification, benefits and drawbacks of each topology are

analyzed and compared.

* Single stage MPC for the HESS control
It is worth mentioning the novelty of using together the converter and storage device
models for the control of a HESS using FCS-MPC. While other authors separate
the MPC controller stage into different levels [46], [47], in this work all the
necessary parameters to control the HESS were included in a single MPC cost
function. This makes the algorithm more legible when programing while at the

same time increases its execution speed.
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Chapter 2
HYBRID ENERGY STORAGE SYSTEM

TOPOLOGIES

During this Chapter State of the Art references and publications about hybrid
energy storage system topologies are reviewed. Therefore, a classification of the most
relevant HESS topologies has been performed. To this end, a comprehensive analysis of
the literature has been carried out. The benefits and drawbacks of each topology are

presented and compared, so as to serve as an aid in future designs.

Finally, main conclusions are resumed where the most interesting solution is

presented. This will serve as a useful basis for the development of the research project.
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2.1 Classification of HESS topologies

Several HESS topologies can be found in the literature, the majority of them
focused on the hybridization of different ESSs operating in direct current (DC). However,
the classification of different HESSs is not an easy task since certain authors refer to the
same topologies using different nomenclatures. The present work therefore, sets out to
classify HESS topologies in a unified way (Fig. 2.1). The first level in the chart refers to
the connection mode between the storage devices and the energy bus. If the storage
devices are connected to the bus by means of a PEC, the topology is considered
Decoupled. On the other hand, if one or more storage devices are plugged directly into

the energy bus in any of their operating modes, it is considered Coupled.

The following subdivision, depends on the interconnection between the different
ESSs. For Decoupled topologies, in the case of having one single converter per storage
device entirely dedicated to it, that topology is denominated as Fully Decoupled.
Otherwise, it is classified as Partially Decoupled. Within the Fully Decoupled group,
Cascaded and Parallel connection modes can be found. The difference between each,

depends on the layout of the HESS.

In the case of Coupled topologies, as with Decoupled, those are divided into
Partially Coupled and Fully Coupled configurations. The latter, frequently referred to as
‘Passive Parallel’, has the particular feature of having all the energy storage devices

plugged directly into the DC bus.

With regard to Partially Coupled topologies, these are divided into two subgroups:
Directly Connected and Switch Connected. In the Directly Connected architecture, one of

the energy storage devices is plugged directly into the DC bus without any type of

Connection with

Decoupled
the DC or AC bus up Coupled
Connection l?etween Bl Fully Partially Fully
ESS devices |
Layout | '
}.]— Cascade Parallel Directly Switch
Connection mode connected connected

Fig. 2.1 HESS topology classification scheme.
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interfacing system. While in the Switch Connected configuration, the storage devices
remain isolated from the DC bus by means of a switch-diode set. In such cases, the
connection moment and the energy transfer between the DC bus and the ESSs, can be

partially controlled depending on the position of the diodes.

For some specific HESS configurations it is possible to install a diode in parallel to
the PECs with the aim of bypassing them for some operating points [48]. The prime
purpose of this, is to reduce the converter energy losses for high power handling
applications such as electric vehicle (EV) [49], [50]. The disadvantage of this
configuration is, however, its lack of discharge current control. Nevertheless, this
bypassing technique has often been implemented in a number of the HESS topologies
exposed in this review. These include the Fully Decoupled, DC bus connected Partially

Decoupled and 2ESS Directly Connected topologies.

Many studies have been carried out to compare the performance of different HESSs
[48], [49], [58]-[63], [S0]-[57], but there is no single solution for every application.
Besides, the behaviour of the installed storage technologies could influence the HESS
topology selection. In the same vein, the unidirectional or bidirectional working mode of
the bus-connected devices (Fig. 2.2) also has impact on the final decision. These types of
systems composed of multiple devices connected to the same energy bus, together with

ESS units constitute the basic structure of modern microgrids [64].
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Fig. 2.2 Multiple DC bus connected devices.
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2.2 Coupled topologies

2.2.1 Fully coupled

A greater number of power electronic converters increases the complexity and the
power losses of the system. For this reason, simple and control-less topologies are also
used. One clear example of this is the Fully Coupled topology (Fig. 2.3), also known as
‘Passive Parallel’. As in any type of hybridization, the main purpose of this configuration
is to obtain a HESS pack with better characteristics than using only one storage
technology. In this topology there is no control of the power sharing among the storage
devices and it depends on the internal resistance of each ESS [65]. For this reason, the
performance of both ESSs cannot be completely harnessed. In spite of this, the Fully
Coupled topology has proved to offer an acceptable outcome for transient power events.
It has been analysed in depth [66], [67] via simulations for constant and pulsed power
loads with notable results. For constant consumption, the HESS has no noticeable
enhancement compared to battery only ESSs. However, this topology shows a
performance improvement in the case of pulsed power loads, due to the recharging of the
UCs by the battery between each consumption pulse. In some other cases, this connection
mode is used to prolong the battery life by using the UC as a peak power buffer [68]. In
the same way, it was tested for vehicle start-stop applications [69]. In [70] a lead-acid
battery only system, was compared to a UC-battery HESS for a nuclear plant
uninterruptible power supply (UPS) application. In that particular case, despite PEC

absence, this topology made it possible to reduce the installation space.

Apart from the typical configuration detailed above, there is a particular case where
a switch-diode set is installed between both ESSs. This allows the disconnection of one
storage device if necessary. Such a configuration was used in [71] for hybrid electric
vehicle (HEV) application, where the regenerated energy was stored only in the UCs

while preventing an uncontrolled battery recharge.

DCbus

| | L
=+ H

Fig. 2.3 Fully coupled HESS topology.
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Benefits:

Due to the lack of PECs, the cost and volume of the HESS are reduced.

The implementation of a control strategy is unnecessary.

Drawbacks:

The DC bus voltage, depends directly on the SOC of the storage elements.

If a wide DC bus voltage variation is not allowed, the UC bank power capacity
cannot be fully exploited.

It is not possible to carry out an optimal power distribution between the different
energy storage devices.

If a higher bus voltage is required, an ESS serialization is completely necessary. A
BMS is essential in that cases, which increases the complexity and the overall cost
of the system.

The considerable self-discharge of the UCs will also affect the battery SOC when
the HESS is not used for a prolonged period of time.

In the assembly and start-up moment of the HESS, it is necessary to carry out a UC
pre-charging process before the battery-UC parallel connection, as mentioned in
[72]. Otherwise, due to the voltage difference between the storage devices, high
current levels could appear causing serious damage in both.

Controlled energy transfer between both storage devices is not possible with this
topology.

2.2.2 Partially coupled

The topologies under this denomination are characterized by having at least one of

the storage devices connected to the energy bus. This connection can be performed

directly without any type of interface elements, or by means of a diode-switch set.
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Fig. 2.4 Directly connected HESS topologies.
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Therefore, the Partially Coupled topologies have been classified into Directly Connected

and Switch Connected.

With regard to Directly Connected architectures, different configurations can be
found in the literature in terms of ESS type, quantity and location of each device.
Moreover, as can be seen in Fig. 2.4, there are two and three ESS configurations. Directly
Connected 2 ESS configurations have gained interest for EV and photovoltaic (PV)
applications, mainly thanks to their relative simplicity of control and reduced number of
components. For this reason many authors have used them in their research [73]-[76].
There are two similar connection modes comprising this configuration. One has the UC
bank directly connected to the bus, while the battery is decoupled by a DC-DC converter
(Fig. 2.4a). Conversely, the second has the storage devices located in an inverted position
(Fig. 2.4b). Both configurations have been widely used, but the one with the UC bank
directly connected to the DC bus arouses greater interest. One of the reasons is its ability
to absorb bus voltage variations without affecting the battery. The charge and discharge
process of the battery can be accurately controlled, and thus extending its service life.
Furthermore, as there are no interface elements between the DC bus and the UCs, the

energy recovered from a regenerative braking can be more efficiently stored [76] [77].

The Fig. 2.4b connection mode is often implemented to improve the performance
of systems formerly operated only by batteries. In this regard, in many lead acid powered
applications, a UC - PEC set is added to the battery with the aim of extending the service
life of the latter [72], [75], [78]-[83]. Due to the large amount of power managed by the
UCs, a high power converter needs to be designed. An example of this, would be the 16

phase buck-boost interleaved converter built in [62] for traction applications.

In terms of interconnection with external equipment, these HESSs are normally
connected to energy sources and loads by means of the DC bus. However, for some PV
applications the converter responsible for implementing the maximum power point
tracking (MPPT) algorithm is connected to the UC bank rather than the DC bus [75]. In
such cases, the UC bank acts as a low pass filter supplying a smoother current to the

battery.
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Normally, the choice of using two ESSs for the HESS construction prevails over
the multiple device options. However, combinations of standard topologies are sometimes
used to create three ESS hybrid configurations (Fig. 2.4c and d). In this sense, different 3
ESS topologies composed of batteries, FC units and UCs have been studied in [84]—[86].

In Fig. 2.4c configuration, the regenerated energy can be stored in both the UCs and
the battery. According to Bauman et al. [84], this topology is one of the most promising
3 ESS hybridization in the literature. Similarly, the same topology is used in EV
applications with the particularity of exchanging the battery and UC positions [86]—[89].
This configuration has the disadvantage of using a high power converter to connect the

battery with the DC bus.

The Fig. 2.4d topology was presented in [84], in order to improve the previous 3
ESS system performance. Compared to Fig. 2.4c topology, the mass, cost and power
losses are minimized due to the converter size reduction. There are two different options
in this architecture for interfacing the battery and the UCs. On the one hand, the first
option consists of installing a diode allowing only the discharge of the battery, whilst, on
the other hand, the incorporation of a switch-diode set allows the battery to charge from
the DC bus. The latter option offers more operational flexibility, due to the battery

charging capacity when a regenerative braking occurs.

Benefits:
* The direct connection of one storage device reduces power losses, as well as the

overall cost of the system.

* It is possible to control the energy transfer between the storage devices. In Fig. 2.4
(d), this controllability is reduced due to the intermediate PEC suppression.

2ESS configuration:

* In Fig. 2.4 (a), the battery charge and discharge processes can be properly
controlled, in this way lengthening its life.

* In Fig. 2.4 (b), the UC power capacity can be exploited in its entirety. The PEC
located between both ESSs, allows the extraction of the energy stored in the UC
bank without affecting the bus voltage.
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Due to the characteristics of each storage technology, the bus voltage will remain
more constant in configuration (b) than in (a).

3ESS configuration:

In both topologies, it is possible to store the regenerated energy not only in the UC
but also in the battery.

The (c) configuration, offers an accurate battery charge and discharge control due
to the bidirectional converter.

All the converters used in (d) are unidirectional, which means a decrease in cost and
control complexity.

The charge process efficiency is higher in (d) than in (c) due to the single conversion
stage between the FC and the battery.

Drawbacks:

In general, the directly connected storage device capacities are not completely
harnessed.

The DC bus voltage will depend on the SOC of the directly connected device.

For high bus voltages, ESS serialization is unavoidable.

2ESS configuration:

A wide DC bus voltage variation will occur in (a) if the UC bank is used in its
entirety.

In configuration (b), the battery energy is indirectly managed by controlling the UC
currents, which is quite inaccurate.

The PEC of (b) needs to be sized for managing the full power of the UCs, which
increases the cost and size of the system.

3ESS configuration:

The energy flow from the FC to the battery in (c) configuration needs to pass
through two PECs, thus increasing the power losses.

In contrast to the converters used in (d), those from (c) can manage more power,
which increases the cost and size.

In configuration (d), the switch and diodes used as interface elements between the
main storage devices, makes it impossible to do a proper control of the current
levels.
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Switch Connected topologies (Fig. 2.5) have the singularity of using diodes and
switches as interface elements between the ESSs and the DC bus. These topologies have
been developed mainly for EV applications, due to the different operational modes they
can offer. One of the most particular topologies is shown in Fig. 2.5a and was studied in
[90] for the development of a EV prototype. This allows a series connection of the UCs
and the PEC. Therefore, higher bus voltage levels can be obtained, while reducing the
battery current demand. The energy stored in the UCs can be fully exploited in this
configuration. When the energy of these is depleted, the control system automatically
opens the switch and the diode bypasses the UCs leaving the load powered only by the
battery. In the event of regenerative braking, the energy is stored only in the UCs by

closing the switch, since the DC-DC converter leaves the battery disconnected.

The main characteristic of the topology shown in Fig. 2.5b is its simplicity and
reduced number of components. As in the previous case, it has been studied for EV
application [91]. In this case, PECs are not used and two switches are responsible for
isolating the ESSs from the DC bus. When the switches are closed, there is no control
over the power flow between the energy bus and the storage devices. In such an operating

mode, it works like the Fully Coupled topology (Fig. 2.3).

With regard to Fig. 2.5¢ topology, there are two main layouts for interfacing the
battery and the DC bus. On the one hand, D1 diode and S1 switch are used as interface
elements; while on the other hand, D2, S2 and D4 are used. These two layouts have been
more deeply studied in [57] and [92] respectively. Among the different operational
modes, there are some common to both. In one of these, the UC bank is the only ESS
directly connected to the DC bus by closing the S3 switch. In this mode, the energy
transfer from the battery to the load is done via a DC-DC converter. If regenerative
braking occurs and all the switches are opened, the bus voltage would rise above the UC
bank voltage recharging it via the D3 diode. Moreover, in this configuration it is possible
to transfer energy between the storage devices. This strategy is used to maintain the SOC

of both ESSs at an appropriate level.

Hybrid Energy Storage Systems via Power Electronic Converters 41



2.2 Coupled topologies

There are two possible modes to recharge the battery when the option 1 is used.
One is the surplus power transferring through the PEC when the UC bank is fully charged,
while the other consists of closing the S1 switch to allow a direct recharge from the DC
bus. Furthermore, if the bus voltage drops below the battery voltage, the D1 diode will
become forward biased, in this way discharging the battery. The charging via S1 and
discharging via D1 takes place without a proper current control, which might not be the
most appropriate working mode for the battery. In order to solve this problem, the option
2 incorporates an additional D4 power diode together with the reverse connection of D2.
Therefore, an unexpected battery discharge is prevented and its charge process is always

done in a controlled way via the DC-DC converter.

Benefits
* In configuration (a), the regenerated energy can be stored directly in the UC bank

without the use of PECs, which increases efficiency.

* In (a), the converter can be sized for the battery voltage and current rates thus
reducing the cost, weight and volume.

* Configuration (a) allows installing a low voltage UC bank, in this way reducing the
number of serially connected devices. This eliminates the necessity of voltage
balancing and reduces the equivalent serial resistance of the UCs.

* In the same way in (a), if a low voltage UC bank is used, it can be exploited in its
entirety without significantly affecting the bus voltage stability.

* The configuration (b) is one of the simplest topologies due to the reduced number
of components.

* The PEC absence in (b) provides a high charging and discharging efficiency.

D1 DCbus
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Fig. 2.5 Switch connected HESS topologies.
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* For (c) configuration, the energy transfer between both storage devices can be done
via the DC-DC converter and the battery charging process can be properly
controlled.

* In configuration (c) option 2, an uncontrollable discharge of the ESSs cannot take
place due to the diodes position.

* In (c) the PEC only needs to handle a portion of the total power.

Drawbacks

*  When one of the storage devices is directly connected to the DC bus by means of a
switch, the bus voltage will directly depend on its SOC.

* Inconfiguration (a), the energy cannot be transferred from one ESS to the other, and
the batteries cannot be charged from regenerative braking.

* In configuration (b), the power transfer between the energy bus and the storage
devices cannot be controlled when the switches are closed.

* Incase (c) option 1, if the DC bus voltage drops below the battery voltage level, the
diode becomes forward biased and starts conducting regardless of the SOC of the
battery. Depending on the battery technology this can cause serious damages.

* For configuration (c) option 2, despite being able to control the battery discharge
moment with the S1 switch, when it closes there is no further control over the battery
discharge current rates.

2.3 Decoupled topologies

2.3.1 Partially decoupled

In these topologies, both ESSs are decoupled from the energy bus by means of a
bidirectional PEC. This allows an ESS terminal voltage variation without affecting the
bus stability. In the configuration presented in Fig. 2.6a, the storage devices are connected
in parallel without any type of interface element between them. In this case, the storage
devices cannot be independently controlled, thus the power distribution will directly
depend on the internal resistance of each device as in the Fully Coupled topology (Fig.
2.3). In [65], a mechanical switch is located in series with each storage device, to isolate
them from the converter. This offers the option of disconnecting one or both ESSs,

depending on the application requirements. In another vein, the storage devices are
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Fig. 2.6 Partially decoupled HESS topologies.

normally recharged from the DC bus via PEC, but an external charger is sometimes used

for this work to recharge the batteries directly from the main electrical grid [49].

With regard to Partially Decoupled (b) and (c) topologies from Fig. 2.6, these are
characterized by using multiple input PECs. Normally, HESS configurations are designed
to work with DC energy buses, but in some cases, AC system configurations are also
used. Regardless of being the same HESS configuration, the operation mode can be
different depending on the converter used. In the case of DC bus connected configurations
(Fig. 2.6b) [93], opted for a three half-bridge isolated multi-input PEC for combining
storage devices with different voltage levels. This bidirectional multi-input converter
topology was studied further in [94]. Another isolated multi-input PEC topology is
presented in [95], for the hybridization of batteries and UCs. This particular configuration
is not as common as that studied in [94], but proper simulation results have been reported
with it. There is no single opinion about the economic feasibility of this multi-input DC
bus connected topology. On the one hand, as mentioned in [50], this configuration is
cheaper than those using one converter for each ESS. On the other hand, the authors of
[57] say that the cost of the PEC is not suitable for the commercial market. What is clear,
however, is that the complexity of the converters used for this particular topology, is
higher than the rest. In any event, different multiple-input converter topologies have been

analyzed in the literature [49], [96]-[99].

Continuing with multiple input converter topologies, AC bus connected
configurations (Fig. 2.6¢) have gained interest mainly for microgrid applications. An
example of this, is studied in [100], where a 3 level neutral point clamped (NPC) converter
is used for the hybridization of UC and vanadium redox battery. The main disadvantage

of the 3L NPC converter is the lack of flexibility compared to other topologies studied
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[101]. Apart from this, other different converter types can be found in the literature for
similar purposes. In [102], [103] a typical Z-source converter was modified with the aim
of building a HESS composed of a battery and a UC bank. This study showed it was
possible to obtain a volume and cost saving due to the single conversion stage
configuration. A variant of this, is the I'Z-source converter used in [104] for the
hybridization of batteries and FCs. Conventional PEC topologies, such as the boost
converter, are also used for the same aim [105], [106]. These topologies, allow a converter
power loss reduction due to a fewer number of conversion stages between the storage
elements and the AC side. On the other hand, for the interconnection with an AC bus or
microgrid, the implementation of a phase-locked loop (PLL) algorithm is necessary [107]

which increases the system complexity.

Benefits
* The energy bus voltage is completely independent from the storage SOC.
* For configurations (a), (b) and (c), having only one converter increases the

efficiency of the system. In the same way, the reduced number of PECs increases
its cost effectiveness.

e Compared with other AC bus connected configurations, the use of the 3L NPC
converter in (c) provides a significant reduction of power losses. This reduction is
due to a smaller number of conversion stages.

* Furthermore, in (b) and (c¢) topologies, the energy management control can be done
independently for each ESS.

* In (c), the use of one single conversion stage for the connection with an AC bus
provides efficient energy management.

Drawbacks

* The use of multi-input PECs in (b) and (c), imply an increase of the control
complexity compared to (a) topology.

* As in Fully Coupled topology (Fig. 2.3), it is not possible to do a proper energy
sharing between both ESS in (a).

* Itis not possible to transfer energy between the different storage devices due to the
lack of control.
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* Furthermore, the considerable self-discharge of the UCs will also affect the battery
SOC when the HESS is not used for a prolonged period of time.

* In (c) the implementation of a PLL algorithm increases control complexity even
further.

2.3.2 Fully decoupled

The main characteristic that describes Fully Decoupled topologies is the control
flexibility they offer, which is achieved by the use of one PEC per storage device.
However, there are two different connection modes, the cascaded and the parallel, each

one with its features and specifications.

The Cascaded connection mode is quite similar to the Directly Connected topology
shown in Fig. 2.4a and b, with the difference of incorporating an additional DC bus side
PEC [60]. This extra converter provides voltage level decoupling, so that the DC bus
voltage no longer depends on the storage SOC. However, this connection mode is not

only used for DC systems, but also for AC microgrid applications [108].

As can be seen in Fig. 2.7a and b, there are two different HESS configurations under
the Cascaded denomination. The response speed and performance of the system differs
depending on the location of each storage device. In this sense, the transient power
response of the HESS will be faster if the high power capacity device is closest to the
energy bus. This needs to be taken into account especially for EV applications, where
large amounts of power are managed in both accelerations and regenerative braking.
Furthermore, it is quite normal to store the regenerated energy only in the UCs, which
contributes to reducing the battery stress. This makes it possible to install a unidirectional

converter in the middle of both storage devices [58].

The Parallel connection mode (Fig. 2.7¢) is one of the most commonly used HESS
topologies, primarily because it allows a direct control of each storage device. The
flexibility that this topology offers makes it easily scalable in terms of power level and
the amount of storage devices that can be installed. In this configuration, each converter
is designed to manage the power levels of a single storage device, thus optimally sizing

it. In addition, the efficiency of energy transfer between both ESSs is another factor to
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Fig. 2.7 Fully decoupled HESS topologies.

take into consideration. The flow of energy through two PEC:s, is less efficient than other
cases where a single converter is used. To deal with this problem, some authors such as

[109] propose the use of actively controlled switches to allow an optional PEC bypass.

The Parallel connection mode is not just limited to combinations of only two
storage devices. In this regard, combinations of three ESS technologies have been made
by different authors [52], [110]-[114]. In this regard, it supports the combination of nearly
any type of storage technology, from the most common FCs, UCs and batteries [60], [65],
[121], to the most unusual CAES and FES [52], [117]-[119]. In the Parallel connection
mode, AC energy bus configurations are also used [108], [120]. This can be seen in [117],
where a wind power generation plant is assisted by an FES and CAES hybridization (Fig.
2.7d). In an additional wind power application, a particular connection mode was
presented in [121]-[123] for a doubly-fed induction generator (DFIG). In this case, UCs
and batteries are used to achieve a performance improvement of a wind power generation
plant (Fig. 2.7e). The battery pack is connected directly to the grid by means of a DC-AC
converter; whereas the UCs are connected via a DC-DC converter to the DC bus of the
back-to-back converter. Leaving aside wind power generation, but making use of the
same connection mode, a FES - battery HESS was presented in [118]. In this case, the
flywheel is located in the position formerly occupied by the DFIG, and the batteries are
connected to the DC bus of the back-to-back converter replacing the UCs of the previous

case.

Hybrid Energy Storage Systems via Power Electronic Converters 47



2.3 Decoupled topologies

Benefits:

Each ESS can be sized to work with a different voltage level, which allows an
optimal series-parallel design of the packs.

The energy bus voltage is completely independent from the storage SOC.

It is possible to carry out an optimal power distribution between the different energy
storage devices.

Due to the decoupling between the DC bus and the storage devices, the capacities
of the latter can be fully exploited.

Cascaded

The energy transfer between both ESSs is carried out by a single PEC, which
reduces power losses.

Parallel

This topology ensures the most accurate control for the charge and discharge of both
ESSs at any time.

The converters can be sized for the specific current and voltage requirements of each
storage device.

This topology is easily scalable as can be seen in Fig. 2.7c.

In the case of failure of one PEC, the system could continue operating with a single
ESS-PEC set.

Drawbacks:

Despite obtaining a more optimized converter design, the use of one converter for
each ESS tends to increase the cost of the HESS in comparison with other more
simple topologies.

In this context, a greater number of converters also means an increase in weight and
volume.

Cascaded

In the event of bus connected PEC critical failure, the whole system would go out
of service.

The bus connected converter needs to be sized for managing the full power provided
by both ESSs, in this way increasing the cost of the HESS.
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* The charge/discharge energy efficiency of the furthest storage device is lower due
to the two power conversion stages.

» If the control of the PECs is not accurately designed, the charge/discharge currents
of the furthest device can affect the behavior of the device closest to the DC bus.

* Cycling of the ESS in the intermediate stage.

Parallel

* The energy transferred from one storage device to the other needs to pass through
two PECs, which makes this procedure less efficient than the cascaded one.

2.4 Discussion

A comparative analysis has been developed in Table 1 in order to highlight the

features that determine the performance of the HESSs.

*  Volume: The volume of the system directly depends on the interface devices (power
converters and electro-mechanical switches) interconnecting the ESSs and the
energy bus. A greater number of converters increases the total volume.

* (Cost: Considering that the same types of storage technologies are selected for all
topologies, the capital cost of the HESS will increase with a greater number of
interface elements. The cost of the overall system increases due to a greater number
of components. Furthermore, converter-based systems are more expensive than
others using electro-mechanical switches.

* Reliability: The number and arrangement of the different components affect the
reliability of the HESS. This feature jointly evaluates two aspects of the system. On
the one hand, the capacity of the system to remain functional, at least in part, in the
event of a failure. While on the other hand, evaluates its life expectancy.

* Scalability: This property indicates the ability of a HESS to increase its power
capacity without losing performance. Depending on the application scale, not every
topology is a proper option. Power converter based HESSs will always be more
scalable, due to the flexibility that converters offer.

*  Modularity: This feature compares the capacity of the HESSs to increase their rated
power and energy in a modular way. These modules are composed of at least one
storage device and its corresponding control module (power converter or switch).

* Controllability: The control capabilities depend directly on the interface stages. In
this regard, power converters provide higher accuracy than electro-mechanical
switches in the power and energy distribution.
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Table 1:
Comparative evaluation of HESS topologies.

Partially Decoupled Fully Decoupled Partially Coupled Fully Coupled
Feature Cascade Parallel Directly Switch
connected connected

Volume Medium High High Medium Mid-Low Low

Cost Medium High High Medium Mid-Low Low
Reliability Mid-Low Mid-Low High Medium Medium Medium
Scalability Mid-High Mid-High High Mid-High Low Low
Modularity Medium High High Mid-Low Low Low
Controllability Mid-Low Mid-High High Mid-High Low None
Energy Medium Low Medium High Mid-High High

» Energy efficiency: This feature depends directly on the number of conversion stages
or interface elements. The greater the amount of conversion stages, the lower the
efficiency of the system. The type of interface element also affects, since converters
generate more power losses than electro-mechanical switches.

As stated above, one of the main factors affecting the performance of the HESSs,
are the interface elements. It is unavoidable the necessity to reach a compromise among
the different features that determine the performance of the HESS. In any case, the most

appropriate topology will depend on the specific characteristics of each application.

Fig. 2.8 shows the utilization rate of each topology in the articles under study. As it
can be seen, Fully Decoupled Parallel and Partially Coupled Directly Connected are the
most used topologies. With regard to the latter, it is noteworthy to mention that its main
field of application is the electric and hybrid vehicle with the 87% dedicated to that. This
is because it offers high energy efficiency together with a good controllability in the

middle price range.
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Fig. 2.8 Utilization rate of each topology and their applications.
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Fig. 2.9 Most used short-term (a) and long-term (b) storage technologies to develop a HESS.

In the case of Fully Decoupled Parallel topology, it is the most widely used one as
it can be seen in Fig. 2.8. In contrast to other topologies, its use is not so concentrated in
a single application. It also offers high scalability, controllability and reliability, which
are very important aspects for microgrid and grid-connected wind power applications.
Furthermore, due to the overall performance offered by this topology it is also suitable

for EV and HEV applications, which represent a third of the total.

Fig. 2.9 shows the most used energy storage technologies for the development of
HESSs. Among the short-term energy storage devices (a), UCs stand out as the most
important ones since are used in the 92,1% of the analyzed hybridizations. The use of
other high power density technologies such as SMES or FES is very limited and normally

oriented to large scale applications.

With respect to long-term storage devices (b), the utilization rate of the different
technologies is more distributed. In this high energy density group, various
electrochemical storage devices prevail over the rest. However, Li-ion batteries are the

first choice in the 55% of cases, followed by lead-acid batteries with the 26,6%.

Considering all the above, it can be said that the Fully Decoupled Parallel topology
is the preferred option for many researchers. In addition to this, UCs are selected as the
first option among short-term storage technologies. Regarding long-term storage devices,

Li-ion batteries are the most popular ones followed by lead-acid batteries.
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2.5 Conclusions

The difference between peak power and average consumption limits the
performance of multiple applications. The hybridization of different storage technologies
is emerging as a suitable solution to solve this problem. In this regard, several studies
have been carried out with the purpose of identifying topologies and control strategies

capable of meeting these needs.

Regarding the different energy storage devices, there are multiple options in terms
of technology, power versus energy ratio and scale of the application. An analysis of the
literature was made to observe the trends with regard to the number of studies or real
installations using each storage technology. Taking this into account it can be said that
the most common technologies used for developing the storage hybridization concept are
electrostatic (Ultracapacitors) and electrochemical. Among the latter, Li-ion batteries

stand out as the most used ones, followed by Lead-Acid batteries and Fuel cells.

After reviewing the most relevant benefits and drawbacks of HESSs, a
classification scheme of the most widely used topologies has been presented. The
different connection architectures have been divided into Coupled and Decoupled. In
general, Coupled topologies are cheaper and easier to operate due to the reduced number
of components such as PECs and control units. Among Coupled topologies, the Fully
Coupled is the simplest configuration, as it has no PECs installed. In addition, Partially
Coupled topologies present limited control flexibility, since one of the storage devices is
plugged directly into the energy bus. Nevertheless, the latter have demonstrated their

suitability for applications as demanding as EV.

Among Decoupled topologies, both Partially Decoupled and Fully Decoupled
provide voltage level decoupling between the DC bus and the energy storage devices.
Fully Decoupled configurations offer enhanced performance and better technical features
than Partially Decoupled. They also allow a more accurate energy management, due to a
greater number of PECs. In this sense, a greater number of converters makes it possible
to apply different control strategies, but reduces the energy efficiency of the system. In

general, the energy efficiency and control capacity are inherent to the topology used.
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Finally, it is concluded that the Fully Decoupled Parallel connection mode is the
most flexible HESS topology for the analysis. It also provides modularity and high
scalability, which are important attributes to develop different configurations in terms of

power scale.

Hybrid Energy Storage Systems via Power Electronic Converters 53






Chapter 3
Energy Storage Systems

Chapter 3

ENERGY STORAGE SYSTEMS

In this Chapter an overview of the most important energy storage technologies is
carried out. Together with this, the main concepts and terminology related to batteries

are described.

The main parameters to be considered in the battery and UC sizing process have
been analyzed. In this case, different examples from the literature and from manufacturer
data have been presented. Together with this, the main methods for battery and UC

modeling have been presented.
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There are many types of energy storage technologies, as it can be seen in Fig. 3.1,
classified according to their physical characteristics. Each technology has weaknesses and
strong points. For this reason, the choice of one or other will depend on the requirements
of each particular use case. As a first stage, the application scale should be taken into
account to select the most suitable energy storage technology. In this regard, mechanical
and thermal technologies are more commonly used for large scale ESSs [117], as well as
electromagnetic devices [124]. On the other hand, electrochemical and electrostatic
storage devices are normally used for small scale ESSs. Nevertheless, there are exceptions
among electrochemical storage systems as is the case of the redox flow battery (RFB),

which is highly scalable and currently used for large scale storage applications [125].

Regarding mechanical storage systems, these can be divided into two groups. On
the one hand, there would be the group of long-term storage devices composed of
compressed air energy storage (CAES) [130] and pumped hydroelectric energy storage
(PHES) [131]. Both are used for delivering a relatively constant power supply. On the
other hand, flywheel energy storage (FES) [133], classified as a short-term device due to
its fast response. The high power capability and the possibility of using it as a large scale
ESS, makes it ideal to support the integration of renewable energy sources to the electrical

grid [134], [135].
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Fig. 3.1 Energy storage technology classification and brief comparison. [87], [126]-[132]
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There are multiple thermal energy storage types, the most important of which are
sensible heat, latent heat and thermochemical energy storage [136]. These systems are
widely used as an effective way to store energy for some industrial processes, but

uncommon for thermoelectric conversion apart from energy harvesting techniques.

Within the electric energy storage group, electrostatic and electromagnetic
technologies can be found. Both of them are used as short-term storage devices due to
their low energy density. Superconducting magnetic energy storage (SMES) is normally
used for large scale applications, because of the high capital cost and the required cooling
system. Recently, electrostatic devices have become more popular in countless
applications. The high performance of ultracapacitors (UCs) as short-term devices has
made them a suitable device for high power low energy applications. Developments in
traction applications have launched this technology to the forefront of research. An
example of this is the use of UCs for the braking energy recovery system in railway
applications [137], [138]. UCs have been also used for special applications such as the
start-stop system in automotive applications [139] or wind turbine pitch control system

[140]-[142].

Among the different ESS technologies, electrochemical is the most predominantly
used in commercial products. Fuel cells (FCs) and conventional batteries in particular,
have experienced an increase in their use. On a separate issue, it should be noted that FCs
are more appropriately classified as generation devices, but have been categorized as

storage to adhere to common convention [128].

In this context, the most commonly used HESS configuration is comprised of
electrochemical and electrostatic energy storage technologies. The electrostatic device
supplies the power spikes, while the electrochemical one does so with the average power.
A brief comparison of these devices has been done in the spider chart of Fig. 3.1. Among
the benefits of the hybridization, battery life extension is one of the most important. In
the case of lead acid batteries, their combination with ultracapacitors can ensure a
reduction in the operating current rates. This improves the available capacity while
reduces the early degradation. Lithium ion batteries support higher current rates than lead

acid ones. However, they also undergo self-heating when dealing with high power spikes.
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3.2 Classification and Comparison

3.2.1 Mechanical Energy Storage

Among the different mechanical energy storage systems, compressed air, pumped
hydroelectric and flywheel are the most important ones. Compressed air energy storage
(CAES) uses the surplus electrical energy to drive a compressor and then to store the
compressed air into an underground cavern or a high pressure tank (Fig. 3.2). To recover
the stored energy, the compressed air is released to drive a turbine and thus produce
electricity. In this process, a small amount of fuel is burned in this air and after the
combustion products are expanded through the turbine. This combustion process
consumes significantly less fuel than a conventional gas turbine per unit of energy
delivered, which reduces the greenhouse gas emissions [143]. One of the central
applications for CAES is to balance the fluctuations in wind power plants. These types of
applications require both large-scale and long duration energy storage. However, the use
of this storage technology is directly conditioned by the geological features and wind

resources of each particular location.

Pumped hydroelectric energy storage (PHES) is one of the most mature storage
technologies for large-scale applications such as electrical grid applications. It is
considered by different studies as one of the most feasible storage technology for the
integration of renewable energy sources like photovoltaic or wind power [144]. In this

case, the surplus electrical energy is used to pump water to an upper reservoir (Fig. 3.3).

Compressor | Turbine

Motor / Generator T

Air in Compressed Air Air out
Storage Reservoir

Fig. 3.2 Compressed Air Energy Storage (CAES).
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Fig. 3.3 Pumped Hydroelectric Energy Storage (PHES).

In this way, the off-peak electricity is transformed into potential energy for later use. To
recover the stored energy, the water is used to drive a turbine to produce electricity. In
some particular studies, a distinction is made between two types of PHES [145]. On the
one hand there would be what is called pure PHES, whose operation principle is based
exclusively on the water that is pumped from a lower reservoir to an upper reservoir. On
the other hand there would be pump-back PHES, which consists of a combination of
pumped water to the upper reservoir together with natural inflow. The latter is mainly
installed in the course of some rivers. The selection of a commercially and technically
feasible location is another important aspect to consider. The selected location should,
among other things, provide an adequate difference in height between the two reservoirs

and sufficient access to water.

The flywheel energy storage (FES) transforms electrical energy into rotational
kinetic energy (Fig. 3.4). When storing energy, the rotor of the flywheel is accelerated
thanks to an electrical machine coupled to it. In the opposite case, the electrical machine
works as a generator discharging the energy stored in the flywheel in this way decreasing
its rotational speed. Several years ago, the use of heavy materials like steel was very
common for the flywheel construction. However, nowadays more modern materials such
as carbon fiber or composites are used with the aim of reaching higher rotational speeds.
The reason for this is that the energy stored in a flywheel present a linear relationship
with respect to the moment of inertia, which is mass dependent, and quadratic with respect
to the rotational speed. The possible applications of these devices can vary in terms of
scale, since these can be manufactured in different sizes and energy densities. In this
sense, it has been used in lots of applications such as electric vehicle, railway industry,

renewables, power network, maritime industry and aerospace industry [133].

Hybrid Energy Storage Systems via Power Electronic Converters 59



3.2 Classification and Comparison

Flywheel Housing ~_§™ —

(——) Main Electrical Grid
Rotor —_S™To

Magnetic Bearings —__ S~ 8 . @ Vacuum Pump

Fig. 3.4 Flywheel Energy Storage (FES).

With regard to the use of mechanical energy storage to develop a hybrid system,
these technologies can be divided into two groups. On the one hand, the group of long-
term storage devices composed of compressed air energy storage (CAES) and pumped
hydroelectric energy storage (PHES). Both are used for delivering a relatively constant
power supply for a long period of time. This period of time may vary depending on the
particularities of each storage plant but it can range from several hours to some days. On
the other hand, flywheel energy storage (FES), is classified as a short-term device due to
its fast response. Its high power capability and the scalability that it offers, makes it ideal
to support the integration of renewable energy sources to the electrical grid[134], [135].
The reaction time of the flywheel is very fast, being able to deliver high power levels for

some seconds of even several minutes depending on the device.

3.2.2 Thermal Energy Storage

There are multiple thermal energy storage types, the most important of which are

sensible heat, latent heat and thermochemical energy storage.

In the case of sensible heat, the material used to store thermal energy is not subject
to phase changes during the process as it can be seen in Fig. 3.5(a). In this case, the
temperature of the material increases linearly with the stored energy. Just the opposite
happens in the case of latent heat energy storage, where the phase change of the materials
is used to store energy (Fig. 3.5(b)). The abovementioned phase change normally consists
of the transformation of the material from solid to liquid when energy is stored, and from
liquid to solid when the stored energy is returned. For that purpose, there are some criteria

to select the most appropriate phase change material for each case.
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Fig. 3.5 Sensible Heat (a) and Latent Heat (b) Energy Storage Temperature vs. Stored Energy.[146]

* To have a melting point in the desired temperature range. (Phase Change Region)

*  Small volume changes during phase transition.

Studies conducted to compare sensible heat and latent heat energy storage, have

shown that the latter can provide a significant reduction in the device volume [147].

As far as the thermochemical storage system is concerned, it stores the energy
making use of the heat to foster a chemical reaction that dissociates the reactants into two
different byproducts which are stored separately (Fig. 3.6). The chemical reaction that
takes place in the energy storage process is endothermic, while the reaction responsible
for returning the stored energy is exothermic. These thermal storage systems are widely
used as an effective way to store energy for some industrial processes, but uncommon for
thermoelectric conversion apart from energy harvesting techniques. To date most of the

studies have focused on sensible and latent heat energy storage.

Charging process Storage Discharging process

+ Q —> —> +Q
Fig. 3.6 Thermochemical Energy Storage.

3.2.3 Electrochemical Energy Storage

Within the electrochemical energy storage group, batteries are the most commonly
used devices. They produce electricity with a certain voltage level thanks to
electrochemical reactions. The voltage level of a single cell will depend on the specific

chemistry used (Fig. 3.1). Thus, for higher voltages, multiple cells must be connected in

series.
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Fig. 3.7 Battery inner workings and ion motion.

Fig. 3.7 shows the simplified working principles of a battery. Each cell contains
two electrodes, anode and cathode, submerged in electrolyte. The arrows represent the
movement of the ions (anions and cations) through the salt bridge during both charge and
discharge processes [129]. This salt bridge allows the ions to pass while blocking the

passage of electrons.

In a two electrode battery configuration, the electrolyte provides both the cation and
the anion which are intercalated into the anode and cathode [148]. From an external point
of view, during discharge process the freed electrons flow as an electric current from the
anode to the cathode [129]. On the other hand, during the charging process the reverse

reaction occurs and the electrons flow from the cathode to the anode.

Leaving aside the general working principles of the batteries, each chemistry
presents different and particular features. Batteries have become very popular due to the
use in consumer electronics. Nevertheless, the choice of one battery technology or another

will depend on each application requirements.

In this regard, lithium based batteries have gained greater popularity due to their
use in electronic gadgets and electric mobility. They have a high energy density which
allows to create relatively light products and with long autonomy. However, they also
have weak points that must be solved using electronics and control. As it has been
mentioned before, it is mandatory to maintain the lithium cell voltage always within safe

operating range.

Another widely used technology is PbA, mainly due to its low price and safety in
use. This technology has been used for very specific applications, among which

Uninterruptible Power Supplies (UPS) and photovoltaic installations stand out. Both
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Fig. 3.8 Redox Flow Battery (RFB).

applications are characterized by providing long floating periods to the battery with SOC

levels close to 100%, which is an ideal feature when working with PbA.

Apart from conventional batteries, there also exist the so called Redox Flow
Batteries (RFB) (Fig. 3.8). In these kinds of batteries, all the electro-active materials are
dissolved in a liquid electrolyte. This is the main difference compared to conventional
batteries, in which the electrochemical reactions create solid compounds that are stored
directly on the electrodes. These batteries have some advantages over conventional
batteries in terms of power and energy sizing. In this sense, a high power RFB can be
designed without the need to increase the energy density, which avoids the oversizing of
the battery. This is possible due to the fact that power and energy sizing mechanisms are
independent. In the same way, a longer durability can be achieved since the electrodes do

not undergo physical and chemical changes during operation.

Lastly, with regard to electrochemical storage technologies, Fuel Cells are
increasingly used for traction and grid applications. The Fuel Cell — Hydrogen Energy
Storage (FC-HES) is composed of three main stages. The first stage is the water
electrolysis unit, where the electrical energy surplus is used to generate hydrogen.

Secondly, the generated hydrogen is stored. This can be done as compressed gas, liquefied
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Fig. 3.9 Fuel Cell - Hydrogen Energy Storage (FC-HES).

gas, metal hydrides or carbon nanostructures. Finally, a fuel cell is used to convert the

stored hydrogen back into electrical energy.

3.2.4 Electrostatic Energy Storage

Normal capacitors consist of two electrodes separated by a dielectric. The dielectric
separator is commonly made of solid non-conductive materials like glass, paper, plastic
or ceramic. In this case, the energy is stored in form of electrostatic potential by oppositely
charging the two electrodes (Fig. 3.10). These oppositely charged electrodes generate an

electric field across the dielectric in this way generating a voltage difference.

The amount of energy (E) that can be stored in a capacitor will directly depend on
construction parameters like capacitance value, and the voltage (V) level (eq.(3.1)). Thus,
its capacitance (C) is directly proportional to the surface area (A) of the electrodes and
the dielectric constant (&) while it is inversely proportional to the distance (d) between the

electrodes (eq.(3.1)) [149].
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Fig. 3.10 Electrostatic Energy Storage.
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Ultracapacitors are slightly different than ordinary capacitors, since they have an
ion-permeable membrane together with an electrolyte solution between the electrodes
instead of solid dielectric [150]. In this sense, it can be said that UCs employ two forms

of energy storage: electrostatic storage and electrochemical storage [149].

3.2.5 Superconducting Magnetic Energy Storage

SMES system stores energy in a magnetic field created by the flow of direct current
through a superconducting coil [150], [151] (Fig. 3.11). In order to obtain a nearly zero
electrical resistance, the superconducting coil needs to be cryogenically cooled below the

critical temperature of its superconducting material.

A power electronic converter is required to operate this storage device. It is
responsible for the charge and discharge of the coil maintain the current within safety
limits. The electrical current introduced in the coil is limited by the critical current density

of the coil material. If this value is exceeded the material will move out of its
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Fig. 3.11 Superconducting Magnetic Energy Storage (SMES).
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superconducting state in this way increasing its electrical resistance. Modern SMES

devices use ceramic superconducting coils in order to manage higher current densities.

The short reaction time of SMES compared to other energy storage systems, is one
of its main advantages. Due to its internal operating mode, there is almost no time delay
in dealing with abrupt power changes, thus causing the control electronics to limit its
dynamics. In the same way, since this technology is motionless and it does not present
any chemical reaction, it is suitable for applications involving a large amount of

charge/discharge cycles.

3.3 Battery and UC Hybridization

Batteries are the most widely used ESS technology when working with small-scale
electric power. In the same vein, the use of UCs is on the raise due to their ability to

support high charge-discharge power levels, which is very useful in some applications.

As it has been mentioned before, these two storage technologies present opposed
characteristics in terms of power and energy. This is clearly reflected in the Ragone Plot
(Fig. 1.2) where the different battery technologies and UCs are graphically classified
according to their power and energy densities. In this context, the hybridization of
batteries and UCs is expected to have direct benefits for applications were both

characteristics are required.

In order to determine numerically the potential benefits of the hybridization, it is of
vital importance to first analyze the sizing process of each technology individually. By

doing this, the points that cause oversizing in the design of battery packs can be observed.

If the storage system is uniquely composed of batteries, it may be necessary to
increase the installed capacity in order to deal with consumption power spikes. On the
other hand, if the storage system is only composed of UCs, a hypothetical application
with a medium to high average energy consumption will make it necessary to oversize
the UCs considering their relatively low energy storage capacity. Taking into account

both scenarios, the final task is to perform a more optimized sizing that ensures a better
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use of each storage device comprising the HESS. This will be further analyzed in

subchapter 3.4.

Normally the sizing is done based on predefined operating parameters of an
application. However, in order to know how these parameters affect dynamically in the
normal operation, it is necessary to obtain a reliable model of the storage system. This
model will serve to verify that the system is properly sized without physically building it.
The basic steps to develop battery and UC mathematical models are presented in the

subchapter 3.5.

Before proceeding, in order to familiarize the reader with the most used terms in

the field of batteries, it is referred to Annex A.
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3.4 Sizing

When performing the sizing for an application that uses one single storage
technology, it must be ensured that the selected storage device fulfills both the power and
energy requirements of the application. In this sense, an iterative calculation is usually

done until both requirements are met.

The need to meet both requirements often generates an excessive oversizing of the
storage system, which results in higher initial costs and suboptimal use of the storage
system capabilities. This is where the development of a hybrid system could come into
play. The hybrid system would be sized decoupling the two variables and sizing them

considering the consumption profile of the application.

Although the main objective is always the optimal calculation of the storage system,
all the designers apply a safety coefficient in their final calculations in case of working

under unfavorable conditions.

The first step is always the selection of the storage technology to be used. For this
purpose, it must be taken into account both the consumption profile of the application and
the environment in which it will work. Although in this case the study is focused on
batteries and UCs, environmental factors are an important aspect when selecting the right
electrochemistry. Once the storage technologies to be hybridized are selected, the sizing
process starts. This process requires the series-parallel association of multiple cells, as

explained in the following point.

3.4.1 Series-parallel association

The chemistry of a battery fixes its cell voltage range. In this sense, depending on
voltage and capacity requirements of each application, cell association is unavoidable to
obtain bigger packs. The battery-pack is a combination of cells mechanically and
electrically connected. The voltage of the pack is the sum of all the individual cell

voltages. Assuming that all are equal, then we have:

pack = ns |]}cell (32)
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In these cases, the cell voltage needs to be controlled in order to maintain the charge
level as equal as possible in all cells. When an unbalance occurs, the battery management
system (BMS) together with different cell balancing techniques, are responsible for

compensating the charge level of each cell [152]-[154].

For high current battery-packs, it is necessary to connect cells in parallel. The
resulting current will be the sum of all the parallel cell currents as it can be seen in
equation (3.3). The same happens with the total capacity (equation (3.4)). The parallel
connection of several cells increases the total capacity of the pack while reducing the

current rate for a given power consumption level.
pack = np |ri'cell (3.3)

Cpack = nP mcell (34)

The battery-pack construction is often done using modules. Each module comprises
a small group of series and parallel connected cells. The modules are connected in series
and/or parallel to fulfil the overall battery-pack objective. This simplifies the design and

reuse of the same modules for multiple applications.

The nomenclature used for the battery-pack identification is based on the amount

of serial (S) and parallel (P) connected cells. An example of this is shown in Fig. 3.12.

SnP {ns : Number of cells in series.
non —
e ", *Number of cells in parallel.
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5S1P 4S3P
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Fig. 3.12 Example of battery-pack construction nomenclature.

In the same way as with the batteries, the series-parallel association of multiple UC
cells is unavoidable to fulfill the voltage and energy requirements. In the case of UC cell
association, the resulting capacitance and equivalent series resistance (ESR) is calculated
in the same way as for normal capacitors. In a series connection, the capacitance (equation

(3.5)) and ESR (equation(3.6)) is calculated as follows:

1 &1
=>— (3.5)
Cpack ; Cl
ESR,. =Y ESR (3.6)
i=1

Where Cpack is the total capacitance of the series connected UC cell array, and
ESRpack 1s the resulting equivalent series resistance. For the case of parallel association of
multiple cells, the resulting capacitance (equation(3.7)) and ESR (equation(3.8)) is

calculated as follows:

C =2.C, (3.7)
i=1
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(3.8)

3.4.2 Battery sizing

Battery sizing is not a trivial task since many parameters that affect its performance
are beyond our control. The particularities of each application can also affect the amount
of variables to be considered for the correct ESS sizing. The sizing of regular batteries
has been studied by different authors for standalone photovoltaic applications [155], [156]
where solar panel production capabilities and the storage capacity are determining factors.
In general terms, variables such as the level of autonomy or the probability of not being
able to supply the load under low photovoltaic generation, are important design

parameters specific for this kind of applications.

In the same way, past experience and manufacturer guidelines are often used to
define the required battery capacity. Continuing with standalone photovoltaic systems, it
is common to find manufacturers that give some tips for lead acid battery sizing. Among
these guidelines and recommendations, one or more correction factors are usually applied
to compensate the effect of temperature, aging, and other causes that affect the
performance of lead acid (PbA) batteries. The following is an example of lead acid battery
sizing calculation for standalone photovoltaic application [157].

Cpack: Capacity of the total battery pack [Ah]

Caay: Amp-hour Consumption per day [Ah]
Tc: Temperature Correction Factor

» Correction factors for PbA batteries are shown in (Table 2) _ Cday [Tc LDALDM 3
DA: Days of Autonomy Cpack - (3.9)
» Aprox. Range: 2-10, Recommended for standalone solar: 5 DoD

DM: Design Margin
» Range: 1-1.25, Recommended: 1.10
DoD: Depth of Discharge

» Max. recommended 20%, and occasionally 80% during cloudy days.
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Table 2:
Temperature correction factor for Lead Acid batteries [157].

Lead Acid Battery Technologies

Temperature
[°C] Flooded AGM GEL
25 1.00 1.00 1.00
10 1.19 1.08 1.11
0 1.39 1.20 1.25
-10 1.70 1.35 1.42

Other manufacturers such as Saft [158], perform a similar calculation for Nickel-
Cadmium (NiCd) batteries in photovoltaic application. In this case, instead of using tables
they use predefined curves to select the proper correction factors. In general terms they
perform the sizing in a similar way to the previous case, with the only difference of using

an aging compensation factor instead of the design margin factor.

Cpack: Capacity of the total battery pack [Ah]
A: Required Autonomy [h]

L: Daily Load Consumption [A]

C =AOLTAcTcDc (3.10)

pack

Ac: Ageing Compensation Factor (Fig. 3.13(a))

Tc: Temperature Correction Factor (Fig. 3.13(b))
Dc: DoD Correction Factor (Fig. 3.13(c))

Historically, PbA batteries and large format NiCd cells have been used in
autonomous photovoltaic installations. Nevertheless, the environmental problems derived
from the recycling process of NiCd batteries have caused their use to decrease. Since the
power requirement of this kind of applications is quite constant and normally below S5kW,

the capacity of the battery needs to be oversized to ensure at least 5 years of service life.
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Fig. 3.13 Data provided by PbA [159] and NiCd [158] battery manufacturers. (a) Battery life
reduction depending on temperature. (b) Instantaneous available capacity depending on
temperature. (c) Number of cycles the battery can perform depending on the DoD.

3.4.3 UC sizing

As it happens in the case of batteries, the required number of UC cells is directly
determined by the application. However, in this case there are certain design parameters
that differ with respect to the battery sizing. One of the most significant is the voltage
range in which the application should operate. This point is not only important to
determine the number of cells connected in series, but also to calculate the total capacity
that the entire storage device must have. This can be seen in the equation (3.1), which
defines the energy stored in a capacitor. This shows a quadratic relationship between the

stored energy and the voltage

That is why normally the minimum voltage level for the UC is set at 50% of the
rated voltage, since at this point the 75% of the energy will be already depleted [160].
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Fig. 3.14 (a) Voltage evolution of UC discharge under constant current profile. (b) Voltage and
current evolution of UC discharge under constant power profile.

~Y

In order to determine the capacitance value for the UCs, apart from the operating

voltage range, the average current and the time constant of the capacitor should be
considered [161].
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Cope =—() 3.11)

This sizing procedure is valid for constant current discharge profile (Fig. 3.14 (a))

but not for constant power discharge (Fig. 3.14 (b)) where we have:

Vin =,/V£ax -—MZET (3.12)

3.4.4 HESS Sizing

In order to perform a correct sizing, it is necessary to take into account the effect of
variables such as temperature or charge/discharge current, over the rest. In this sense, it
is convenient to perform several iterations to achieve a more optimized value. After all,
the previous sizing examples only provide an approximate capacity value. Another key
aspect is the Energy Management Strategy (EMS) followed by the application control
algorithm. This EMS may include some operating constraints that must be considered in

the design process to ensure that the HESS can deliver the performance demanded [162].

On the technical level, the first step is to define the consumption profile of the
application, and also the production capabilities in the case of stand-alone photovoltaic
systems. Once this is known, it is necessary to know how the EMS will work and the
power constraints it will apply to each storage device. Finally, after knowing the
maximum allowed power for the HESS, the autonomy is defined for the worst case

scenario and the sizing process is developed accordingly.

In renewable energy source applications like isolated wind energy, the sizing is
performed in a similar way. Authors like [163] define the sizing criteria on the basis of
the peak load power and average energy demand. The same sizing criteria is often
considered for isolated photovoltaic systems [160]. Nevertheless, recent studies bring a
new approach that goes beyond the classic HESS sizing criteria. In [164], a HESS
composed by lead acid (PbA) batteries and Li-ion batteries was installed in a stand-alone
PV system to mitigate the Partial State of Charge (PSoC) problem caused by daily shallow

charge-discharge cycles. Its main contribution is the development of the HESS sizing so
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that the PSoC effect of PbA batteries is reduced making use of a small amount of Li-ion

batteries.

Some other studies focused on electric vehicle (EV) application perform the sizing
by means of an optimization where the driving performance requirements are introduced
as the optimization constraints [162]. In this kind of applications, maximum speed,
acceleration time or driving autonomy are determinant parameters to be considered in
order to define the capacity of each energy storage device as well as the hybridization

ratio.

Apart from technical criteria, several authors working on the abovementioned
applications focus more on economic aspects, thereby considering the ESS degradation

cost as the principal parameter to perform the HESS sizing. This can be clearly seen in

Table 3, which contains a summary of different articles found on the literature about
HESS sizing topic. It is true that technical parameters are always taken into consideration
for the sizing. However, in most of the studies the HESS sizing criteria is based on cost
optimization. The evaluation of these costs is not always done in the same way, but the
main aspects to consider are the initial outlay, maintenance cost and cycle life of the
storage devices. As stated above, the latter is not a fixed value and will always depend on

the specific working conditions suffered by the ESS.

Table 3:

Summary of literature on sizing Hybrid Energy Storage Systems.
Application Storage Technologies  Sizing Optimization Criteria Year  Ref.
PV in Household app. Batt/ UC and FC-HES  Better use of generated energy. 2007  [165]
Stand-alone PV PbA batt. and FC-HES ~ Cost optimization while satisfying application performance. 2009  [166]
Stand-alone Wind Pow  PbA batt. and UC Decoupling of peak power and average consumption. 2010  [163]
Stand-alone PV PbA batt. and UC Decoupling of peak power and average consumption. 2012 [160]
Stand-alone PV PbA batt. and FC-HES  Better use of generated energy while being cost effective. 2012 [167]
EV (Traction app) Batt. and UC Cost optimization while satisfying application performance. 2012  [168]
Microgrid UC and FC-HES Decoupling of peak power and average consumption. 2013 [169]
HEV (Traction app) Li-Ion batt. and UC Minimum ESS cycle life cost with ESS power constraints. 2013 [170]
EV (Traction app) Li-Ion batt. and UC Cost optimization while satisfying application performance. 2014  [171]
PV and Wind Pow Batt. and UC Cost optimization while satisfying application performance. 2014  [172]
Wind Power PbA batt. and UC Minimum ESS cycle life cost with ESS power constraints. 2015 [28]
Microgrid Batt. and UC Cost optimization while satisfying application performance. 2015  [173]
EV (Traction app) Li-Ion batt. and UC Minimum ESS cycle life cost with ESS power constraints. 2015 [82]
Stand-alone Wind Pow  Batt. and UC Power balance and system stability at the lowest cost. 2015 [174]
EV (Traction app) Li-Ion batt. and UC Cost optimization while satisfying application performance. 2016  [175]
Household PbA batt and SMES Decoupling of peak power and average consumption. 2016 [176]
PV (Trigeneration sys)  PbA batt and PHES Cost optimization while satisfying application performance. 2016  [177]
PV, Wind and biomass  PbA batt. and FC-HES  Optimal long-term energy management. 2016  [178]
Microgrid Batt. and FC-HES Cost optimization while satisfying application performance. 2017  [179]
Stand-alone PV PbA batt. and UC Minimum ESS cycle life cost with ESS power constraints. 2018  [180]
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3.5 Modeling

The principal aim of the battery and UC models is to replicate the real behavior of
the storage devices by means of mathematical equations. This notably assists the design

process allowing the simulation of the system before physically testing it.

In this particular case, the model will be developed to estimate SoC and voltage
values of the battery. This information will be used to make high level control decisions
such as power sharing. The obtained battery and UC models do not consider the State of
Health (SoH) evolution since it is not necessary for the control that we implement. In this

sense, the development of such accurate models is out of the scope of this work.

The degree of coincidence between the actual behavior of the physical device and
the mathematical model will depend on the level of detail of the latter. At the same time,
greater precision also implies an increase in the complexity of the model. For this reason,
it is vital to seek a compromise between the complexity of the model and its ability to

provide a behavior sufficiently close to the reality.

There exist different ways to model batteries and UCs. However, electrical models
are the most used methods in the field of engineering thanks to the advantages they offer

in terms of accuracy and low complexity.

3.5.1 Batteries

The main objective is to replicate the battery charge over time and provide the
resulting battery voltage. The most basic battery model is composed of two components
(Fig. 3.16). One of those is a voltage source representing the Open Circuit Voltage (OCV)
of the cell, while the other one is a series connected impedance representing the internal
resistance of the cell. Within the cell model, the series resistance represents the frequency
independent part of the electrochemical impedance. In more complex battery models, the
series impedance consists in a combination of a series resistance followed by one or more
RC tanks as will be described hereafter. These capacitive elements emulate the electrical

dynamics of the cell. If the battery under study presents a notable self-discharge, as is the
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Fig. 3.15 Open Circuit Voltage (OCV) estimation.

case for VRLA batteries, it can be modeled as a high value resistor connected in parallel

with the OCV voltage source.

In the basic model, the SoC is the only state variable used since it directly relates
the stored charge and the OCV. The SoC is directly estimated by using the Coulomb
Counting (CC) method. This method calculates the remaining capacity by integrating the
current in and out of the battery. Due to this, the accuracy of this calculation will depend

on a precise measurement of the current and a proper estimation of the initial SoC.

Once the SoC is known, the next step is to define the corresponding OCV. This
OCYV value is taken from a look-up table that contains all the data from laboratory tests
relating SoC with OCV (Fig. 3.15). In short, the OCV curve is displayed as a function of
SoC. The effect of the temperature is not considered for this basic model, but it should be
included in the more advanced models in this way leaving the OCV as a function of the

two parameters mentioned OCV=£(SoC,T).

There exist two ways to obtain the OCV data of a cell. The first one is to perform a
complete charge-discharge process at very small current rate in order to mitigate the effect
of the series resistance. In this test, the voltage is measured together with the accumulated
ampere-hours in order to obtain the relationship between both. The second option consists
in charge and discharge the cell gradually in a pulsed way. In the charging process, for
example, each of the applied pulses charges the battery a 10% applying long standby
times between each of the pulses. This allows the voltage in the cell to stabilize, so that
the OCV measurement can be made at the end of the standby period. Since there is always
a hysteresis due to the difference between the charge and discharge voltages, an average
of both curves is performed in order to enter a single curve in the look-up table. In more
advanced models, this hysteresis can be emulated including both OCV curves in such a

way that one is used for charging and the other one for discharging.

Hybrid Energy Storage Systems via Power Electronic Converters 77



3.5 Modeling

The model is finally completed integrating the OCV value in the electrical model
shown in Fig. 3.16. Once the model is finished, if the internal resistance of the battery is
fixed and the OCV is known for a given operating point, it is possible to determine the

output battery voltage (vpar) by knowing the current.

VA iball
L
L0

AV
ocvy Vbatt
-0

Fig. 3.16 Basic battery electric model.

This model is simple to implement but it does not represent any of the battery
dynamics. To solve that, one or more RC tanks are introduced so that the model can more
accurately represent the actual dynamic behavior of the battery. This equivalent electrical
circuit that consists in a combination of resistive and capacitive elements is called Randles
model. The number of RC tanks connected in series corresponds to the number of time
constants of the model. Normally, One Time Constant (OTC) models (Fig. 3.17(a)) or
Two Time Constant (TTC) models (Fig. 3.17(b)) are used, but multiple RC tanks could
be added depending on the accuracy required. Considering the OTC model from Fig. 3.17
(a), the differential equation that defines the voltage across the RC tank can be described

as follows (eq(3.13)):

dv,
dt

1 1 \%
=—M. =—| iy, —— (3.13)
CP ’ CP RP

Once that the differential equation describing the system is known, the inputs and
outputs should be defined. Since the charging process of a battery contains Constant
Current (CC) and Constant Voltage (CV) charging phases, the battery voltage and current
can be either system inputs or outputs. When the battery is getting charged in CC mode,

the charger sets iparr current in this way turning vpa, into an output of the system (eq(3.14)).

vbarr = OCV +ibarr ms +VP (314)
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Once the battery is close to be fully charged and vsa reaches the float voltage level,
the charger changes to CV mode and sets viarr. In this case, the vpar voltage will become

an input and hence i Will be an output of the system (eq(3.15)).

Vo v, —V,—OCV
= _ S — batt P (315)

i
batt
RS RS

The next step is to obtain the impedance values necessary to build the equivalent
electrical circuit model. There are two ways to identify the impedance parameters, making

measurements in the frequency domain or in the time domain.

(2) (b)
Fig. 3.17 (a) OTC impedance model, (b) TTC impedance model.

In the first method, an Electrochemical Impedance Spectroscopy (EIS)
measurement provides the necessary information to build the Randles model. To perform
this measurement an impedance spectrum analyzer is required, what makes it a simple
and accurate method but at the same time expensive. The analyzer excites the cell with a
sinusoidal alternating current and measures the voltage response at the cell terminals.
These measurements should be done for the whole SoC range in steps of 10%. To avoid
measurement disturbances, this test should be performed using four leads grouped into
two pairs. One pair conducts the power while the other pair measures the voltage across
the cell. Finally, an approximation of the obtained data provides the required resistance
and capacitance values to build the model. The non-linear least squares method is widely

used for this fitting process.

In the second method, the parameter identification is performed by measuring
simultaneously voltage and current in the time domain. This method is widely used for
impedance parameter identification because it does not require specific equipment to
perform the tests. The battery is tested under a pulsed current pattern to later analyze the
evolution of the voltage with each pulse (Fig. 3.18). The pulse pattern applied in this test

has two particular characteristics. On the one hand, the pulse width must vary in order to
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observe the frequency response. While on the other hand, it is also necessary to vary the

amplitude of the pulses to observe the response of the cell under different current levels

[181].
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Fig. 3.18 Battery test under pulsed current pattern and its voltage response.

The instantaneous response of the voltage to a change in the input current presents
an exponential decay. When the pulse finishes, the voltage converges to steady state
(OCYV value). These dynamic characteristics can be mathematically described as a sum
of exponential functions with real positive time constants 7; and amplitude coefficients A;

[181]. This particular behavior is described mathematically in equation (3.16).

LT.>0
{A f (3.16)

0<t<oo

V.(t) = ZAie_?"

3.5.2 UC

There exist different kinds of ultracapacitor models in the literature. Nevertheless
electric circuit models are the most commonly used ones to perform simulations and
electrical system designs [182]. As it happens in the case of batteries, UC equivalent
circuit models combine different electrical components with the aim of emulating the

behavior of a real device.

The simplified UC circuit model is composed of a capacitor with a resistor
connected in series in this way creating a single RC branch (Fig. 3.19 (a)). In slow
discharge applications this simplified model provides a good enough approximation to

the actual UC behavior [183]. The model can also include a resistor connected in parallel
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to the capacitor, in order to model the current leakage effect due to the self-discharge

impact over a long period of time.

The suitability of the model will always depend on the required accuracy. If a single
time constant model is not enough to model the transient response of the UC, it would be
necessary to add more time constants. Ideally, a large number of RC branches would
provide a high level of accuracy but it would not be very practical. Normally, two or three
RC branches are used to emulate the UC dynamics (Fig. 3.19 (b)). This kind of multiple
RC branch models can also include non-linear capacitance effects in one of the branches
in order to increase the model accuracy. Each of the branches is modeled with a different
time constant, in this way differing from the others in more than an order of magnitude

[184].

Other authors have developed other kind of models, similar to those used in
batteries where one or more RC tanks are connected in series (Fig. 3.19 (c)) [185]. In this
case, the equivalent circuit also includes a series connected resistor and a capacitor as it
can be seen in Fig. 3.19 (c) [182]. As it happens in other equivalent circuit models, the
resistance and capacitance values can be temperature or voltage dependent in order to
improve the model accuracy. Among its benefits, the authors in [185] highlight the
reduced amount of experimental parameters to develop the model compared to parallel

RC branch models.

Finally, there also exists another UC model referred to as transmission line model
(Fig. 3.19 (d)) [182], [186], [187]. Normally, the transmission line model is used to

emulate the internal physical dynamics of the UCs [182]. It can also include voltage and

+ + Rn RZ R1 &
R cee [«M,_—[.\M,_P
Vuc Yve C —I:VW- C C Vuc
n T 2—|— 1 T 3
C —I: B R:D cee o)
(@) (b) (©) (d)

Fig. 3.19 Different ultracapacitor equivalent circuit models.
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temperature dependent non-linear capacitances to provide higher accuracy. Nevertheless,
its use is not very extended in the sense that the details about such inner workings are not

required for common application.

In this work, a two time constant UC model (Fig. 3.19(b)) will be used since it offers
a good relationship between output voltage estimation accuracy and model complexity.
As mentioned above, each of the parallel branches will provide a different dynamic in

order to approximate the model to the real UC behavior.

Unlike batteries that consist of different charging phases (CC and CV), the control
variable that is generally set for the UC charge and discharge control is the UC current.
With this in mind, the UC voltage becomes an output variable of the system. The general

equation describing the UC output voltage is developed in (eq(3.17)):
voe (1) =i, (1) R +v,, (2) =i, (1) (R, +ve, (1) (3.17)

With respect to the total iyc current, it will be the sum of the currents flowing
through the parallel branches. In this sense, the individual currents shown in equation

(3.18) are derived from the general capacitor differential equation:

dv,

ic, (1)=c, o i, (1)=c,

dv,

3.18
" (3.18)
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Chapter 4

HARDWARE MODELING

In this Chapter the selected converter topology is presented. In this sense, the
reasons for this choice are explained always taking into account the design parameters

of our application.

Together with this, the converter modeling process is explained starting from the

non-linear switched model, to end up with the Linear Time Invariant model.
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4.1 Converter topology

The selection of an appropriate power electronic converter (PEC) is not a trivial
matter. Different types of PECs are used for energy storage applications, from non-
isolated topologies [188] to isolated ones [56], [189]-[192]. Non-isolated topologies are
more often used if the voltage difference between the energy bus and the storage devices
is not too large. If not, the transformer used in isolated topologies solves the issue. In any
case, the bidirectional power flow capacity must be common to isolated and non-isolated

converters in energy storage applications.

In this particular case, due to the use of batteries and UCs the system will work with
low voltage levels. To be more precise, the converter will have to be designed for voltage
ranges around 12 to 48 volts. Taking this into account, the best option in terms of design

simplicity and capital cost is to use a non-isolated converter.

Among the different non-isolated DC-DC converters, the Synchronous Buck
converter is the most commonly used one. It is a variant of the classical Buck converter
with the difference of using a second power switch instead of a diode. The purpose of
using two switches is to provide bidirectional power flow capacity and to increase the
energy efficiency. The power losses generated by the diode forward voltage drop are

greater than those generated by the Rpson) of the mosfet at full load.

One of the main drawbacks of this configuration is the additional driver circuit for
the low side switch. The implementation of a dead time needs to be considered in this

context in order to avoid a short circuit across the switches.

In order to increase the power capacity of the converter, the Multiphase

Synchronous Buck configuration is a proper option (Fig. 4.1). This configuration offers

(o, e 0o wmm

st/ sn/

viICl' p— l'L]—V Ln
.
Slv( Snv( lpy=—> —|—|:CUIVU
(o .

Fig. 4.1 Multiphase synchronous buck converter.
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significant benefits, but also involves a greater number of components and control
complexity. Multiphase or interleaved buck converter consists of the parallel connection
of several buck converter circuits. The activation of each phase is sequential and
uniformly shifted depending on the number of phases installed. This allows the current

splitting among all the parallel branches reducing conduction losses.

The total current ripple is also reduced (Fig. 4.2), obtaining a ripple cancellation in
both input (a) and output (b) filter stages at specific operating points [193]. These points

depend on the number of phases N, and the duty cycle. Therefore, the size of the

components can be reduced, in particular the magnetics and capacitors. With smaller
magnetic components, there is a smaller amount of energy stored in each inductor which
allows faster response to load transients [194]. This makes it a very attractive converter

for high power density storage devices such as ultra-capacitors.

Normally, the storage devices are connected to the low voltage side of the converter.
This has the advantage of providing a smoother current and stable voltage to the energy
storage device due to the LC filter location. Besides that, the low voltage side of the

converter avoids large cell serializations in the case of installing batteries or UCs.
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Fig. 4.2 Normalized input (a) and output (b) RMS current ripple as a function of duty cycle. [195]
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4.2 Mathematical Modeling

There exist different ways to represent and model a system. In this sense, a linear
system can be represented in the frequency domain as a transfer function or in the time
domain as a linear differential equation. It will always depend on our knowledge about
the system to use one method or another. If the internal working mode of the system is
unknown and the only information available is its transient step response, a system
identification process can be performed to obtain its transfer function. To determine the
transfer function, first of all the settling time and overshoot should be measured followed
by the natural frequency and the damping ratio. With that information the standard form

of the second order system can be built.

On the other hand, if the physical characteristics of the system under study are
known, it can be modeled in a more accurate way taking into consideration all the existing
system states. In the case of highly nonlinear systems like power electronic converters, at
any moment in time the system has a state. Indeed, the behavior of the system is linear
within each state but is the transition from one state to the other what makes it non-linear.
This set of all possible states where the converter can be in, is known as the switched
model. It can be represented in state-space form, where every single condition the system
can experience is included. One of its strengths is the remarkable number of control
techniques that are built on state space models like Kalman Filters, Robust control, LQR

control and MPC, to name a few.

Making use of the switched model of the converter, the averaged model can be
developed. Nevertheless, due to the abovementioned characteristics of power converters,
the averaged model is still non-linear (Fig. 4.3). After obtaining the averaged state-space
model, it should be linearized if classical system control techniques need to be applied.
The idea is to take the set of non-linear equations that describe the system and linearize
them over a point of operation to develop a Linear Time Invariant (LTI) model. Once the
LTI model is obtained, Laplace transform can be used to derive the transfer functions that
describe the system. Making use of the transfer functions, a suitable compensator can be
designed for the converter control using linear control techniques. All these steps

presented in Fig. 4.3 have been further developed in the following subchapters.
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Fig. 4.3 Steps followed for obtaining a linear model, on the basis of a non-linear system.

In this case, the mathematical model of the Synchronous Buck converter (Fig. 4.4)

is developed. The physical state variables of a system are usually associated with the

storage of energy. In the particular case of power electronic converters, the physical state

variables are the inductor current and the capacitor voltages. The independent inputs of

the system, such as the battery voltage (vsar) and DC bus voltage (vius), are included in

the input (or control) vector. The output vector contains the variables that are of interest

for the designer. These variables might be a combination of state variables and input

variables. In this particular case, there is interest in computing the battery current ipa,s and

the DC bus current ip.s. As it can be observed, having a voltage source on each side of the

converter increases the complexity of the model, since the bidirectional behavior of the

converter can cause the voltages to be considered as inputs or outputs of the system.
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Fig. 4.4 Synchronous Buck converter schematic.
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4.2.1 Switched model

For the Synchronous Buck converter there are two possible switching states shown

in Fig. 4.5 and Fig. 4.6. Note that power MOSFETs are modelled as a resistance when

are closed. This resistance is equivalent to their Rpso.. In this sense, 7 and r, resistances

correspond to S, and S, MOSFETsS respectively.

Fig. 4.5 Switching state 1 of the Synchronous Buck converter.

Applying Kirchoff’s current and voltage laws to the switching state 1 (Fig. 4.5), the

following system of differential equations is obtained.

dv 1
G = — 1 D’C _ ’}um D]L + E’ban ( 41)
da G *n,) — Gl *n,) = Gl *+1,,)
dv 1 1
== O, + s 4.2)
dt Co (rC 0 + rhm') ’ Co (rC 0 + rbm‘) ‘
ﬂ :# - - rC,- B'barr + n +rDS(,,, mL + rcl E’h,m (43)
dt l‘(rC1 + r;mtt) ( L(rC,- + r;mtz) L l’(rC1 + r;)att)

Equations (4.4) and (4.5) define the output variables in the switching state 1.

. 1 I, 1
lbatt - + E)Cl + + IjL + + m’hazz (44)
rC i r;)att rC i rhazz rC i rbatt
. 1 1
lbus - + |]7(30 - + Ij,bus (45)
I C rbus rC ’;)us

88 Hybrid Energy Storage Systems via Power Electronic Converters



Chapter 4
Hardware modeling

L ry r;
0 0000 —MW—1—H o
—_—
Fban r i src b
C . us
Lpatt i L < o ‘bus
Vbatt T Ci et TVCI, VC()T ] Co T Vbus
o l o) .

Fig. 4.6 Switching state 2 of the Synchronous Buck converter.

As in the previous case, the following set of differential equations are obtained from

the resulting circuit of switching state 2.

o

dv, 1 r 1

-=- D’c, - bt D]L + H’ban 4.6)

de Clrg, * 1) Cle, *,) — Gl +1,)

dv, 1 r 1

m=- B, + =01, + 0, (4.7)

dt Co(rC, + r}au‘v) ’ Co(rC, + r}ms) Co(rC , + r}ms)
dl I# Vs T |]. att y + h T |]. us
L — batt E’c_ _ bus wc _ Ci b + L DS, + C, —b DJL +
dt L( rC- + r;wtt) ‘ L(rC + r;ms) ( L(rC + r/mtt) L L(rC + r/ms)
‘ ’ ' ’ 4.8)
T ¥,
+ # Ebbﬂﬂ - # El}bus
L(rC, +rban) L(rC(, +rbus)
Equations (4.9) and (4.10) define the output variables in the switching state 1.
. 1 Ie, 1
Lot =~ + El’q + + |:i|L + + Ijl)barr (49)
rC i rbatt rC i r;;arr rC i rbatt
. 1 T 1
lbus = l])CO + 3 EIL - |])bus (410)
rC + r}ms rC + r}ms rC 0 + r;ms

o
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4.2.2 Averaged Large Signal Model

Equations (4.1) to (4.10) are now written in the matrix form. From which the state

equation (4.13) and output equation (4.15) are obtained.

S1:0 S1:1
Uu=1 - Uu=0 -
§2:1 S§2:0 4.11)

State 1 State 2

The variable U represents the position of the switches at each instant (Equation
(4.11)). Assuming that State 1 corresponds to U =1 and State 2 to U =0, the averaged

state equation can be written as follows:

(1) = (AU +A,(1-U) {x)+BU +B,(1-U)) Qu) 4.12)
v, \ ]

5
< cvz;> =(A)0{v,) | +(B) [Eiziq (4.13)
<&> <iL> |

di

I 0 I VI
Ci(rCi + ) Ci(rCi )
<A> — O _ 1 (1 _U) G}ms
Co(rC,, +r27us) Co(rC,, +r27us)
Vot A=k, | I L3, + 1t s, + 1-U) ch 3,
L(rC,- +r}mtt) L(FC" +r;7us) L(rC,- +r}mtt) L L(rC" + r;aus)
_ 0
Gz, * 1)
B= 0
Co(rC,, +727us)
e (1-0)0,.

L L(rC,» + r;mtt) L(rCn + ’}ms)
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The matrices C and D can be achieved if the output vector y is a combination of

the state variables and inputs, as it happens in this case. In this way, the output equation

is written as follows:

(y)=(CU+C,1-U))[{x) +(DU +D,(1-U)) {u) (4.14)

roofi] s

__ 1 O rCi -
<C> rC‘- ’/;Jatt rC‘- + ’/;Jatt
1, 1 -
L rCn +r;ms rC +r;mv
— 1 0 -
rC,» + rbatt
(n)= 1
0 —_
L rCO + rbus
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4.2.3 Linearized model

In order to design a suitable compensator for the feedback control of the plant, it is
necessary to obtain a linear model of the system. In this case, given the non-linear nature
of power electronic converters, it is necessary to perform a linearization. As it is not
possible to get a linear model that works well over the entire state-space, the non-linear

system is linearized at specific operating points where the lowest error is desired.

Let us consider the set of continuous-time non-linear differential equations that
describe the system in the following form and assuming the duty cycle d as the input

variable:
x = f(x,u,t) (4.16)
y = g(x,u,r) 4.17)

The main goal is to find a suitable Linear Time Invariant (LTI) combination of
system states and inputs that produce similar results as the non-linear system. To this end
itis necessary to fit the model, which is a non-linear function of state variables and inputs,

to the linear form shown in (4.18) and (4.19).
x=f(x,u,t) — x(t) = ALnx(t) +BLHu(t) (4.18)

y=g(x,u,t) — y(l‘) :CLTIX(Z‘) +DLTIU(Z‘) 4.19)

The LTI state-space model emulates an approximation of the local behavior of the
non-linear model, assuming small deviations from a set of equilibrium points. In most
cases, the equilibrium point is selected so that the system therefore stays at steady state.
This implies that when the system is initialized at this state, then the states would not

change over time.
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x(t)=0 — 0=£(X,,U,)=AX, (¢)+BU,(¢) (4.20)
Y, (1)=CX, (1) +DU, (1) (4.21)

The next step is to use the Taylor series expansion assuming small deviations
around the equilibrium points. In this sense, the duty cycle together with averaged values
of state, input and output vectors can be separated into steady state (equilibrium) value

and small signal value which is denoted by tilde symbol:

(x)=X, +% (4.22)
()=0,+u (4.23)
(yy=Y, +y (4.24)
d=D,+d (4.25)
(i)=0+x (4.26)

In this case, instead of keeping all of the Taylor series expansion terms out to
infinity, higher order terms are ignored since they do not affect the system that much. In
this way only the 0™ and the 1% order terms (first derivatives) are considered. At the most
basic level, we are looking at the first order partial derivatives of a function at a steady
state (equilibrium) operating point, making the assumption that the slope is a good enough

approximation of the non-linear function as long as we stay close to the operating point.

X = f(x,u,t) N = 2(;_{((;%6_{{(;) (4.27)
y=g(xrun — §:g—i(§)+g—i(ﬁ) (4.28)

All the partial derivatives are evaluated at the predefined equilibrium points and
then stored into matrixes. The resulting matrixes containing the partial derivatives are
called Jacobian matrixes. At this point we have reached the LTI state-space form of the

system model.

Hybrid Energy Storage Systems via Power Electronic Converters 93



4.2 Mathematical Modeling

¥ % DI
6)61 (;’;) 6xn (;“;) 6141 (},;) 6um (;“;)
Apy = ; ; By =
9 .. 9% o, ... 9%
aXI (;’;) axn (;“;) Xe,Ue nxn aul (;m;) aum (;“;) Xe,Ue nxm
9, 9, O.) %
axl (;“;) 6xn (; I;) aul (;“;) aum (},;)
Cim = Dy = : :
% % %, %,
6)61 (}’;) 6)6” (},;) . 61/!1 (}’;) aum (},;) .
e,Ue pXn e,Ue pxm

Once we have obtained the LTI matrixes of the system, Laplace transformation can

be used to pass from state space representation (MIMO) to transfer functions (SISO).
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4.2.4 Transfer function of the system for linear controller design

A transfer function can be defined as the Laplace transform of the impulse response
of a LTI system when the initial conditions are set to zero. In our case, since a TF only
relates one input with one output and what we have is a MIMO system, there will be

multiple transfer functions describing the system.

Every TF is composed of two polynomials, one in the numerator and the other one
in the denominator. The polynomial in the denominator is called the characteristic
equation. In order to apply classical control theory to design a suitable compensator for
the system, first it is necessary to put the characteristic equation into the correct form. To
do this, the system should be described by a second order transfer function. This allows
us to see how varying any parameter in the system affects the location of the poles.
Together with this, it should be noted that design concepts like Damping ratio { and
Natural frequency w, are only defined for a second order system (4.29), and lose their

sense for higher order systems.

Y(s) “, 429
U(s) s*+2lws+w) (4.29)

Based on the previously shown LTI state-space model, this can be Laplace
transformed to obtain the transfer functions of the system. After performing the Laplace

transform and rearranging terms, we obtain:
X (s)=[sI-A]"'BU(s) (4.30)

Y (s)=C[s1-A] 'BU(s)+DU (s) (4.31)

Combining equations (4.30) and (4.31) we obtain the generic transfer function of

the system (4.32):

Y (S) -1
=C|sI-A| B+D
70 [ ] (4.32)
In this case, as it happens very often when the inverse of a matrix needs to be
computed, due to the characteristics of A matrix it is non-invertible. As it has been

mentioned before, in our case Matlab was used to obtain the solution for this problem.
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Internally, Matlab performs an optimization to solve the system of nonlinear equations.
The method used by Matlab to find the solution for this optimization problem is based on
trust-region dogleg algorithm. Nevertheless, the working principles of this optimization
algorithm are out of the scope of this work. For more information about it, the reader is

referred to [196] and [197].

As a result of multiple iterations inside the Matlab algorithm, the resulting transfer
functions are described by high order polynomials both in the numerator and the
denominator. As mentioned before, if we want to apply the classical system control theory
to our problem, we need to have a second order system or at least our system needs to

have a pair of dominant poles that made it behave like a second order system.

In this case, the system behaves like a second order system so the transfer functions
can be easily adapted using ‘balred’ Matlab function. This function computes a reduced-
order approximation of the LTI model. Fig. 4.7 shows the step response comparison of
the former high order system and the new second order system. As it can be seen, a small
error is assumed when performing the system order reduction but it is small enough to

ignore.
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Fig. 4.7 Step response comparison of high order TF and approximated second order TF.

Now that we have a second order equation describing our system, we can find the
proper gain values for the compensator to fulfil the damping ratio, overshoot and settling

time.
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Chapter 5

CONTROL STRUCTURES

The control of HESSs has often been divided into different levels. Each level
corresponds to different priorities in the control actuations. Furthermore, this multilevel
control structure is widely used for electrical grid and microgrid applications. In this

sense, most of the used control methods are based on PI controllers.

In order to simplify the multilevel control structure, different alternatives have been
sought. The idea is to reduce the system to a single level structure. In order to achieve

that, the Model Predictive Control is presented as a suitable solution.

This Chapter also gathers the currently used control strategies for power sharing

in Hybrid Energy Storage Systems.
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5.1 Multilevel control structures

Multilevel control structures have been widely used in classical control schemes for
electrical grid and microgrid applications. This hierarchical control structure normally
consists of three different levels; primary, secondary and tertiary levels to be precise. This
kind of control structures are composed of multiple PI control loops, tuned to meet

different operating dynamics based on priority criteria.

Based on this, multilevel control structures have been widely used for the HESS
energy management. Fig. 5.1 shows the general scheme of this control structure and the
role of each control level within the system. As it can be seen, the control has been divided
into three different levels. Note that the inertial response is included even though we

cannot control it since depends on physical parameters.

T ===

el \\\
> ™~
—_ B ~
(]
on
<
=
§ Inertial

Response

Time [s]

The inertial response will depend on the physical elements that

Inertial . ) . -
R constitute the system. These elements will contribute to the inertial
esponse .
_J response depending on the amount of energy they are able to store.
( \ . . . .
Low Level This level is responsible for the power electronic converter control.
Control Current and voltage control loops are implemented on this level.
_/

Medium Level The medium-level control structure is responsible for the energy
Control management and power sharing between the different ESSs.

This control level should ensure the operation of the ESSs within
the Safe Operating Area (SOA). At this point, ESS voltage, current
and temperature restrictions and constraints must be included.

High Level

Control

Fig. 5.1 Hierarchical control based multilevel control structure for voltage regulation in DC
systems with energy storage devices.
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5.1.1 High Level Control
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Fig. 5.2 High Level Control operating range within a multilevel control structure.

This control level should ensure the operation of the ESSs within the Safe Operating
Area (SOA), regarding voltage, current and temperature restrictions (Fig. 5.2). At this
point, all the ESS restrictions and constraints must be included. Especially when working
with batteries, due to the hazardous nature of some chemistries. Protecting the battery
from working out of the SoA is fundamental. Operating out of its specified working limits

can result in an irreversible failure of the battery. Fig. 5.3 presents the SoA for Lithium-
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Fig. 5.3 BMS safety and energy requirement issues. a) SOA of Li-ion technology for a voltage
vs. temperature chart [198]. b) Cycle life improvement vs. operating temperature [199].
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Fig. 5.4 Ultracapacitor safe operating area [200].

Ion batteries, together with some information about the problems caused by operating out

of it.

In addition to the above, this level should include the charging procedure for the
batteries. This comprises the typical constant current constant voltage (CC/CV) charging
mode. The charging mode may have slight differences depending on the battery
technology used. This is an essential feature since the batteries can be damaged if an

inappropriate charging procedure is applied.

All this must contribute to the normal and safe operation of the system, together

with providing a battery life extension.

Ultracapacitors are affected by the temperature and overvoltage as well (Fig. 5.4).
Operating at high temperatures will reduce the life of the UC cells, while low
temperatures will increase their internal resistance. Moreover, in the event of exceeding

the maximum voltage, the cell can be damaged or even destroyed.
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5.1.2 Medium Level Control
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Fig. 5.5 Medium Level Control operating range within a multilevel control structure.

The medium-level control structure is responsible for the energy management and
power sharing between the different ESSs (Fig. 5.5). This can be done in different ways.
Firstly, the power demand is calculated, and after, the total power is divided among the
different energy storage devices [201]. Different methods can be found on the literature

to perform this division.

One of the simplest methods consists of applying a power level threshold to divide
the power between the ESSs. In this sense, the high power density ESS would supply all
the power demand exceeding the predefined threshold. Some other methods are based on
reference tables to perform the power distribution [202]. Depending on the power level
managed at each time, some predefined patterns are used to distribute it between the
storage devices. These patterns stored into the reference tables can be modified and
adjusted based on the requirements of each application. Another option is to combine
together multiple reference tables and use one or the other depending on the operating

mode required at each moment.

Other methods perform the power sharing by means of a high pass filter to separate
the high frequency and low frequency components of the power signal [203]. The high
pass filter consists of a low pass filter, whose output is subtracted from the original signal.
In this way, as the high energy density ESS (typically a battery) manages the low
frequency component of the required power, lower and more constant discharge rates are
applied to it. Other authors make use of weighting factors to determine the power
proportion supplied by each storage device. Due to the difference in power to energy
ratios of some storage technologies, a dynamically varying weighting factor is applied in

[204].
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5.1.3 Low Level Control
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Fig. 5.6 Low Level Control operating range within a multilevel control structure.

This level is responsible for the control of the power electronic converter. Current
and voltage control loops are implemented on this level (Fig. 5.6). There are several
methods for the control of power converters and drives, from the classical PID controllers
to the modern predictive controls. Some of them are very simple like the hysteresis
control, while other more modern controls are more complex and have a higher

computational burden.

When the converter uses a modulator, a linear controller can be used to control it.
In this sense, the most common choice is the use of proportional-integral (PI) controllers.
Normally, in DC-DC converters this type of control is composed of two loops, voltage

and current loops to be precise.

With the aim of improving the dynamic response of these types of systems, the
option of studying modern control strategies has been considered. After analysing some
recent publications, it has been established that the Model Predictive Control (MPC) can
be a strong candidate [205]-[208]. Not only for the low-level control, but also for the
control of the whole HESS [209]. Unlike PI controllers, MPC is a multivariable control
method that is ideally suited for multi-input multi-output (MIMO) systems. In addition,
anti-windup mechanisms are not required in MPC since it does not accumulate the
tracking error while trying to reach the reference value. This simplifies the design,

analysis, and tuning process.
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In order to simplify the multilevel control structure, different alternatives have been
sought. Currently, new applications require more demanding technical specifications
including low level hard constraints that must be met by the control algorithm. On the
one hand, it is intended to avoid the multilevel hierarchical scheme while at the same time
the control includes all the required constraints and low level control within the same

structure.

Regarding the low level control of the converter, obtaining a good performance
over a wide operating range is particularly important. Nevertheless, this becomes a
difficult objective due to the adjustment of the controllers for a single operating point of

the linearized converter model.

For these reasons, the Model Predictive Control (MPC) has been considered as a

suitable alternative to classical control techniques for this kind of applications.

5.2.1 Model Predictive Control

The Model Predictive Control for industrial applications appeared in the late 1970s.
At that time, various prediction algorithms were developed relying on dynamic models
of the process involved. Those algorithms were able to predict future output actions, by

means of the predicted error minimization subject to some operating constraints.

In the beginning, MPC was successfully applied in the chemical industry where
time constants are long enough to perform all the required calculations [210]. However,
its application in power electronics and drives is more recent due to the fast sampling

times that are required in these systems.

The Predictive Control is not a specific control strategy, but is a broad field of
control methods developed around certain common ideas. Despite the different MPC
variations, five key attributes can be identified that are common to the family of model
based predictive controllers:

* The use of a dynamic model to predict future outputs of the system.

* Constraints can be included, such as admissible switching transitions.

Hybrid Energy Storage Systems via Power Electronic Converters 103



5.2 Single level control structures

* A cost function that represents the desired behavior of the system.
* An optimization stage responsible for minimizing the cost function.

* The implementation of a receding horizon strategy.

5.2.1.1 Model predictive control strategy

MPC is an optimization problem that consists of minimizing the cost function J,
subject to the model of the system and its constraints. At each ¢ instant, future outputs are

predicted for a given horizon N, , also referred to as prediction horizon. The optimization

problem is solved at each sampling instant, considering the new measured data and
obtaining a new sequence of optimal actuations each time. This is called a receding

horizon strategy [210].

Unfortunately, the computational burden of the MPC associated with solving the
optimization problem, is dependent on the length of the prediction horizon. The number
of possible solutions increases exponentially when extending the length of the prediction

horizon, in the same way as the computational burden.

When the MPC is implemented in a real system, the time interval for calculations
is very small. In that case, one of the possible solutions is the offline optimization using
the system model, in what is termed explicit MPC. The result is a look-up table containing

the optimal solution as a function of each state of the system.

Considering the discrete nature of power electronic converters, it is possible to
simplify the optimization problem considering the finite number of switching states. This

reduces the number of calculations and allows its online implementation in the algorithm.

The general MPC scheme for power converter control is shown in Fig. 5.7. The

main considerations for the MPC design and application are described below.
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Optimization stage Converter
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Fig. 5.7 General control scheme for MPC applied to power converters.

5.2.1.2 Dynamic Model

The internal dynamic model enables MPC to predict the sequence of future system
states and outputs for a given sequence of manipulated variables. In power electronics,
when choosing voltages or currents as state and output, the continuous-time state-space

representation can be written in the following matrix form:

deEt):Ax(t)+Bu(t) (5.1
y(t) =Cx(¢) +Du(?) (5.2)

Most linear MPC strategies are formulated in the discrete-time domain using a

constant sampling period 7 . The manipulated variable changes only at ¢ = k7, discrete
sampling instants, where k[N :{0,1, 2,...} denotes the time steps. Integrating from

t=kT, tot =(k +1)7; and knowing that u(t) =u(k) , the discretization with zero order

hold method can be applied. The resulting discrete-time state-space representation can be

written in the following form:
x(k+1)=A x (k) +B,u(k) (5.3)
y(k)=C,x (k) +D,u(k) (5.4)

Where discrete matrixes can be computed as:
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A, =eAT (5.5)
; A,-T)B
B, = eMarB= (A1) (5.6)
C,=C (5.7)
D, =D (5.8)

A simpler way for the model discretization is the forward Euler method. Where the
discrete state equation is written as follows:
(k1) =(1+TA) x (k) +(TB)u(8)
— —_ (5.9)
A B,

One of the weaknesses of MPC is the need of an accurate model of the system.

Generally, the quality of the controller depends on the quality of the model.

5.2.1.3 Constraints

Constraints are added to prevent the system from operating outside of its safe
operating limits. However, there are two main different types of constraints depending on

the physical nature of the manipulated variable.

When the manipulated variable is indirectly controlled as in the case of voltage or
current, the upper and lower constraints can be slightly violated even though at a high

cost. In that case, the constraints are defined as soft constraints.

Conversely, the switch position u of the converter is an integer value. There are
only two states for ideal power switches: on and off. Due to its physical nature, these
constraints are defined as hard constraints. In the case of the synchronous buck converter

for example, the input constraint are:
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u(k) {01 (5.10)

For each step, only one switch transition is allowed. In other words, at time step k

the admissible u(k) differ by at most one step from the previous u (k —1) switch position.

Au(k)=u(k)-u(k-1),

Du (k)| <1 (5.11)

If the converter uses a modulator, then u(k) will be constrained to a bounded
continuous set. In that case, the components of the output vector will correspond to duty

cycles d(k) , or PWM signals [211].
u(k) =d (k) O[-11] (5.12)

5.2.1.4 Cost Function

In a traditional control scheme, the limitation of internal variables is achieved by
including saturations for the reference of these variables. In a predictive control scheme,
these limitations can be included in the cost function. Therefore, a cost function that

represents the desired behavior of the system needs to be designed.

The cost function penalizes the deviation of controlled variables from their
references. However, that penalization have different impact depending on the norm used.
In this sense, predictive current control with reference tracking was originally proposed
with the 1-norm, where the tracking error cost depends linearly on the current error. On
the other hand, if a 2-norm is used, the tracking error cost will depend quadratically on

the current error.

The following cost function example (eq.(5.13)) consists of two terms. The first
term penalizes the predicted current tracking error quadratically. The second term
penalizes the switching effort and A is a weighting factor that can be adjusted in order to

modify the importance of its corresponding term.
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J=(i" (k+1) =i (k+1)) +A, |du (k) (5.13)

5.2.1.5 Optimization stage

The discrete time domain model is used to predict the controlled variable, current

for example, at time-step k +1 for all admissible u(k) switch positions. The argument of

the result is the optimal sequence of manipulated variables U, (k ) The optimization

problem is stated as

U o (k) = arg minimize J

00 (5.14)

The optimal switch position is obtained by minimizing the cost function J . That

switching state is applied during the next sampling period.

5.2.1.6 Receding Horizon

Solving the optimization problem future outputs of the system are predicted from

k+1to k+ N, though only the first element is used. At the next sampling step (k +1)

the system state x(k +1) is estimated and the horizon is shifted by one step in what is

called receding horizon.

In general, the use of a one step prediction horizon is more intuitive and easier to
implement in power electronics. For direct MPC with reference tracking, the
computational cost of solving the optimization problem normally limits the prediction
horizon to one. In some cases, long prediction horizons can improve the converter
performance at steady-state operation, nevertheless in most cases a prediction horizon of

one suffices.

5.2.2 MPC working example

All the concepts about MPC mentioned above, are shown graphically in Fig. 5.8.

As illustrated here, the dynamic model of the system is evaluated at instant #(k) and future
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system states are calculated for #(k+1). In this specific example, only two possible
switching states are considered for the converter. After evaluating the cost function for
these two options, the switch position that provides the smallest cost function value is
selected and applied. Note that the cost function not only considers the current tracking
error, but also penalizes the switching effort (eq.(5.13)). After applying the new switching
state, all the process is repeated at the next sampling instant in what is called receding

horizon.

i

— Current reference
— Inductor current

i;(k+1) for u(x)={1,0}

|

i, (k)

i, "(k+1)

/j T (ee1) for u()-10.1}

i (k)

[0 (k1)

Fig. 5.8 MPC working principle simulation example for inductor current control.
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5.3 Power Sharing

The power sharing is one of the key tasks to perform the energy management in a
hybrid energy storage system (HESS). Regardless of the control scheme used, single level

or multilevel, power sharing is necessary to optimally use both storage devices.

While it is true that the general concept of hybridization is based on the power and
energy distribution, the way to achieve it usually differs depending on the application
(Fig. 5.9). In photovoltaic applications is more common to control the system as a state
machine, that is why rule based control is the prevailing trend. In the case of electric
vehicle, due to the fast dynamics managed in this application the filtering technique is the
most used one. Lastly, the use of virtual impedances is more common in microgrid

applications where multiple devices with different dynamics are connected in parallel.

In the following subsections the most used power sharing techniques are presented
and explained. Together with this, simulation results are presented for a better

understanding of the different power sharing techniques.

‘ Typical Power Sharing Techniques ’

Filter Based .
Rule Based Control ‘ ‘ Power Sharing ‘ ‘ Virtual Impedance .

O Power Threshold O Split of HF and LF O Droop Control

o Look-up Tables

o Weighting Factors 2. JL,

© Ly o Virtual RC impedances

Field of Application: Field of Application: Field of Application:

I LEE 2 & Microgrid ~—
Photovoltaic Systems Electric Vehicle

Fig. 5.9 Typical power sharing techniques and their field of application.
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5.3.1 Rule based control

5.3.1.1 Power threshold

One of the simplest methods consists of applying a power level threshold to divide
the power between the ESSs. In this sense, the high power density ESS would supply all
the power demand exceeding the predefined threshold (eq.(5.15)).

p (5.15)

batt °

— B)azz + PUC’ lf‘ ont > Phaztmax
o Otherwise

In this case, the maximum power value is 300W, which corresponds to 25A in the
ESS 12V side. The constant power consumption is set to 60W, what means 5A in the 12V
side. Setting the Ibatt_max to +6A, the following current distribution is obtained (Fig.

5.10).
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Fig. 5.10 Power distribution applying level threshold under pulsed load.

Now we have the same power sharing method considering the Ibatt_max to £6A
predefined threshold under an electric vehicle city power profile (Fig. 5.11). As it can be
seen, the battery supplies all the required power when the power level is smaller than the

threshold. The UCs would supply only the power levels greater than the threshold.
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Fig. 5.11 Power distribution applying level threshold under EV city power profile.

5.3.1.2 Look-up tables

Some other methods are based on reference tables to perform the power

distribution. Depending on the power level managed at each time, some predefined

patterns are used to distribute it between the storage devices (Fig. 5.12).

These patterns can vary in order to obtain the most suitable solution depending on

the needs of each application. In this sense, the definition of these tables or constraints is

not fixed. Multiple tables can be designed and applied depending on different parameters

such as the SoC of each storage device. This can be programed as a state machine where

the SoC, power level, temperature and some other parameters are the inputs that define

the look-up table used at each instant.

Fig. 5.12 Examples of look-up table power distribution patterns.
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An example of this is presented below (Fig. 5.13 and Fig. 5.14).
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Fig. 5.13 Look-up table based power distribution.
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Fig. 5.14 Look-up table based power distribution. Voltage and current levels of the UCs.

In this example, even though the battery is able to provide higher current levels, it
is limited to £3A provided that the UCs maintain their voltage within the safety limits
(between 6 and 14V). If any of these limits are exceeded, the system changes the look-up
table to another one reducing the availability of UCs until their voltage returns again
within its operating range. At this point, the battery would manage nearly all the required
input or output power until the voltage level of the UCs is back within the limits. When
that happens, the battery current will again be limited to £3A. These two specific

moments are marked with a red arrow in the Fig. 5.14.

This is just a simple example of how the control logic could be configured, but there
exist multiple options. In this sense, the so-called barrier functions (Fig. 5.15) could also
be used, which could reduce some lines of code. These barrier functions avoid the
violation of the predefined constraints by growing to infinity when its arguments
approach the operating limits [212]. This can provide a more gradual power distribution,

in this way avoiding abrupt transitions. Barrier functions can be designed to be symmetric
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for the whole operating range as it is shown in Fig. 5.15, or asymmetric to fit the desired

working mode.

—
(=
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Weighting factor

0.01

15 SoC (%) 85

Fig. 5.15 Barrier function relating the SoC with a weighting factor.
5.3.1.3 Weighting factors

Other authors make use of weighting factors A to determine the power proportion
supplied by each storage device. Based on the difference in power to energy ratios of
some storage technologies, a dynamically varying weighting factor can be also applied
[204]. But not only that, as it has been mentioned before in the case of the look-up tables,
this weighting factor can be modified according to different criteria behaving like a state

machine. In that sense, it has many similarities with the look-up tables.
Py =AM, +(1=A) Py (5.16)

An example of this is presented below. On the Fig. 5.16, the weighting factor is
fixed to 0.3 for the UCs and 0.7 for the battery.
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Fig. 5.16 Weighting factor based power distribution under pulsed load.
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The effect of the weighting factor can be more clearly appreciated in the electric
vehicle power profile. In the example outlined below, the proportion of the current
supplied by each storage device have been reversed with respect to the previous example.

In this case (Fig. 5.17), the weighting factor for the UCs is 0.3 and 0.7 for the battery.
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Fig. 5.17 Weighting factor based power distribution under EV city power profile.
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5.3.2 Filters based power sharing

Other methods perform the power sharing by means of a high pass filter to separate
the high frequency and low frequency components of the power signal [116], [169], [213].
The high pass filter consists of a low pass filter, whose output is subtracted from the
original signal. This can be more clearly seen in Fig. 5.18. In this way, as the high energy
density ESS (typically a battery) manages the low frequency component of the required

power, lower and more constant discharge rates are applied to it.

Power distribution

. High frequency .
PHF component ngh power
- @ ? = = density ESS
P Pir
> | LPF e -~ — >» | High energy
Measurement Low frequency density ESS
component

Fig. 5.18 Filter based high-level power distribution.

Considering the same consumption profiles from the previous cases, the following
results are obtained with the filtering technique (Fig. 5.19). In the first instant, due to the
fast power increase, the filter forces the UCs to supply nearly the total power. Thanks to
this, the battery can start rising with a smaller slope until it reaches the reference power
level. In this cases, if the power step lasts long enough, the battery will end up driving the

total power required by the application because there is not power threshold limit.
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Fig. 5.19 Filter based power distribution under pulsed load.

In any case, the filter can be modified to adjust the behavior of the application. In

this sense, if we consider the previously mentioned electric vehicle city power profile, we
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can see that the battery never reaches the total power (Fig. 5.20). Due to the fast reference
change and the unpredictability of the car consumption, the filtering technique makes
more sense in these types of scenarios. In any case, power limitation should be considered

as a hard constraint as a security measure.
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Fig. 5.20 Filter based power distribution under EV city power profile.

One the drawbacks of the filtering technique is its difficulty in stopping the supply
of the current when the reference goes abruptly to zero. This can be seen in the time range
from 1.25 to 1.7 seconds, where there is a current recirculation between the battery and

the UCs so that the effective output current is set to zero.
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5.3.3 Virtual impedance

In general terms, a virtual impedance is a passive element that is not physically in
the circuit but is virtually added to the control algorithm so that it behaves as if it were
there. Virtual impedances are used to change the output impedance of the converters
connected to the same bus or grid. Therefore this contributes to the output impedance
matching, what at the same time improves the current sharing between the parallel

connected converters.

The droop represents a real value, what in practice can be interpreted as a virtual
resistor. Its effect is the generation of a virtual voltage drop at the output of the converter,
directly proportional to the current flowing through that output. This type of control has
often been used for the parallel connection of different power supplies such as UPSs,

achieving good power sharing [214].

In addition to the droop control, other impedance elements such as virtual inductors
or capacitors can be added based on the same concept. In this sense, the output impedance
can be considered as an additional control variable. Between both, virtual capacitors are
more commonly used in combination with virtual resistors for inertia emulation in
islanded DC microgrids. Nevertheless, this virtual impedance concept is equally valid for

AC systems connected to the main grid.

5.3.3.1 Droop control

The droop control is a proportional (P) type of control, typically used in microgrid
applications where a great amount of Power Electronic Converters (PECs) are connected
in parallel. The main objective of droop control is to emulate the droop characteristic of
grid connected generators due to the inertia. Inertia is an inherent physical characteristic
of rotary generators. This type of control does not require communication between the
different PECs so it can regulate the primary response in a stand-alone mode. For this
reason, such physical behavior is emulated in the control of each converter separately.
With this type of control, it is possible to react automatically against load consumption

variations before the rest of controls start operating.
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In AC grids, load changes directly affect the frequency and the voltage amplitude

of the grid, whilst in DC grids only the voltage level is affected. Considering this, droop

control in AC grids regulates the output frequency by controlling the active power of the

converter while the output voltage is regulated by controlling the reactive power (Fig.

5.21).
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In the case of DC grids, the droop control reacts proportionally to the difference

between the grid voltage reference and the measured one. Thanks to this, each converter

will behave like a voltage source with high inertia. In this case, active power is exchanged

to regulate the grid voltage (Fig. 5.22).
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Fig. 5.22 Droop control characteristic for DC systems.

The possibility of applying different droop characteristics for each parallel

connected PEC, enables the integration of devices like loads or storage elements with

completely different operating dynamics. This makes it an appropriate candidate for its

integration in the control of HESSs.
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5.3.3.2 Virtual RC impedance

Including different electrical components directly into the circuit would modify the
general behavior of the system, nevertheless this would imply more unnecessary power
losses. In order to emulate the same behavior but avoiding the physical modification of
the system the integration of virtual impedances within the control algorithm can be a

suitable solution (Fig. 5.23).
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Fig. 5.23 Control scheme integrating the virtual impedance into the control algorithm.

Among the different virtual impedance component variants that can be
implemented, the most interesting components to include in DC systems would be
resistors and capacitors. With these components, the dynamic behavior of the converter

can be modified emulating different inertial responses to abrupt load changes.
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Fig. 5.24 System response under two different virtual impedance configurations.
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In Fig. 5.24 the response of the system is analyzed for two different virtual
impedance configurations. In the upper configuration the virtual impedance is composed
of a RC branch emulated to be in parallel with the converter output. In this case the

transient response of the converter is filtered but it has no effect in steady state operation.

On the other hand, the lower configuration is slightly different since it adds a virtual
resistor in series with the output of the converter. In this case, the transient response is
filtered as in the previous configuration by making use of the parallel RC branch.
However, this configuration is able to modify the output steady state value thanks to the
virtual series resistor. This resistor emulates a voltage droop that can be modified to

converge to the desired value.

5.4 Conclusion

There are several methods for the control of power converters and drives. In this
sense, the most common choice is the use of multilevel control structure composed of
proportional-integral (PI) controllers. This configuration implies the tuning of several

cascaded control loops.

Model predictive control is presented as an alternative to this multilevel structure.
The use of this kind of control makes it possible to operate with a single control loop. In
this sense, all the necessary parameters should be included within the cost function,

together with the operating constraints.

According to the different power sharing techniques, several methods have been
found on the literature. In most cases, the use of one method or the other will depend on

the particular features of the application.

Classical rule based methods are robust and widely used in photovoltaic and
industrial applications. Although they can provide a suitable power distribution in steady
state, the transient response behavior is their weakest point. Nevertheless, this weak point

can be partially solved making use of predefined barrier functions.
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Just the opposite occurs in the case of the filtering method. This method works well
for systems with abrupt and unpredictable operating changes such as electric cars.

However, it does not provide a suitable solution for the steady state.

Novel control strategies such as virtual impedances are presented as an interesting
solution for future high performance applications. The different virtual impedance
configurations can be useful to modify separately the transient response and steady state
of the system. In this sense, the virtual impedance can be configured to make the system
behave like a filtered system while at the same time it imposes an operating threshold in

steady state.
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Chapter 6
CASE STUDY I: PI v§s FCS-MPC AND CCS-MPC

In this Chapter, a system composed of a battery and a DC-DC converter has been
evaluated under two different Model Predictive Control strategies and classical Pl
control. The two MPC strategies are the Finite Control Set MPC and the Continuous
Control Set MPC.

In Finite Control Set MPC the switching states are directly selected and applied,
while in Continuous Control Set MPC an additional modulation stage is needed to do

that job. The particularities of each control structure have been studied and analyzed.

Simulation results are included to display the steady state and dynamic response,
and also to show the main differences between the algorithms. Experimental results are

included to validate the previously simulated comparative analysis.
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6.1 Finite Control Set MPC vs Continuous Control Set MPC

There are two main categories comprising the MPC techniques applied to power
electronics [216]: Continuous Control Set MPC (CCS-MPC) and Finite Control Set MPC
(FCS-MPC).

The CCS-MPC (Fig. 6.1 (a)) uses an average model of the converter to perform an
optimization that minimizes the error between the reference and the future state. In this
case, the controller output is the duty cycle reference applied to the modulator, which then
generates the proper switch positions. On this basis, due to the use of a modulator, the
converter presents a fixed switching frequency. On the other hand, the FCS-MPC (Fig.
6.1 (b)) makes use of the discrete nature of power converters to select the optimal switch
positions. This control method evaluates all the possible switching states and selects the
one which minimizes the designed cost function. The optimization stage in this case is

simpler than the one used in CCS-MPC since the amount of possible solutions is limited.

Once the main mathematical model is developed, constraints have to be defined to
prevent the system from working outside of its safe operating limits. However, there are
different types of constraints depending on the physical nature of the variable to be
limited. When the variable can be slightly violated, as is the case of inductor current, it is
defined as a soft constraint. On the other hand, the switch positions are defined as hard
constraints to prevent the converter from working under forbidden states. Thus, in the

CCS-MPC where a modulator is used, the duty cycle values will be constrained by:

d(k)OU2[0,110R, k0{0,1,2,..} (6.1)

Converter Converter
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Fig. 6.1 (a) Continuous Control Set MPC (CCS-MPC). (b) Finite Control Set MPC (FCS-MPC).
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While under the FCS-MPC strategy, the switch positions are constrained to belong

to a finite set:
u(k)ou={0.1} OR, k{0.1,2,..} (6.2)

In addition to defining the corresponding constraints, a cost function should be
added to the predictive control scheme. The cost function must contain the necessary
terms to ensure the desired behavior of the system. In this sense, it will penalize the

deviation of the controlled variables from their reference values.

Although the overall functioning of CCS-MPC and FCS-MPC is very similar, there
are certain differences in the way its cost functions and optimization stages are
approached. In the case of CCS-MPC, the control makes use of an averaged model of the
system to calculate the optimal duty cycle. In this case, the cost function (eq.(6.3)) is
depicted as a single-variable function which is minimized on a fixed interval (eq.(6.4).
Once the optimal duty cycle is selected, a modulator is used to generate the proper

switching commands.

J(d) =

i =i"(d) (6.3)

7, =minJ(d). such that dO[O.NOR 6

In the case of FCS-MPC, the control uses a switched model of the converter to
predict the future behavior of the state variables for all possible switching states. The cost
function value is calculated considering the predicted state variable values and the results
are stored in a matrix. Finally, the resulting matrix is evaluated and the switch position

that minimizes the cost function is selected and directly applied.

Equation (6.5) shows the cost function used for the FCS-MPC implementation. The
main objective is to penalize the current tracking error. To achieve this, the difference
between the predicted current and the reference has been computed in quadratic form. A
second term has been added to penalize the switching effort and A is a weighting factor

that can be adjusted in order to modify its importance.
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7= (er1) =" (k+1)) +2, Jau (k)] (6.5)

Since the CCS-MPC presents a fixed switching frequency, the switching effort
penalization makes no sense. Instead, the duty cycle change is sometimes penalized with
the aim of limiting the transient response. As the switching effort penalization is not used
in CCS-MPC in this case, its analysis has been done only for FCS-MPC as will be shown

later.

The evaluation of these cost functions for long prediction horizons, can slow down
calculations in both algorithms. In this sense, the use of a one-step prediction horizon
reduces the computational cost of the MPC, and normally suffices for current tracking in
power electronics applications. In addition to that, differing from the FCS-MPC strategy,
the performance obtained by using CCS-MPC can be different depending on some

particular aspects.

On the one hand, the output duty cycle constraints can vary the transient response
speed of the system. If the duty cycle range is fixed between 0,1 and 0,9 instead of 0 and
1, for example, the transient response will be slower. In spite of this, it has the benefit of
maintaining the switching frequency constant avoiding the over modulation. This can be
interesting when designing output filters. On the other hand, the number of iterations
inside the optimization stage influences the choice of the optimal duty cycle. The more
times the algorithm is executed, and the greater the number of iterations, the greater the
computational cost. However, if both are too low, the accuracy of the control drops and
the current tracking control may end up failing. That is why it is convenient to seek a

compromise between these aspects.

6.1.1 Simulation results

The main task is to achieve an accurate control of the battery current for both charge
and discharge processes. For the simulation, the power electronic converter and the
battery were built in Simulink while the MPC algorithm was implemented in a Matlab

function. The system parameters are displayed in Annex C.
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Fig. 6.2 Number of times the algorithm is executed (Number of calculations) per PWM period.

As it has been mentioned before, the amount of times the algorithm is executed and
the number of iterations, directly affect the performance of the system. If the algorithm is
executed a small number of times, the transient step response of the inductor current
suffers a slight delay followed by an overshoot (Fig. 6.2). However, these problems occur
when the algorithm is executed once or twice per each PWM period. If the algorithm is

executed three or more times, these problems are drastically reduced.

The abovementioned simulation was carried out performing 10 iterations inside the
optimization stage, which is a suitable number of iterations as shown in the subsequent
analysis. To evaluate the effect of the number of iterations, first of all the number of

calculations per each triangular carrier period was fixed to 6.

The number of iterations has direct influence on the response speed of the converter
facing a fast change in the reference. The more iterations the greater the precision in the
search for the optimal duty cycle. As the number of iterations increases, the response
speed of the converter increases as well (Fig. 6.3). However, there is a threshold from
which no substantial improvement is obtained. As it happens with the number of
calculations, a great number of iterations provides good accuracy but slows down the
speed of the algorithm. It is important to adjust these two parameters in order to obtain a

proper relationship between the performance and the computational cost. In this sense,
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Fig. 6.3 Effect of the number of iterations over the transient response.

with an appropriate number of calculations and iterations the CCS-MPC can provide a

transient response very similar to that of the FCS-MPC.

With respect to the FCS-MPC, the algorithm programmed in Matlab is shown in
(Fig. 6.4). This algorithm should take into account the two switching states of the
Synchronous Buck converter. Together with this, the state-space model of the system
must be discretized in order to implement it in the microcontroller. Finally the control

algorithm was implemented in Matlab, whereas the controlled plant was built in Simulink.

Since the switching frequency is not fixed in FCS-MPC, the weighting factor that
penalizes the switching effort has a significant influence on it. As it can be seen in Fig.
6.5, the switching frequency and the current tracking error are directly dependent on the

weighting factor value. As the weighting factor increases, so does the current error

-€
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Fig. 6.4 Flow chart of the MPC algorithm for its implementation in Matlab-Simulink.

i (k1)

128 Hybrid Energy Storage Systems via Power Electronic Converters



Chapter 6
Case study I: PI vs FCS-MPC and CCS-MPC

~

<

N—

=

=

£

=

o

=

Q

L2

g -

<

E 0 0.005 0.01 0.015 0.02 0.025 0.03
Time (s)

Fig. 6.5 Effect of the weighting factor on the switching frequency and current tracking error.

whereas the switching frequency decreases. It can be observed a linear relationship
between the current tracking error and the weighting factor. On the other hand, the

switching frequency and the weighting factor present an inverse relationship (Fig. 6.6).
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Fig. 6.6 Graph that relates the weighting factor with the switching frequency and the current
tracking error.

With regard to its transient step response, it is faster than the CCS-MPC. The reason
for this is that the FCS-MPC leaves the switches locked in what is supposed to be the

optimal position until reaching the reference.

In order to compare the results of both algorithms, it was simulated under similar
conditions in terms of switching frequency. In this sense, regarding to the CCS-MPC
algorithm, the switching frequency of the PWM was set to 25 kHz. As for FCS-MPC, the
algorithm execution period was set to 4- 107 seconds. In this case, if the system is working
in steady state and the second term of the cost function (6.5) is neglected, this will
correspond to a switching frequency of 25 kHz. In spite of this, the resulting switching
frequency will vary during transients since the FCS-MPC choses the best switch position

at each moment.
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Fig. 6.7 Comparative analysis of CCS-MPC and FCS-MPC under step response.

As it has been mentioned before, CCS-MPC presents a constant switching
frequency due to the use of a modulator. Because of this, during a step change in the
reference, the converter continues switching. This makes it slightly slower than the FCS-
MPC in response to reference changes (Fig. 6.7). It can be concluded that the Finite
Control Set is more aggressive than the Continuous Control Set when facing a change in
the reference. This behavior can produce more stress in the battery, but there is not a
significant difference to conclude if this can cause a battery failure or not. Nevertheless,
such precise control of the current and the fast transient behavior, can also be interesting

for other energy storage devices with high power density like UCs.

6.1.2 Experimental results

Among the different hardware platforms used for the digital control of power
converters, Microcontrollers (UCs), Digital Signal Processors (DSPs) and Field
Programmable Gate Arrays (FPGAs) are the most common devices [217], [218]. For this
study, a TI F28379D uC is used given the possibility of being able to program it directly
form Simulink. This PC provides sufficient processing capacity required to evaluate the

above mentioned model so that the optimal switching state is selected.

For the experimental validation of the previously simulated MPC current control,
automatic code generation tools have been used. In this case, the algorithm implemented

in Matlab was compiled and built into the TI F28379D pC [219] making use of Code
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Fig. 6.8 Schematic of the synchronous buck converter used for testing.

Composer Studio v6. Note that the converter used for the test is the abovementioned

synchronous buck converter shown in Fig. 6.8.

After implementing the MPC control on the microcontroller, the step response of
the converter was tested for both MPC algorithms. In CCS-MPC the converter continues
switching during the transient region only varying the duty cycle. In this sense, the
modulator ensures a constant frequency (Fig. 6.9 (a)). On the other hand, the FCS-MPC
presents a different transient behavior. As it can be seen in Fig. 6.9 (b), the switches are
locked in the same position during the transient, until the new current value is reached. In
this case, the inductance value is the factor that directly influences the transient response
speed. For this reason, the FCS-MPC has a faster transient response than the CCS-MPC.
Fig. 6.10 shows a comparison of both MPC control methods facing a step change in the
inductor current reference. Taking this into account it can be said that the FCS-MPC takes

advantage of the physical limits of the system.
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Fig. 6.9 Inductor current step response in experimental test: (a) CCS-MPC. (b) FCS-MPC.
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Fig. 6.10 Inductor current step response in experimental test. CCS-MPC and FCS-MPC transient
performance comparison.

6.2 PI control vs FCS-MPC and CCS-MPC

Both MPC and PI control schemes require a model of the system. In the case of PI
control, the knowledge of the model is used to adjust the proportional and integral gain
parameters. In order to perform this adjustment, a linear model of the system is needed.
The MPC control instead makes predictions using a discrete-time model, which does not

need to be linear.

The difference between these two control methods is summarized in Table 4. As it
is widely known, the PI controller consists of two parts. The first part compensates the
current tracking error proportionally applying the K}, gain factor. The latter, integrates the
current tracking error over time while it applies the K; gain factor. On the other hand, the

MPC based control, minimizes a cost function to achieve the optimal set-point value. As

Table 4:

Difference between PI and MPC based current control.

PI based current control MPC based current control
u*ZKPDf‘i(t)+Ki.[;€i(T)dT u' =arg minimize J
E =@ -1 J=(@" ="+, |0
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it was studied in the previous subchapter, the output parameter of the optimization stage
can be the optimal duty cycle value (CCS-MPC) or the optimal switch position (FCS-
MPCO).

In order to control multiple variables within a PI controller based system, it is
required one PI for each control variable. This makes it a complicated and time-
consuming tuning process. The MPC, on the contrary, includes all the required variables
within the cost function. In any case, in order to perform a suitable comparison between
both control strategies, appropriate K, and K; values should be chosen for the PI

controller.

Once that the model of the system is developed and the transfer functions are
obtained, certain initial assumptions must be made to perform the controller design. In
this regard, the step response of the system should be fast enough to reach the reference
as fast as possible but at the same time avoiding excessive overshot and oscillations. A
suitable way to meet all these specifications is by designing the controller so that the
system displays a slightly underdamped behavior. This transient response of the system
can be studied by analyzing the poles of the linearized model around its operating point.
For the case of underdamped systems, the closed-loop poles are complex conjugates and

lie in the left-half S-plane.

The variation of proportional and integral gain values will modify the pole location
into the root locus. In order to define the best pole location, some transient-response
characteristics should be defined. The most important characteristics in this case are the
rise time, settling time and maximum overshoot. Since these variables are not independent
of each other and will always depend on the particular characteristics of the system, the

design must seek a compromise in order to reach an acceptable step response behavior.

In this case, if the rise time wants to be reduced by increasing the proportional gain
value, the overshoot will increase. An experimental example of this behavior is shown in
Fig. 6.11, where the system was tested under different K, values. As it can be seen,
increasing the proportional gain value the rising time experiments a decrease while the
overshoot increases. Taking this into account, the maximum overshoot value was fixed

to 25% as a key design parameter. Considering this as the maximum allowable overshoot
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Fig. 6.11 Experimental example of the step response of the system under different proportional
gain values.

and making use of the system model obtained in Subchapter 4.2.4 for the tuning process,
the gain values resulted in K, =2 and K;=0,15. After implementing these gain values the

system was tested and compared with the two MPC algorithms (Fig. 6.12).

Unlike FCS-MPC, PI control presents a fixed switching frequency what can be
desirable in certain situations. In general it presents good steady state current tracking but

it is slower than the MPC during transients.

The MPC presents a faster transient behavior. In the FCS-MPC, the switches are
locked in the same position during transients, until the new current value is reached. In
this case, the inductance value is the factor that directly influences the transient response
speed. In CCS-MPC the transient is slightly slower than in FCS-MPC, but still has a faster
transient response than the PI. Both MPC algorithms provide more accuracy than the PI
since they can obtain small rising times without overshoot. In the same way, they always

work within the current constraint limits.

The non-fixed switching frequency of the FCS-MPC may not be a desired feature,
but it can be solved by introducing in the cost function a new term that penalizes the
frequency deviation. Nevertheless, this feature is not present in the CCS-MPC since it
makes use of a modulator stage to generate the switching commands. Unlike the PI, the
parameter tuning process in MPC is simpler and more intuitive since all the parameters

stated in the cost function can be weighted to meet the design specifications.

134 Hybrid Energy Storage Systems via Power Electronic Converters



Chapter 6
Case study I: PI vs FCS-MPC and CCS-MPC

WW Mdﬁt l "w”"W‘Mm hw M i Mw

N
T

<

E

(o)

£

S of

g

g -1 == Current reference
s | \,HU CCS - MPC

= —— FCS - MPC

- W PI Control

I I I
O 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05

Time (s)

Fig. 6.12 Inductor current step response in experimental test. PI Control versus CCS-MPC and
FCS-MPC transient performance comparison.

6.2.1 Conclusions

In CCS-MPC the transient is slightly slower than in FCS-MPC, but still has a faster
transient response than the PI. The CCS-MPC and PI control present a fixed switching
frequency which is an advantage in terms of filter design. On the other hand, the
optimization stage CCS-MPC is more complex than the FCS-MPC since the algorithm

needs to evaluate a bounded continuous set of values to select the optimal duty cycle.

In order to speed up the optimization stage, one of the options is to limit the number
of iterations. This results in a certain loss of accuracy, but at the same time, the execution
speed is improved. In this respect, it is necessary to seek a compromise between these
two aspects so that the algorithm is able to work in real time without excessively

compromising the calculation precision.

In the FCS-MPC, the switching frequency and the current tracking error are directly
dependent on the weighting factor value. As the weighting factor increases, so does the
current error whereas the switching frequency decreases. The non-fixed switching
frequency may not be a desired feature, but it can be solved by introducing in the cost
function a new term that penalizes the frequency deviation. Nevertheless, unlike the CCS-
MPC, the optimization stage is simpler and more intuitive since the algorithm only

evaluates a finite set of possible switching states.
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With regard to the battery management, the FCS-MPC offers more accuracy when
applying the operating constraints. This is because the outcome of each switch position

is directly evaluated, in contrast to what happens when a modulator is used.

The transient response analysis shows that the FCS-MPC is faster than the CCS-
MPC because it leaves the switches locked in the same position during the transient, until

the new current value is reached.
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Chapter 7

CASE STUDY II: OUTPUT VOLTAGE CONTROL

The Finite Control Set MPC strategy presents certain problems when trying to
control the DC bus voltage of the Synchronous Buck converter. When working in boost
mode, the response of the converter presents a non-minimum phase behavior with respect

to the switching sequence.

In order to solve that problem, different alternatives have been studied. Finally, the
solution of an external PI voltage control loop together with an inner FCS-MPC current

control loop was selected.

This case study presents simulation results for the different alternatives under study

and experimental results for the final solution.
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7.1 The challenge of voltage control using FCS-MPC

The FCS-MPC strategy applied to the control of the output voltage has been widely
developed for DC-AC converters [220], [221]. In this type of converters, the output
voltage is directly imposed selecting the proper switch positions on each time instant. In
this sense, the resulting current level and direction will depend on the applied output
voltage and the load type. This is because these types of converters are normally

configured as voltage source inverters.

In the case of DC-DC converters, the voltage is not directly imposed selecting a
specific switch position. In these cases, the obtained voltage level is the result of applying
a sequence of different switch positions. On the other hand, manipulating the position of
the switches, the current can be directly controlled. This makes it easier to control the

DC-DC converters as a current source.

In our case, considering the synchronous buck topology, the storage device is
located in the lower voltage side of the converter (Fig. 7.1). The reason for this is the

smoothing action of the inductor over the battery current, in this sense acting as a filter.

When trying to control the battery voltage, the FCS-MPC is able to control the
battery voltage by selecting the correct switch position. It makes use of the model to
predict the future values of inductor current and battery voltage. In this case the voltage
is not directly controlled but there is a relationship between the position of the switches

and the voltage level increase or decrease.

If the converter starts from a 12V and OA steady state reference position and the
battery voltage reference goes down, the control will react by closing the S2 switch. This
will force the battery to discharge until it reaches its new value. The same happens in

charging mode by closing the S1 switch (Fig. 7.2).

L 7
p———t
— S
Pbatt re. i 7 T bus
C; L C,
1 v S,/ v, =L
ST T T
o o

Fig. 7.1 Schematic of the synchronous buck converter used for testing.
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Fig. 7.2 Battery voltage control using FCS-MPC.

The problem comes when the variable that wants to be controlled is the output
voltage, which in this case would be the DC bus voltage. When working in boost mode,
the response of the converter presents a non-minimum phase behaviour with respect to
the switching sequence. This feature produces an initial inverse dynamic that misleads
the optimization stage selecting a wrong switching state [222]. This means that the
response of the system to an input step, presents an undershoot in the output before
approaching its new steady state value. Analysing the pole and zero location, this

behaviour is due to the presence of a right half plane zero (RHPZ) in the S-plane.

Let us consider the following example. Assuming that the converter is working in
steady state but for whatever reason it is necessary to increase the output voltage. To
achieve that, the converter needs to keep the lower switch closed for a longer time in order
to store more energy in the inductor. In this situation, the load is supplied only by the
output capacitor. If the circuit is observed in detail during that interval, the output voltage
will drop more than in the previous switching cycle as the output capacitor keeps

discharging for longer. That is why when trying to increase the output voltage, what you
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get is the opposite effect in the first steps until it starts increasing to approach the reference

value.

By applying Finite Control Set Model Predictive Control (FCS-MPC), the inductor
current can be directly controlled by manipulating the position of the power switches.
Nevertheless, as mentioned above, when the control objective comprises the change in
the bus voltage levels the control begins to present problems. In this sense, the control is

not able to solve these problems by directly modifying the position of the switches.

Simulation example of the abovementioned control problem:
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Fig. 7.3 DC bus voltage control problem of the FCS-MPC.

In boost mode, when the measured voltage is smaller than the reference voltage, the
control generates a positive current reference for the inductor. During the following cycle
the inductor is going to be charged by closing the lower switch (state 1). The problem
comes here; in the next step the output voltage has dropped even more, what generates a
greater current reference for the inductor. Because of that, if the current is not limited to
a certain value, the inductor current will never reach its reference. This process continues
charging the inductor until it reaches the maximum allowable current value, which in this
case is set to 20A. In that specific moment, the switch position is changed in order to
maintain the current within the limits (state 2). This second state starts transferring energy

to the output in this way increasing the output voltage. When the voltage reference is
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achieved, the converter tries to maintain the output voltage. However, the inductor current
is positive and relatively high, so it needs to change the current flow to a negative value.
To achieve that, the upper switch is maintained closed (state 3). Once the output voltage

is lower than the reference, the process starts again.

7.2 Solutions for the voltage control

Some studies create compatible references starting from the error between the
reference and the measurement of the variable under control. It is a kind of proportional

control, based on the output capacitor voltage equations.

Other studies solve this issue by making use of a modulator based MPC, together
with longer prediction horizons [223]. Since an extended prediction horizon
exponentially increases the number of calculations required, the authors of [223]
manipulate the sampling time in order to obtain fine accuracy in the first prediction steps
and more coarse in the following ones. In any case, the computational cost minimization

for MPC using long prediction horizons is beyond the scope of this work.

As another option, some others consider the use of an external PI control loop for

the voltage and the MPC for the current.

7.2.1 Create compatible state variable references

Returning to the issue of the output voltage control, a possible solution can come
through the design of compatible control references as proposed by D.Quevedo et al.
[224]. To do this, it is necessary to develop the equations that relate all the state variables,
while at the same time they ensure a power balance between the input and the output of

the converter.

To solve this, the general equations that describe the system are taken into account.
The inductor current reference (i) is derived from the output capacitor voltage error. By

developing the equations, the resulting inductor current reference is as follows:

Hybrid Energy Storage Systems via Power Electronic Converters 141



7.2 Solutions for the voltage control

L
° J_ 0000/ = Co|Veo
Vei [ C, _|_ g \ S2
[ O
in = Pout
})in = vCi (k) |:I]L*(k + 1) Pout = PCo (k + 1) + Pbus (k + 1)

From capacitoreq. — i, (k+1)=C, [ﬁvc()*(k +1)-v,, (k)) E—IAl—
!
|

(ve, (k+1)+v, (k +1)

Fe, (k+1) = 2 D]CO* (k+1)
Ve, (k+1)+v,, (k+1
Pbus (k + 1) = ( - ( 2 - ( )) Ijbus (k +1)
i) (k= LD
Ve (k+1)

(Cost Function) O[3 J = (z, (k+1)=i," (k+ 1))2

It should be noticed that the current of the converter must be limited within safety

values determined by the components. In this test the inductor current was limited to £2A.

After performing simulations of different values of At, the following results have

been obtained (Fig. 7.4).
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Fig. 7.4 DC bus voltage control using compatible references.

As it can be seen, the DC bus voltage control with compatible references achieves
an acceptable behaviour of the converter. Nevertheless, the performance of the converter

in boost mode is not that good since the current ripple appears to be notably high.

7.2.2 Continuous Control Set MPC

When a modulator is considered for the generation of the switching commands, it
enables the linearization of the nonlinear converter. In this sense, the CCS-MPC is a
proper candidate since it uses a model predictive strategy together with a modulator. This

method prevents the converter from getting stuck in a wrong switching position.

With this control method a duty cycle reference is generated and then the modulator
forces the converter to continue switching unlike what happens with the FCS-MPC. Since
the most problematic working mode is the boost mode the converter was tested under a
resistive load connected to the DCrus (Fig. 7.5). Together with this consumption, the

voltage reference was changed to test the algorithm performance.
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Fig. 7.5 DC bus voltage control using CCS-MPC under resistive load.

The use of the CCS-MPC for output voltage control presents a good performance

in simulation, however in the experimental platform it presents certain instability. This

aspect, together with the better dynamic performance provided by FCS-MPC for current

control, leads us to the las option consisting in the use of an external PI voltage control

loop.

7.2.3 External PI voltage control loop

This method consists in the combination of two different control strategies. On the

one hand, there is an outer PI control loop for the DC bus voltage regulation. While on

the other hand, the inner loop responsible for the inductor current control is based on

144
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FCS-MPC strategy. In this case, the outer loop uses the error between the DC bus voltage
reference and the measurement to generate the reference for the inductor current, while
the inner loop uses the switched model of the system to predict the future states that better

fit the current reference.

Many authors do not hesitate to raise this option as the solution to the voltage
control problem. As an example of this, Rodriguez et al. follow this strategy to solve the
DC bus voltage regulation problem of an Active Front-End (AFE) rectifier [225]. In this
sense, they state that this method achieves good dynamic and static behavior;

nevertheless, its performance will depend on the quality of the current control used.

While it is true that it would no longer be a purely predictive control, the current
control would maintain all the advantages the MPC provides. Together with this, another
advantage with respect to a full PI based system is the ease and speed of the tuning
process. In this case, only one control loop needs to be tuned. The absence of cascaded
PI controllers reduces the influence between both loops due to the tuning parameter

values.

7.3 Experimental results

As mentioned above, using a FCS-MPC inner control loop together with a PI outer
voltage control loop makes it easier the tuning process of the PI gain values. In this sense,
making use of the system model obtained in Subchapter 4.2.4 for the tuning process, the
approximated gain values resulted in K, =1 and K;= 100 for the selected operating point.
At all events, the system was tested under the calculated values together with certain

values close to them (Fig. 7.6).

In this case, if the rise time wants to be reduced by increasing the proportional gain
value, the overshoot will increase. Conversely, if the proportional gain value is reduced,
the rise time will be reduced but the settling time is increased due to a reduction in the
oscillations. In any case, since all aspects of the transient response cannot be improved, a

compromise must be reached between the different parameters to obtain a suitable
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solution. In the case of the integral gain value, no notable difference has been observed

in values close to 100.

Note that some of the figures containing multiple graphics have been filtered for

clarity in order to make a proper comparison between the results.
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Fig. 7.6 Vius voltage step change response for different K, values using an inner MPC current loop
together with an outer PI voltage control loop.

After implementing the previously calculated gain values the system was tested to
observe the current and voltage response for a step change in the reference (Fig. 7.7). As
it can be seen, the dynamic response of the current is fast enough so that the speed of the
control will depend on the PI voltage control loop and the physical elements of the

converter such as inductor and capacitor values.
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The system was also tested to check its stability under power injection or

consumption from the energy bus (Fig. 7.8). In this case the system presents a 2V

deviation from the reference in both cases for a 2A change in the consumption. In both

cases, after establishing the new required current level, the system recovers the reference

voltage.
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7.4 Summary

FCS-MPC presents serious problems in the synchronous buck converter when the
DC bus voltage needs to be controlled. An in-depth analysis has been done and different

alternatives have been studied.

The creation of compatible references offers an acceptable behavior of the converter

but together with this it presents a reduced performance when working in boost mode.

The application of CCS-MPC algorithms has been confirmed as a promising option.
This algorithm provides the optimal duty cycle to the modulator by minimizing a cost
function that computes the future DC bus voltage values. However, this option presents

certain instability in the experimental platform.

As alast option, the integration of an external PI loop was considered. In this sense,
after reviewing the literature it was concluded that this solution was used by other
researchers to solve this particular problem. Finally, this option was tested experimentally

with satisfactory results.
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Chapter 8

CASE STUDY III: DC-DC HYBRID SYSTEM

In this Chapter, the hybridization is implemented making use of batteries and UCs.
Among the different HESS topologies, the Fully Decoupled Parallel connection mode was

selected since it is the most flexible one for our analysis.

In this case, the parallel connected converters are modeled as a single unit

assuming that there exist 4 possible switching states.

After analyzing the different power sharing methods, it was concluded that the best
option is the virtual impedance power sharing. One of the main reasons for selecting this

method is the flexibility it offers.

This case study presents simulation results for the selected power sharing technique

together with experimental results for the final solution.
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8.1 Background

As it has been mentioned in the previous chapters, the difference between peak
power and average consumption limits the performance of applications where a single
energy storage technology is used. The reason for this is that the vast majority of storage
technologies are not able to meet both parameters. In this regard, the hybridization of
different storage technologies is emerging as a suitable solution to solve this problem.
Several studies can be found on the literature with the purpose of identifying topologies

and control strategies capable of meeting these needs [48], [53], [55], [60], [61].

Regarding the different energy storage devices, there are multiple options in terms
of technology, power versus energy ratio and scale of the application [87], [126]-[132].
After analyzing the literature, it can be said that the most common technologies used for
developing the storage hybridization concept are electrostatic (Ultracapacitors) and

electrochemical (batteries).

With regard to the MPC strategy required for the control of the whole system, Finite
Control Set MPC (FCS-MPC) [226] has been selected since it can directly work with the
switched model of the converter. MPC may be intuitive but its use in Hybrid Energy
Storage Systems (HESSs) is highly nontrivial. In this case, the cost function must include
the converter parameters to be controlled together with a set of constraints to perform the

power sharing while ensuring the security of the storage devices. The challenges include:

* Accurate converter current control.
* State of charge estimation of each storage device for all possible switching states.
* The choice of suitable constraints to perform the power sharing.

* Maximize the performance of the application in terms of power and energy ratio,
while maintaining the storage devices within safe operating limits.
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8.2 System description

The Fully Decoupled Parallel connection mode (Fig. 8.1) is the most flexible HESS
topology for the analysis. It provides modularity and high scalability, which are important

attributes to develop different configurations in terms of power scale.

This configuration basically consists of two DC-DC converters connected in
parallel to the same energy bus. In order to develop a unified MPC based control strategy
for the whole system, the parallel connected converters must be modeled as a single unit.
Assuming that the converter works in continuous conduction mode, it has been modeled

considering 4 possible switching states.

In the same vein, it is necessary to obtain an equivalent model of the energy storage
devices in order to predict their State of Charge (SoC) and other important parameters.
The information obtained from these models will be useful for the development of a

suitable energy management strategy and to perform the power sharing.
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Fig. 8.1 Fully Decoupled Parallel connection mode composed of two different storage devices.

For further information about the system model or converter parameters, the reader

is referred to Annex B and Annex C.
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8.3 Energy storage devices

8.3.1 Battery

Fig. 8.2 One Time Constant battery model.

Considering the OTC model from Fig. 8.2, the differential equation that defines the

voltage across the RC tank can be described as follows:

dv, 1 1. Vv
. :_DJC =—| ban e (81)
& C, " C, R,

When the battery is getting charged in CC mode, the charger sets ipq: current in this

way turning vea into an output of the system.

Vyar =OCV i, [R; +V, (8.2)

Once the battery is close to be fully charged and vsa reaches the float voltage level,
the charger changes to CV mode and sets vparr. In this case, the vya: voltage will become

an input and hence iyar Will be an output of the system.

. Vs _ Vi —Vp —OCV
byar =7 = (83)
R R
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8.3.2 Ultracapacitor

Yuc
C C
z-l— 1—|— .

Fig. 8.3 Two Time Constant UC model.

The general equation describing the UC output voltage is developed in (eq(3.17)):
voe (1) =i, (1) R +v,, (2) =i, (1) (R, +ve, (1) (8.4)

With respect to the total iyc current, it will be the sum of the currents flowing
through the parallel branches. In this sense, the individual currents are derived from the

general capacitor differential equation:

dv,

iCl (t) = Cl dt ’ icz (t) = C2

dv,,
dt

(8.5)

8.4 Control and Power Sharing

With regard to the power sharing, there exist several ways to carry it out based on

the specific features of each application [227].

¢ Power threshold

It consists of applying a power level threshold to divide the power between the
ESSs. In this sense, the high power density ESS would supply all the power demand
exceeding the predefined threshold [201].

* Look-up tables

This method is based on reference tables to perform the power distribution [202].
Depending on the power level managed at each time, some predefined reference

patterns are used to distribute it between the storage devices.
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Weighting factors
Weighting factors can be used to determine the power proportion supplied by each

storage device at each time instant. Based on the difference in power to energy
ratios of some storage technologies, a dynamically varying weighting factor can be

also applied [204].

Filters
This method performs the power sharing by means of a high pass filter to separate

the high frequency and low frequency components of the power signal [203]. In this
method, the high energy density ESS (battery) manages the low frequency
component of the required power, while the high power density ESS (UCs) would
do so with the high frequency part. This method can be applied by including the
cutoff frequency of the filter into the cost function in order to adjust the power

sharing.

Droop Control and Virtual Impedance
The droop control is typically used in microgrid applications where a great amount

of electric sources and loads with different dynamics are connected in parallel
[228]. Its integration into the cost function would involve to set a predefined droop
value for each storage device and introduce variations around that value considering
the predictions of the ESS models.

Including different electrical components directly into the circuit would modify the
general behavior of the system, nevertheless this would imply more unnecessary
power losses. In order to emulate the same behavior but avoiding the physical
modification of the system the integration of virtual impedances within the control

algorithm can be a suitable solution.

Summarizing the points above; all the constraints, references and threshold values

used to perform the power sharing, can be modified based on the information provided

by the mathematical models. By doing this, the system is able to dynamically modify the

power sharing to adjust it depending on the SoC of the storage devices.
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8.5 Simulation results

After analyzing the different power sharing methods, it was concluded that the best
option is the virtual impedance power sharing (Fig. 8.4). One of the main reasons for
selecting this method is the flexibility it offers. In this sense, the different virtual
impedance configurations can be useful to modify separately the transient response and
steady state of the system. These can be configured to make the system behave like a

filtered system while at the same time it imposes an operating threshold in steady state.

The simplest virtual impedance form is composed of a RC branch emulated to be
in parallel with the converter output. In this case the transient response of the converter

is filtered but it has no effect in steady state operation.

On the other hand, the lower configuration in Fig. 8.4 is slightly different since it
adds a virtual resistor in series with the output of the converter. In this case, the transient
response is filtered as in the previous configuration by making use of the parallel RC
branch. However, this configuration is able to modify the output steady state value thanks

to the virtual series resistor.
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Fig. 8.4 HESS performance under two different virtual impedance configurations.
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8.6 Experimental results

By means of simulations, the influence each component has on the response of the
system has been observed. In the case of a single RC branch, when the value of the resistor
or the capacitor increases the response speed of the system decreases. After observing
that the variation of one or the other does not affect the system differently, it has been
decided to fix the resistance value for the following tests and only modify the capacitor

value. Thanks to this, we have a single variable to modify the dynamic of the system.

As for the second configuration consisting of the previously described RC branch together
with an additional series resistor, it is possible to modify the transient response and the
steady state value independently. If the series resistor value increases the steady state
value of the controlled variable decreases. In this particular case, since the steady state
value is lower due to the series resistance increase, the capacitor value should be also

increased to obtain the same dynamic response and settling time.

In addition to the power sharing, some other constraints were included to operate
the storage devices within safety limits. Together with this, the cost function also includes
the terms responsible for the current tracking and the penalization of the switching effort

in order to limit the power losses.

8.6 Experimental results

For the experimental validation of the previously simulated control algorithm,
automatic code generation tools have been used. In this case, the algorithm implemented

in Matlab was compiled and built into the TI F28379D pC.

In the following test, the virtual impedance form composed of a parallel RC branch
is analyzed. As it has been mentioned above, the value of the components that make up
the virtual impedance has a direct influence on the performance of the system. In this
case, the system was tested for two different capacitor values obtaining the results shown
in Fig. 8.5. As it can be seen, the converter responds faster when the capacitor value is
reduced. In any case, regardless of the capacitor value, the steady state response will not

be modified.
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Fig. 8.5 Step response of the converter with different virtual capacitor values.

In Fig. 8.6 the response of the whole HESS is shown. As it can be seen, the two

storage devices respond in complementary fashion to a step change in the reference

signal. In this case, as the battery current always converges to the reference value, the

UCs will only come into play during transients. Due to this, the amount of energy

provided by the UCs will always depend on the selected capacitor value.
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Fig. 8.6 Battery and UC currents under step response with virtual parallel capacitor.

In the following tests, the configuration consisting of the RC branch together with

an additional series resistor is used. In this case, both the transient response and the steady

state values are modified. Fig. 8.7 shows the step response of the system for different

capacitor values but including the series resistor. As it can be seen, in this case the signals

do not converge to the reference resulting in a constant offset during steady state.
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Note that the capacitor values used in this test are higher than the values from the

previous test where the virtual impedance was composed of a single RC branch.
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Fig. 8.7 Step response of the converter with virtual series resistor and different virtual parallel

capacitor values.

In order to have a more detailed view on the effect that series resistance has on the

steady state operation, the comparison shown in Fig. 8.8 has been made. Leaving the RC

branch values fixed, the system response was tested for two different series resistance

values. As it can be clearly seen, a greater series resistance makes the signal converge to

a smaller value. In such a case, the battery do not supply the full power in steady state

what forces the UCs to provide the remaining part. Accordingly, the UCs should be sized

considering the energy supplied during the transient and during the steady state as well.
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Fig. 8.8 Step response of the converter with virtual parallel capacitor and different virtual series

resistor values.
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This effect can be more clearly seen in the following figures. In Fig. 8.9 the system
was tested considering a 0.2Q series resistor, while on Fig. 8.10 the resistance value was
fixed to 0.4Q. On the first one (Fig. 8.9), the resulting battery current is close to the
reference value, which means that the UCs have to provide a relatively low amount of
energy during the steady state. In the second case (Fig. 8.10) the final battery current is
lower, hence the UCs have to provide the remaining part that will be greater than in the

previous case.

Note that the change in the series resistance value has a small but noticeable

influence on the settling time of the system.
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Fig. 8.9 Battery and UC currents under step response with virtual parallel capacitor and 5 ohm
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Fig. 8.10 Battery and UC currents under step response with virtual parallel capacitor and 10 ohm
virtual series resistor.
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Chapter 9

CONCLUSIONS AND OUTLOOK

In this final chapter the main conclusions of this research work are presented. In

this sense, the following steps of the research project will be based on the conclusions

presented below.
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9.1 Conclusions

The difference between peak power and average consumption, limits the
performance of multiple applications. The hybridization of different storage technologies
is emerging as a suitable solution to solve this problem. In this regard, several studies
have been carried out with the purpose of identifying topologies and control strategies

capable of meeting these needs.

With regard to the HESS topologies found on the literature, it is concluded that the
Fully Decoupled Parallel connection mode is the most flexible one for the analysis. It also
provides modularity and high scalability, which are important attributes to develop

different configurations in terms of power scale.

Regarding the different energy storage devices, there are multiple options in terms
of technology, power versus energy ratio and scale of the application. An analysis of the
literature was made to observe the trends with regard to the number of studies or real
installations using each storage technology. Taking this into account it can be said that
the most common technologies used for developing the storage hybridization concept are

batteries and ultracapacitors.

In order to perform a correct battery and ultracapacitor sizing, it is necessary to
take into account the effect of variables such as temperature or charge/discharge current,
over the rest. In this sense, it is convenient to perform several iterations to achieve a more
optimized value. After all, the previous sizing examples only provide an approximate
capacity value. Another key aspect is the Energy Management Strategy (EMS) followed
by the application control algorithm. This EMS may include some operating constraints
that must be considered in the design process to ensure that the HESS can deliver the

performance demanded.

There are several methods for the control of power converters and drives. In this
sense, the most common choice is the use of multilevel control structure composed of
proportional-integral (PI) controllers. This configuration implies the tuning of several
cascaded control loops. In this context, Model Predictive Control (MPC) is presented as

an alternative to this multilevel structure. The use of this kind of control makes it possible
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to operate with a single control loop. In this sense, all the necessary parameters should be

included within the cost function, together with the operating constraints.

According to the different power sharing techniques, several methods have been
found on the literature. Among those, we have to highlight the rule based control, filter

based power sharing and virtual impedances.

Rule based methods are robust, but the transient response behavior is their weakest
point. Just the opposite occurs in the case of the filtering method. This method works
relatively well for systems with abrupt and unpredictable operating changes, but it does
not provide a suitable solution for the steady state. In this context, virtual impedances are
presented as an interesting solution for future high performance applications. The
different virtual impedance configurations can be useful to modify separately the transient
response and steady state of the system. This power sharing method has been tested with

satisfactory results.

In the converter control level, the FCS-MPC presents good features for the current
control mode. This control method allows to improve the performance of the system
making the transient response notably faster than using classical PI controllers. In
addition, the increase in the transient response speed does not imply a larger overshot or

oscillations, as is the case for PI controllers when trying to reduce the rising time.

Nevertheless, Finite Control Set MPC has problems when performing the output
voltage control of the DC-DC converter in boost mode. Different alternatives have been
tested to solve this problem selecting the outer PI voltage control loop as the most suitable
option. While it is true that it would no longer be a purely predictive control, the current

control would maintain all the advantages the MPC provides.
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9.2 Future Research Lines

According to the use of more complex battery models, the integration of the State
of Health (SoH) estimation is considered as an important improvement to carry out in

future works.

Other research line would be the use of different topologies apart from the Fully
Decoupled Parallel one. Depending on the application and the storage technology under
use, other topologies with a single converter can be an interesting option to improve the

system efficiency.

Regarding the power electronic converter, after seeing the good performance of
MPC for the control of the inductor current in the synchronous buck converter, it would
be interesting to test the MPC algorithm for different DC-DC converter topologies. Most
of the literature is focused on the implementation of MPC algorithms in AC converters

and drives but there is still a lot of research work left for DC-DC converters.

Finally, another interesting research line would be to find other ways to perform the
power sharing to better suit the application requirements. In this sense, the use of past
experience of the application to improve the decision making would be an interesting way

to improve to hybridization performance in terms of better energy management.
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TERMINOLOGY USED IN BATTERIES
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The following summary is a small gathering of the principal parameters and the

terminology used in batteries.

C

.. Instantaneous Capacity[Ah]: It
is the supplied current summation in a

. ) ) ) ;
defined time interval. In this case, the c, = J‘O [(t)dt ©.1)
current is assumed to be positive when
the battery is charging and negative

when it is discharging.

C

rated

Rated Capacity [Ah] : It is the capacity specified by the battery manufacturer, for

a given discharge current rate.

C Current rate: It is the relation between the current applied to the battery and the

required current level for charging or discharging the battery in one hour.

Vv

rated

Rated Voltage [V] : This is the reference voltage of a battery, since most discharge

curves are neither linear nor flat. It differs depending on the battery chemistry but is

typically measured at 50% of state of charge (SOC).

%

... Lerminal Voltage [V] : It is the voltage measured directly at battery terminals while

it is connected to the load. This voltage varies depending on State of Charge (SOC) and

charge / discharge current.

OCV Open Circuit Voltage [V] : It is the voltage measured directly at battery

terminals with no load condition. The battery needs to be under relaxed conditions to

perform a reliable measurement. It also depends on the battery State of Charge (SOC).
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E Stored Energy [Wh] : It is determined

by the stored capacity [Ah] multiplied

by the battery voltage at each time

instant.

E=Ct)V ()

9.2)

P, (t) Instantaneous power[W]: The

power that a battery can deliver is the
product of the instantaneous current and

instantaneous voltage.

Pt)=V()U()

9.3)

SOC State of Charge[%]: This

parameter indicates the charge level of a
battery as a percentage. It is calculated
taking into account the initial SOCo and

the rated capacity of the battery.

SOC = 50C, + j: I(t)dt (x100)

rated

9.4)

DOD Depth of Discharge| %] : It is the

complement of SOC presented as a
percentage. While one increases, the

other decreases proportionally.

DOD =(1-50C)000

9.5)

SOH State of Health[%]: This is the

ratio between the aged rated capacity

and initial rated capacity.

Ca ed _rated
SOH =100 [F=2~="<

rated

(9.6)
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Annex B
STATE SPACE MODEL OF THE PARALLEL DC-DC

CONVERTER
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Below the state-

[ 1
Cll (rlnm + r(_‘,, )

0

A= 0

i

Ll rbmr + rC,‘

Toan

(M1+M2)

Ty e
_i batt —C +rL +(M
Ll nmr/+rC,, ]
L
L

.
Gl + rc,)

0

B= 0

Ll Than +r(‘,

0 0
1
_ 0
Cir (rye +rc,)
0 _
C U t1c,)
’
0 —(M1+Mz)i <
Lon, tr,
T, r,
1 % —(Ml+M3)i Co
L, 1ye *r, Thus T1¢,

space model A and B matrices of the parallel converter are shown:

0 0
1
— 0
CiZ (rUL' + r(_ )
1
0 _
C, (s ¥1e,)
1 r,
0 —(M1+M2)——Lbu
Tous T e,
RIS B 9
Lz Tye +rc,Z L2 Thus +rL‘,,
_ Bpart 0

Cxl (rburr + rc,, )

Tuc

0 _
Gy, (ryc +r.)

s
G 1)

1{ B O, Tous U,
- = 4y —
Ll rba/r + rC,‘ "m + rC o

1. T, r, [ 1 nelE r, Lk
ve ey gy Jiw e, | v, n (1 3) hus e
Tye ¥1¢, Ths T e, L 1y *re, )

Thus

e (M1+M3)
Gy + 1)

Tous e, . .
1+ M2)| ——=+r | (M3+M4)rns,,,,|

Tous T,

Tous T T,

Below the state and input vectors are shown:

X= [Vcn Vein

u= [Vbatt VUC

Veo i le]

Vbus ]

=+ T, ] +(M2+ M4)rgsmz]

170

Hybrid Energy Storage Systems via Power Electronic Converters




Annex C

POWER ELECTRONIC CONVERTER PARAMETERS
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TABLE V
Power Electronic Converter parameters for single ESS simulations.

Parameter Symbol Value

Sampling time Ts 40ps

Input capacitance G 100pF

Input capacitor resistance (ESR) Ici 10mQ
Output capacitance C, 200uF
Output capacitor resistance (ESR) Ico 20mQ
Inductance L 1,6mH

Inductor resistance L 40pQ
Drain-source on state resistance TDSon 4,3mQ
Battery series resistor Ig 47mQ
Battery parallel resistor Ip 18mQ
Battery parallel capacitor Cp 11mF

Battery nominal voltage Vbattnom 12v

DC bus resistance Thus 10mQ

DC bus nominal voltage Vius.nom 36V

TABLE VI
Power Electronic Converter parameters for HESS simulations and experimental tests.

Parameter Symbol Value

Sampling time Ts 40ps
Input capacitance G 100pF

Input capacitor resistance (ESR) Ici 10mQ
Output capacitance C, 200uF

Output capacitor resistance (ESR) Ico 20mQ
Inductance (on each parallel converter) L 0,8mH
Inductor resistance IL 10pQ
Drain-source on state resistance I'DSon 4,3mQ
Battery series resistor Is 47mQ
Battery parallel resistor Ip 18mQ
Battery parallel capacitor Cp 11mF

Battery nominal voltage Vbattnom 12V

UC module nominal voltage Vuc.nom 24V
DC bus resistance Thus 10mQ

DC bus nominal voltage Vbus.nom 36V
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