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Abstract

Nowadays energetic scenario is changing, improving the actual energy mix,
and using cleaner and more sustainable energy generation and consumption meth-
ods. Renewable energies are key within this context for a more environmentally
friendly energy generation. The intermittent nature of these energy sources boost
the use of energy storage systems. A more efficient energy consumption is also a
benefit of the energy storage system since the energy generation does not need to
instantly feed the demand.

Li-ion batteries are one of the most promising technology in the market, but the
price per Wh and the aging of these devices are crucial for their integration. Dif-
ferent methods are considered to control or mitigate batteries aging, nonetheless
advanced control system will enable further improvements and optimal battery
utilization.

This thesis is based on the hypothesis that aging of batteries can be controlled
using physics based state of function control embedded systems, that will en-
able the concept of a dynamic safe operating area. Something that will open the
door to more optimized and advanced battery management.





Laburpena

Gaur egun agertoki energetikoa aldatzen ari da, mix energetikoa hobetzen eta
energia sortzeko zein kontsumitzeko metodo garbiagoak nahiz iraunkorragoak er-
abiltzen ari dira. Testuinguru horretan, energia berriztagarriak funtsezkoak dira
ingurumenarekiko errespetu handiagoa izateko. Aipatu energia iturri berriztagar-
rien aldizkako izaerak energia biltegiratzeko sistemen erabilera bultzatzen duela.
Gainera, energia-kontsumo eraginkorragoa bermatzen dute, energia sorgailuak ez
duelako zertan eskaria berehala elikatu behar.

Li-ion bateriak merkatuan teknologiarik itxaropentsuenetarikoak dira, baina
Wh bakoitzaren prezioa eta gailu horien zaharkitzea funtsezkoak dira haien inte-
graziorako. Baterien zaharkitzea kontrolatzeko edota arintzeko metodo desberdi-
nak daude. Hala ere, kontrol sistema aurreratuak hobekuntza gehiago eskaini eta
baterien erabilera hobea ahalbidetuko dute.

Tesi honen hipotesi nagusia da fisikan oinarritutako modeloz osaturiko ego-
era kontrol sistema txertatuekin baterien zaharkitzea kontrola daitekeela,
funtzionamendu eremu seguru dinamikoaren kontzeptua ahalbidetuz eta metaketa
sistemen kudeaketa optimizatuagoei eta aurreratuagoei ateak irekiz.





Resumen

Hoy en día, el escenario energético está cambiando, mejorando el mix en-
ergético y utilizando métodos de generación y consumo de energía más limpios
y sostenibles. Las energías renovables son clave en este contexto para una gen-
eración de energía más respetuosa con el medio ambiente. La naturaleza intermi-
tente de estas fuentes de energía impulsa el uso de sistemas de almacenamiento
de energía. Siendo un consumo de energía más eficiente también un beneficio
derivado del uso de sistemas de almacenamiento de energía, ya que la energía no
ha de ser forzosamente generada en el mismo instante en que se demanda.

Las baterías de iones de litio son una de las tecnologías más prometedoras del
mercado, siendo el precio por Wh y el envejecimiento de estos dispositivos cru-
ciales para su integración. Se pueden considerar diferentes métodos para contro-
lar o mitigar el envejecimiento de las baterías, sin embargo, los sistema de control
avanzado permitirán mejoras adicionales y la utilización óptima de las baterías.

Esta tesis se basa en la hipótesis de que el envejecimiento de las baterías se
puede controlar utilizando sistemas embarcados de control del estado basa-
dos en modelos electroquímicos, que permitirán validar el concepto de un área
de operación dinámica segura. Algo que abrirá la puerta a una gestión de las
baterías más optimizada y avanzada.





Acknowledgments

Han sido muchos los años transcurridos desde el inicio de mi carrera académica hasta
escribir esta tesis, a lo largo de los cuales he tenido la gran suerte de contar con el apoyo y la
ayuda de mucha gente a la que me gustaría agradecérselo en estas líneas.

Primero me gustaría agradecer a Jon Andoni Barrena y a José Ma Canales la con�anza que
depositaron en mi cuando me brindaron la oportunidad de realizar esta tesis. Habéis sido una
guía a lo largo del proceso, haciéndome crecer como investigador y a nivel personal.

A mi director de tesis Unai Iraola, por toda la paciencia y buen hacer en la tarea de acom-
pañarme y guiarme día a día durante estos años. Por reforzar mi ideal de ética laboral desde
el ejemplo. Durante este viaje has sido capaz de enseñarme a ver las tareas de investigación
y el trabajo en general desde una óptica personal diferente, haciéndome evolucionar en lo
profesional y personal. Aunque no siempre haya sido fácil has conseguido hacer más de lo que
se te podía pedir.

A todo el departamento de electrónica de Mondragon Unibertsitaea, desde Igor Baraia
que me inició en el mundo de la investigación hasta todos los compañeros a los que he ido
conociendo, y que he tenido el placer de trabajar con ellos: Iosu, Txejo, Iratxo, Txef, Ander,
Julen, Imanol, Santiso, Carlos, Garrido, Manex, Edurne, Dani. . .

I also would like to thank CICenergigune and specially Emilie Bekaert for all the new
knowledge that was completely out of my initial scope. That made possible to link two different
research worlds, and make me a more complete researcher. To the people there: Oier, Jon,
Ane, Itziar, Maria, Begoña, Asier, Ander, Fred. . .

Thanks to the battery modeling team at UCCS for their help: Gregory, Scott, Albert. . .
Esta tesis no habría sido lo mismo sin Eneko y Laura, habéis sido dos soportes en todos

los aspectos además de unos compañeros “geniales”. Espero seguir trabajando con vosotros
muchos años. Laura, Eneko, Iñigo, Iker una parte de esta tesis también es vuestra.

Milesker lagunei betidanik nirekin egoteagatik eta elektronikari buruzko elkarrizketa guz-
tiak jasan izateagatik: Egoitz, Gorka, Joseba, Eneko, Jokin...

Milesker Maddalen, zurekin tesiko momenturik gogorrenak ez zirelako hain gogorak izan,
bulegotik ateratzean afaria geneukan eta.

A Casimiro por fomentar el gusto por las cosas bien hechas desde que era muy joven.
Por último, pero desde luego no menos importante, quiero agradecer a mis padres el apoyo

no solo a la hora de realizar esta tesis, sino el haber sido el impulso y el soporte de toda mi
carrera académica. Esto es solo una pequeña muestra del resultado de vuestro esfuerzo, no
habría llegado a ser quien soy en ningún aspecto sin vuestra ayuda.





Contents

Contents xiii

1 Introduction 1
1.1 Framework and scope of the thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.2 Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.3 Outline of the thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
1.4 Scienti�c contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.5 Publications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2 Motivation of the work 13
2.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.2 Work methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

3 Electrochemical modeling of an NMC / Graphite cell 23
3.1 State of the art . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3.1.1 Electrochemical models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
3.1.1.1 Physical mechanisms and scales . . . . . . . . . . . . . . . . . . . . 24
3.1.1.2 Modeling scope . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
3.1.1.3 Model classi�cation . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
3.1.1.4 Solving methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
3.1.1.5 Modeling software and implementation . . . . . . . . . . . . . . . 36

3.1.2 Reduced order models for online systems . . . . . . . . . . . . . . . . . . . . 37
3.1.2.1 Model selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
3.1.2.2 Model reduction and solving . . . . . . . . . . . . . . . . . . . . . . 39
3.1.2.3 Parameters update . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
3.1.2.4 Validation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

3.1.3 State of the art conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
3.2 Electrochemical model implementation . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.2.1 Reduced order model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
3.2.1.1 Augmented state space model . . . . . . . . . . . . . . . . . . . . . 46
3.2.1.2 Blending the model . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
3.2.1.3 Outputs and nonlinear corrections . . . . . . . . . . . . . . . . . . 52

3.2.2 Sigma point Kalman �lter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
3.2.2.1 Sigma point Kalman �lter implementation . . . . . . . . . . . . . 57
3.2.2.2 Sigma point Kalman �lter initialization . . . . . . . . . . . . . . . 62

3.3 Experimental results and validation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
3.3.1 Electrochemical variables evaluation . . . . . . . . . . . . . . . . . . . . . . . 63

xiii



3.3.2 Model evaluation without aging . . . . . . . . . . . . . . . . . . . . . . . . . 64
3.3.3 Model evaluation with aging . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

4 Parameter identi�cation of an NMC / Graphite cell electrochemical model 77
4.1 State of the art . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

4.1.1 Computational parameterization methods . . . . . . . . . . . . . . . . . . . 85
4.1.1.1 Grouping parameters . . . . . . . . . . . . . . . . . . . . . . . . . . 86
4.1.1.2 Comparison of computational methods . . . . . . . . . . . . . . . 87
4.1.1.3 Single optimization analysis (SOA) . . . . . . . . . . . . . . . . . . 87
4.1.1.4 Multi optimization analysis (MOA) . . . . . . . . . . . . . . . . . . 92

4.1.2 Physico-chemical parameterization methods . . . . . . . . . . . . . . . . . . 99
4.1.3 State of the art conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

4.2 Experimental parameterization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
4.2.1 Cell opening, geometric parameters and porous matrix characterization . 104

4.2.1.1 Geometric measurements . . . . . . . . . . . . . . . . . . . . . . . . 106
4.2.1.2 Active material identi�cation . . . . . . . . . . . . . . . . . . . . . 106

4.2.2 Porous matrix characterization . . . . . . . . . . . . . . . . . . . . . . . . . . 107
4.2.2.1 Volume fraction, Bruggeman exponent and speci�c surface area 109
4.2.2.2 Particle radius . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

4.2.3 OCV �tting, cell balancing and capacity related parameters . . . . . . . . . 112
4.2.4 Electrolyte . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
4.2.5 Dynamic parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

4.2.5.1 Solid phase electric conductivity . . . . . . . . . . . . . . . . . . . 121
4.2.5.2 Film resistance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
4.2.5.3 Reaction rate coef�cient, charge transfer coef�cient and solid

phase diffusivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

5 Lithium plating control oriented system development 129
5.1 State of the art . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

5.1.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134
5.2 Platform development . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134

5.2.1 Power management . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
5.2.2 ROM, Kalman �lter and control loops . . . . . . . . . . . . . . . . . . . . . . 136

5.3 Experimental validation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138
5.3.1 Room temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138
5.3.2 Negative temperature (� 10 oC) . . . . . . . . . . . . . . . . . . . . . . . . . . 140
5.3.3 Lithium plating control . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141
5.3.4 Lithium plating evolution in real cells . . . . . . . . . . . . . . . . . . . . . . 143

6 Conclusions and future lines 153

7 Appendixes 157
7.1 Appenidx A - Derivation of the blending matrix . . . . . . . . . . . . . . . . . . . . 157
7.2 Appendix B - SPKF equations summary . . . . . . . . . . . . . . . . . . . . . . . . . . 161
7.3 Appendix C - P2D model parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . 162
7.4 Appendix D - P2D model equations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163
7.5 Appendix E - Power converter design . . . . . . . . . . . . . . . . . . . . . . . . . . . 165
7.6 Symbols used in the nonlinear corrections explanation . . . . . . . . . . . . . . . . 169

xiv



List of Figures 171

List of Tables 177

References 179

xv





Abbreviations

ADC Analog to Digital Converter

BCI Best Condition for Identi�cation

BMS Battery ManagementSystem

BPC Best Practicable Condition

CAES CompressedAir Storage

CFC Chloro�uorocarbons

DAE Differential Algebraic Equation

DFT Density Functional Theory

DMC Dimethyl Carbonate

DOD Depth Of Discharge

DRA Discrete time Realization Algorithm

EC Ethylene Carbonate

EDX Energy DispersiveX-ray spectroscopy

EIS Electrochemical ImpedanceSpectroscopy

EMC Ethyl Methyl Carbonate

ESS Energy Storage System

FEM Finite Element Method

GITT Galvanostatic Intermittent Titration Technique

ICSD Inorganic Crystal Structure Database

MOA Multi- Optimization Analysis

MOGA Multi Objective Genetic Algorithm

MTTF Mean Time To Failure

NMP N-Methyl Pyrrolidone

xvii



NMR Nuclear Magnetic Resonance

OCV Open Circuit Voltage

P2D PseudoTwo Dimensional (model)

PDAE Partial Differential Algebraic Equation

PDE Partial Differential Equation

PI Proportional Integral

PSA Particle Size Analyzer

PWM Pulse Width Modulation

ROM ReducedOrder Model

SEI Solid Electrolyte Interphase

SEM Scanning Electron Microscopy

SOA Single-Optimization Analysis / Safety Operation Area

SOC State Of Charge

SOF State Of Function

SOH State Of Health

SP Single Particle (model)

SPKF Sigma Point Kalman Filter

xviii



Chapter 1

Introduction

This chapter presents an overview of the current energetic scenario, and the

reasons why energy storage will be one of the key factors in the future. Besides, as

many different energy storage systems are present nowadays in this �eld, electro-

chemical devices, and more concretely Li-ion batteries are highlighted due to their

advantages against other technologies. After, the drawbacks of these systems, and

the possible solutions to overcome them are explained. Finally the objectives of

the thesis are presented.

1



2 C.1 Introduction

1.1 Framework and scope of the thesis

Todays world is in constant change, challenging humanity to adapt. Along the history of

humanity energy has played a crucial role inherent to technological advance. Coal, vapor, oil

or gas drove our civilization to another step allowing inventions such as cars, trains, ships or

lighting. When Benjamin Franklin discovered the electricity a new huge world of possibilities

was opened. We can since then transport the energy in the most ef�cient way known to the

date.

Generation and transport of energy has become a key world-level challenge. Different

energy-generation methods are used to create a so-called "Energetic mix", where oil, natural

gas, coal and biofuels are the central pillars of this mix [1] . Figure 1.1 shows the different

energy sources used today to generate energy, being Oil, natural gas, coal and biofuels the

central pillars of the energy used all over the world.

Figure 1.1: Total worldwide primary energy supply by fuel [1] .

Furthermore, energy consumption has passed from the simplicity of lighting a house to

the present complex electric grid. Overall energy demand has increased (�gure 1.2,[2] ) and

transport has taken an important role in the sense that electrical energy demand from electric

transportation has risen dramatically in the last years. In addition, many grid services [3]

related to electricity distribution has taken importance due to the new energetic scenario.

To meet the rising energy demand, global reliance on fossil fuels over the last centuries

Electrochemical Model-Based Advanced Battery Control Systems



1.1 Framework and scope of the thesis 3

Figure 1.2: Cumulative energy-related CO2 emissions and emissions gap, 2015-2050 (Gt CO2)
[2] .

has caused severe consequences. CO2 emissions are primary contributors to the greenhouse

effect that is causing climate change. This is a problem that can not be ignored any longer and

which is constantly growing (�gure 1.3).

Figure 1.3: Annual energy-related CO2 emissions, 2010-2050 (Gt/ yr) [2] .

Other emissions such as chloro�uorocarbons(CFC) have caused nontrivial damage to the

ozone layer [4] . Human health is also affected due to air pollution, and related deaths are not

isolated events, as shown in �gure 1.4.

The energetic scenario described above is not sustainable any longer and renewable-energy

Electrochemical Model-Based Advanced Battery Control Systems



4 C.1 Introduction

Figure 1.4: Deaths attributable to household and outdoor air pollution, 2012 [5] .

sources appear to be the most plausible alternative to fossil fuels. These sources do not them-

selves generate contamination, even though their CO2 footprint is not completely erased be-

cause of the production and maintenance of the associated infrastructure. Nevertheless, the

intermittent nature of these energy sources (such as wind or solar) introduce technical chal-

lenges that need to be solved. Energy needs to be delivered to different loads whenever con-

sumption is demanded from those loads, and the timing of this demand is independent of the

timing of energy generation. Energy storage is therefore a real and actual need, permitting

the storage of energy when there is an excess of generation capability and delivering energy

when it is needed by a consumer.

Due to the above mentioned systemic challenges some politic initiatives have been pushed.

Horizon 2020 is a one of the best examples in Europe together with the futureHorizon Europe,

and other similar attempts have been boosted around the rest of the world.

In the future it is believed that demand tendencies are going to continue increasing as

the population is growing. Due to the actual scenario and the oil availability decrease, other

generation alternatives as nuclear fusion are being studied. Nevertheless those technologies

can only be considered in the long term due to their immaturity. For these reasons renewable

generation technologies are key in the near future. This highlights the strategical importance

of the energy storage research. Different storage technologies as beyond post-lithium batter-

ies [7] are being developed, but those technologies can neither be considered as short term

approaches.

In �gure 1.6 a classi�cation of energy storage systems (ESS) used nowadays can be ob-

Electrochemical Model-Based Advanced Battery Control Systems



1.1 Framework and scope of the thesis 5

Figure 1.5: The landscape of energy/ electricity generation and storage solutions (represen-
tative sample). It should be noted that fuel cells are a production technology but have been
categorized as storage to adhere to common convention[6] .

served. Electromagnetic storage (�gure 1.5) as superconductors are still an immature tech-

nology. On the contrary supercapacitors are already in use, and mainly used for power quality,

�gure 1.6. For energy management purposes �ywheels pumped hydro and compressed air stor-

age (CAES) are used to store high amounts of energy applied to grid management purposes.

The working range of the batteries makes them the best solution for most of the applications

considered up to date and improving this ESS (energy storage system) is therefore crucial.

Batteries are the most used devices in transportation, grid services, industrial and residen-

tial applications. More speci�cally the highest volumetric energy density of Li-ion technology

makes it the best mature solution for most of energy storage applications.

As explained along the above paragraphs lithium ion batteries are the most promising

batteries in the market. Figure 1.7 shows a classi�cation of the different cathodes for Li-ion

batteries (normally the battery cell is de�ned by the cathode as graphite anodes are generally

used). Each of it has its own bene�ts and drawbacks, and the most appropriate one need to

be chosen for each case.

Li-ion batteries are more dangerous (due to the leak, �re or even explosion risk) than

Lead-acid batteries used on industry for years. It is therefore necessary to adopt some security

measurements. Batteries are also normally used within battery packs, allowing the designer

Electrochemical Model-Based Advanced Battery Control Systems



6 C.1 Introduction

Figure 1.6: Distribution of storage techniques as a function of their �eld of application [8] .

Figure 1.7: Approximate range of average discharge potentials and speci�c capacity of some
of the most common intercalation-type cathodes[9] .

to adapt the capacity and the power capability of the full ESS. In conclusion, a battery pack (to

adapt capacity and power) and a battery management system (BMS), to ensure safe operation

need to be considered for a battery-based ESS solution.

The purpose of a BMS is to monitor and equalize the batteries composing the battery pack.

In addition it has to decide if the battery pack is under suitable working conditions or not to

disconnect it if necessary, or even to manage a cooling system. A battery pack composed by

cells, the BMS and the cooling system is shown in �gure 1.8.

Electrochemical Model-Based Advanced Battery Control Systems
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