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Résumé

Titre : Dimensionnement et contréle-commande optimisé des systemes de stockage
énergétique pour la participation au marché de I'électricité des parcs photovoltaiques
intelligents

Résumé

L’objet de cette these est I'intégration des parcs photovoltaiques intelligents au marché
de I"électricité dans un environnement de libre concurrence. Les centrales photovoltaiques
intelligentes sont celles qu’incluent systémes de stockage pour réduire sa variabilité et en
plus fournir a I'ensemble une plus grande contro6labilité. Ces objectives techniques sont
obtenues grace a la capacité bidirectionnelle d’échange et stockage d’énergie qu’apportent
les systemes de stockage, dans ce cas, les batteries. Pour obtenir la rentabilité maximale des
systemes de stockage, le dimensionnement doit étre optimisé en méme temps que la
stratégie de gestion avec laquelle le systéme de stockage est commandé. Dans cette théese,
une fois la technologie de stockage plus adapté a [I'application photovoltaique est
sélectionnée, a savoir la technologie de lithium-ion, une participation innovatrice de part des
parcs photovoltaiques intelligents dans le marché de I’électricité est proposée qui optimise a
la fois le dimensionnement et la stratégie de gestion d’'une maniere simultanée. Ce
processus d'optimisation ainsi que la participation au marché de I'électricité a été appliquée
dans un cas d’étude réel, ce qui confirme que cette procédure permet de maximiser la
rentabilité économique de ce type de production.

Mots clés : centrale photovoltaique, system de stockage d’énergie, réseau, optimisation,
marché de I'électricité, dimensionnement, stratégie de contréle-commande.

Title: Optimal sizing and control of energy storage systems for the electricity markets
participation of intelligent photovoltaic power plants

Abstract

The present PhD deals with the integration of intelligent photovoltaic (IPV) power plants
in the electricity markets in an environment subject to free competition. The IPV power
plants are those that include energy storage systems to reduce the variability and to provide
the entire group a controllability increase. These technical objectives are obtained thanks to
the bidirectional exchanging and storing capability that the storage system contributes to, in
this case, battery energy storage system (BESS). In order to obtain the maximum profitability
of the BESS, the sizing must be optimized together with the control strategy that the BESS
will be operated with. In the present PhD, once the most performing battery energy storage
technology has been selected, the lithium-ion technology, an innovative IPV power plant
electricity market participation process is proposed which optimizes both the sizing and the
energy management strategy in the same optimization step. This optimization process
together with the electricity market participation has been applied in a real case study,
confirming that this procedure permits to maximize the economic profitability of this type of
generation.

Keywords: photovoltaic power plant, energy storage system, grid, optimization,
electricity markets, sizing, energy management strategy.




Resumen

Titulo: Dimensionamiento y control 6ptimos de sistemas de almacenamiento para la
participacidn en los mercados eléctricos de plantas fotovoltaicas inteligentes

Resumen

Esta tesis se centra en la integracidon de las plantas fotovoltaicas inteligentes en los
mercados eléctricos en un entorno de libre competencia. Las plantas fotovoltaicas
inteligentes son las que incluyen sistemas de almacenamiento para reducir su variabilidad y
dotar al conjunto de una mayor controlabilidad. Estos objetivos técnicos se obtienen gracias
a la capacidad bidireccional de intercambio y al almacenamiento de energia que aporta el
sistema de almacenamiento, en este caso, baterias. Para obtener la maxima rentabilidad de
los sistemas de almacenamiento se tiene que optimizar el dimensionamiento junto con la
estrategia de gestion con la que se opere dicha bateria. En esta tesis, tras determinar la
tecnologia de almacenamiento mas adecuada para esta aplicacion, la tecnologia de litio-ion,
se ha propuesto una innovadora participacién en los mercados eléctricos por parte de las
plantas fotovoltaicas inteligentes, la cual optimiza tanto su gestion como su
dimensionamiento de manera conjunta. Este proceso de optimizacidon junto con la
participaciéon en los mercados eléctricos ha sido aplicado en un caso de estudio real,
confirmando que este procedimiento permite maximizar la rentabilidad econdmica de este
tipo de generadores.

Palabras clave: parque fotovoltaico, sistema de almacenamiento, red, optimizacién,
mercado eléctrico, dimensionamiento, estrategia de gestion energética.

Izenburua: Biltegiratze sistemen dimentsionamendu eta kontrol optimoak parke
fotoboltaiko adimenduek elektrizitate-merkatuetan parte-hartzeko.

Laburpena

Tesi hau parke fotoboltaiko adimenduen integrazioan oinarritzen da, merkatu
elektrikoetan parte hartu ahal izateko konpetentzia libreko inguru batean. Parke
fotoboltaiko adimenduak biltegiratze sistemak barneratzen dituztenak dira, euren
aldagarritasuna murrizteko eta talde osoari kontrolagarritasun handiagoa emateko. Helburu
tekniko hauek potentzi aldaketa bidirekzionalari esker lortzen dira eta baita biltegiratze
sistemetan gordeta dagoen energiari esker, kasu honetan, baterietan dagoen energiari
esker.  Biltegiratze sistemen errentagarritasun  handiena lortzeko, bateriaren
dimentsionamendua optimizatu behar da bere kudeaketa estrategiarekin batera. Tesi
honetan, behin biltegiratze teknologia hoberena aukeratu ondoren, litio ioizko teknologia,
parke fotoboltaiko adimenduaren aldetik elektrizitate merkatuan parte hartzeko estrategia
berritzaile bat proposatu da, bai bere kudeaketa eta baita bere dimentsionamendua aldi
berean optimizatuz. Optimizazio prozesu hau, merkatu parte-hartzearekin batera azterketa
kasu erreal batean aplikatu izan da, prozesu hau sorgailu mota hauen errentagarritasun
ekonomikoa maximizatzeko aukera ematen duela baieztatuz.

Hitz gakoak: parke fotoboltaikoa, biltegiratze sistema, sare elektrikoa, optimizazioa,
merkatu elektrikoa, dimentsionamendua, kudeaketa energetikoko estrategia.




When you talk, you are only repeating what you know; but
when you listen, you learn something new.

-Dalai Lama-






Acknowledgements

Acknowledgements

| want to tell a story that started eight years ago, when | was in the third course of the
electrical engineering in Mondragon University when the professor Cecilio Ugarte offered to
me the possibility to complete my engineering studies both in ENSEEIHT of Toulouse and in
ENSE3 of Grenoble. After having correctly chosen to come to the university where | have
already completed 6 years of different studies (engineering and PhD thesis), | prepared my
bag plenty of wishes for knowing another culture and for learning different things as
technical skills from very distinguished professors, as well as to live beautiful experiences in
the place where | met my near future wife.

During a lesson of the strict Prof. Bacha, | proposed a question whose answer was
another question from the Prof. Bacha asking to me about my nationality. After a nervous
moment and a complicity feeling, the strict and feared Prof. Bacha was transformed into
Seddik, my adorable master thesis supervisor and charming PhD Director.

This was possible thanks to him because he introduced me another very important
person in which | see myself identified, lon Etxeberria. This pleasant and close person
accepted me and offered me the possibility to work where | am nowadays, one of the best
research centre of the Basque Country, IK4-lkerlan Technology Research Centre, following
the human chain of multiple Basque people that after having completed our studies in
Grenoble, we came back to lkerlan, as lon, Haizea, Amaia, Aitor and Karlos.

There, in lkerlan, | started a lovely relation with my boss, Haizea, and after the master
thesis, with Aitor, the person that has helped (endured) me the most during these long four
years. Sorry for my annoying behavior and my extensive null explanations. This powerful
trio, we are nowadays part of the electrical energy management team.

Also during the last year of the engineering studies, another young teacher, very
concerned about his job fighting to obtain the best of his students was crossed in this lovely
story, Vincent. | would like to express my most sincere gratitude for all the emails, calls, visits
and questions that | have asked to you, because you always has tried to help or answer me
as soon as possible.

Those 5 people, Seddik, lon, Vincent, Haizea and Aitor, you have helped me to complete
this period of my life, to continue being what | have always wanted to be, a researcher
concerned about renewable energies and storage systems included in several applications,
in a technical aspect, and a more adult, responsible and polite person in other more social
skills. Thank you all very much. Merci beaucoup a tous. Eskerrik asko danoi!

| would also like to express my sincere gratitude to the reviewers and jury members for
their contributions that have improved the complete manuscript and for their acceptance to
come to this PhD dissertation, Prof. Cristian Nichita (Université Le Havre), Prof. Bruno Burger

Vi



Acknowledgements

(Fraunhofer ISE), Prof. lonel Vechiu (ESTIA), Prof. Martinez Salamero (Universitat Rovira i
Virgili) and Dr. Tuan Tran Quoc (CEA-INES).

Regarding the SYREL team and the whole Grenoble Electrical Engineering Laboratory,
G2Elab, | am grateful to all the staff and colleagues that helped me so much accepting me in
their atmosphere, as the PhD students that | met there: Julian, Ekaitz, Guilherme, Andrés,
Rubén, José, Nils, Xavier, Timothé, Olivier, Audrey, Gatien, Kaustav, Gaspard, Aurélien,
Victor, Archie and Mounir.

| would also like to thank all the Control Engineering and Power Electronics and
Alternative Generation Systems people | have been working with: Luis, Irma, Alex, Sanse,
Joseba, Aron, Mamel, Igor, Amaia, Crego, Atzur, Rafa, Valentin, Gabri, Iiiigo, Mikel, Jon and
Lide.

| also carried out a little stage in Terrassa with the SEER group of the UPC, and | want to
express my gratitude to Pedro, Alvaro, Ifiaki, Joan, Raul and Catalin.

After this visit, | also carried out another longer internship in Abengoa Research working
for Pedro Rodriguez in the Power Systems group. | wanted to thank to him the opportunity
to join them during 2014 in Seville, working with Antoni, Daniel, Cosmin, Elyas, Mohamed,
Jacobo, Jonas, Zulema, Alvaro, Paquito, Nicolas, Eva and Dulce. During this internship |
collaborated with the Batteries 2020 project, where | have also worked with the people of
Aalborg University as Maciej and Daniel. Also thank you for your constructive discussions
and support.

Of course that | want to thank to my PhD mates of Ikerlan as Endika, Asier, Karlos, Asier,
Maitane, Eli, Nerea, Damian, Gustavo, Alejandro, Victor, Ugaitz, Egoitz, Maitane, Leire, Aitor,
Ander, Joannes and Iiigo. Sorry for the spam and thank you for your support and
comprehension.

| have spent a lot of time going to the work sharing the car with Josu, Karlos, Jean
Frangois, Alejandro, Alex and Victor, so thank you for supporting me asleep, half-asleep and
awake.

For the commodity of my travels to Grenoble, | cannot forget my near future uncle and
aunt, David and Angie Riley. Thank you very much for your help offering me your home and
also your time to correct this document, David. Once arrived to Grenoble, my colleagues
Xabel, Nuria and Alex have always offered me their home, but more specifically their sofa.
Sorry for appropriating your living room. Moreover, Alex, thank you very much for helping
me in the yearly registration. You still have my last student card.

Coming back to the technical supports, this PhD started from a previous project called
ILIS where lkerlan worked for Acciona Energia. | would like to thank Asun Padrods and
Eugenio Guelbenzu for the possibility of considering the Tudela PV power plant as the case
study.

viii



Acknowledgements

| also wanted to thank all my bosses in lkerlan, offering me the best technical and social
resources. Milesker lon, Unai, Igor eta Haizea!

Once again | wanted to emphasize my gratitude to Victor Isaac Herrera, my PhD brother
for his help, support, discussions, and corrections.

| want to apologize to my kuadrila because in the last months | have not had any minute
for pleasing them with my modest presence. Sorry but this work has been really hard to me.

And last but not least, | would like to thank to my complete family who is always
present. | am thinking in my complete family, not only my Basque family, but also my new
Siglienza’s, Swiss and Valencian family.

| have to finish this acknowledgements coming back to the end of the first paragraph
expressing my most sincere gratitude to you, Laura. You know that more than the half of this
work is thanks to you, for accepting my cries, my long faces and my bad humor in the bad
days, but also my smile, my jokes and my caresses in sunny days. Thank you for staying
always by my side providing me the necessary support to be able to finish this work.

Eskerrik asko

Muchas gracias

Moltes gracies

Merci beaucoup

Thank you







Contents

Contents

GEeNeral INtrOAUCTION c.ouveieieiiieieieiriretetetreresesssseresessssesesassssesssassssssasassssasnns 3

1. State of the art of IPV plants, storage systems and electricity

MArKets.....ccoiiiiiiiiirc 11
1.1.  IPV power plant arChit@CtUIE .....uuveeiieiiiiiiiieeeee e 12
1.1.1. PV power plant with DC CONNECLION .......uvveveeieeiiiiiiiiieeiee et 12
1.1.2. PV power plant with AC cONNECLION .....ccivviiieiiiiiiee e 13
1.1.3. IPV power plant with centralized storage system connected in AC........... 14
1.1.4. IPV power plant with centralized storage system connected in DC........... 15
1.1.5. [PV power plant with distributed storage........c.ccceeevvvveeiieieeiciirieeeeee e 16
1.2. IPV plant control structure and management [ayers.......c..ccccevvvvveeeeeeieescnnnenenn. 17
1.2.1. [PV plant energy management layer ......ccccveeevviiieeeiniieee e esieee e 20
1.2.2. [PV plant power management layer .....ccccocuveeiviiiiee e 22
1.3, Energy StOrage SYSTEMS. ..o ittt ettt 25
1.3.1.  Energy storage systems’ technolOgies.......cccceeiiiiiciiiveeiiiieeicreee e 25
1.3.2.  Energy storage systems characteristic parameters......c...cccceevvvveerereeeernennns 26
1.3.3.  Energy storage system sizing methods.......cccccovvviieeiiniiiei e, 28
1.4.  Electricity market analysSis.......coouiiiiiriiiieeiriiee e 34
1.4.1. Organization of electricity Markets .......cccocoveriiniiieiiiiiiie e, 34
1.4.2. Operation of traditional generators on electricity markets ........ccccc.ccoeuue. 36
1.4.3. PV plants and electricity Markets ........coovveeeeiiiiiiiiciiiieeiee e 40
1.5, CONCIUSIONS. ...ttt et b e s s 44
2. IPV power plant description and modeling ......cccccevveiirienccirenicrinnnnnns 49
2.1. Storage technology selection methodology .......ccccecveeeiviiieiiiiiiee e, 49

Xi



Contents

2.1.1. Considered technical and economic Criteria .........cceecueeriieeriieerieeenieenee, 50
2.1.2.  Value assignment for each criterion and comparison of technologies...... 50
2.1.3.  Description of the proposed methodology ........cccccoevvvrvveeeiieiiiiciireeeeeeeenn, 52
2.1.4. Application of the proposed methodology.......c.cccccvvvurrveerieeiiiiiiireeeeeeeenn, 53
2.2.  Case study system desCription ......ccueeiiiiuiiieiiriiiee e 55
2.2.1.  POWEN QrChit@CTUIE ..coueeiiiiieeiieeete e s 56
2.2.2 CoNntrol arChiteCtUre......eiiiieceeceee e 58
2.3, 1PV a8eNntS MOAEING..cccuveeieiieiieiieieee e e e e e e e e eeans 61
2310 PV MOAE e e 61
2.3.2.  Energy storage system mModel.......cccceeeiieeiiiiieiiii e 63
2.3.3.  Electricity market economic model.......ccccocueiiiiriiiiiiniiiieee e, 71
2.3.4. IPV power plant economic Mmodel.........cceovvvieiiiiiiiiiiiniiiee e 74
2.4, CONCIUSIONS. ...utieiieiieeiee ettt ettt sttt st san e e e ssee s neesseenaneens 75
3. Market participation based on rules based control strategies............ 79
3.1.  Standard IPV control Strat@gies....ccoueeiiiiiiiieiiiiiieee et e e e 79
3.1.1.  Description of rules based control strategies.........ccceevvvvveeeeeeieiiirveeeneeeenn. 79
3.1.2.  Comparison of rules based strategies.........ccccceerririiiiiriiiieiniiee e, 83
3.2. Market participation based on MPC with RB strategy........cccceeeuveeerriveeeeniuneennn. 86
3.2.1. Detailed MPC explanation ......cccccceeiiriiieeiniiiiieeesiieee e 89
3.2.2. PV generation PrediCtion .. ... uiiieeeeereeeeiiiiiiiiirsirisesserereeerereeererereeereseeeeee 90
3.2.3.  Results of the market participation based on RB5 control strategy .......... 93
3.3, CONCIUSIONS. ..ttt ettt e e e s e en 99
4. IPV storage system sizing and control strategy optimization............ 103
4.1. Sizing and control co-optimization procedure........cccocveeeiviieeeiniieee e 103

Xii



Contents

4.1.1. Co-optimization ProCeAUIre........coovviiiiiriiieiee et 103
4.2. IPV power plant storage system sizing at Design Stage.......cccccvvvveeeiriiveeennnns 119
4.2.1. Design Stage descriplion......ccccceieieiiiiii, 119
4.2.2. Optimal storage system Sizing results .......cccoeevvvveeeiiiiiiiiiiieeeee e, 121
4.3. IPV power plant control strategy at Operation Stage.......cccccceeeeviveeeiniineennnne 126
4.3.1. Control strategy definition........cccoevveeeiiiiiiiei e, 126
4.3.2.  Market participation based on MPC with optimal strategy ........c........... 130
4.4, Market participation comparison with RB and optimal control strategies..... 135
4.4.1. Market participation COMPAriSON ......vvevieeieiieiiiirreeee et eearaeeeees 135
4.4.2. ECONOMIC COMPAIISON ceivtuuuiieeeeeeeeetiitiiaeeeeeressntaaaeeeeereerssnnnaaeeeeessessssnnnnns 139
A5, CONCIUSIONS. ..ottt ettt s e e san e 140

5. Real time validation of the rules based and the optimal control

= 1 =T =4 = 145
5.1. General description of the validation platform .......ccccccceiviiiieiiniiieee 145
5.2. Results of the market participation based on RB strategy ......cccccccveeevriveeennne 146

5.2.1. Description of the validation platform architecture........c.cccccceeevvevnnnneenn. 146

5.2.2. Results of a sunny day market participation process.........cccceeeeerevcurnnnenn. 149

5.2.3.  Results of a cloudy day market participation process.........ccccceeevevcurnnnenn. 152
5.3. Results of the market participation based on optimal strategy ........cc..c......... 155

5.3.1.  Description of the validation platform architecture........ccccocovviiriinennnnne. 155

5.3.2.  Results of a sunny day market participation process.......cccccccceeerrcvveeennnne 158

5.3.3.  Results of a cloudy day market participation process..........cccceevvvvverreenn. 161
5.4, CONCIUSIONS. .c.utiiiieiieeieese e et n e ss e e e nnees 165

Conclusions and future research lines ..........cccooviiirrrrrreiiiiiiiiiiininnnnnnnaee. 169

Xiii



Contents

(3] =T =T 3 ol 175
[\ V0T 4 0 T=T s Tl = 1 U 187
[T o i T T YO 197
List Of tables ....ccueeiiiiiiiiiiiiiiiiiciiiiiinnirrrn s 203
[T ¢ [T 1 Lo o 205

Xiv



General introduction






General introduction

General introduction

Renewable energy sources (RES) are today a rising solution to face climate change,
environmental pollution and increasing global demand. Renewable energies cover around
20 % of worldwide electricity generation. On this percentage, energy directly coming from
the sun, wind, geothermal and non-traditional biomass barely reach 2 % of total installed
electricity generation. However, over the last few years these technologies and especially
wind and solar ones, are experiencing important worldwide development. According to
experts, these sources will provide the biggest proportion of electricity energy generation in
the World by the end of the century.

There are multiple reasons that cause interest in these technologies: the advances in the
cost reduction, the energetic efficiency improvements, governments’ promotion and funds,
the easiness of installation and the possibility to get them running in reduced periods of
time. From the energetic and environmental point of view the advantages of the wind and
solar energies are perfectly well known: they are inexhaustible resources available all over
the world and free of greenhouse gas emissions. From the grid integration perspective, the
connection between the RES (especially wind and photovoltaic, PV) and the grid is usually
made by means of power electronics systems providing a high level of controllability and
rapidness. These devices allow a fast reaction of RES in front of any undesired event or
situation that occurs or that may occur in the grid.

Nevertheless, the integration of RES in the grid also involves some challenges related to
stability and reliability which are caused by the unpredictable and variable nature of RES.
The stochastic nature of the wind and the clouds affects the production of renewable energy
unbalancing the electric grid in both directions, overloading and discharging the grid. This
drawback reduces the controllability and rapidness explained before, necessary in the
electric grid and complicates the operation from the energetic and economic point of view
compared to other traditional electricity generators.

For that reason there is a need to regulate the RES connection conditions and the many
new grid codes will demand more controllable behavior to deal with this drawback (oriented
to wind power). Until now PV power plants, due to their relatively smaller size, have not
been considered under the scope of these codes. Nevertheless, as the installed PV capacity
increases as well as the rating of PV plants, the interest for improvement of their grid
integration is also increasing. Some controllable PV power plants could be adapted to those
grid codes, working below the MPPT (maximum power point tracking) to create spinning
reserves, but this operation mode is not optimal from the PV plant production point of view.

One of the most promising solutions to solve this problem is the use of energy storage
systems (ESS). Among the different ESS, battery energy storage systems (BESS) are now




General introduction

considered as a main enabling technology to face the previously explained issues, providing
control flexibility to the PV power plants. Due to this control flexibility and energy reserve
that the storage system provides to the PV power plant this combination is named in this
PhD as Intelligent PV (IPV) power plant.

This flexibility and energy reserve of the BESS contributes to: 1) the fulfillment of the
grid codes by optimizing the PV plant production; 2) the generation of controllable power.
This reduces the generation variability inherent to these plants and offers the possibility to
participate in electricity markets, allowing a proper and viable integration of IPV plants in
the grid.

The grid codes require some specific ancillary services for the regulation of active and
reactive power separately (for frequency and voltage control participation) and IPV power
plants could respond to these requirements demanded by the system operator much faster
than other generators do (due to the power electronics systems for reactive power and the
BESS for active power). Moreover, the PV plant production is optimized due to the fact that
the BESS provides the required services, instead of being provided by PV inverters, working
below the MPPT.

Related to the controllable power, the energy reserves of the BESS are able to provide
this controllable power, reducing the variability of this type of generation and also enabling
the possibility to participate in electricity markets. This market participation is based on the
constant power production of the power plant during the market period, typically one hour.
Thus, with the energy reserves, the IPV power plant could participate in electricity markets
as other traditional generators would, offering an important improvement to be taken into
account in future electric grids.

Nevertheless, the main issue that these IPV power plants are facing is the high
acquisition cost of the BESS and its operational costs due to degradation. Depending on how
it is managed, BESS degradation is increased or decreased, and will conclude with
replacement of the BESS. Thus, considering each IPV application, the local grid codes, the
desired ancillary services and the market participation, the power and energy needs of the
BESS are different. In this context, the sizing and optimal operation of the BESS are two
crucial factors to assure a viable and efficient operation of these plants. Thus, it is necessary
to look for a balance between the size and optimal operation of the BESS. Therefore, the
studies and tool developments for a correct sizing and optimal control of the joint operation
are presented as an innovative research field essential to ensure the integration and viable
operation of these systems in the grid.

Due to the fact that PV power plants have not participated in electricity markets as
traditional generators until today the size of the required storage system has not been
extensively calculated by taking into account these factors together with the electricity
markets operations for this application.
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In this framework, the objective of this PhD is:

“To develop an innovative IPV power plant electricity market
participation process based on BESS optimal sizing and
advanced control operation strategies”

In addition to this main objective, other subsidiary objectives proposed in the present
study are:

e To review electrochemical storage technologies lifetime, cost and use, and
electricity markets operation.

e To develop advanced control operation strategies for the participation of IPV
power plants in electricity markets.

e To test and validate the developed advanced control operation strategies in a
real time simulator with real controllers.

The solutions to these objectives will be developed in this thesis. First, together with the
photovoltaic power plants’ introduction, different electrochemical storage technologies are
analyzed, as well as the electricity markets. From this analysis, different energy management
strategies are developed and are included in a model predictive control simulation where
the market integration of an IPV power plant is simulated. Finally, this simulation is tested
and validated in a real-time simulator.

The present thesis has been organized into six chapters:

The first chapter contains the state-of-the-art of the different parts or aspects that
compose this PhD work, such as the PV power plants, the energy storage systems and the
electricity markets. Aspects of power and control architecture of existing PV power plants,
identification of storage systems characteristic parameters, battery energy storage system
sizing methods or daily electricity market operation are some of the topics analyzed in this
chapter. Moreover, the IPV power plant scenario is introduced together with the services
that this type of power plant could provide to the grid. To complete this analysis, some
existing plants currently providing services are described and classified, determining that the
most beneficial service is the pool market participation.

In the second chapter, the IPV power plant scenario is presented in depth and modeled.
From the aforementioned existing plants review, the fact that the storage technology is a
very important selection is observed. Therefore, in this chapter a storage technology
selection methodology is suggested and applied. Furthermore, the IPV power plant is
presented, with its internal architecture and control modes. Moreover, the modeling of
different existing IPV agents is described: PV, energy storage, electricity markets and
complete IPV power plant models are developed.
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In the third chapter, several Rules Based (RB) control strategies are proposed and
developed. A comparison of the different RB control strategies is presented. Finally, a Model
Predictive Control based on the most suitable RB control strategy is developed for
presenting the proposed electricity market participation of the IPV power plant. This new
market participation is one of the main contributions of this PhD.

In the fourth chapter, optimization for sizing and control is carried out, where the
optimization objective function is oriented to achieve the optimal economic exploitation of
the IPV power plant. As a result, the optimal sizing of the storage system is obtained
together with the best operation of the IPV power plant. Based on the resultant BESS’s
sizing, an online model predictive control is proposed which will take into account forecast
errors of PV generation. The solver of the MPC is the same optimization that calculates the
optimal sizing of the storage system. This online MPC application for market participation of
IPV power plants is the major contribution of this PhD work. Finally, the IPV power plant
market participation results are presented based on the developed online MPC. To complete
this chapter, the comparison of the control strategy developed in the third chapter and the
one detailed in this forth chapter is carried out.

In the fifth chapter, real time validation is carried out. The proposed online MPC is
validated in a real time simulator where control is executed in a Hardware in the Loop
platform. This platform is controlled by a real controller (PLC), the same as the one which
controls the IPV power plant before mentioned located in Tudela (Navarre, Spain).

Lastly, the sixth chapter describes the conclusions and contributions of the present PhD
work, offering some future lines and possible propositions about the developed topics. A
diagram to present the chapters and their organization is presented in Figure 1.
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Figure 1: Chapters organization diagram.
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Today, the annual installation of solar power capacity is increasing to unbelievable
levels, exceeding the installation of 30 GW every year since 2011 [1], and having exceeded
40 GW in 2014 [2]. With the experienced growth in 2014 the global solar photovoltaic sector
reaches a cumulative capacity of 178 GW [3]. As it can be verified in Figure 1.1, while the
installation rate in Europe is decreasing (still 7 GW in 2014), other regions present a huge
growth like Americas (7 GW), China (10.6 GW) and APAC (Asia Pacific 13 GW) as the most
growing areas [3-5].
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Figure 1.1: Evolution of global solar PV annual installed capacity 2000-2014. Source: Solar Power Europe 2015 [3].

The expectations for 2015 and over the next three years are very positive, where almost
200 GW of cumulative PV power could be reached [3].

Analyzing the segmentation of the installed capacity, last year’s worldwide solar PV
market showed a correct balance between utility scale installations and distributed or
residential ones. In the Iberian Peninsula, the utility scale PV has more relevance due to the
important incentives granted from 2007 to 2010.

Together with the PV power plants’ development, over the last few years the storage
systems grid integration (and more specifically the battery based storage systems, BESS) is
also another increasing innovative field which is experiencing an exponential interest from
producers and consumers’ point of view [1, 3, 4, 6-11]. Both residential scale (contributed by
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Tesla Gigafactory and the PowerWall [12]) and utility scale thank to several government
support, are emerging as complementary solutions for improving energy efficiency and for
increasing renewable integration at grid and end-user levels [7-10, 13-18].

Related to grid-scale demonstrators, the joint operation between PV power plants and
battery based storage systems is oriented to validate their technical capacity in order to
reach different objectives: to fulfill the recent grid codes [19-22], to provide several ancillary
services [14, 23-25], and based on the energy reserves of the BESS, to validate their capacity
of participation in electricity markets [23, 26-31]. To reach these objectives, it is necessary to
apply advanced control methods which take into account input data as the PV predictions,
the BESS state of charge (SOC) or electricity markets’ price perspectives [14, 28-31].
Recently, the research and development around these controls, both at energy and at power
level, are attracting increasing attention [23-31].

In this chapter, an analysis of the state of the art of the aforementioned grid-scale
demonstrators will be done. Starting with the grid-scale intelligent photovoltaic power
plants architectures and control structures, the storage systems’ technologies and their
sizing methods are summarized. The electricity markets’ operation is also analyzed
(specifically the Spanish electricity market), looking for the most appropriate market or
markets to introduce the IPV power plant production. Finally, a conclusion is done,
highlighting the opportunities of development about the described topics.

1.1. IPV power plant architecture

The power architecture refers to the electrical connection mode between converters
and inverters and the thousands of installed PV panels. The connection modes between PV
modules (considering a PV module as parallel and series connection of several hundreds of
PV panels) create different power distribution architectures. Without considering the BESS,
the existing PV plants’ connection modes could be classified into two different ones [32-34],
which are direct current (DC) connection and alternative current (AC) connection. Below, a
summary description of these two mentioned architectures will be presented. After that, the
integration modes of a BESS to the PV plant will be discussed, introducing the IPV power
plants.

1.1.1. PV power plant with DC connection

The PV power plant with modules connected in DC is shown in the Figure 1.2 [32, 34]. In
this connection model the different PV panel modules have to be controlled by a DC/DC
converter. This converter controls the output power of each PV module. It could manage this
output power by controlling the output active power (P) reference or with the reference for
MPPT (maximum power point tracking) control. The output DC bus voltage of these
converters is controlled by the grid-connected inverter, which also controls the reactive
power exchanged with the grid. So, each module (PV + DC/DC) injects to the DC bus all the
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power that could get (MPPT), or the demanded power (active power reference), and the
inverter pulls out this active power by means of controlling the bus voltage. Thus, this
inverter has to be designed considering the sum of powers that the other converters could

provide.

%
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Figure 1.2: PV power plant with the modules connected in DC [32].

The advantage of this power distribution is that it only uses one inverter where reactive
power control must be implemented, as well as fault ride through capability. Nevertheless,
this inverter has to be designed for injecting all the power generated by the whole PV plant,
so it can be a MW scale inverter.

1.1.2. PV power plant with AC connection

Another way to connect the PV modules between them is with an alternative current
connection [14, 35]. In this case, the modules are composed by the PV panels, the DC/DC
converter and the DC/AC inverter. The Figure 1.3 shows the explained power distribution.

M 4 {
e

Figure 1.3: PV power plant with the modules connected in AC [14].

The inverter of each module controls the DC bus voltage as well as the reactive power
(Q). The DC/DC converter works with the active power reference or with the MPPT control
command. This architecture is composed by more inverters, one for each module, and these
inverters are designed for the same power of the DC/DC converters, which is much lower
regarding the previous explained architecture.
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The advantage of this distribution is that each module works with its own control, which
increases the resilience of the system, because only one module stops its production during
a fault. Furthermore, as the inverters are designed for the rated power of each module, they
have to transform less power than in the previous connection, so are designed for this lower
power range.

1.1.3. IPV power plant with centralized storage system connected in
AC

The previously described PV power plants’ connection modes are important due to the
fact that the integration of storage systems is different depending on these explained
architectures. The energy storage system can be integrated into different parts of the IPV
power systems and moreover it can be connected in a centralized mode, or in a distributed
connection mode, as it will be described. So, depending on the previous summarized
connection modes, the centralized storage system will be differently connected, in an AC
connection or in a DC connection.

In the previous AC connection mode, the storage system could also be connected in AC,
as it is shown in [14, 23, 36]. In this way, the storage system is centralized and is connected
in one point (AC point) to the PV power plant. This architecture is illustrated in the Figure
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Figure 1.4: Power architecture of IPV power plant with the centralized storage connected in AC [14].

For connecting the storage system in the AC point, it is necessary to use a DC/AC
converter. In this case, it could be formed by a DC/DC converter and a DC/AC inverter, or
only by a regular inverter. In the first mode, DC/DC + DC/AC, the DC/DC converter controls
the charge and discharge of the storage system, then its SOC. The DC/AC controls the bus
voltage and the reactive power exchanged. Without using the DC/DC converter, the DC/AC
inverter indirectly controls the storage system SOC by regulating the active and reactive
power exchanged at its connection point.
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The advantage of this connection mode is that the inverter associated to the storage has
the capacity to control the reactive power, as to propose a fault ride through service. So, if
any PV module inverter fails to follow its reactive power reference, the storage inverter
could provide this extra power. Additionally, it could be considered as another module just
for being more flexible due to its adaptability to inject and absorb power in the IPV power
plant connection point, the Point of Common Coupling (PCC).

1.1.4. IPV power plant with centralized storage system connected in
DC

The architecture for the centralized storage system is built with an internal DC grid. As
for the previous case, the storage system is connected to a single point, but in this case, it is
a DC connecting point. This architecture (Figure 1.5) is proposed and developed in [7, 24, 37,
38].
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Figure 1.5: Power architecture of IPV power plant with the centralized storage connected in DC.

As it has been mentioned before, this architecture has an internal DC grid and a unique
inverter extracts the power of the entire IPV power plant. This inverter has to be designed
for the maximum power of the whole system and it must control the reactive power
exchange.

For controlling the active power of the installation there are several converters to
manage. The DC/DC of PV panels controls the output power of them. It could be controlled
by a power reference or by a MPPT mode. If the storage system is connected without any
converter to the internal DC bus, it imposes the DC voltage bus and the inverter will manage
the active power, indirectly controlling the SOC. Despite the fact that this architecture is
widely used on residential PV storage system, this connection is not usually installed in PV
plants because the storage system is not properly controlled.

In the configuration presented in Figure 1.5, there are two control modes. In one case,
similarly to the previous case, the DC/DC converter of the storage system controls the DC
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bus voltage, and the inverter controls the active power, indirectly controlling the SOC. In the
second case, the most commonly used, [24, 38], the DC/DC converter controls the SOC while
the inverter controls the DC bus voltage.

The advantage of this architecture is that the integration of the storage system only
includes one DC/DC converter and moreover the storage system helps in the stability of the
internal DC bus. This advantage is counteracted with the disadvantage that in case the whole
system works at its nominal power and the control-command needs more power for the
storage system, the centralized inverter is not able to provide it. Therefore, this architecture
is an appropriate distribution if the whole PV power plant is a newly designed IPV plant, but
if the project is the integration of the storage system in an existent PV plant, the over-cost
caused by the change of the inverter will be a significant setback.

1.1.5. IPV power plant with distributed storage

In this architecture, the storage is divided in PV modules, giving to each module an
individual controllable nature. This architecture is illustrated in Figure 1.6.
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Figure 1.6: Power architecture of IPV power plant with distributed storage.

As it is shown in Figure 1.6, the storage is distributed. In this way, the output power of
each module (considering module as PV + DC/DC + storage devices + DC/AC) is more stable
and controllable [39-41].

In this configuration, the inverter has to be designed for the maximum power that is
desired to be extracted from the PV + storage devices. This inverter must control the active
and reactive power exchanges. If the storage system is connected as in Figure 1.6, the DC
link bus voltage structure imposes to the grid connected inverter to indirectly regulate the
storage system SOC. There is a variation if the storage system is connected to the DC link
using another DC/DC converter, and the control modes for this variation are similar to those
described in the previous architecture (Section 1.1.4), considering a distributed storage
system used in this architecture as the centralized one was considered in the previous
architecture.
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1.2. IPV plant control structure and management layers

After the power architecture description, in this section the control structure of the IPV
plant is presented. The control structure is another key factor for obtaining the wanted
reliability, stability and profitability of the IPV power plant.

This control structure is composed of several controllers, from the whole IPV power
plant centralized controller (plant controller) to the lower level converters and inverters
controllers. A visual example of the control structure is shown in Figure 1.7.
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Figure 1.7: IPV power plant overview with the controllers and their communications.

Several controllers are in charge of numerous parameters. Some of them are directly
linked to the converters, but there are also some for the BMS (Battery Management
System), or for the complete plant. All these controllers can be separated in different
management levels, from the local controls to the plant level control.

The classification in different levels of this structure allows addressing the development
of each layer in a simpler manner. The analysis of the state of the art of this modular
management representation permits to identify a classification which is adapted to the
peculiarity of the present scenario [42, 43].

In [42] a hierarchical structure of this control architecture represented in levels is
defined, which is called Modular Power and Energy Management Structure (MPEMS). This
management structure could be applied to any manageable power device. In [42] the
authors apply the structure for managing Electric Vehicles. On the contrary, in [43] the
author applies this same structure for managing an elevator system. In Figure 1.8, the
representation of the modular power and energy management structure is shown.
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Figure 1.8: Representation of Modular Power and Energy
Management Structure [42].

The energy management layer is located at the top of this structure. The objective of
this layer is to define the strategy or the long term decisions (in IPV plant applications the
long term is referring to durations from minutes to days). The dynamics of the energy
management level is the lowest one, due to its long term previsions. In the IPV plant
application, the long term services or functions of this layer are developed for energy
arbitrage, power firming, demand side management, etc.

The second layer, the power management layer, is used to transfer the upper level
strategy’s guidelines to the lower level. So, based on the energy management requirements,
the power references for the power electronics devices are calculated. In the IPV plant
application, the medium term services are carried out in this layer, like voltage regulation,
frequency control, and other ancillary services. The time response is faster than the upper
layer one, from milliseconds to seconds. Note that the power dispatching step is also
developed in this layer.

The different converters are controlled at the lowest level, the power electronics layer.
This layer is then dedicated to currents and voltages controls of the various components
composing the system. At this layer the dynamics are the fastest ones (few microseconds)
due to the fact that control references are the converters’ modulation indexes. In the IPV
application, all the DC/DC converters and the inverters have to be managed, considering all
control modes (MPPT, active power, etc.).

Taking into account the control structure defined in [42] the modular power and energy
management structure (MPEMS) applied to IPV power plants is presented in Figure 1.9.
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Figure 1.9: Representation of the hierarchical control structure on the IPV application.
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In Figure 1.9, a higher level control, which is not defined in [42], has been added. The
IPV power plant has an external link which is the market participation. The energy
management layer defines some market participation offers and the system operator (SO)
determines the amount of energy that has to be provided in each period of time. Therefore,
although the IPV power plant presents its market offers, it must accomplish the SO
requirements. This requirements are considered as the external control, which is managed
by the System Operator (SO) [44]. The SO dispatches the reference for the IPV power plant,
which are the inputs of the energy management control layer. By this communication line
between the SO and the IPV power plant, other grid services calls are made, as the
secondary regulation [45, 46], other ancillary services, etc. As the energy management
control receives the measures of the grid voltages and injected currents from its PCC, it
controls the active and reactive power exchanges depending on those measurements [47].

Focusing on the IPV’s scenarios, which are the core of the present work, the power
management can be a centralized control (as proposed in Figure 1.9) or a distributed one (at
the converters level).

The two highest control layers of the modular power and energy management
structure, which are the energy management layer and the power management layer, are
considered in the scope of the present work.
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1.2.1. IPV plant energy management layer

The IPV power plant energy management layer is an important management layer
where long term decisions (minutes to hours) have to be taken into account. There are
different strategies to manage this control layer. Some of them are based on deterministic
approaches, optimization processes and stochastic approaches. Other ones are directly
oriented to a given service. Nevertheless, in some research works different approaches are
combined making difficult their classification. The strategies reviewed in this thesis consider
multiple applications. The review is carried out from residential scale up to grid scale
applications.

In [48], a deterministic approach for the energy management is carried out for an IPV
system at residential scale. The authors consider a system composed by PV panels, a storage
system based on batteries, loads and a connection to the distribution grid. The connection
mode is defined as a centralized system with AC connection. Through the formulation of an
economical objective function, the deterministic approach solves the system taking into
account the lifetime of the storage system and the replacement cost of it minimizing the
objective function. In [24], a Dynamic Programming (DP) algorithm is proposed improving
the deterministic approach explained before. In this case, the authors use a predictive
optimization stage for the state of the battery, closing the loop with the measures of the
SOC and the State of Health (SOH) of the storage system. The energy management algorithm
is simulated in real time microcontroller and using real data. Although an important
electricity bill gain is obtained, the drawback of this analysis comes from the fact that the
authors do not provide any services to the grid and they did not analyze the market
participation.

In [49], another IPV residential application is analyzed, but also considering a microgrid
composed by some households and other different loads (critical loads and controllable
loads). In this case, the authors have considered PV generators as well as storage units
(batteries and supercapacitors) on the households and also a gas microturbine for the
microgrid. They have analyzed the household level control and the microgrid level control.
All the control structure is separated into two stages, the long term (from a day to an hour
range) energy management stage and the short term (from seconds to milliseconds) power
balancing stage. The used energy management stage is a deterministic operational power
planning strategy, which includes from day to hour PV power production program and
production adjustment supported by the storage systems. The batteries are used as an
energy reserve for this energy management layer, while the supercapacitors are used for
power variations and primary control on the power management layer. In this study the
market participation of the PV + storage systems is not developed due to the fact that they
try to balance the microgrid power consumption, without taking into account the electric
grid.
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Another residential IPV system is the Zero Energy Building (ZEB) developed by [18]. In
this work, the authors work with a grid-friendly hydrogen based ZEB, taking into account the
PV panels, a wind generator, house loads, the grid connection, an electric storage system
and a hydrogen storage tank with its electrolyzer and its fuel cell. The authors develop
optimized energy and power management strategies. The energy management layer is
composed by an adaptive optimization-based strategy called Adaptative Optimized Five-step
Charge Controller, which optimizes the overall operation cost and reduces the energy
exchange with the grid, turning on and off the electrolyzer and the fuel cell depending on
the battery SOC. The authors propose an optimization process applying the Genetic
Algorithm (GA) to determine the most well suited fuel cell and electrolyzer turning on and
off thresholds, but it is not considered to provide any direct services to the grid. The
limitation of the study comes from the fact that the market participation is not evaluated,
while the grid connected and the stand-alone modes are analyzed.

At grid scale, in wind power application, there are also installations of energy storage
systems and in this case they could be named Intelligent Wind Power or IWP. Several
research works are also focusing on this type of systems, related to the energy management
subject. In [50], the authors consider a wind/hydrogen/supercapacitor hybrid power system.
The objective of the control system is to make controllable the generated wind power to
provide some ancillary services to the grid (voltage and frequency regulation). The authors
also separate three control layers as the above mentioned MPEMS, but with different layers’
names. In MPEMS’ energy management layer, the authors develop two control strategies,
which are called “grid-following” and “source-following”. The control strategies, as their
names mention, regulate the power related to the grid and to the source. The authors
conclude that the one that regulates the power related to the source, the “source-following”
control strategy, is better because counteracting the source fluctuations by the energy
storage systems, the complete system output power has better performances on the grid
regulation. The limitation of the present study is mainly the lack of grid services, despite the
development of control strategies.

The papers [51, 52] are also dealing with the IWP application, but in this case, they use a
sodium sulphur battery as energy storage system (ESS) connected to a wind power farm. For
decreasing the day-ahead forecast errors of the stochastic behavior of the wind power
production, the authors use an autoregressive model. For analyzing the behavior and the
performance of the ESS, they use a Monte Carlo simulation tool. The authors use the ESS to
mitigate the forecast errors in order to fulfill the day-ahead power production commitment
and they assess the storage performance using a Mean Absolute Deviation criterion. It is a
relevant study which considers the day-ahead commitment (which could be developed by
electricity markets), but did not take into account the SOC and ageing level for determining
this day-ahead commitment.

Finally, considering the grid scale IPV power plants, in [53], the integration of an energy
storage system into a PV power plant is analyzed. In this work, the energy management layer
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is considered one important fact, and thus it is widely developed. Two main energy
management strategies are described which are the constant power steps control strategy
and the fluctuations reduction control strategy. Within those energy management
strategies, the author has developed multiple complementary control options that are
introduced into the power management layer. In the energy management constant power
steps control strategy, the author has differentiated between one single constant step,
multiple constant steps, and hourly-adapted constant steps per day. This energy
management strategy is perfectly adapted to the electricity market pool participation. In this
strategy, the ESS has to inject or absorb the difference between the committed step values
and the PV production. The other energy management strategy is the fluctuations’ reduction
control strategy, also called smoothing control strategy. This one uses the ESS capacity as a
real energy buffer or as energy filter, filtering the fluctuations of the power variation caused
by the instantaneous solar irradiation variations, also called clouds effect. Depending on the
filter’s time constant the variations will be more flattened or not, and in conclusion, with a
greater filter’'s time constant, the ESS energy capacity has to be higher. This energy
management is better adapted for cloudy days, in order to not introduce disturbances into
the electric network, but it cannot be used to introduce the IPV power plant in the electricity
market.

The constant power steps control strategy, as it is perfectly adapted to electricity
market participation, is the base study for the development of the present PhD study, where
the hourly steps will be optimized, maximizing the economic exploitation of the IPV power
plant based on an innovative market participation. This development is discussed in detail in
chapter 2.

1.2.2. IPV plant power management layer

Getting back to the MPEMS and having explained the upper layer, i.e. the energy
management layer, in this section, the focus is made on the power management layer. All
power management layer strategies are oriented to given services as balance control, ramp
rate control, frequency control, peak shaving, inertia response, back up service, islanding
mode, fluctuation reduction control, voltage control, etcetera. The applications that are
going to be analyzed are the wind energy and the PV systems because the wind energy has
similar disadvantages from the grid point of view compared to the application of the present
work, the IPV power plants.

As mentioned before, for the energy management layer, the use of an ESS is almost
necessary, but for the power management layer, it is not totally required. For that reason,
the first application here described includes a power management layer without ESS, but
providing some ancillary services to the grid by a wind farm. In [54] the power design of the
wind farm controller is explained, providing better grid integration characteristics. The
implemented control functions are: balance control, delta control, power ramp rate
limitation, automatic frequency control, reactive power control and automatic voltage
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control. As it will be shown afterwards, these functions can be provided by the ESS, but in
this case, they are provided by the wind farm, by means of reducing its power production.
For that reason, the use of an ESS may be a better solution for providing those functions
(through its charge and discharge) instead of decreasing the power production point, thus
reducing the wind farm generation from the optimal production point.

In [55], a wind farm is also assessed but in this case the application is an IWP system: a
wind farm with storage capacity. The relevance of this work lies in the fact that the proposed
controls are tested in a real facility composed by 12 MW of wind power and 1.6 MW of
lithium-ion battery energy storage system. Tested controls are the primary reserve, or the
frequency support, the inertia response and the power oscillation damping. On this power
management layer, once the mentioned controls are operated, the power dispatch is carried
out, for distributing the power references between the wind generators and the energy
storage system.

Another IWP application analysis is carried out in [50]. As explained in the previous part,
the authors consider a wind/hydrogen/supercapacitor hybrid power system and separate
the energy management layer and the power management layer. The power management
layer is called Automatic Control Unit (ACU). In this unit, they have separated the power
management control for each power device, which are the wind generators, the
supercapacitor, the electrolyzer, the fuel cell and the grid connection unit. The control
strategy is applied using Pl controllers in order to regulate the desired variable of each unit
and without causing controlling conflicts between controllers.

The power management layer is also analyzed in [49]. The IPV residential application
that has been worked with considers PV generators, batteries and supercapacitors. The
authors consider an IPV residential application but they also consider a microgrid composed
by some households and other different loads (critical loads and controllable loads). In the
power management layer of the IPV household, the authors have presented a strategy to
manage solar energy resources and grid requirements, having a primary frequency control
mode as well as a PV limitation mode, a storage mode but no real time power dispatching
mode. Depending on the working mode, the PV, the batteries and the supercapacitors are
controlled on a different control method.

Hydrogen based grid-friendly Zero Energy Building (ZEB) developed by [18] proposes
another residential IPV system. Authors develop optimized energy and power management
strategies. The power management layer includes some auxiliary services (peak-shaving and
Reactive Power Control (RPC)) and a back-up service. In the ZEB facility the auxiliary services
together with the back-up service are implemented in the electric energy storage control
and fuel cell and electrolyzer operation is commanded taking into account the energy
management references. This power management layer is simulated in a RT-Lab real-time
simulation platform, where the interaction between the energy management layer and
power management layer are tested.
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In [56], another IPV system is presented composed by a PV - lithium-ion battery -
supercapacitor system. In this case, the IPV system supplies the needed energy of a
microgrid. Nevertheless, this microgrid is also connected to the main grid. The power
management presented in this work explains a state machine control strategy, taking into
account the following states: black-start, islanding and grid-connected. The power
management strategy describes a control structure enabling, through the supercapacitor
system, fast variations (low energy and high power value) and enabling also, through the
lithium-ion battery system, the possibility to balance the PV production and the
consumption of the loads (high energy and lower power value).

For the above mentioned energy management strategies, the author in [53] has
developed multiple power management complementary controls which are: 1) preferred
state-of-charge, 2) power change rate limitation, 3) meteorologically-based adjustments, 4)
steps optimization, and 5) predictive control for constant steps value. In the scope of this
work, the most important control is the predictive control for constant steps value. This
control is also developed in [27]. In this control, the future prices of the electricity and the
SOC of the ESS are considered in order to decide whether the commitments are going to be
accomplished or not, accepting the corresponding penalties.

The Wakkanai Mega Solar Park, in Japan, is composed of 5MW of PV panels and 1.5 MW
- 11.8 MWh of Sodium Sulphur (NaS) battery system [15, 16, 57]. In the power management
layer, the NaS battery system is used to reduce the short term fluctuations of the PV
production through different strategies: a Moving Average (MA) method and a HYbrid (HY)
method. The HY method selectively uses the MA and the Fluctuation Center Following (FCF)
methods according to the fluctuation magnitude. In [57], a comparison of these two
methods is carried out.

The last project analyzed in this state of the art is the European Union supported ILIS
project, Innovative Lithium-lon System management design for MW solar plants [13]. This
project integrates a 1 MW - 560 kWh lithium-ion battery energy storage system toa 1.2 MW
PV power plant in Navarre, Spain (Figure 1.10). In [14], the developed power management
layer proposes some ancillary services (constant power production, active power ramp rate
limitation, frequency control function and voltage control function). The imperative need of
a centralized plant controller is demonstrated for the improvement of the PV systems
integration into the grid. This power management layer calculates the ancillary services
responds (power references) and dispatches them around the lower level, which is the
power electronics layer. The advantage of the use of the ESS is clearly concluded with the
different control modes, showing the results obtained with and without the use of the ESS.
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Figure 1.10: Aerial picture of the ILIS project PV power plant demonstrator.

1.3. Energy storage systems

Energy storage systems are one of the key elements to solve the biggest electric grid
challenge: the imperative constant balance between production and consumption.
Moreover, it is also important for a lot of different applications which are not always
connected to the electric grid. In these applications the storage system provides the energy
needed to autonomously work during a specific period of time. And, in the present issue, it is
also a key element for a well-suited integration of the RESs to the electric network, due to
the fact that it allows the flexibility, reliability, availability and efficiency of these variable
and unpredictable energy sources [13-18, 53, 58, 59].

1.3.1. Energy storage systems’ technologies

The energy storage system could be classified depending on their technology or their
work principle, as mechanical, electromagnetic, electrochemical and thermal [60]. As
summarized in [53, 61, 62], a detailed classification of energy storage technologies is shown
in Figure 1.11.

Depicted electromagnetic storage technologies are ultracapacitors or supercapacitors
and Superconducting Magnetic Energy Storage (SMES). Mechanical storage technologies are
Pumped Hydroelectric Storage (PHS), Compressed Air Energy Storage (CAES) and Flywheel
Energy Storage (FES). Electrochemical technologies are separated into Battery Energy
Storage (BES), Flow Battery Energy Storage (FBES), air batteries and hydrogen based storage.
BES can be differentiated into lead acid batteries, nickel cadmium (NiCd) or nickel metal
hydride (NiMH) batteries, sodium sulphur (NaS) batteries, zebra batteries and lithium-ion (Li-
ion) batteries. FBES, could also be divided into vanadium redox batteries and zinc bromine
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batteries. Finally, thermal operation principle energy storage is formed by the High
Temperature Thermoelectric Energy Storage (HT-TES) and Low Temperature Thermoelectric
Energy Storage (LT-TES).

[ Energy storage technologies )
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Figure 1.11: Classification of energy storage technologies [53, 61].

Some of these technologies are more suited for the integration of RESs [50, 56, 63-65]
due to their characteristics. Note that some of them, like PHS or CAES, require some natural
conditions to operate. Nowadays the most emerging technologies are the electrochemical
ones and mainly the battery based energy storage systems. Among them, even if lead-acid
and nickel based technologies have solid market share due to their maturity and low cost,
sodium sulphur and lithium ion are the most installed technologies. Lithium based
technologies are expected to dominate the market in a mid-term perspective. An example of
this fact is shown in [59], where it is stated that actually one third of all ESS projects are
based on lithium-ion technology.

The characteristic parameters to determine the appropriate technology for each
application are explained in the following sub-section.

1.3.2. Energy storage systems characteristic parameters

As it has been explained before, there are several technologies of storage system and
each one of them has its main characteristics. For each application, some characteristics are
much more important than others. In this case, for the integration of RESs, the identified
most representative technical parameters of an energy storage system are the next ones
[53, 66-68]:

e Power capacity [W]: It is the maximum power that the ESS could provide. Its charge
power capacity and its discharge power capacity can be different.

e Energy capacity [Wh]: It is the amount of energy that the ESS could store. It is also
named as capacity (C) and measured in Ampere-hours [Ah].

e Power to energy ratio [W/WHh]: It describes the ratio between power and energy.

e (C-rate: It specifies the speed of charge or discharge rate of the storage system. It
determines the storage system’s charge or discharge current in relation to its
nominal capacity which is expressed by the letter C and measured in Ampere-hours
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[Ah]. A charge or discharge of nC rate means that the capacity of the storage system
will be charged or discharged in 1/n hours. For example, a 50 Ah storage system
which is being discharged at 2C rate implies a 100 A current and a 0.5 h discharge
time.

e Energy density [kWh/m3]: It represents the available energy per volume unit.

e Specific energy [kWh/kg]: It quantifies the ratio of the energy delivered to its weight.
e Power density [kW/m3]: It defines the available power per volume unit.

e Specific power [kW/kg]: It depicts the ratio of the power delivered to its weight.

e Energetic efficiency [%]: It shows the relation between the discharged energy and
the amount of energy needed to restore the initial charge state, under specific
conditions. It is measured in percentage.

e Life cycles [cycles]: It determines the quantity of consecutive charge and discharge
processes that a battery can undergo while maintaining some minimum
performances.

e Calendar life [time]: It determines the period of time in which the battery maintains
some minimum performances without being used.

The Electricity Storage Association [60] shows some figures of several storage
technologies which include two parameters’ relation. In Figure 1.12, the relation between
the discharge time and the rated power is depicted, where it can be concluded that for large
scale energy storage systems the PHS is the most appropriated technology. In this figure,
knowing the discharge time and the rated power, the energy capacity parameter can be
obtained, and for that reason, this figure is one of the most illustrative ones to evaluate the
power and energy rates of each technology.
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Figure 1.12: Energy storage technologies discharge time versus their rated power [60].
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From Figure 1.12 it can be observed that the characteristics of the lithium-ion
technology are wide and cover a large region, from large discharge time (over 10 hours) to
rated power that overpasses the MW range. Other technologies as lead acid or sodium
sulphur have a larger rated power characteristic compared to the lithium-ion technology.

In Figure 1.13, two other important parameters are shown, which are the technology
efficiency and the lifetime. These two parameters are proportionally related to the energy
storage system cost. On the one hand, the efficiency means losses of energy while charging
and discharging the storage system. On the other hand, if the purpose is to cycle the ESS
thousand times, the replacement cost has to be evaluated. Thus, this figure is also very
illustrative to evaluate the technologies’ performances.
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Figure 1.13: Energy storage technologies’ efficiency versus their lifetime [60].

The most beneficial area of this Figure 1.13 is the upper right side of the figure, for being
very efficient and for having a long lifetime. As it can be extracted, the lithium-ion
technology has very high efficiency with a lifetime of several thousands of cycles, so it is
demonstrated that currently it is a relevant technology. The characteristics of the other
electrochemical technologies are not so good as the ones of the lithium-ion technology.

1.3.3. Energy storage system sizing methods

As stated in the introduction of this document, the sizing process of an energy storage
system is one of the key factors of the present work. The sizing process which includes the
definition of power and energy requirements is totally correlated with the management of
the storage system, and for that reason, the sizing process has to be co-performed with the
energy management strategy.
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An example of this significant correlation is explained in [23] and shown in Figure 1.14.
The power requirement for an energy storage system is the instantaneous value between
the PV power production curve (the black one) and the other curves (the power
commitment with different energy management strategies, EMSs). As it is shown, the hourly
constant power step curve (the orange one, named HCPS) represents the configuration
requesting a lower power, because it is continuously close to the PV power production
curve. The energy requirements’ value is the area drawn between the PV power production
and the commitment curves. In this case, the single constant power step curve (the red one,
named 1SCPS), which was established by a simpler EMS, needs the highest energy value.
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Figure 1.14: Real PV power production pattern and different power
commitment according to different EMS configurations [23].

Together with this figure, in the same study, the energy storage sizing is conducted
taking into consideration also a simulation of a whole year and still applying each of these
three EMS. The results of these simulations are shown in Table 1.1, where the percentage of
time that the IPV power plant cannot track the EMS calculated grid power is presented as a
function of the storage system capacity. This percentage of time that the IPV power plant
cannot track the EMS calculated grid power is due to the fact that the storage system is
saturated, upward (fully charged) or downward (fully discharged). As it can be seen, with a
simpler EMS configuration as the SCPS, the storage system is saturated much quicker than
with more complex strategies. The HCPS, which is the most complicated one, has then the
best results with regards to the other storage systems sizing.

Table 1.1: Percentage of time that the IPV power plant cannot track the EMS calculated grid power as a function of
the storage system capacity. Source: [23].

EMS Capacity | Capacity | Capacity | Capacity | Capacity | Capacity | Capacity
configuration 0.2 pu 0.25 pu 0.3 pu 0.35 pu 0.4 pu 0.45 pu 0.5 pu
SCPS 9.32 5.40 2.94 1.79 1.08 0.61 0.29
4LCPS 2.68 1.48 0.88 0.50 0.29 0.18 0.11
HCPS 1.63 0.94 0.64 0.37 0.26 0.16 0.09
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As a conclusion, with a more complex energy management strategy, lower power and
energy requirements are needed and vice versa. For matching these two criteria several
sizing methodologies have been described in the literature.

In [69] and in [43] one sizing methodology is presented, which will be the base for other
methods explanation. This methodology is separated into three steps, which are the
definition of system requirements, the sizing of the energy storage system and the
verification of possible solutions. In Figure 1.15, graphical illustration of this methodology is
proposed.
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Figure 1.15: Energy storage system sizing methodology [43].

In this first step, the definition of the system requirements is done as well as the system
constraints’ definition. The storage system’s requirements are the power and energy needs.
Other important requirements are the energy and power management strategies. In order
to determine the optimal sizing of the energy storage system, the energy management
strategy definition is necessary. The energy storage system constraints are related to the
characteristics of the application. In this case, these are: the connection voltage to the grid,
the volume and the weight of the storage system, the operation temperature and the
efficiency. But there are some other constraints that are not related to the application, like
lifecycles, calendar life, capital and BMS cost and maintenance cost of the storage system.

In the second step, the energy storage sizing is calculated, taking into account the
system requirements and constraints. In order to achieve the system’s requirements, several
solutions can be considered. The third step consists thus in verifying the possibilities and
evaluating the options before going back to the first step for changing some requirements or
constraints in order to improve the final sizing result. In this feedback, the energy and power
management strategy could be changed to calculate the optimal sizing for that new strategy.
With several strategies/sizing relation results, the optimal storage sizing could be selected
considering its optimal strategy.

The energy management strategy is introduced in the first step, as one of the definitions
of the system requirements for the following sizing process. It has been decided to select
first the energy management strategy in order to size the storage system based on this
strategy. Nevertheless, the energy storage sizing methods can be separated by their nature
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and they can also be grouped in different categories. As a first work, a classification based on
the nature of each sizing method is proposed and shown in Figure 1.16.

{ Energy storage sizing methods }

\
Monte Carlo Probabilistic Rule based Extrema Loaq Pea\.k
following shaving

Figure 1.16: Proposed energy storage sizing methods classification by their nature.

Service oriented

1.3.3.1. Stochastic energy storage sizing methods

Stochastic methods for energy storage sizing are, as their name indicates, methods that
are dependent to predicted values and also dependent to some random elements. The
probability methods are, thus, included in this group.

Monte Carlo method

Monte Carlo sizing method is a stochastic method. It randomly generates some inputs
(in this case sizing parameters) and verifies if those inputs accomplish the required
performances. The more iteration, the better result is.

For energy storage sizing, this method is used in [70], where an IPV application at the
residential scale is considered. Taking into account load profiles, weather forecasts and the
local historical outage distribution of a household, the Monte Carlo method calculates
energy storage sizing parameters for the demand shift at peak electricity cost and outage
protection objectives.

Another energy storage system for wind power application is analyzed in [51]. The
authors use an autoregressive model to obtain the correlation of the day-ahead forecast
errors. Afterwards, they quantify the impact of this correlation with the storage sizing by
means of a Monte Carlo approach, using the autoregressive model as input. Taking into
account the time when the storage system is saturated (totally charged or discharged), the
authors are able to compute an optimized size of the storage system.

Probabilistic approach

A probabilistic approach is another stochastic method based on probability. Its first step
or its input is the predicted value(s). From this data, the probability of having an error is
calculated and error probability areas are obtained as shown in Figure 1.17.
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Figure 1.17: Probability of wind power generation forecast error [71].

The sizing problem also appears for wind energy applications with an energy storage
system. In [71] the sizing problem tries to minimize the power production forecasts errors,
assuming the market conditions where penalties are considered. Based on a probabilistic
forecast, the sizing requirements could be minimized.

In [72], another IWP application where the storage sizing is carried out through a
probabilistic approach is developed. The objective of the proposed method is the reduction
of the uncertainty on wind power forecasts (up to 48 hours), analyzing the statistical
behavior of the forecast error as well as the SOC. Empirical probability density functions are
developed reducing the size of the ESS and the uncertainty of the IWP system.

1.3.3.2. Deterministic energy storage sizing methods

Deterministic methods for energy storage sizing are, as their name suggests, methods
that are not dependent to randomness to calculate inputs/outputs’ relationship.

Rule based method

Rule based method is a simple method that contains some rules. It applies the desired
control output to the given inputs of the system. It is an applied method that can be used as
a benchmark to assess other more advanced techniques.

For an IPV grid scale application, in [23], the sizing process relation with the energy
management system is analyzed and discussed. The authors have developed three EMSs
that are 1) one single constant power step; 2) four-level constant power step; and 3) hourly
constant power step (HCPS). These energy management strategies are based on rules, so
they could be considered as rule based methods. For each of these EMSs and for a different
capacity sizes, the authors have calculated the percentage of the time the IPV power plant
cannot track the reference grid power. These different sizing capacities are selected
depending on the PV plant capacity factor, which is the equivalent value of energy that each
kW installed could produce per day. Thus, the sizing is not calculated but analyzed related
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with the EMS configurations. Nevertheless, they have showed that with the HCPS strategy,
the energy requirements are much lower than in the other energy management strategies.

Extrema method

Extrema method is a deterministic strategy which makes a grid search of a set of input
values and obtains their feasibility range to keep the optimal solution.

In [73], the application of an industrial customer with a battery energy storage system is
considered. The objective service is the peak load shaving, but the methodology used for the
calculus of the sizing is optimized maximizing the customer’s economic benefits. For doing
so, the sizing and the operating steps are developed using the “extrema” method for
optimizing the sizing problem and using dynamic programming strategy for the operation
optimization. Dynamic programming is an optimization method for large decision problems
which breaks the problem into smaller sub-problems, separately solving each one of them
and obtaining an optimal decision policy [74].

1.3.3.3. Service oriented energy storage sizing strategies

The strategies included in this section are completely oriented to provide a given
service. Multiple applications could be taken into account but only the ones related to grid
services are considered in this section.

Load following strategy

The objective of this strategy is to adjust the output power to the demand of electricity.
When the demand is important, this strategy leads to produce more, and when the demand
is low, the strategy decreases the generation. In the case of an energy storage system, it
could refer to absorb energy.

In [75], the analyzed application is a residential distribution feeder where a battery
energy storage system is installed. The objective (the service to be provided) is the shaving
of the peak where a percentage of the peak power is selected setting a lower peak value.
From this value the power requirement is calculated, and with an analysis of the time when
this value is exceeded, the energy requirement is also obtained. This method is referred as
load following method. In this paper, the impact of the distributed PV generation in a BESS
sizing is briefly analyzed, concluding that the power sizing is maintained and the needed
amount of energy (for the storage) is reduced.

Peak shaving strategy

The objective of this strategy is to reduce the peak power providing an amount of
energy from the storage system, reducing the given peak. This service is used to avoid a
higher power contract in end user applications (residential and commercial) and also to
avoid having to repower a substation, from the grid operator point of view.
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A residential application equipped by a BES/PV system is analyzed in [36, 76, 77]. The
authors have studied the sizing problem, proposing upper and lower bounds for the storage
size and two algorithms to calculate the exact storage size taking into account a fixed load
curve and time-of-use electricity purchase rate. The provided services are power arbitrage
and peak shaving and the objective is to minimize the purchase cost from the grid with the
optimal battery size while satisfying the fixed loads. It has been verified that for certain
scenarios, the characterization of the exact storage size is achievable, but without
considering the loads variation possibility as well as real hourly changes in electricity
purchase.

1.4. Electricity market analysis

In this section, an electricity market analysis is proposed. This state of the art review
concludes with an analysis of the market where the IPV power plants could seek for an
economical viability through their participation. The electricity market selected is the
Spanish one, due to the fact that Spain is one of the European countries with higher
renewable energy integration level.

Similarly to the other European electricity markets, the liberalization of the Spanish
sector was established in the 90s [78]. Since that moment, the sector regulation laws have
been gradually signed as well as renewable sources referred laws [79-82]. In the first laws,
important incentives, financial support and feed-in-tariff were signed [81, 82], which heavily
increased the Spanish photovoltaic share. Nevertheless, by means of other laws, these
incentives decreased after that [80], until recently (2013) [83, 84]. These last laws have
dramatically stopped the renewable energies’ incentives.

In this context, the situation for the renewable generation systems over the coming
years is that they could participate on the electricity markets in the same conditions, with
the same rights, the same obligations and without any incentives as other traditional
generation units. So the next section describes the organization of the electricity markets
and the markets where the IPV power plants could potentially participate.

1.4.1. Organization of electricity markets

Throughout all Europe, most electricity markets are similar and have the same markets:
futures markets, daily market (day-ahead market), intraday markets and operation markets
(system adjustment markets). The organization of the electricity markets is distributed in the
previously mentioned markets where requirements for offering and bidding are different
among all of them. Each market is organized in a different way and the Iberian Peninsula
case is summarized in the Figure 1.18.
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Figure 1.18: Iberian organization of the electricity markets.

“Not organized” markets are energy contracts between some producers and some big
consumers like an industrial factory.

The Iberian electricity market (MIBEL, Mercado Ibérico de la Electricidad) [85] is the
market where almost all of the energy needs are negotiated, using different markets. In the
future markets, which are managed by the Portuguese section of the lIberian Market
Operator (OMIP, Operador del Mercado Ibérico — Polo Portugués), long term contracts
(week, month, quarter and annual) are auctioned [86]. The other MIBEL’s markets, the daily
and the intraday markets, are managed by the Spanish section of the Iberian Market
Operator (OMIE, Operador del Mercado Ibérico — Polo Espaiiol) [87].

Daily market, also known as pool market, is important because its objective is to match
the whole energy that will be consumed on the following day [88, 89]. The Market Operator
(MO) receives the producer and consumer’s offers for each programming period (an hour
period in that case). With those offers the matching process is carried out starting from the
lowest offers until the crossing point between the offer and the demand with the lowest
price in each programming period. That price is known as marginal price. Generators and
consumers that have presented a lower generation offer (and greater consumption offer)
than the marginal price are scheduled for generation/consumption (power commitment)
and are paid at the marginal price.

Besides the daily market, which has been resolved on the previous day, another market
exists which is the intraday market and it is resolved closer to operation time. It is not always
possible to match the forecasted consumption profile with the daily market scheduled
power, and these differences are solved by the intraday markets. In the Iberian markets’
case, six intraday markets exist, where the same process as in the daily market is carried out
despite the fact that each intraday market has a different duration [89], from 27 hours to 9
hours.

An example for the daily market matching process for the hour 12 of the 7" August
2015 is presented in Figure 1.19.
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Figure 1.19: Daily market matching process curves of generation and consumption of the hour 12
(from 11:00 to 12:00) of the date 2015/07/08 [87].

Once the daily market has been closed by the OMIE, the information is transferred to
the System Operator (SO), REE (Red Eléctrica de Espafia) (P.O. 9.0) [90], which makes the
necessary technical adjustment and restrictions (P.O. 3.2 and P.O. 3.10) [91, 92]. After this
adjustment, the final matching curves are generated, also visible in Figure 1.19, where the
final marginal price for each hour is defined. The System Operator also organizes the
deviation market, (P.O. 3.3) [93], if necessary, and the ancillary services market. As ancillary
services, the lberian System Operator, REE, considers the voltage control (P.O. 7.4) [94], an
additional reserve power to be raised (P.O. 3.9) [95] and frequency regulation. Regarding the
frequency regulation service, the primary (P.O. 7.1) [96], secondary (P.O. 7.2) [97] and
tertiary (P.O. 7.3) [98] reserves are taken into account. In the Iberian electricity system the
primary regulation is a compulsory service that all generators must provide and it is not
remunerated.

The last market or power exchange identified in Figure 1.18 is carried out at an
international level (P.O. 4.0) [99], including daily markets as well as two intraday markets
with France (P.O. 4.1) [100], and daily markets with Morocco and Andorra. These markets
are bidirectional, but the power exchange is not always transferred from both countries.

1.4.2. Operation of traditional generators on electricity markets

In this section, the operation of traditional generators on electricity markets is detailed,
explaining the process of the most important markets and the timing when offers must be
sent to the market operator. A general overview of the mentioned markets is shown in
Figure 1.20.
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Figure 1.20: Iberian Peninsula electricity markets operation schedule and offers sending period of time.

1.4.2.1. Daily market

The daily market is the most important market of electricity because the whole part of
daily energy transactions are bidden and cleared in this market. It is also known as electricity
pool market. The horizon of this market is composed by the 24 hours of each day.
Generators prepare their generation planning and try to clear themselves in this market.

The planning offers (for the daily market) to the day D must be sent to the market
operator before midday of day D-1, as shown in Figure 1.20 [10-12]. These offers (or bids)
are composed by an amount of energy at a given price for each market period, normally an
hour.

The market operator clears each market period and sends the results to the system
operator. The system operator includes the technical constraints concluding with the viable
daily schedule [11]. This schedule is sent to all generators, including the cleared amount of
energy to produce and the associated marginal price for time step (each hour).

From this moment on, if the offers sent by a generator are accepted, they must be
provided as cleared energy, during the cleared market periods of the day D. If the offers are
not accepted, the concerned generators do not have to produce energy in this period of
time. This means that all generators willing to participate in the daily market need to have
very reliable production predictions on a day-ahead basis, to be able to make feasible offers.

As the generation plan is based on the day ahead predictions of generation and
consumption, errors are to be expected on these predictions. Moreover, as the daily market
cleared energy is resolved by means of offer and demand laws, not all the electricity needs
are solved. For that reason, the market participation is not only based on the daily market,
and the differences in consumption needs are solved taking advantage of the intraday
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markets, which are closer to the real time operation. The closer the market period is to real
time, the better the system operator consumption predictions are.

1.4.2.2. Intraday market

Intraday markets exist to clear the consumption needs that have not been resolved
through the daily market. It can be considered as some kind of adjustment markets. All
generators that have participated in the daily market can participate in the different sessions
of the intraday market [11]. In the Iberian Peninsula the six intraday sessions are operating
on different time horizons, which are depicted on Figure 1.20 and detailed in Table 1.2 [11].

Table 1.2: Intraday sessions detailed information.

Intraday sessions

S1 52 S3 54 S5 S6
Session opening 17:00 21:00 01:00 04:00 08:00 12:00
Session closing 18:45 21:45 01:45 04:45 08:45 12:45
Program publication 20:45 23:45 03:45 06:45 10:45 14:45
Schedule horizon 27h 24h 20h 17h 13h 9h
Operation starting 21:00 00:00 04:00 07:00 11:00 15:00

Market participators (also named market agents) can offer a purchase or sale bids. So,
the generators can sell and buy energy, adjusting their operation program. The market
operator clears each market period and sends to the system operator the cleared powers
and prices. The system operator publishes then the final program, including the technical
constraints. This program is named the hourly final program (PHF, in Spanish) [11].

As it could be verified in Table 1.2, the period between the session closing and the
operation starting time is closer than in the daily market, which offers the availability to
present more performing bids from all generators, and especially from renewable
generators, based on closer and better predictions. Another important remark that can be
done about the intraday market is that there is a market session every 3-4 hours (except
between session 6 and session 1 of the next day, where there are 6 hours). This fact provides
the opportunity to adjust all generation programs each 3-4 hours.

1.4.2.3. Ancillary services

The lberian System Operator, REE, considers as ancillary services voltage control,
additional reserve power to raise and frequency and power regulation (with primary,
secondary and tertiary reserves). The primary regulation or frequency regulation (P.O. 7.1)
[96] is a compulsory service that all generators must provide and it is not remunerated.
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The voltage control is remunerated but it is not resolved through market offers due to
the local voltage control needs which make impossible its market regulation. For that
reason, there is a minimum compulsory service that all generators must furnish. It is also
composed by a not compulsory service due to the extra reactive power generation
capabilities of some generators. These generators offer their capabilities every year and the
system operator take advantage of them only if it is necessary, remunerating them as
detailed in (P.O. 7.4) [94].

The additional reserve power to raise service (P.O. 3.9) [95], also known as upwards
reserve power, is a service oriented to thermal generation units. As these units are fully
controllable and have different operation modes, they can provide a significant amount of
power during the periods that the SO needs. It is an optional daily process to guarantee the
security of the power system that the SO can call if needed. As it is not a service that
renewable power plants could participate on, it is not analyzed more in detail.

The secondary regulation (P.O. 7.2) [97] is a system adjustment service in which
frequency deviations are automatically controlled by the Automatic Generation Control
(AGC) units. Each AGC unit sends a power variation reference (upward or downward) to the
secondary regulation generation units to react to frequency variations. Time horizon of this
service is comprised between 30 seconds and 15 minutes. It starts in 30 seconds due to the
fact that the primary regulation regulates the frequency until this time. The generation units,
selected to provide this service, are paid for two different factors: the power reserve to be
provided (cleared in the market) and the actual energy provided (only paid if the service is
finally provided). This market is resolved between 16:00 and 17:30 and the generation units
that clear this market are the ones that offer the lower price until satisfying the SO
requirements. As the frequency could be regulated upward and downward, the generators
that want to participate in the secondary reserve market must offer the possibility to raise
and to drop the power [95].

If an important frequency deviation is not resolved within 15 minutes, the tertiary
regulation (P.O. 7.3) [98] will start. The main objective of the tertiary reserve is the
constitution of the secondary reserve. This service is defined as the maximum power
variation that a production unit could provide during 15 minutes within a minimum duration
of two hours. The SO calls for this service manually, only when it is needed. The market
offers to this service are composed by pairs of reserves to upward or downward with the
prices for each service. This market is managed between 21:00 and 23:00, once several other
markets are resolved for each hour (daily market, other system adjustment markets,
intraday session 1, and intraday session2).

Apart from these explained closed services, if the SO detects imbalances predictions
greater than 300MWh for long duration periods, it could call for another service named
imbalances management, which is very occasional. When this service is called, the deviation
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requirements and the time duration to cover are published. The offers reception period is 30
minutes from the call presentation and the clearing prize is obtained from the lowest offers
that satisfy the SO requirements.

1.4.3. PV plants and electricity markets

In this section the participation of the renewable generation, and more specifically the
PV plants market integration in the Iberian Peninsula case study, is considered. The PV
generation and renewable generation installed before 2010 have received important
incentives and special treatment in terms of injected power. These generators have a fixed
price (higher than the market price) for the produced energy and they can inject to the grid
all their production, without taking into account markets’ requirements of constant power
production during each hour nor the bidding system of different markets (daily, intraday,
etc.).

These advantageous conditions were developed during the first decade of the XXI*

century to promote the renewable generation installations. Nevertheless, due to the
overproduction of renewable installations (superior to what was expected), the payment
conditions were reduced [80] until 2013, when the government completely cut the
incentives [83, 84]. From this moment on, it is not allowed to construct a PV power plant
without participating to the market requirements. As the market participation is difficult and
needs an important controllability level that not all the PV power plants have, the market
participation of PV power plants is happening nowadays by means of the aggregators. An
aggregator is an intermediate entity between generators and the market that aggregates the
producers’ generation curves for participating into the market with a grouped offer. This
compensates generators’ errors and allows reaching the minimum power offer to participate
in electricity markets, which is 100 kW.

If a PV power plant is controllable in power and wants to participate in electricity
markets as any other traditional generators, a strategy could be to propose market offers
below the maximum power point available, providing the firming service on the lower value
of generation predictions of each programming period, as shown in Figure 1.21. In this case,
knowing this lower value for each programming period and controlling the converters to
provide a constant power production during this hour (which is the firming control), the PV
plant can participate in electricity markets. The drawback of this strategy is that not all the
available PV generation is being obtained from the PV panels, working out from the optimal
point and not optimizing the PV production. Moreover, if predictions are not correct and
generation has one or more points below the predicted lower value for each hour, some
penalties are applied, which have an influence on the economic viability of the PV power
plant.
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Figure 1.21. First strategy to participate in electricity markets from a PV power plant.

To overpass these drawbacks and to optimize the whole PV generation, another
strategy is to directly participate on electricity markets with an associated energy storage
system (ESS), forming the intelligent photovoltaic (IPV) power plant. It is the core of this PhD
work. The ESS contributes increasing the controllability, flexibility and delivering an energy
reserve that provides the capability of optimizing the PV generation while firming control is
carried out, balancing the generation fluctuation based on the storage availability.
Moreover, depending on the energy storage size, it could store PV generation in cheaper
hours to sell them in more expensive hours also taking into account markets’ prices for
optimizing the economic exploitation of the whole system.

In addition to firming service being able to participate in electricity markets as it has
been already explained, there are other services or functions that an IPV power plant could
provide to the grid. These services are summarized in Table 1.3, and some of them are
nowadays paid in some countries [101].
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Table 1.3: Possible functions that an IPV power plant could provide to the grid [101].

Possible functions that an IPV power plant could provide to the grid

Frequency control or
Arbitrage a ] Y Black-start
primary control

Power shifting Inertia emulation Power quality improvement

Filtering or firming Power oscillation damping Load leveling/peak shaving

Voltage control or var ) )
. Islanded mode operation Demand side management
regulation

The most representative or usual ones are: the frequency control or primary control
service which is referred to primary frequency regulation; the voltage control or var
regulation which operates similarly but injecting or absorbing reactive power for controlling
the voltage value; the power shifting service which is used to shift the production profile and
to match the demand curve; the power quality improvement service which reduces the
production fluctuations as well as unbalances and distortions, filtering the output profile of
the generator or producer; and the firming or filtering service, which makes the output
profile constant for participating in the electricity market.

Some of these functions or services demand a low power and energy requirements, and
some other ones demand greater power and energy requirements. For that reason,
depending on the objectives (functions or services) for the desired application, it is necessary
to consider the benefits obtained due to increasing the size of the storage (providing more
services) counteracted with the extra costs assumed by that system. Once weighted up
these mentioned issues, the sizing of the ESS has to be carried out, also taking into account
the most appropriate storage technology. Nevertheless, it is known that the storage system
capacity cost is the most expensive part of the whole IPV power plant, and for that reason it
will not be viable to construct an IPV power plant with a huge storage system to provide
services of big amounts of energy as secondary or tertiary regulation. The same reason
cancels the purely arbitrage service: buying cheap energy for storage and selling expensive
energy from the ESS.

Considering the above explained possible services operation, several projects of IPV
power plants are being developed as demonstrators all over the world. These demonstrators
are developed for showing the usefulness of participating in different markets and services
as represented in the Table 1.4. In this review, not only the PV power plants are analyzed,
but also a possible combination of wind power with storage systems (named IWP) due to the
drawbacks of the PV fluctuations and predictions difficulties also happening with the wind
power. Location, battery energy storage system technology, application and provided
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services are included in this review presented in the Table 1.4, where all included systems

are experimental installations.

Table 1.4: Relevant experimental RES + BESS installations summary.

Relevant experimental RES + BESS installations

. ) BESS ..
Project Location Application Provided services
Technology
. . IPV
PNM Prosperity . Adv. lead acid .
New Mexico, BESS (750 kW / | Voltage control, power shifting and
Energy Storage and .
) USA . 2.8 MWh) peak shaving
Project [102] ultrabatteries
PV (500 kW)
IPV
. Navarre, o . BESS (1 MW / Firming, voltage control, frequency
ILIS Project [13, 14] . Lithium-ion
Spain 560 kWh) control and ramp rate control
PV (1.2 MW)
- IPV
Kaua’l Island Utility
. . . BESS (1.5 MW / L
Cooperative (KIUC) | Hawaii, USA Adv. lead acid 1 MWh) Firming and frequency control
Project [17]
PV (3 MW)
IPV
Wakkanai Mega Wakkanai, Sodium sulphur | BESS (1.5 MW / | Firming and short term fluctuation
Solar Project [16] Japan (Nas) 11.8 MWh) reduction (filtering or firming)
PV (5 MW)
National Wind and
PV + WP + BESS
Solar Energy
. BESS (6MW /
Storage and Zhangbei, Lithium-ion 36MWh) Power shifting and firming
Transmission China
. WP (100 MW)
Demonstration
. PV (40 MW)
Project (1) [103]
L IWP
Tehachapi Wind . . o L
California, L . BESS (8MW / Power shifting, firming and
Energy Storage Lithium-ion .
. USA 32MWh) frequency and voltage regulation
project [104, 105]
WP (660 MW)
Kaheawa Wind BESS I(‘;VOPMW/ Power shifting, firming, reserve
Power Project Il Hawaii, USA Adv. Pb acid 7.5 MWh) capacity and frequency and
[106] WP (21 MW) voltage regulation
Rokkasho- Rokkash Iwp
okkasho, . - —_—
Futamata Wind Sodium sulphur BESS (34MW / Pow.er shlftlng,. fwrnmg, load
. 107 Japan (Nas) 238MWh) leveling and spinning reserve
arm [107] WP (51 MW)
AES Laurel West :WP /
- es e BESS (32 MW
Mountain Wind Lithium-ion ifti irmi
i o8 Virginia, USA 8MWh) Power shifting and firming
arm [108] WP (98 MW)
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As it can be confirmed from the Table 1.4, most of the installations have the firming
capacity, which is the most important function for participating in the electricity markets.
Moreover, several demonstrators have also the frequency and voltage regulation control
which is a payment service in some countries as USA [109], and is a necessary service in
islanded regions as Japan, Hawaii or Puerto Rico [110-113]. In this last one, a new energy
storage mandate was signed that requires a 30 % of minimum storage capacity for any new
grid-connected solar and wind power projects to help with the control of the frequency
[113]. In Chile, the government is introducing a requirement of 7 % of power reserve, which
is only feasible by introducing ESS to renewable power plants [114, 115]. In French islands
also a mandatory regulation requires at any time of the day that the uncontrollable
electricity generation (wind and PV) never exceeds 30% of the overall electricity
consumption [116]. For that reason, in 2012 the French Electricity Regulation Commission
(CRE) selected some projects to install more reliable wind generation systems to provide
some ancillary services based on storage systems [51].

Another possible control that the renewable generators with storage can provide is the
ramp rate control. The regulation of some countries imposes nowadays ramp rate limits
[111, 112, 117, 118]. It is the case of islands or weak grids regions. This fact forces to include
storage systems in those regions to enable the connection of renewable generation plants.
For that reason, the ramp rate control is a very common research topic of the renewable
power plants with storage systems [14, 25, 119-122].

Thus, the perspectives about renewable generators are that these types of sources must
also operate as other traditional generators, participating in current electricity markets with
current laws. To do so, it is necessary to develop operation strategies to maximize the
economic exploitation of these systems. In that perspective, most interesting markets are
the daily market and the intraday market. The daily market operation is the most beneficial
one because the overall PV generation could be cleared in this market requiring a relatively
low amount of energy capacity to provide the firming service. The intraday market is as
beneficial as daily market when palliating erroneous predictions for example. Services that
require a huge amount of energy (secondary or tertiary regulation) are not viable due to the
heavy cost of the storage system. Other services, such as inertia emulation or primary
control of frequency could be provided but are negligible in terms of energy for the storage
system because they need a low amount of energy [25].

1.5. Conclusions

The conclusions of the analysis of the state of the art are focused on summarizing the
main lacks found in the topics that are part of the present application. Therefore, the
possible improvements detected within this analysis will serve as basis to the developments
proposed in this PhD work.
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Analyzing the first section about power architectures, one of the conclusions is that,
depending whether the IPV power plant is constructed from a given PV power plant or not,
the optimal power architecture can differ. Moreover, the possible introduction of
supplementary converters has an influence on the cost of the whole system, while also
providing some complementary controllability level. Consequently, the configuration of the
storage system in the power architecture is considered as another parameter to take into
account in the present study and there is not an optimal architecture for all cases. Thus, the
optimal power architecture depends on the original PV power plant and the desired level of
controllability. As the considered IPV power plant as case study is a real IPV power plant
located in Navarre (Spain), the configuration selected for the present PhD is the one of this
IPV power plant where the storage system is a centralized system connected to an AC
connection mode.

Regarding the control structure, the first and easiest conclusion is that the management
layers must be separated to have an easier view of different control layers and the objective
of each of them. Thus, different conclusions must be drawn about the energy management
layer and the power control layer. The number of works related to researches in the energy
management layer is limited for the IPV application at grid scale due to the innovation to
participate in electricity markets, accepting that a long-term horizon must be taken into
account in that case, and that the storage system plays an important role in the capacities of
the management. Nevertheless, there are several works about the energy management
layer for wind power applications, which offer an idea of the services that could be
integrated in this management layer [49-52, 54, 55]. To counteract this lack of works about
energy management of IPV power plants, advanced energy management strategies are
developed and are presented in later chapters as main contribution of the scientific
community through this PhD.

Analyzing the power control layer, several works have been carried out, changing the
maximum power point of the PV converters, but from the scope of this PhD work, the power
control layer focuses more on the rapid ancillary services. On this aspect, the main
conclusion of the power control layer is that the IPV power plant is able to participate in
some services as frequency and voltage regulation, inertia emulation, power oscillation
damping, power fluctuation reduction and ramp rate control. Therefore, the combination of
the centralized power plant controller explained in [14], with the predictive control constant
steps value of [27, 53], could achieve a well performing power management layer, also
considering the higher level of the energy management. In this predictive control, some
other criteria and constraints could be included in order to improve the general
management structure.

As a conclusion of the energy storage system and its sizing, the technology selection is
defined as one important milestone which determines the possibility to provide some
services or another ones, as well as balances the economic exploitation of the whole IPV
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system. For that reason, a technology selection methodology is developed in this PhD work
and will be presented in the next chapter.

Related to the sizing methods review, it must be underlined that most of the cited
authors have shared that the economic viability of the integration of an energy storage
system is not clear in most renewable applications. Nevertheless, in the present work and
taking into account energy policies that allow the participation of the IPV power plants in the
electricity markets and providing ancillary services, the storage system could help or
collaborate in the augmentation of the massive integration of the renewable energy sources.
For obtaining the desired economic viability of the IPV power plant system, the balance
between the sizing of the storage system and the operation strategies to correctly use this
storage system is essential. Thus, a combined optimization that calculates the best storage
system together with the most interesting operation strategy to obtain the optimal
economic exploitation is carried out in the present PhD.

This operation strategy is based on the electricity markets’ analysis, showing that
nowadays the most interesting markets to participate in are the daily and the intraday
markets. With the developed combined optimization mentioned before, some innovative
market participations are proposed, which maximize the economic exploitation, reducing
the PV uncertainties through a participation in the intraday markets. This market
participation follows the perspectives about renewable generators, which states that these
types of sources must also work as other traditional generators, participating in the current
electricity markets with current laws.
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The objective of this second chapter is to detail the IPV power plant features in order to
be able to carry out their modeling issues. As it has been previously verified in the section
where the experimental RES + BESS installations have been presented, the storage system
size and its technology have to be selected, depending on the services or functions to be
provided. For that reason, there are two questions that must be answered which are: “What
is wanted to do?” which refers to the functions or services that are required to the given
power plant; and the second question is “How is it going to be done?” referring to the
technology and the size of the storage system.

As it has been introduced before, the main objective of the present PhD is to develop an
electricity market participation process, and therefore, the first question has already been
answered. In this chapter, the second question related to which technology is going to be
selected will be answered. To do so, a technology selection methodology is developed. This
methodology analyzes the services that have to be provided to different grid levels, to finish
selecting the correct technology for its following integration.

Once the technology has been chosen, the case study IPV power plant is presented and
described. Finally, the modeling of the different IPV power plant agents is carried out
considering the electric and economic models of the PV field; the energetic, degradation and
economic models of the storage system; the electricity market model; and the IPV power
plant model.

2.1.Storage technology selection methodology

Taking into account the several parameters of the storage systems, a technology
selection methodology is developed and proposed. This methodology is presented in [66].
First of all, a storage system can be installed in different locations of the whole electricity
network: at the generation systems, at the T&D (transport and distribution), at the end-user
and at the RES connection point. At each location, the functionalities that the storage system
can provide are different and can be summarized in [66]. In the present work, the most
relevant grid level is the RES integration. For that reason, once the relevant experimental
RES + BESS installations have been summarized (Table 1.4 of Chapter 1.4.3), it can be stated
that the most installed BESS technologies are lithium-ion batteries (Li-ion), sodium sulphur
batteries (NaS) and advanced lead acid batteries (adv. Pb acid).

Not only technical criteria must be taken into account to determine which of these three
technologies is the most adequate one for RES integration. Therefore, other criteria are
included to select the most suitable technology.
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2.1.1.

Considered technical and economic criteria

The considered technical and economic criteria for the following comparison are

described below. These criteria are considered to be the most representative ones for the

present

application. Nevertheless, if the application requires it, other criteria could be

included. Some of them are the technical ones explained in the previous chapter (Section

1.3.2), but are also included here to list both technical and economic criteria.

1)

2)

3)

4)

5)

6)

7)

8)

9)

2.1.2.

Power to energy ratio [kW/kWHh]: It describes the ratio between power and
energy.

Energy density [Wh/m3]: It represents the available energy per volume unit.

Energetic efficiency [%]: It shows the relation between the discharged energy and
the amount of energy needed to restore the initial charge state, under specific
conditions. It is measured in percentage.

Life cycles [cycles]: It determines the quantity of consecutive charge and discharge
processes that a battery can undergo while maintaining some minimum
performances.

Calendar life [time]: |t determines the period of time in which the battery
maintains some minimum performances without being used.

Capital cost & BMS cost [€/kWh]: It represents the cost of the BESS with its BMS
(Battery Management System) incorporated.

Maintenance cost [€/kWh]: It represents the cost of maintenance of the BESS in
order to assure some specific performances.

Commercial maturity: It indicates the period of time in which the technology has
been in use and the development experienced in that period.

Security: It represents the safe operation range of the BESS.

Value assignment for each criterion and comparison of
technologies

Based on the described criteria, Li-ion, NaS and adv. Pb acid technologies are compared

in detail. The results of the comparison in terms of value assignment of criteria are depicted

in the spider chart of Figure 2.1.
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Figure 2.1: Spider chart of relevant BESS technologies comparison.

Power to energy ratio [kW/kWAh]: Li-ion technology (~15 kW/kWh) has the
highest power to energy ratio, much higher than the one of the adv. Pb acid (~5
kW/kWh) and NaS technologies (~2 kW/kWh) [68, 123].

Energy density [Wh/m’]: The Li-ion has the greatest energy density (200-350
Wh/m?) followed by NaS technology (150-250 Wh/m?). Adv. Pb acid technology
has the lowest energy density value (50-100 Wh/m?) [61].

Energetic efficiency [%]: The Li-ion has the greatest efficiency with 90-94%,
followed by the adv. Pb acid (75-90%) and the NaS (75%) [124].

Life cycles [cycles]: Li-ion and NaS technologies have similar life cycles around
5000 cycles and adv. Pb acid technology has approximately a durability of 1000
cycles [124, 125].

Calendar life [time]: The NaS has the best calendar life (15-20 years) followed by
Li-ion (5-20 years depending on temperature and SOC) and by adv. Pb acid (5-15
years depending on temperature and SOC) [68].

Capital cost & BMS cost [€/kWh]: Li-ion batteries are the most expensive ones. So
they have the lowest value in this criterion followed by NaS technology. Adv. Pb
acid technology is much cheaper than other technologies having the best score
[61, 126].

Maintenance cost [€/kWh]: NaS batteries have the most expensive maintenance
cost, due to their high operation temperature. This technology is followed by Li-
ion and adv. Pb acid technologies, which require little maintenance. Thus, the
lowest score is for NaS, followed by Li-ion and adv. Pb acid [127].
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8) Commercial maturity: The NaS is the most mature technology and Li-ion and adv.
Pb acid technologies are still in demonstration stage [128].

9) Security: The adv. Pb acid is the most secure technology followed by Li-ion and
NaS technologies [68].

In conclusion, as it can be observed in Figure 2.1, there is not a technology that prevails
over the others at all criteria. The comparison between the arithmetic additions of criteria’s
values shows that Li-ion is the best positioned technology. However, for a specific
functionality, some characteristics are considered to be much more important than others,
i.e. the security characteristic in transport applications (trains, electric vehicles, planes). As a
result, this arithmetic addition could not be enough to select a battery energy storage
technology. In order to rate the importance of some BES characteristics for a specific
application a new selection methodology is proposed in this PhD work and is presented as
follows.

2.1.3. Description of the proposed methodology

The objective of the proposed methodology is to offer the possibility to rate the
importance of some BES characteristics for the specific application where the methodology
is applied. The methodology is based on the flowchart depicted in Figure 2.2.

The first step of the methodology consists in defining the main aspects of the
application where the BESS will be installed. These aspects include, among others, the
energetic and location requirements, specific legal regulations, functionality to be provided,
etc. The second step includes the numerical identification of the above described criteria for
each considered BES technology. The third step contains the weigh up value assignment for
each criterion. This assignment process will be done based on the analysis of the application
of the step 1. The following step calculates each technology qualification applying Eq. 2.1.

Qualif = a; (f) *KpEratio + @2 (f) ’ KEnergy density + as (f) ' KEnergetic ef ficiency +
a4(f) ’ KLife cycles +as (f) * Kcalendar life +ag (f) ' KCapital &BMS cost T Eq. 2.1

az (f) “Kmaine cost + ag (f) " Kcommercial Maturity + ag (f) ’ KSecurity

Where:

a; (f) is the weigh up value of the f functionality for the i criterion. The sum of all q;
values for each functionality must be 100, so each criterion has a weigh up
value between 0 and 100. It must be noticed that if a given a;(f) value
increases over 11.11 (which represents the equitable weighting value as it can
be verified in Table 1.1), another value must decrease.

Keriterion is the value of each criterion for each technology, with a value between 0 and

10. These values can be obtained from the spider chart of Figure 2.1.
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The result of this equation will be a value up to 900 because there are 9 criteria
multiplied each one by the functionality weigh up value. The higher the value, the better is
the technology. The different qualifications obtained for the different BES technologies are
then compared to select the best technology for the considered application. By replacing the
coefficients K, of each criterion by cost values, equation (Eq. 2.1) could also represent a cost
equation. In that case, the lower the value, the better is the corresponding technology.

identification
i - energetic requirement
Application | - location needs
analysis | - legal regulations

- functionality to provide

;

Identification of
criteria values | KPErat ’ KEnDen" o KSec

a,, Ay, A,
Qual: al ’ KPErut+ a2 ’ KEnDen+ ot ai ’ KSEC
Equation result

interpretation: | Qual Techl > Qual Tech? = QualTecM
technology election |

Weight value
assignment

Figure 2.2: BES technologies selection methodology flowchart.

2.1.4. Application of the proposed methodology

For demonstrating the usefulness of the methodology, its application is presented in this
section. The considered case study is a 500 kWh/1MW BESS for RES integration functionality.
The following requirements are defined for the application:

e Country legal regulations demand a high security installation.

e In order to follow green politics an efficient installation is required.

e The cost factor is considered to be very important.

e |t is considered that the RES integration functionality requires a high power to
energy ratio for high peak power response.

Based on those requirements, among the technical and economical characteristics
identified in section 2.4.1.1, the most important criteria for this application are the security,
the energetic efficiency, the capital cost and the BMS cost, the power to energy ratio and the
life cycles (since it affects on the replacement cost). These criteria are weighed up with a
15% value. In terms of importance, the next family criteria are considered to be the
commercial maturity with a weigh up value of 10%. The other characteristics that are the
calendar life, the maintenance cost and the energy density, which are less relevant in this
application, are weighed up with a 5% value. These values for different criteria are depicted
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in Table 2.1. The defined values are compared with the values obtained by applying the
equitable weighting.

Table 2.1: Weigh up value table with equitable weighting and for RES integration functionality.

Weigh up | Technical zjmd.economic eq.lital?le inter:tion
value criteria weighting functionality
a1 (f) Power to energy ratio 11.11 15
a,(f) Energy density 11.11 5
az(f) Energetic efficiency 11.11 15
as(f) Life cycles 11.11 15
as(f) Calendar life 11.11 5
ae (f) Capital and BMS cost 11.11 15
a; (f) Maintenance cost 11.11 5
ag(f) Commercial maturity 11.11 10
as(f) Security 11.11 15

> ) Total 99.99 100

Considering the weigh value assignment in Table 2.1 (corresponding to the equitable
weighting for one and a customization for RES integration for the other one) the proposed
methodology is applied and the results obtained are shown in Table 2.2.

Table 2.2: Methodology application results for equitable weighting and for RES integration functionality.

Technologies
Li-ion NaS Adv. Pb acid
Results
Equitable 789 633 744
weighting (87.65%) (70.36%) (82.71%)
RES integration 765 615 755
functionality (85.00%) (68.33%) (83.89%)

Applying the equitable weighting, the Li-ion technology (789 — 88%) is much better than
the others with a significant margin, 5% respect to adv. Pb acid (744 — 83%) and 18% respect
to NaS technology (633 — 70%). The difference of the adv. Pb acid is due to its low energy
density and power to energy ratio values, which are counteracted in part by its low capital
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cost and high security. Concerning the NaS technology, the main reason of the difference
comes from its low security and high maintenance cost.

Applying the weighting defined for the RES integration functionality, the best
qualification is also for the Li-ion technology (765 — 85%) but with a lower value than the
previous case. This is due to the high capital cost and the BMS cost of the Li-ion that
considerably influences the qualification. It must be noticed that the adv. Pb acid technology
(755 — 84%) has increased its qualification value, due to its low cost and high security levels.
The NaS technology qualification value (615 — 68%) has decreased. Its qualification is even
further from the other two technologies because of its low security and high cost which
make it more penalized.

These results confirm the choice adopted in the experimental installations of Table 1.4
(Section 1.4.3), where for the RES integration, the most applied technologies are the Li-ion
and the adv. Pb acid technologies. Nevertheless, for the present PhD study one of these two
technologies must be selected. For that reason, the lithium-ion, which is the best qualified
technology, is selected as the storage system technology for the present PhD work.
Regarding the current available worldwide energy storage systems, one third of them are
based on lithium-ion technology [59] and therefore the selection of lithium-ion is confirmed
as a correct selection.

2.2.Case study system description

As a case study of an IPV power plant, a real plant located in Tudela, Navarre, Spain, is
considered. This power plant is owned by Acciona Energia [35]. Nevertheless, lkerlan has
participated in a project (ILIS project[14, 129, 130]) to convert this PV power plant in an IPV
power plant, installing a BESS. The connection configuration of the BESS to the PV power
plant is by means of a centralized storage system connected in AC mode. Thus, the
considered system is this real plant, which is detailed in this section.

The considered system is a 1.2 MW PV power plant. The plant covers an area of 70000
square meters and the solar radiation of its location is 1600 kWh/(mz-year). This power plant
was constructed in 2001. Its aerial picture is presented in Figure 2.3.
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Figure 2.3: Aerial picture of the PV power plant located in Tudela, Navarre, Spain [14].

2.2.1. Power architecture

The power plant is separated in two areas: a 700 kW / 865.8 kWp centralized generation
area and a distributed generation area with 300 kW / 321.11 kWp installed PV power.

The centralized generation area represents 70 % of the PV plant and it is composed of
280 trackers, each one with 36 PV panels in series connection mode. The 10080 PV panels
that compose this area are the model BP 585 monocrystalline photovoltaic modules of BP
Solar [131]. The 280 trackers generation is connected forming 7 controllable generation
units. Each of them, with a peak power of 122.4 kWp, is connected to the internal 380 Vac
network by a 100 kW power electronics converter (Voltage source converter, VSC).

The distributed area is composed by 11 types of PV panels of nine manufacturers and
five technologies, with a total of 2522 PV panels. This area is considered as a single
generation unit without energy management capability and also connected to the internal
380 Vac network.

The PV generation is connected to the medium voltage by a 380V / 20 kV transformer
inside the PV plant and to the transmission system (66 kV) through another transformer
located in a substation also owned by Acciona at 2 km from the PV plant.

This configuration was restructured in 2012 in the framework of a European Union
supported ILIS project [129, 130], including a storage system and a centralized plant
controller to adapt the PV plant to the new interconnection requirements and to
experimentally test them as it is explained in [14]. The configuration of this IPV power plant
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is presented in Figure 2.4. This configuration was only in operation between 2012 and 2013,
in the framework of the mentioned European project.

PV1 100kW IPV power plant
| oc
'p' | AC
[ PV1 Local controlleri!( —I — — — e e
PV2 100kW I
| | DC I
',- | AC |
[ PV2 Local controllerf!( —I
PV3 100kW I
| | DC I
',- 1 _Ac | 380 V| 20k PCC 20kV| 66KV
[ PV3 Local controllerf!i —I L
PV4 100kW | | Grid
| | DC I I
',- — 1 _Ac | |
Distributed
[ PV4 Local controlleriﬂ _l 300kW By I
PV5 100kW I be |
e ¢
g | ~ - |
e | |
[ PV5 Local controllerf!( —| I
PV6 T00KW I |
| | DC | 1MW Battery |
' AC —~
Al | Il I
[ PV6 Local controllerjd —| o e |
| Battery local BMS
PV7 100kW | controller \—4—‘ |
| | DC | T ; |
- . c__+__1__ |
|

[[PV7 Local controllerjd — PLANT
- CONTROLLER T

Figure 2.4: Configuration of the IPV power plant (in operation between 2012 and 2013).

The included storage system was a Lithium-ion battery of 1 MW / 560 kWh of SAFT, as it
can be shown in Figure 2.5. This storage system was composed by 10 parallel battery strings,
each of them built by 29 battery modules. Its nominal voltage was 730 V.
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Figure 2.5: Picture of the installed lithium-ion battery of 1 MW / 560 kWh of SAFT [14].

The storage system was connected to the internal network through a 1 MW power
electronic converter (VSC). The centralized plant controller carried out the IPV power plant
level control and the communications with all lower level controllers of the facility. The
existing communications can also be seen by means of the red dashed lines of Figure 2.4.

2.2.2. Control architecture

Related to the control architecture, it is important to mention that the IPV power plant
has a hierarchical structure. The higher level controller, which is the plant controller,
controls the power injected into the grid measured at the PCC. Based on these
measurements, the plant controller sends the needed references to the lower level
controllers. These communications are carried out by standard communication protocols.
Each of those lower level controllers (which are all of the controllable PV generation units,
the converter of the storage system and the storage system itself) have their own local
controller, as it can be verified in yellow rectangles in Figure 2.4.

The PV local controllers can be controlled in two different ways: in MPPT mode (where
the objective is to extract the maximum power from the sun irradiation) and in PQ mode
(where the defined active and reactive power set-points of the higher level plant controller
are followed). The battery local controller was controlled in PQ mode and the BMS (Battery
Management System) provided information to the plant controller related to the battery,
like the state of charge. The plant controller carried out the regulation of the active and
reactive power injected to the grid at the PCC. For doing so, it had two modules which were
the control module and the dispatch module as it can be shown in Figure 2.6.
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Plant controller
System Plant P -
op};rator contro? PQ dispatch > P references
demands module module » Q references

-y
| PV generation
ESS generation
PCC
measurements

Figure 2.6: Internal control blocks of the plant controller [14].

Plant PQ control module: this module contains the active and the reactive power
control loops based on Pl controllers. They assure that the global power references received
from the system operator are reached at the PCC. These references are calculated taken into
account the estimated available PV power and the ESS reserves. Several grid functionalities
or services as frequency regulation, voltage regulation, ramp rate control or firming control
(constant power production) are implemented in this module.

PQ dispatch module: this module distributes to the controllable PV systems and the
storage system the calculated references of the before explained module. It has two
different dispatching strategies that are dependent to the PV power availability and the SOC
of the storage system. Each strategy is explained in the Table 2.3.
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Table 2.3: PQ dispatching strategies.

Mode 1: IPV plant control without ESS

Mode 2: IPV plant control with ESS

° This mode can be activated when there
is no storage system or when it is not

° Both PV controllable units and the
BESS participate in the plant control.

available. . Depending on the SOC of the storage
o Only the PV controllable units system, PV controllable units operate
participate in the plant control. in MPPT mode or in PQ mode.
Mode 1 dispatching equations: Mode 2 dispatching equations:
In MPPT mode:
Pref Ppy. = MPPT
PPVl- = Eq. 2.2 PV; = Eq.2.3
Qref Qref
= Eq. 2.4 = Eq. 2.5
Qpy, n Qpy, n
PESS =0 Eq. 2.6 PESS = Pref - Z Ple, Eq. 2.7
=0 Eq. 2.8 Cres Eq. 2.9
Qpss = q.2. Qpss = " q.2.
Where: Where:
i=1,..,7 and n=7 i=1,...,7 and n=8=7(PV)+ 1(ESS)
In PQ mode:
P
PPVi = PESS = ref Eq. 2.10
Qpy, = QEss = Q:lef Eq.2.11
Where:
i=1,.,7 and n=8=7(PV)+ 1(ESS)
demands PV3 |
— e L — T =i [«
T 77 o Izl 1neas]z\i(;ﬁents |
mcasl\)lg:?ncms 777 I;) SVS zi\iv:;f;:: ::tv):r |
PV power generation | ESS

Figure 2.7: Mode 1 dispatching strategy.

1
Battery local
controller

Figure 2.8: Mode 2 dispatching strategy.

Power
reference
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The selected dispatching strategy is the Mode 2, which considers the storage system
taking advantage of its energy reserves. Among those two operation modes, the MPPT mode
is the principal one, because it optimizes the PV generation while controlling the IPV output
power by the storage system flexibility. Nevertheless, the PQ mode and the first strategy
(without ESS) provide more flexibility to the whole plant for the cases when the SOC of the
storage system is near its limits or when there is some kind of problems with the storage
system (as communication errors, for example).

As it has been mentioned before, the ESS was in operation between 2012 and 2013, in
the framework of the European project, but the centralized plant controller continues today
in operation, managing the whole PV power plant with the developed control architecture.
Nevertheless, the present PhD work has been developed assuming the scenario where an
ESS is connected to the PV power plant, considering then an IPV power plant.

2.3.IPV agents modeling

This section includes all modeling steps of each device or agent of the IPV power plant.
As the main objective of the present work is to determine the required energetic capacity of
the storage system in order to take advantage of it to participate in the market, the energy
storage model is an energetic model, which means taking into account its power and energy
values, more than voltage and current values (parameters of an electric model). The
economic models of these devices are also considered and explained in this section, as well
as the degradation model of the storage system.

2.3.1. PV model

The considered PV models are the electric and the economic ones. They are developed
as follows:

2.3.1.1. Electric model

The electric model applied in this study is an energetic one, which means that the
output power of a PV subsystem (PV panel + converter) is considered. The PV generation
data taken into account is a one yearlong and two minutes sample time generation data [26]
(which do not represent real data from Tudela) of the generated kilowatts per installed
kilowatt peak value [kW/kWp]. This data is, therefore, the generated power at the converter
output in per unit of installed peak power (PVy,:q [KkW /kWp]) and it is presented in Figure
2.9.

From this data, the output power generation of a given PV power plant is easy to obtain,
knowing its installed PV peak power. As the experimental validation of the present PhD is
done based on a real PV power plant, the model of this plant is considered to determine the
output power generation. The mentioned PV power plant has 1.2 MWp installed capacity.
Therefore, its output power generation is calculated as in Eq. 2.12.
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kw
Ppy = PV installed capacity[kWp] - PVt [m] = 1.2 MWp - PVyuta Eq. 2.12

Real one year long PV generation profile

PVgaa [kW/kWp]
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Time [days]
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Figure 2.9: Real one year long PV generation profile with a three days detail [26].

2.3.1.2. Economic model

The economic model of the PV system includes the initial investment cost. The initial
investment cost is divided in two terms, considering the purely PV installation and its
associated power electronics (PE). Therefore, the initial investment cost of the PV
system, Cp;,, , is calculated as in Eq. 2.13.

Cinipy = CPVpgners T CPVpg Eq.2.13

Where CPV panets (€) and cpy,, (€) are the PV panels investment cost and PV related

power electronics investment cost. Each of these costs is calculated as in Eq. 2.14 and in Eq.
2.15, respectively.

Eq. 2.14

CPVpanels = PPVinsta lled ) CPPV

Crvpp = PPVinstalled "Cppp Eq. 2.15
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Where Ppy .

installed

(W), is the installed PV power capacity and cp,, (€/W)and cp,, (€/W)
are the cost per watt of PV panels and power electronics. The considered costs are 1 €/W
and 0.1 €/W, respectively.

2.3.2. Energy storage system model

The energy storage system is detailed in three models which are the energetic model,
the degradation model and the economic model. This classification is made to take into
account the energetic capacities of the storage system, the degradation that this energetic
capacity supports and the cost caused from the degradation that concludes with a
replacement of the storage system.

2.3.2.1. Energetic model

The energetic model considered in this study calculates the state of charge (SOC) of the
storage system based on Eq. 2.16 [24].

C(t)
Cref (t)

S0C(t) = Eq.2.16

Where C(t) (Wh) is the current energetic capacity and C,..r (Wh) is the current
maximum capacity. A fresh or new storage system has a nominal capacity value, Cp,;, and
since this moment, the battery is degraded reducing its maximum capacity value. Therefore,
the current (t) maximum capacity value is C..f (t).

Although the definition of the SOC can be calculated based on Eg. 2.16, the Coulomb
Counting technique is also very extended to calculate the SOC for each moment [132, 133].
This method is also known as Ah-counting and it carries out the integration of the current
flowing through the storage system according to Eq. 2.17.

t
SOC(t) = SOC(ty) —Cl I(t)dr Eq. 2.17
n tO

Where 7 is the efficiency of the charge and discharge processes, which is more than 1
on discharge and less than 1 on charge; C, (Ah) is the nominal capacity; and I(7)(A) is the
current extracted or injected to the battery over the time. This method, as its name indicates
(Ah-counting), calculates the quantity of the Ampere-hours (current during time) flow.
Nevertheless, in this study the capacity of the battery (C,.r) is considered in watts-hour,
instead of ampere-hour, as mentioned in Eq. 2.16. Therefore, the voltage (v) is included as
constant value in the integration of the current, to maintain the equation units
correspondingly [134]. With this assumption, the Eq. 2.17 is used as Eq. 2.18 in this study.

t

t
T_ [ 10 -vdr = S0C(ty) — —

SOC(t) = SOC(ty) — Croy (O J,, Crer () )¢,

Py, (1) dt Eqg.2.18
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Where P,,; (W) is the power exchanged with the battery. The discrete equation of Eq.
2.18 is presented in Eq. 2.19.

k
SOC(k) = SOC (ky) — — Z Py, (m) - At Eq. 2.19
Cref (k)

m=k0

Where At (h) is the sample time counted in hours. As it can be shown in Eq. 2.19, the
SOC is a recursive parameter, which means that it is related to its previous values. As in Eq.
2.19, the SOC value of the previous sample time, SOC(k — 1), is calculated as in Eq. 2.20.

k—1
SOC (ke — 1) = SOC (ko) — ——— 5 z Py (M) - At Eq. 2.20

Cref (k m=ko

Combining Eq. 2.19 and Eq. 2.20, and assuming that the capacity decay is negligible
between two continuous steps (C,f (k) — Crer (k — 1) = 0), a simplified equation of the
SOC can be obtained (Eq. 2.21), which calculates the current SOC only with the information
of the previous step, which reduces the calculation time. This Eqg. 2.21 is the one that is used

in the present study.

n

ref

* Ppge (k) - At Eq. 2.21

2.3.2.2. Degradation model

At the present PhD study, a degradation model is also considered to take into account
the battery capacity reduction. To do that, the state of health (SOH) of the battery is
calculated as in Eq. 2.22.

Cre f (t)

SOH(t) = C,
at

Eq. 2.22

Where C,.f (t) (Wh) is the current maximum capacity and Cp,; (Wh) is the capacity of
the battery in its beginning of life (BOL), which means when it is fresh or new battery.

The ageing in storage systems refers to a reduction of the amount of energy that the
batteries are able to provide and also to an internal impedance increase. Therefore, when
there are degraded, they are able to provide lower amount of energy within lower power
values. This degradation is caused by two factors: the cycling ageing and the calendar ageing.

The cycling ageing is modeled as in [24] assuming that the capacity losses are linear
according to the discharges of the storage system [135-139]. That means that at each
discharge, there is a capacity loss. This fact is modeled in a discrete domain as in Eq. 2.23.

Cref (k) = Crep (k — 1) — AC,of (k) at each discharge step Eq. 2.23
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Where AC,.r (Wh) is the capacity loss of the step k. This capacity loss is calculated as in
Eq. 2.24.

ACyer (k) = Cpor ~ Zey - (SOC(k — 1) — SOC(k)) Eq. 2.24

Where Z., is the linear ageing coefficient. This coefficient has different values for

different storage systems’ technologies [137]. For lithium-ion batteries this coefficient has a
1,1 - 1073 value [26].

Overwriting the Eqg. 2.22 in the discrete domain, the resultant equation is Eqg. 2.25 or Eq.
2.26 for different time steps.

Cror (k
SOH (k) = Crer (k) Eq. 2.25
Cbat
Cror(k—1
SOH(k—1) = %) Eq. 2.26
at

Replacing Eq. 2.23 in Eq. 2.25 and applying there the Eq. 2.26, Eq. 2.27 is obtained:

Cref (k) _ Cref (k - 1) - ACref (k) _ SOH(k _ 1) _ ACref (k)

SOH (k) =
Cbat Cbat Cbat

Eq. 2.27

Finally, replacing Eq. 2.24 in Eq. 2.27, the cycling ageing equation (Eq. 2.28) is obtained:

SOHE) = SOH (ke — 1)  Chat~Zey " (SOCCk = 1) — S0C(K))

Char Eq.2.28
=SOH(k — 1) — Z., - (SOC(k — 1) — SOC(k))

As it is aforementioned, this equation models the discharge processes and therefore, by
means of the model applied, in the charge processes the capacity and the SOH values are
maintained constant [24]. Thus, the SOH equation that models all cases is expressed by Eq.
2.29.

SOH(k —1) — Z., - (SOC(k — 1) —SOC(k)),  at discharge

Eq. 2.29
SOH(k — 1), at charge

SOH(k) = {

An example of the real cycling ageing can be shown in Figure 2.10, where 6 same
battery cells are tested with different conditions: 25 2C, 50% middle SOC, 1C (C-rate), and
different DOD (depicted in the legend) [140]. The full equivalent cycles (FEC) are counted on
each cycling test.

Once the capacity (Cr.r (t)) or the reference SOH(t) value cross the end of life (EOL)
threshold (Cgp.), it is considered that the storage system is not useful for the current
application.
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Figure 2.10: Example of cycling ageing for six different DOD [140].
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Related to the calendar ageing, it is considered as linear ageing but in this case between
the beginning of life (BOL) and the EOL of the batteries. It is known that the calendar ageing
is dependent on the temperature, the SOC and the time of storage [141], but the

approximation carried out in this work is the linear one.

An example of the real calendar ageing can be shown Figure 2.11, where another 6

same battery cells are stored with different temperature and SOC conditions [141].
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Figure 2.11: Example of calendar ageing for different conditions [141].

Based on a linear equation, the coefficients that model this ageing process can be

obtained as in Eq. 2.30.
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Cbat (1 - SOHmin)

y=m-x+no Cr(t) =— “t+ Cpyt Eg. 2.30
tgoL
Considering:
Cror = Cpar " SOHpy Eq.2.31

Where Cgo; (Wh) is the end of life capacity value; SOH,,;, is the reference value of Cgo;,
in terms of SOH; and tgy, (years) is the manufacturer data of calendar ageing.

Once the slope of Eq. 2.30 has been defined, the equation to obtain the relation of a
given capacity value to each previous one is already determined, as in Eq. 2.32.

_ Cbat (1 - SOHmin) At

Cref (k) = Cref (k - 1) +m-At = Cref (k - 1) "
EOL

Eq. 2.32
= Cref (k—1) - Zcar * Cpat

Considering:

_ (1 - SOHmin) At

cal —

Eq.2.33
tEoL

Where Z ., is the calendar ageing parameter. Combining the Eq. 2.22, with Eq. 2.32 and
Eqg. 2.33, the resultant equation that models the calendar ageing related to the SOH is the
Eq. 2.34.

(1 - SOHmin) At

SOH(k) = SOH(k = 1) = Zeqt = SOH(k = 1) = ——
EOL

Eq.2.34
As both ageing processes occur at the same time, the addition of both of them must be
considered. Therefore, the complete ageing equation is expressed as in Eq. 2.35.

SOH(k — 1) — Z, - (SOC(k — 1) — SOC(k)) — Zoq1, at discharge

Eq. 2.35
SOH(k — 1) — Z,y, at charge

SOH (k) = {

2.3.2.3. Economic model

The economic model of the energy storage system includes the initial investment cost
and the replacement cost. The initial investment cost is separated in two terms, considering
the battery and the power electronics associated to connect this storage system to the plant.

Therefore, the initial investment cost of the ESS, c; is calculated as in Eq. 2.36.

nigss ’

Cinigss = CESSpy T CESSpg Eq. 2.36
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Where cggs, , (€) and cggs,, (€) are the battery investment cost and ESS related power
electronics investment cost. Each of these costs is calculated as in Eq. 2.37 and in Eq. 2.38,
respectively.

CESSbat = Cba tinstalled ' CCbat Eq 237
CeSSpr = PESSinstatiea ~ CPrr Eq.2.38
Where Cpat, s (Wh)is the installed battery energetic capacity; Pgss, ... (W) is the

installed battery power capacity; cc, , (€/Wh) is the cost per watt-hour of batteries;
and cp,, (€/W) is the cost per watt of power electronics. The considered battery cost is
0.4 €/Wh and the cost of power electronics is 0.1 €/W.

As the life span of the batteries is not the same as the life span of the whole IPV power
plant, the replacement cost of the batteries is considered here. The replacement cost of the
batteries is the same as the batteries investment cost, but the difference is that this cost is
usually annualized [142]. To annualize it, the Eq. 2.39 is applied:

T

Creplac = Z(l + i)_k.tb“t "CESSpar CRF Eq. 2.39
k=1

Where Cpopiqc (€/year) is the annualized replacement cost of the batteries; r is the
number of needed replacements; i is the interest rate in percentage; t,, is the lifespan of
the storage system in years; and CRF is the capital recovery factor, which is a factor that
permits to annualize a given cost [142]. It is calculated as in Eqg. 2.40.

IRRCEDES

CRF =
A+ +1

Eq. 2.40

Where t,, is the lifetime of the whole IPV power plant system in years and i is the
interest rate in percentage. In this case, the lifetime (t,,) is considered as 25 years and the
interest rate (i) is considered as 2.5 %.

To determine the replacements needed (r) and the lifespan of the storage system (t;4; ),
the battery power profile is analyzed. From this profile, the SOC profile is obtained to apply
the Rainflow cycling counting algorithm [143, 144].

This algorithm counts the charging and discharging cycles analyzing the SOC profile. Its
internal process can be summarized in the following three steps [145].

First, the algorithm analyses the discharges cycles beginning from the highest SOC value
and counting from top to bottom. It analyzes the discharge curve until finding the lowest
SOC value following a continuously decreasing path. The algorithm repeats the previous
process starting from the next highest SOC value until finding the next lowest SOC value
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without overlapping the previous paths. This process is repeated until all the discharges of

the SOC profile are analyzed and it is demonstrated by means of an example in Figure 2.12.

SOC [%]

Disch
——SOC profile —— o8¢
1 analysis
1/ g 2 \: I///,,,,\:

Time [s]

Figure 2.12: First step of Rainflow cycling counting algorithm (discharge analysis).

The second step of the algorithm is similar to the previous one but charges and

discharges are analyzed in the same way. Thus, beginning from the lowest SOC value and

following until the highest SOC value, the first increasing path is determined. This process is
repeated from the next lowest SOC value until the next highest SOC value without
overlapping previous paths. Figure 2.13 shows this second step on the same example.
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—SOC profile — .
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Time [s]

Figure 2.13: Second step of Rainflow cycling counting algorithm (charge analysis).
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The third and last step matches the discharge and charge semi-cycles completing full
cycles of the same depth of discharge (DOD) and from the same upper SOC value and lower
SOC value. Figure 2.14 presents this matching process.

Disch Ch
—SOC profile — SendEe - Lharee
A analysis analysis
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— Il
) ./
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> Cycles with

Time [s
5] different DODs

Figure 2.14: Third step of Rainflow cycling counting algorithm (matching process).

Once the quantity of cycles has been obtained, these cycles are matched with the
lifetime data (specific depth of discharge, DOD, versus the number of cycles) of the
datasheet of the battery manufacturer obtaining the lifetime of the storage system [146].
The cycles are grouped ten by ten to a correct match of datasheet data versus the counted
cycles. The lifetime is calculated applying Eq. 2.41.

1
t =
bat 9 Nyeari [years] Eq. 2.41
=1\ Ngor,

Where t;,,; is the lifetime of the energy storage system [years]; N4, is the number of
cycles counted of i DOD group per year [cycles/year] obtained from the Rainflow cycling
counting algorithm; and Ng;, is the number of cycles of i DOD group that causes the EOL of
the storage system taken from the datasheet of the manufacturer and also from different
cycling tests carried out in the energy storage laboratory of lkerlan [cycles].

The considered values are the ones depicted on Table 2.4 [146]. These values
correspond to a NMC-based 40 Ah battery cell.
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Table 2.4: Considered number of cycles per DOD group [146].

DODl DOD interval NEOLi
DOD, 0-15% 70000
DOD, 15-25% 31000
DOD;y 25-35% 18100
DoD, 35— 45 % 11800
DODs 45-55% 8100
DOD, 55— 65 % 5800
DOD, 65-75% 4300
DOD, 75 -85 % 3300
DODg 85-100 % 2500

From the obtained lifespan of the storage system (t,,; ) and the whole IPV power plant
lifetime (t,y5), the needed replacements (r) are calculated as in Eq. 2.42.

t
r= ceil( AR 1) Eqg. 2.42
bat
Where the ceil(x) mathematical function calculates the following positive integer value
of x, in order to have an integer value of replacements.

2.3.3. Electricity market economic model

The electricity market economic model analyzed in the present PhD work includes the
revenues and the penalties that an energy producer can generate participating in the
electricity markets of the Iberian Peninsula. As it is explained in the chapter 1, the markets
where an IPV power plant can participate are the daily market and the six sessions of the
intraday market. Therefore, in this section the revenues and penalties obtained from this
participation are formulated.

Regarding the revenues, the equation that models them is defined as Eq. 2.43.

24
revenues = 2 T€Vnkt_h; = T€Vmk¢ _h 4 + revpge p, Tt T€Vmke by, Eqg. 2.43
j=1

Where T€VUmict_h; (€) is the revenue of market hour j. Each of this revenue is calculated
asin Eq. 2.44:
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DM

_ DM . IMk . IMk
TeUmk t_hj = Cileare dj Ecleare dj + E Eq' 2.44

Ccleare dj cleare dj

N

k=1

Where ¢ . 4 (€/Wh) is the cost of the hour j of the daily market (DM); EZM . 4 (Wh)

is the energy cleared in the hour j of the DM; cﬁ‘g{jre 4 (€/Wh) is the cost of the hour j of the

session k of the intraday market (IM); and E/Mk 4 (Wh) is the energy cleared in the hour j

of the session k of the IM.

For almost all of the simulations carried out in this dissertation, the prices are indexed to
the year 2014 [147]. From the 365 days of this year, the average value of each hour is
calculated. The different days of the year that are included in the simulations have been
randomly selected, and for not taking into account specific prices related to multiple factors
(seasonality, day of the week, windy days, rainy days), the average values are calculated and
taken into account. The daily market prices are shown in Figure 2.15 and the intraday market
prices in Figure 2.16.
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Figure 2.15: Average 2014 daily market prices of the Iberian Peninsula market.
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Average 2014 intraday market prices
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Figure 2.16: Average 2014 intraday market prices of the Iberian Peninsula market.

Regarding the penalties that can be applied to a generation plant, and in this case, from
an IPV power plant, the equation that models them (cpenq; ) is defined as Eq. 2.45. This
equation includes the penalties cost caused by the deviation of the supplied grid energy
related with the cleared one. The produced deviations are calculated at each market period
and can be positive or negative, obtaining a different penalty cost.

24

Cpenalt = z Cpenalt Vj = Cpenalt y, + Cpenalt y, + -+ Cpenalt v,y Eqg. 2.45
j=1

Where ¢yenait v (€) is the penalty cost of market hour j. An important fact related to the

penalties is that at each hour, the generation and the consumption is not completely equal.
In this case, if a given generation plant generates more than what it has cleared, and the
generation and consumption balance is negative (more consumption than generation), as
the given generation plant has collaborated with the balance, this generation plant does not
pay for its deviation (because it has unintentionally helped to reduce the consumption and
generation difference). For that effect, each of this penalty cost is calculated as in Eq. 2.46:

Cpenalt Y =<0, Epenj =0 Eq. 2.46
U e, “|Epens |+ Epen, <0

Where cgpen, (€/Wh) and CEpen- (€/Wh) are the cost per energy of positive and negative
J J

penalties of market hour j, respectively; and Epenj (Wh) is the energy that has caused the

penalty of hour j. The penalty costs employed in this study are also the average values of the
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2014 whole year and are shown in Figure 2.17. Both the penalty costs and the daily and
intraday market prices are available in [147].
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Figure 2.17: Average 2014 penalties costs of the Iberian Peninsula market.

2.3.4. 1PV power plant economic model

The economic model of the IPV power plant is based on the economic models of the PV,
storage system and the model of the electricity market participation (considering both
revenues and penalties). To complete this model the operation and maintenance (O&M)
cost of the whole IPV power plant has to be included. cpguy (€/year) is the annualized
operation and maintenance cost, which is calculated as in Eq. 2.47:

Lsys

CogM = Z(l + i)_k " Caintenance * CRF Eq' 2.47
k=1

Where Cpgintenance (€) is the maintenance cost. This value is considered not dependent
on the storage size and could be around 40000 € for a 1 MW PV power plant [148].

The whole economic model equation (f) is represented in Eq. 2.48.
f = net profit = revenues — costs Eq. 2.48

Where revenues are the ones calculated in Eq. 2.43 and Eq. 2.44 and costs are defined
asin Eq. 2.49.

COStS = Cinpest + Creplac + CogMm + Cpenalt Eq- 2.49
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Where ;05 (€/year) is the annualized initial investment cost and is calculated as in Eq.
2.50 and Eq. 2.51; Cpepiqc (€/year) is detailed in Eq. 2.39; cogum (€/year) is expressed in Eq.
2.47; and Cpengie (€/year) is formulated in Eq. 2.45.

Cinvest = Cini ° CRF Eq. 2.50
Cini =¢C

inipy T Cinigss = CPVpanets T CPVpp T CESS,e + CESSpe Eq.2.51

A summary table with some of the most relevant cost values considered in this study is
presented in Table 2.5.

Table 2.5: Summary of the considered cost values detail information.

Symbol Magnitude Value
Cppy Cost of PV per installed power 1€/W
Cppp Cost of PE per installed power 0.1 €/W
CChu Cost of battery per capacity 0.4 €/Wh
i Interest rate 25%
tsys Lifetime of the whole IPV power plant | 25 years
Craintenance Maintenance cost 40000 €
2.4.Conclusions

In this second chapter, the bases of the present PhD work have been summarized. A
storage technology selection methodology has been proposed, following with the detailed
explanation of the case study IPV power plant, and concluding with the modeling of the IPV
power plant agents.

First, a methodology to select the most performing storage system technology has been
proposed taking into account different criteria, not only technical, but also economic criteria.
The proposed storage technology selection methodology has also been applied, obtaining as
best qualified technologies the lithium-ion and the advanced lead acid, respectively. That is
why the lithium-ion batteries are considered for the present PhD study. Moreover, as the
storage system installed in the considered IPV power plant is based on lithium ion
technology, the selection of the lithium-ion has been confirmed.

The considered IPV power plant has been detailed, which has several advantages almost
necessary for the proposed market participation. As it can be verified, the developed plant
controller is able to fix a whole IPV power plant active and reactive power references. It is
also able to maintain those references every time that there is sun or there are energy
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reserves in the storage system. This fact is very important in the present study because it
permits to participate in electricity markets providing to the grid constant power during each
market period. Moreover, having the PQ control mode in the PV controllable units, if an
underestimation of PV production happens and the storage system is fully charged, the PQ
control mode can reduce the PV generation, reducing or avoiding therefore, the market
penalties.

Finally, the modeling step of the PV, the ESS, the whole IPV power plant and the
electricity markets have been presented. First, the detailed economic and electric models of
PV have been summarized together with the energetic, degradation and economic models of
the energy storage system. The degradation models of the storage system offers and
important improvement gap, where both calendar and cycling ageing have been considered.
For determining the ESS lifetime, the Rainflow cycling counting algorithm has been applied
together with battery manufacturer data and some cycling tests data (carried out in energy
storage laboratory of lkerlan). Therefore, the lifetime estimation has been calculated based
on real measurements, which provide a realistic approach to estimate the lifetime of
different manufacturer batteries. The prices taken into account in the electricity market
model are also based on real Iberian electricity market values (from 2014) what provides a
realistic approach to the economic analysis that has been presented.
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3. Market participation based on rules
based control strategies

This third chapter aims the explanation of the IPV power plant market participation. This
market participation is carried out applying the model predictive control (MPC). Firstly,
several rules based (RB) control strategies are proposed to provide the firming service. After
that, a comparison between different RB strategies is carried out in order to analyze which
of the presented strategies is the most performing one for the present application. Finally,
the market participation based on MPC and the application of this strategy to the MPC are
developed and the obtained results are discussed.

3.1.Standard IPV control strategies

In this section, some standard base control strategies to participate in electricity
markets are explained. As it has been mentioned before, one of the requirements to
participate in electricity markets is to have the ability to provide constant power during each
market programming period, which is an hour. Based on the PV generation and taking
advantage of the energy reserves of the storage system, the IPV power plant is able to
provide this service, which is called firming service.

The firming service implies, therefore, the maintenance of an amount of power during
the whole horizon of a market programming period. The difficulty is to define the value
which has to be maintained constant and this is calculated by means of different firming
strategies. Some of them can be calculated based on an optimization process, but in this first
part, those firming strategies are calculated based on rules.

3.1.1. Description of rules based control strategies

In this section several rules based strategies have been developed to calculate the
firming value which is used to provide constant power to the grid. These strategies are
applied to the market participation within the IPV power plant management strategy. Each
firming control strategy offers to the market a constant power (P, ket ) from the PV
generated power (Ppy), during each market period. The proposed ones are described as
follows.

RB1: Hour initial value. This strategy proposes the power which is expected on the
initial point of each hour. During the whole hour, this value is provided to the grid, even if
the PV power generation is greater or lower than the hour initial value. In the sunny morning
hours, when the PV power generation is continuously increasing (as in Figure 3.1) the
storage system absorbs the overproduction, while in the afternoons, when the PV power
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generation is continuously decreasing the storage system provides the strategy power
targets. The equation that models this strategy is calculated in Eq. 3.1.

pPV(k)' k = k;lour

; Eq. 3.1
Pmarket (k - 1)' k + khour

Pmarket (k) = {

Where P,,41e: is the market power and strategy output for each k discrete state; Ppy is
the predicted PV power; and k. is the discrete state of each hour i on the dot.

P [W] RB1: Hour initial value
A

|
: P!
|

|
|
|
|
|
|
|
|
: Pmarket
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|
|
|
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|
|
|
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+ t t

tn tn+1 tn+2 t [h]

Figure 3.1: RB1: hour initial value strategy example.

RB2: Hour end value. This strategy proposes the power which is expected on the final
point of each hour. During the whole hour, the end value is provided to the grid even if the
PV power generation is greater or lower than the hour end value. In the sunny morning
hours, when the PV power generation is continuously increasing (as in Figure 3.2) the
storage system provides the strategy power targets, while in the afternoons, when the PV
power generation is continuously decreasing the storage system absorbs the
overproduction. The equation that models this strategy is formulated in Eq. 3.2.

PPV (k + Akhour ): k = k;'wur

l. Eq. 3.2
Pmarket (k - 1)1 k + khour

Pmarket (k) = {

Where Akj, oy, is the difference between each k},,,,, which is always one hour.
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P [W] RB2: Hour end value
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Figure 3.2: RB2: hour end value strategy example.

RB3: Hour middle value. This strategy proposes the power which is expected on the
middle point of each hour. It is also similar to the previous strategies, but during the whole
day the storage system absorbs and provides energy every hour if the PV power generation
is continuously increasing (as in Figure 3.3) or decreasing. The equation that models this
strategy is calculated in Eq. 3.3.

pPV (k + Akhour /2)' k = kiilour

; Eq.3.3
Pmarket (k - 1)! k + khour

Pmarket (k) = {

P [W] RB3: Hour middle value
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| | | | |
t } t 4 t
tn tn+1 tn+2 t [h]

Figure 3.3: RB3: hour middle value strategy example.

RB4: Hour power mean value. This strategy proposes the power which is expected as
mean value between the initial and end points of each hour. As the previous strategy, during
the whole day the storage system absorbs and provides energy each hour if the PV power
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generation is continuously increasing (as in Figure 3.4) or decreasing. The previous strategy
proposes the time axis middle point for each hour, while this strategy proposes the power
axes middle point also for each hour. The equation that models this strategy is determined
in Eq. 3.4.

Poy (k) + Ppy (k + Ak ) k= ki
Pmarket (k) = 2 ' fnlour
Pmarket (k - 1)! k # killour

Eq. 3.4

P [W] RB4: Power mean value

_______ e
| / Prmarket|
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|

—
n thes the2 t [h]

Figure 3.4: RB4: hour power mean value strategy example.

RB5: Hour energy balance value. This strategy proposes the power that obtains an
energy balance with the expected power during the whole hour. As the previous strategies
(RB3 and RB4), during the whole day the storage system absorbs and provides energy each
hour even if the PV power generation is continuously increasing (as in Figure 3.5), decreasing
or varying. But in this case, the energy provided and absorbed during each hour is always the
same, maintaining the state of charge (SOC) of the storage system in the same point after
each hour. The equation that models this strategy is formulated in Eq. 3.5.

i+1

(ST By, (1)

kzk}l'lOuT'

_ K=kt ’ k = kiizour
Pmarket (k) - Z ““hour q Eq. 3.5

kzk}l'lOuT'

l Pmarket (k - 1)' k + k;'wur

82



3. Market participation based on rules based control strategies
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Figure 3.5: RB5: energy balance value strategy example.

3.1.2. Comparison of rules based strategies

To compare the applicability and the results of each proposed firming strategy, a
comparison process has been carried out. The objective of this process is to obtain the
maximum economic exploitation by means of optimal market participation of the IPV power
plant. The market participation is based on the aforementioned firming control strategies.
To determine the most appropriate firming control strategy, different criteria are taken into
account as the lifetime of the energy storage system and the percentage of time that the IPV
power plant provides to the market cleared offer.

Rainflow cycling counting algorithm, the battery manufacturer data and different cycling
tests carried out in the energy storage laboratory of Ikerlan have been used to determine
the battery lifetime of each strategy. The calculation for obtaining this lifetime of the storage
system (t,4; ) is explained in 2.3.2.3 (Eq. 2.41).

Another crucial parameter to quantify the benefits obtained from the electricity markets
is the time in which the market cleared energy has been provided by the IPV power plant
(T,
produces more or less than what has been cleared in the market, there are penalties to

utmae ) @chieving the objective of the correct market participation. If any generator
counteract the overproduction or the not provided production. Therefore, this value must
be maximized, trying to obtain the 100%. The time when the IPV plant output power does
not match the cleared value produces penalties. These penalties are separated in two other
parameters that are the time when the IPV power plant produces more than what has been
cleared in the market (T, ) and the time when the IPV power plant has not reached
what has been cleared in the market (T, ). These three values are calculated applying
Eq. 3.6, Eq. 3.7, and Eq. 3.8.
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t
Toutmage n = 100 [%] Eq. 3.6
tsimulation
t
Toutmore = —. 100 [%] Eq. 3.7
tsimulation
t
Toutyy, = 7100 [%] Eq. 3.8

tsimulation

Where t,,4tcn (h) is the time of the simulation in which the market cleared energy is
provided; timuation () is the simulation length, which value is the 8760 hours of a whole
year; t,ore (h) is the time of the simulation in which the IPV plant has provided more than
what it has cleared; and t;s (h) is the time of the simulation in which the IPV plant has
provided less than what it has cleared.

The firming control strategies are programmed in Matlab and variable length
simulations are carried out using real PV generation data as PV prediction with two minutes
time step. For the present work, whole year simulations are performed analyzing the before
explained parameters: the lifetime of the storage system and the time percentages in which
the market cleared energy is provided by the IPV power plant.

For analyzing the robustness of each control strategy, some PV generation errors are
included, from the predicted power generation to the real generation data. The introduced
errors are modeled by a normal distribution function with mean parameter u =0 and
standard deviation parameter ¢ = 0.01, which is an additive white Gaussian noise, AWGN.
The use of this type of error is very common on this type of studies [149]. Due to the nature
of the introduced errors, each simulation obtains different results and for that reason three
realizations are carried out introducing the explained errors for each control strategy.

The results with and without error are summarized in Figure 3.6 and Figure 3.7. Figure
3.6 explains the matching time percentages between the market cleared generation and the
grid provided energy (Tout, .. 4+ Tout,yre » @Nd Tout,,,, )- Figure 3.7 describes the lifetime of
the storage system, tp; -

In Figure 3.6 each strategy is depicted with four bars, the first one is calculated without
errors between prediction and real data and the next three ones with the previously

explained errors. As the value of T,,; is always above 90%, the presented figure is a

atc h
zoom over the 90 and 100% of the time in Y axis.

As it could be verified, the most well suited strategy is the RB5, the hour energy balance
value. Almost all the time, the market cleared power is provided by the IPV power plant
(every time greater than 99.86%), so the economic exploitation is the best one. The next
most performed strategies in terms of these parameters are the RB3 and RB4 respectively.
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Figure 3.6: Results of market matching time percentages of the whole year simulation with (with error) and without

prediction errors (no error).

As in the previous figure, in Figure 3.7, the results are also presented with three

realizations of errors and without prediction errors.
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Figure 3.7: Results of storage system lifetime of the whole year simulation with (with error) and without prediction

errors (no error).

From the 7 years of the strategy RB2 to the 10.2 years of the other strategies, the

difference to be taken into account is important, but analyzing the most interesting control

strategies mentioned before, RB5, RB3 and RB4 respectively, all of them obtain similar

results, between 9.3 and 10.2 years. Even so, the RB3 obtains the best lifetime results

(average 10.2 years), followed by RB5 (average 9.7 years).

The lifetime defined for the present IPV power plant is 25 years, so the storage system

demands some replacements apart from the initial investment. Analyzing the storage system
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lifetime by applying RB3 and RB5, leads to the same amount of replacements (two)
calculated as in Eq. 2.42. Therefore, in this case, the RB strategy selection has to be done
based on the results related to the matching time percentages.

Thus, it could be stated that the best control strategy among the presented ones is the
RB5 (hour energy balance value), which has representative values for the relevant analyzed
criteria. For that reason this strategy is being applied in the IPV power plant management
strategy for market participation.

3.2.Market participation based on MPC with RB strategy

The market participation is an online operation process to participate in the pool market
by the IPV power plant. It is composed by two steps: 1) the generation planning of the day
d+1, and 2) the online operation. This process is carried out on the plant controller of the IPV
power plant and it is presented on Figure 3.8.

At the generation planning step, the daily market generation offers (an amount of
energy for each hour, Ef#ered (k), at a given cost, c(?f"}ered (k)) based on some control
strategies are submitted to the market operator (MO) in order to participate in the daily
market. In this case, the control strategy applied to calculate the firming value is the RB5
(hour energy balance value) before explained. These daily market offers are based on the PV
generation prediction that will be explained in the following section 3.2.2. In order to make
sure that the proposed offer is cleared, the hourly cost offered must be zero or very close to
zero. The resolution of the market is composed by the cleared energy (Ec%ﬂred (k)) and the
marginal prices (cﬁ’e‘fmd (k)) for each hour. This planning is transformed into the power
references for the IPV power plant, Py, (k).

After the planning, the online operation is developed, using the model predictive control
(MPC) to participate in intraday markets. The detailed explanation of this MPC controller will
be presented in the next section. This controller has two tasks: the intraday market
participation and the control of the battery power to maintain the IPV power plant output
power to the targets cleared in the different markets.

Based on the power references of the IPV power plant (Py,;; (k)), the MPC calculates

the intraday markets’ (IM) offers (also an amount of energy for each hour, E;fM}ered (k), ata

given cost, Czl)%{ered (k)) and sends them only in the last sample time before closing each

intraday market j session (k;g{d ). In this case, the control strategy applied to calculate the
firming value is also the RB5 (hour energy balance value), and once again, in order to make
sure that the proposed offer is cleared, the hourly cost offered must be zero or very close to
zero. The resolution of the market is composed by the intraday market j (IMj) cleared

IMj IMj
energy (Ecleared cleared

(k)) and the marginal prices (c (k)) for each hour. This planning is
added to the previous markets’ resolutions in order to update the power references for the

IPV power plant, Py,.;q (k).

86



3. Market participation based on rules based control strategies

The whole market participation process is carried out in the plant controller because
besides the fact of participating in the market, the plant controller controls the power
reference of the storage system, Py, (k), as it can be verified in Figure 3.8. That is why this
process must be managed in the plant controller. An overview of this market participation
process is presented in Figure 3.8, and the flowchart that explains more in detail each step of
the market participation sequence is depicted in Figure 3.9.

Generation planning
PV forecast RB5 :
1:24
: (1:24) control offered(k)
: Market forecast ]| strategy - < Daily market /,
Coffered(k)
*
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PC Colel rea(K) Online operation =
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Figure 3.8: Market participation scenario, where the plant controller and different markets’ interactions are presented,
including the generation planning (to daily market) and the online operation (to intraday markets) steps.
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Figure 3.9: Market participation detailed flowchart, with the sequence to manage the whole day participation.
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As it can be shown in Figure 3.9, the MPC controls the battery power in each discrete

™M the MPC manages the

send ’
intraday market j participation (calculating the offers and sending them). Each intraday
IMj
receive ’

at those moments, the power references for the IPV power plant, Pg*rid (k), are updated. It is

state (k). Moreover, only in some discrete states, when k = k

market resolution is also always published at some discrete states, when k = k and

worth to remember that there are 6 intraday markets nowadays in the Iberian Peninsula
electricity market.

Once the market participation operation scenario has been detailed by means of
different figures, in order to understand the whole system and the internal steps that are
carried out in the plant controller, the detailed explanation of the MPC will be developed in
the next section.

3.2.1. Detailed MPC explanation

The model predictive control is an advanced control technique, which optimizes a fixed
horizon taking into account the preceding inputs and outputs as well as the future
predictions [27, 150, 151]. The internal steps that are carried out at every discrete state of
the MPC are the next ones, and can be better understood with the diagram of the Figure
3.10.

1) Horizon definition: The horizon is shifted from the previous step,
maintaining the horizon length fixed. This horizon is called prediction
horizon.

2) Optimal trajectory prediction: The optimal output trajectory is
predicted taking into account the preceding inputs and outputs. The
optimal trajectory is, therefore, defined.

3) Control signals calculation: The control signals to obtain the
predicted optimal trajectory (step 2) are calculated, optimizing a
determined criterion. This control signal is the control input u(k) of the
Figure 3.10.

4) First control signal application: From the control signal sequence
(u(k)), only the first value is applied to the process, uy (k).

5) Process repetition: The explained process is repeated at every
discrete state, shifting the prediction horizon, predicting the new
optimal trajectory, calculating the control signal (u(k + 1)), applying the
first value (ug(k + 1)) and repeating again the process.
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Figure 3.10: MPC operation summary diagram.

Therefore, at every discrete state the MPC calculates the operation of a given window
(prediction horizon) based on the predictions and measures of some parameters, in this case
the PV generation. At this point, the optimal trajectory applying the RB5 is calculated as well
as the control input (u(k)) for obtaining this optimal trajectory. From this control input, only
the first point (uy(k)) is applied to the system. The control input in this study is composed
by two parameters: the battery power, Py, (k), and the intraday markets participation
offers (an amount of energy for each hour, E%{ered (k), at a given cost, cé%fwed (Kk)).

On the one hand, the battery power control is carried out to maintain the IPV power
plant output power on the market cleared references. This is calculated subtracting the PV
generation to the power references for the IPV power plant, Pg*n-d (k), asin Eq. 3.9.

Pyt (k) = Pgriq (k) — Ppy (k) Eqg. 3.9

On the other hand, the MPC calculates the intraday market offers taking into account
the last PV predictions. If the PV forecasts of the day d — 1 are maintained, the MPC do not
participate in the intraday market (assuming that the PV generation is already cleared in the
daily market). Even so, as there is not an intraday market session every discrete state, the

market offers are calculated only in the last discrete state before closing each intraday

IMj

send ), @S it can be shown in Figure 3.9. This market participation is based

market j session (k
on RB5 strategy, whose market offer is calculated as in Eq. 3.5.

3.2.2. PV generation prediction

In this section, the PV prediction (va) calculation is explained. The PV prediction is
necessary in order to estimate the PV generation to be able to participate in electricity
markets with a given prediction value. The predicted values can be more or less correct, but
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finally, these are the values the market participation can be carried out with. In this study,
the considered different PV predictions are calculated as the following ones, but each PV
plant owner can calculate its predictions with different level of detail. Nowadays there are
several PV prediction software which are based on meteorological data, historical data, and
also based on autoregressive models [152]. In the present work the PV prediction is
separated in three different subsections which analyze the year y — 1 real generation to
determine PV prediction for daily market, the preceding days measured generation in order
to correct the previous prediction and the own day d generation to correct again the
preceding predictions.

1) PV prediction for daily market: In this first step, the PV prediction is calculated as in
Eg. 3.10 to determine the daily market offers. In order to include the seasonal effect on
PV generation (from a real PV generation data of the year y — 1), this prediction
considers a window of N,,, days to estimate the average value. Therefore, for each
discrete state of a given day d, the PV prediction is calculated by the average value from
the PV generation of the year y — 1 taking into account the N,,,, /2 preceding days up to
the N, /2 following days.

Nyp /2
pPV(kld:kNd) = Z P;;]e/al (klr:kNr)/NWp Eq. 3.10
r=—Ny,p /2

Where kq, and ky, are the initial discrete state (midnight of day d) and the last discrete
state (discrete state before midnight of day d + 1) in the day d of the present year y,
respectively. ki and ky_ are the initial discrete state (midnight of day r) and the last
discrete state (discrete state before midnight of day r + 1) in the day r from the year

Préd is the real PV generation of the year y — 1. It is worth

y — 1, respectively.
mentioning that in Eq. 3.10, the value of each discrete state (k1d5kNd) is the average

one by taking into account the values in the same discrete state in each day r.

2) PV prediction in MPC before the day d: once the MPC has started, the PV prediction is
separated into two different steps: the one that is calculated before the day under
consideration (before midnight), and the one that is calculated during the day under
consideration, the day d. The prediction before midnight takes into account the whole
horizon of the day d prediction and it is calculated as in Eq. 3.11. It includes the
prediction explained in Eq. 3.10 plus the previous N,,. days measured generation
(Ppi7®). These terms are weighed by the factors a and b. Therefore the sum of these two
values must be always equal to one. The factor a includes the seasonal effect and the
factor b contributes to the current generation (the measured generation of the previous
N,,. days). After several simulation tests related to the proper weighting values for a
and b, it was determined that the factor b is more relevant than factor a due to the fact
that the current generation (which is trying to predict it) could follow the trends of the
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generation of the previous days. In this work, it is assumed the following weighting
values: a = 0,2 and b = 0,8.

[\4~|2

pPV(kld:kNd) =a-

SA)

Eq. 3.11

d-1

b 2: mﬂﬁlhn/mm

i=d—Ny.

3) PV prediction in MPC during the day d: The prediction during the day d (ﬁpvct) is
calculated as in Eq. 3.12, which calculates the PV prediction from the current discrete
state (k) until the final discrete state (ky,) of the day d. In this case, the considered
prediction terms are the ones explained in Eq. 3.12 plus a correction factor (CF)
expressed in Eqg. 3.13. This term calculates the energetic error generated between the
real measured PV generation profile (Ep;7°) and the predicted profile (EPV) until the
discrete state of the current time (k.. ). Considering that this error (Ep;* (kctd) —
Epv(kctd)) will be maintained from the current time (t(k..,)) until the time when the

next intraday market starts in operation (t(kIMj )), the energetic error estimation of this
period of time is obtained. The CF is, therefore, calculated by the addition of the
energetic error generated and the energetic error estimated divided by the time At,,,4 .
This value is the period of time in hours between the time when the next intraday
session j starts its operation and the time of the discrete state of the sunset of the day
d, which is t(l}ssd). This value is estimated based on the sunset of the previous days.
Therefore, the CF, which is a power value, is obtained. This CF equation is only applied
until the discrete state of the sunset of the day d. The value of the CF discrete states
between the sunset and the end of the day d are zero, as it can be verified in Eqg. 3.13.
The detail of this PV prediction estimation is calculated as in Eqg. 3.12, Eq. 3.13, Eq. 3.14,

Eqg. 3.15 and Eq. 3.16.
real (kctr kN )/ wp
d—1

b - Z Ppy* (kct ky, )/ch + CF(kctd kNd)

i=d—Nyy

—
Mw\z

Ppy,, (keeyilen,) = a

Eq. 3.12
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CF(kee ik, )

. ERes (k. ) — Epy(k
ERfs (keey) = Epv (ke ) + ( Ctdgt (eer,) Aty )
ct Eq. 3.13
_ X , k <k, EA3
tend

\ 0, k > kg,

AtCt = t(k(,‘td) - t(kld) Eq 3.14
IMj
Atgay = t(kos,) — tlkee,) Eq. 3.15
7 IMj

Atend = t(kssd) - t(kos;) Eq. 3.16

Where Epy (kctd) is the energy generated during the day d until the discrete state of the
current time. Epv(kctd) is the predicted energy generation during the day d until the
discrete state of the current time. At,; is the period of time in hours between the initial
time of the day d and the time of the current discrete state. The initial discrete state of
the day is always the midnight, so this variable calculates the time from midnight to the

current time in hours. At,,, is the period of time in hours between the time of the

IMj)

current step and the time when the next intraday session j starts its operation, t(kosd

At,,q is the period of time in hours between the estimated discrete state of the sunset,

IMj)

t(ESSd), and the time when the next intraday session j starts its operation, t(k,,

3.2.3. Results of the market participation based on RB5 control
strategy

The online IPV power plant market participation is carried out by the plant controller.
This market participation includes both daily and intraday market participation, which are
the generation planning and the online operation steps, respectively, presented in Figure 3.8
and Figure 3.9. As shown in Figure 3.8, from PV forecast and market forecasts the plant
controller calculates the offers for daily market based on the before analyzed firming
strategy, RB5, the hour energy balance value. As it has been mentioned before, the IPV
power plant generation offers cost is always zero or very close to zero in order to make sure
that the proposed offer is cleared.

Assuming that the daily market offers are cleared (E5Y, ., (t) = E(f’f’]"!ered (1)), the plant
controller already has every hour generation profile or every hour power reference profile
(Pg*rid (t) in Figure 3.8). These references are obtained the day before the online operation.
With these references and the actualization of the PV predictions the online operation can
be done. In this case, as explained before, the Model Predictive Control is proposed to
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calculate these adjustments offering positive or negative offers in intraday different
sessions. So, the MPC executes the firming strategy before each intraday session closing,

IMj -
when k = km{d, providing some references for each hour. If the calculated references are

the same as the ones cleared in the daily market, this intraday session offers will be zero.

For clearly explaining the results of the presented IPV power plant market participation,
an example of the PV generation with the markets schedule is depicted in Figure 3.11. This
example is composed by the time sequence in x axis with a given PV prediction and real
generation in the upper section. In the bottom section, daily and intraday markets bidding
sessions and operation horizons are presented. This figure is oriented to explain the second
day (day d) market participation. For doing so, the market participation must start the first
day (day d — 1) to participate in the daily market (by means of the generation planning of
Figure 3.8 or Figure 3.9). Therefore, once the daily market offers have been sent (before
midday of day d — 1 shown in the grey rectangle in Figure 3.11), the MPC can start assuming
that the sent offers will be cleared due to the proposed cheap cost (cff’?ered (t) equals or
close to zero). From this point (midday of day d — 1), for including the 24 hours of operation
horizon of the day d, 36 hours of MPC horizon are needed. This horizon is also required due
to the fact that the intraday session 1 has 27 hours of length plus the period of time
between market closing time and operation starting time (around 30 hours). The MPC
prediction horizon is depicted in the red sliding rectangles of Figure 3.11. The operation is
finished when the starting point of the MPC prediction horizon crosses the end of the day d.
The selected sample time is 10 minutes. This value has been selected as the tradeoff
between computational cost of the optimization and the desired simulation detail.

The blue rectangles are the period of time when the intraday markets sessions are
opened and the green rectangles are the intraday markets operation horizons (detailed in
Table 1.2 of Section 1.4.2.2).

Therefore, at each 10 minutes sample time, the MPC calculates the optimal battery
exchanged power (Py,; (t)), considering the PV generation to maintain the IPV power plant
output power (Py.;q (t) shown in the bottom of Figure 3.8) matching to its reference

(P;rid (t)), which comes from the market cleared energy. Just before closing the intraday 1

market session (blue rectangle in Figure 3.11 and when k = k;g{d in Figure 3.9), the MPC
calculates these market offers, based on the last PV predictions. This process is repeated at
each intraday session, knowing that each intraday operation horizon is different. As an
example, in Figure 3.11, the PV predictions have changed and the participation on the
intraday markets permits to face the prediction changes from the operation starting point of

each intraday market.

As it can also be seen in Figure 3.11, between intraday session 5 and 6, the following day
(day d + 1) daily market is resolved, closing the cyclic behavior of the market participation
scenario.
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Figure 3.11: Market participation example of the second day (day d) with the different markets operation hours,
participation periods and MPC prediction horizon.

Some results of the explained simulation are shown in Figure 3.12, where the simulation
of two days market participation is carried out. The first one is detailed in Figure 3.12 a, b
and ¢, and the other one in Figure 3.12 d, e and f. These days are the second (day d) and the
third (day d + 1) days that are presented in Figure 3.11. Therefore, the market participation
is executed on a sunny day and on a cloudy day. Figure 3.12 depicts the operation in the last
discrete state before closing intraday market 6 session (k;’;”,ﬁi ). Figure 3.12 a and d include
the PV real generation and the different PV predictions explained in Eq. 3.10, Eg. 3.11 and
Eqg. 3.12. Figure 3.12 b and e show the market participation (applying the RB5 control
strategy) based on the PV generation (measurement and prediction). Figure 3.12 c and f
depict the six intraday markets’ offers.

As Figure 3.12 a and d are obtained at the discrete state ké%fd (depicted by the pink

vertical line), the PV predictions available until this discrete state are: the prediction for the
daily market (black profile calculated by Eqg. 3.10), the MPC prediction (green profile
calculated by Eq. 3.11) and the MPC prediction with the CF (blue profile calculated by Eqg.
3.12).

Until the discrete state kM, an energetic error is accumulated between the real
generation (red profile on Figure 3.12 a and d) and the predicted generation. This error is
positive in the sunny day (Figure 3.12 a) and negative in the cloudy day (Figure 3.12 d). The
CF takes into account this error in order to calculate the new prediction, as in Eq. 3.12 and
Eqg. 3.13, counteracting the PV prediction deviation.
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Regarding Figure 3.12 b and e, the included profiles are calculated based on the
predictions before explained applying the RB5 control strategy. As the MPC prediction is
included once the MPC has started operating, the first intraday market to correct these
deviations is the intraday 1 and, therefore, intraday 1 provides important market offers
(around 200 kW during several hours of the sunny day as it can be shown in Figure 3.12 c,
and more than 200 kW during several hours of the cloudy day as it can be shown in Figure
3.12 f). As it is assumed that this offer is cleared, the offer of the intraday 2 (in both cases,
sunny and cloudy day) is a 0 power offer. The grey vertical lines of the Figure 3.12 cand f are

the discrete states of the five intraday session’s offers sending time (kML kM2 ~JIM3

kM4 kIMS ) while the pink one is the discrete state of the intraday 6 offer sending time,
(M6
send *

From midnight, the PV prediction is corrected through the CF, but in the discrete states
when the intraday 3 and 4 are resolved, as there is no PV generation, the CF value is null
and therefore, these markets offers are also null (in both cases, sunny and cloudy day). As
the offer of the intraday 5 is sent before 8:45 a.m., a little negative energetic error is
generated in both cases represented in CF (about some Watts). This error produces a very
low intraday 5 market offer, just below zero, that can be appreciated by the light blue profile
of Figure 3.12 c and f. Finally, until the period of time when the intraday 6 offer is sent, an
important positive energetic error is generated between the prediction and the real
generation in the sunny day, and therefore, the CF value is around 100 kW. Consequently,
the obtained prediction for calculating the intraday 6 offer takes into account this correction
and determines the intraday market 6 offer shown in Figure 3.12 c (red profile). As it can be
shown, this offer is sent until the estimated sunset of the day d. On the cloudy day, the
inverse effect can be observed. A negative error is generated, computing a negative CF
value and, correspondingly, a negative intraday 6 offer is calculated as shown in Figure 3.12 f
(also red profile).
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Figure 3.12: Online operation results for a sunny day (a, b and c) and for a cloudy day (d, e and f). a and d: PV generation
predictions and real generation; b and e: predicted market profiles; c and f: intraday offers calculated by the MPC.

Thus, as it is verified, the MPC reacts to the predictions changes, improving the
generation planning (that has participated in daily market) at the online operation (that has

participated in intraday markets) and reducing penalties caused by the whole IPV power
plant.

The economic results related to the MPC application are depicted in Figure 3.13, where
it can be seen the economic difference between three cases: a) single day with perfect
prediction cleared on daily market (considering the real generation as prediction); b) single
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day with erroneous prediction (the one calculated as in Eq. 3.10) only using the daily market;
and c) single day with erroneous prediction using the daily market and correcting the PV
deviations on the intraday markets based on the MPC with the CF. The benefits relation
between these three cases is evaluated for the previously presented two days, the sunny
day and the cloudy day.

This economic analysis is based on the benefits obtained in electricity markets;
therefore, it is based on the energy sold in different markets. This energy comes from the
solar resource and also from the energy stored in the battery. All simulations start with the
same SOC of the storage system, but they do not finish with the same point of SOC, which
indicates that the energy stored in the storage system is different. For that reason, to
analyze a more objective scenario, the economic result also takes into account the final SOC
difference which indicates a difference in the amount of energy stored for the following
days. This SOC or energy difference is economically quantified as the mean daily market
price which is 42.12€/MWh in the Iberian Peninsula market of 2014 [147]. Thus, including
also this effect, the related benefits depending on predictions and markets participation are
presented in Figure 3.13.

, Related benefits depending on predictions and markets participation

I Sunny day
[ Cloudy day
100 - .
£
% 95 §
‘g 100 97.53 98.81
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Perfect predictions Err. pred. DM Err. pred. with MPC

Figure 3.13: Benefits relation between different simulations.

In all cases the economic results are calculated based on the daily market prices and
positive and negative deviations prices [147]. These results show the improvement that the
use of the MPC includes on the IPV power plant economic exploitation. From the perfect
prediction scenario, including prediction errors, without using the MPC and applying only the
daily market, the benefits reduction is around 5% in a sunny day and around 2.5% in a cloudy
day. Based on these scenarios, including the prediction changes of Eg. 3.11 and Eq. 3.12
during the day, and participating on intraday markets by means of the MPC, the benefits are
improved in a 4% and a 1%, respectively, getting more than 98.8% of the perfect scenario
benefits in both cases.
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As it could be verified, the daily market operation is very important but the MPC for
reacting to PV uncertainties in the intraday sessions is as important as daily market
participation, due to the fact that it corrects the errors introduced in the daily market caused
by erroneous predictions.

3.3.Conclusions

In this third chapter the market participation process has been presented based on the
base control strategies, which are some rules based control strategies. Several RB strategies
have been presented; a comparison among them has been carried out in order to determine
which is the most performing one; and finally, the market participation process has been
presented and implemented showing the good results of the market participation process
based on the MPC.

Related to the rules based control strategies, it has been demonstrated that the RBS5,
hour energy balance strategy, is the best firming strategy to introduce the IPV power plant in
the electricity spot market. The energy that could be stored in the ESS provides to the IPV
power plant the required controllability level to enable the market participation.

In addition to that, the IPV power plant market participation model has been developed,
demonstrating the potentiality of renewable generators to participate in electricity markets.
The daily market and the intraday different sessions have been explained for the Iberian
Peninsula case and a real operation has been simulated. It has been demonstrated that it is
possible to participate in electricity markets through the model predictive control. The more
accurate PV generation predictions have been considered in the implementation of the MPC
which have also updated the firming strategy values, avoiding the important penalties
caused by the PV prediction errors. With the proposed strategy, the viability of the
renewable generators market participation has been enhanced. This has been obtained
thanks to the intraday participation, reducing the penalties caused by the PV prediction
errors and achieving almost the 99% of the benefits of the ideal scenario, which is the one
with the perfect prediction.
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4. TPV storage system sizing and control
strategy optimization

This fourth chapter explains the optimization process carried out in the present PhD in
order to optimize both storage system sizing and control strategy. This optimal control
strategy is applied to develop the market participation based on MPC, which is the main
contribution of this PhD work.

In the first subsection, the procedure of the sizing and control co-optimization is
presented. After that, the sequence to obtain the optimal storage system sizing and the
obtained results are summarized, determining the optimal storage system sizing for the
given application’s conditions. In addition, the market participation sequence to obtain the
optimal control strategy is developed. The results of this market participation are presented
based on the application of the MPC. Finally, the comparison between the before explained
market participation of chapter 3 and the one based on this chapter optimization is carried
out, showing the optimality of the presented proposition.

4.1.Sizing and control co-optimization procedure

In this section, the sizing and control strategy co-optimization procedure is described
and detailed. All the internal steps included within an optimization process are extensively
developed and justified in this section.

4.1.1. Co-optimization procedure

A co-optimization is an optimization procedure that is focused in more than one
objective. In this case, the co-optimization term is selected due to the fact that this
optimization procedure aims to optimize both storage system sizing and control strategy.

An optimization procedure is composed by several steps. One of the most important
steps for the application of an optimization process is the selection of the optimization
algorithm. This algorithm is a mathematical tool adapted to the nature of the objective to be
optimized, and also to the control variables and procedure states where the optimization
problem is applied.

The optimization algorithms search the maximization or the minimization of one or
more objectives taking advantage of their own available resources. This process is limited by
some constraints which limit the surface of the results, where the final solution is included.
To get the optimal introduced objectives, the correct selection and application of the
optimization algorithm is needed. Nevertheless, the application of the correct optimization
algorithm is only the last step of the whole optimization process. The correct development
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of all those steps is as important as the selection and application of the optimization
algorithm [153].

The steps identified and developed in the present work are summarized in Figure 4.1
and deeply developed in this section.

Problem identification

:

Objective function

:

Design variables

:

Optimization constraints

:

Algorithm selection and application

:

Simulation execution process

Figure 4.1: Optimization process steps.

4.1.1.1. Problem identification

The first step of this optimization process is the problem identification where the
problem to be solved is identified and the optimization objective is grammatically described.
In this case, the objectives are both the optimal sizing and the optimal market participation
of the IPV power plant in the electricity markets. For that reason a co-optimization process is
considered which optimizes the participation taking into account the storage system SOC
and its degradation, the PV prediction and the measured real generation and the market
prices forecast. Nevertheless, both of the objectives can be achieved by means of
maximizing of the profits of the IPV power plant, assuming that this maximization will be
obtained with the optimal storage capacity able to optimally participate in electricity
markets. This problem is the one that will be mathematically introduced in the following
objective function step. Therefore, the following objective function will be an economic
function.

104



4. IPV storage system sizing and control strategy optimization

Another important fact is the identification of the nature of the selected problem.
Depending on its nature, the problem can be resolved with a different computational cost,
and also with a different speed. As the current optimization process will be applied to
control a highly dynamic system, a fast optimization process is needed. For that reason, as
the fastest optimization methods are the linear ones, a linear problem is tried to be
modeled.

So, considering the objective of a linear problem, the equation that models the linear
programming (LP) optimization algorithm is the one formulated in Eq. 4.1.

A-x<b,
min f(x) such that {Aeq - X = beg, Eq.4.1
¥ Ib < x < ub.

Where x is the vector composed by the design variables; f(x) is the objective function
eql bl beql
vectors that are explained in the following sections.

that has to be a linear equation; A4, 4 lb, and ub are some constraint matrixes and

4.1.1.2. Objective function

In this case the objective function is an economic one. The economic model of the IPV
power plant is the model explained in chapter 2, section 2.3.4. Based on the economic
model f, represented in Eq. 2.48, the objective function applied in this optimization process
is calculated.

The objective function is, therefore, a cost equation which aims to maximize the net
profits. Some terms are not dependent on the optimization design variables (x) and are
considered constant (u). Others are the multipliers (c) of the design variables. The
optimization process can only optimize the design variables’ terms, having as the objective
function the function f (x). For obtaining the maximization of this function, the
minimization of its negative function is calculated. These equations are modeled in Eq. 2.1.

fx,u)=c"-x + kT -u - economic model

f(x) =cx - objective funtion Eq. 4.2
max ¢’ -x >min -c’ - x
The detailed objective function equation is calculated as in Eq. 4.3.
Cp Cc
. T _ . PE bat
min—c' *x = min P + -C
teys - 365/days Vbt " ty,, - 365/days bat
T Eq. 4.3

n
—< At - Price,g ke tk) * Prge (k)
k=1
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n T
+ <Z At - Costgpenl) * Poonate (k)
=1
n T
- <Z At - COStEpenm) P ()
m=1

4.1.1.3. Optimization design variables

For determining the optimal storage system sizing, the battery nominal capacity and its
nominal power must be determined. The maximum power could be different in charge and
in discharge, and for that reason, both cases are considered. Moreover, the selected storage
system is connected throughout a given converter, which must be designed for providing the
selected maximum power in both directions. Therefore, the sizing related design variables
are: Pbatdchmax , maximum battery discharge power (W); Pbatchmax , maximum battery charge

power (W); Py y,,, » Pattery converter power (W); and Cp,;, battery nominal capacity (Wh).

An important improvement introduced in the present optimization process is that the
degradation caused in the battery by both the cycling and the calendar effects is taken into
consideration. Therefore, the battery instantaneous reference capacity (Wh) is also
introduced as design variable, C,.¢ (t). This variable provides the information of the state of
health (SOH), explained in chapter 2 in the modeling subsection. The other state of the
storage system, the state of charge (SOC), is also considered in the present optimization
algorithm through the battery instantaneous energy (Wh), E,; (t).

Another design variable is the battery instantaneous power (W), Py, (t), which must
also be controlled for both objectives which are the optimization of the sizing of the storage
system and the control strategy of the whole IPV power plant. In the present work, a
positive Py, is considered for a charging process and a negative value of Py, is considered
for a discharging process.

As the profits of the present application come from the market participation, the market
bidding power (W), Px: (t), is another design variable. The optimization of this value makes
the difference related to the previously explained market participation of the chapter 3,
where the market participation power profile is determined based on some systematic rules.

The last two design variables are the positive and negative penalties, Pp*;mlt (t) and
penalt (t), respectively. These penalties can be produced due to the generation deviation
that can be generated in the difficult predictable energy sources, that is, in this case, the PV

generation.

The summary table with the design variables is presented in Table 4.1.
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Table 4.1: Design variables description summary.

Design variable Description (unit)
* Ppg tde homax Maximum battery discharge power (W)
PbatChmax Maximum battery charge power (W)
*Pronvpg Battery converter power (W)
*Chat Battery nominal capacity (Wh)

Epg: (O Battery instantaneous energy (Wh)
Cref (£) Battery instantaneous reference capacity (Wh)
Py (t) Battery instantaneous power (W)
P (O Market bidding power (W)

P};;enalt () Positive penalty power (W)

penate (£) Negative penalty power (W)

Some of these variables are single values. This is the case of the first four design
variables. The last six variables are time dependent, so, each variable has an optimal value
for each control strategy step. This means that besides optimizing only the power and
capacity values of the storage system, the control strategy is also optimized. x represents
the vector that includes all the design variables included in Table 4.1. As the optimization
horizon could be different, the design variables parameter, x, will have a different length.
Thus, the general overview of the x parameter is shown in Eq. 4.4:

"These variables remain constant during the control strategy stage.
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Pbatdchmax
Pbat

chmax

Peon Vhat

Cbat
Ebat (t)lengt hx1
Cref (t)lengt hx1
Pbat (t)lengt hx1
Pmkt (t)lengt hx1

Eq. 4.4

Pz;l—enalt (t)lengt hx1

e t
penalt ( )lengthx 1 (4+6:lengt h) x 1

As an example, for the case of a single day optimization with a ten minutes time step,
the size of the x parameter length is calculated as follows.

60min 1 sample
1h 10 min

length = 24h - =144 > x[4+6-144 x 1] = x[868 x 1] Eq. 4.5

The lower and upper bounds of the design variables are also included in order to
represent a real scenario (the battery capacity can only be a positive value, or the energy
stored in the battery must be positive), but giving to the optimization the ability to fix the
maximum and minimum values. Therefore, the lower (lb) and upper (ub) bounds of the
variables are defined as in Eq. 4.6.

— 0
0 0
0 o
0 o
b = giengfh x1 and ub = 2lengt hx1 Eq. 4.6
engt h x 1 length x 1
— POlengt h x 1 Olengt h x 1
Olengt hx1 Plengt h x 1
Olengt hx1 oolengt hx1
— Olengt h x 1 Olengt hx1

4.1.1.4. Optimization constraints

The optimization constraints are related to several physical and economic aspects of the
whole IPV power plant and are listed below:

e Battery exchange power

e Battery associated converter power
e Update of the state of charge, SOC
e Update of the state of health, SOH
e Battery ageing processes

e Regulatory issues
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e Battery operation mode
e Power balance equation of the whole IPV power plant
e Electricity markets operation

Some of these optimization constraints are modeled by inequalities and some other
ones by means of equalities.

Inequalities:

The first restriction is the battery power limitation. The battery operation must be
maintained within its maximum charging and discharging values. These values do not need
to be the same as some batteries are designed to be fast charging, so, their maximum
charging value are greater than their maximum discharging value. Therefore, the battery
operation needs to respect its bounds expressed as in Eq. 4.7.

Pbatdchmax S Pbat (t) S PbatChmax Eq 47
This limitation is divided in the following two inequalities:

Pbatdchmax S Pbat (t) Eq 48

Pbat (t) = Pbatchmax Eqg. 4.9

In order to introduce these inequalities in the optimization algorithm, as both
parameters of each inequality (Eq. 4.8 and Eq. 4.9) are considered as design variables, they
must be placed on the left side of the inequality. Therefore, the way of introducing them in
the algorithm is presented in Eq. 4.10 and Eq. 4.11.

Pbatdchmax - Pbat (t) S O Eq 410
Pyt () = Ppar,,, <0 Eq. 4.11

Both Eq. 4.10 and Eq. 4.11 are time dependent. Instead of being a single inequality,
there is one inequality for each sampling time of the optimization. That means that the
quantity of inequalities is directly dependent on the optimization length. Henceforth, all the
time dependent inequalities are composed by a group of inequalities with the length of the
optimization samples.

The maximum battery discharge power (Pbatdchmax ) and the maximum battery charge

power (Pbatchmax ) can be different, but the storage system is electrically connected to a

unique bidirectional converter. This bidirectional converter that charges and discharges the
storage system must be designed based on a maximum discharge and charge power. These
constraints are modeled as Eq. 4.12 and Eq. 4.13, respectively.

_Pbatdchmax < Pconvbat Eq. 4.12
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Pba tehmax = Pcon Vhat Eq.4.13

As in the previous case, as both parameters of each inequality (Eq. 4.12 and Eq. 4.13)
are design variables, they must be placed on the left side of the inequality. Therefore, the
way of introducing them in the algorithm is presented in Eq. 4.14 and Eq. 4.15.

_Pbatdchmax - Pconvbat <0 Eq.4.14
Pbatchmax - Pconvbat <0 Eq. 4.15

Those inequalities are not time dependent.

Another group of constraints is related to the energy limitation of the storage system.
As in the case of the power limitation, the energy of the storage system must be maintained
within its limits as it has been presented in Eq. 4.16. This equation represents the SOC
variation, but instead of working with percentage values, it is represented in energy values,
Wh.

S0Cnin - Cref (t) < Epar(t) < SOCqx Cref () Eq. 4.16

Where SOC,,;, and SOC,,,, are the minimum and maximum state of charge of the
storage system, both of them in percentage. The other terms are the design variables that
have been already explained. This limitation is divided into two inequalities, as follows:

SO0Cpin - Cref (1) < Epe () Eq.4.17
Ebat (t) < SOCmax ) Cref (t) Eq. 4.18

These inequalities represent the energy limitation downward, when the storage system
is fully discharged, and upward, when the storage system is fully charged. The way to
introduce them as optimization constraints is presented in Eq. 4.19 and Eq. 4.20.

SOCuin - Cref (t) = Epee ) <0 Eq. 4.19
Ebat (t) - SOCmax ) Cref (t) <0 Eqg. 4.20

Another inequality is related to the SOH of the storage system. It considers the capacity
losses related to the battery nominal capacity. Therefore, Eqg. 4.21 determines the end of life
(EOL) of the storage system, analyzing the battery instantaneous reference capacity, C,.r (t).
This EOL is considered as percentage of the nominal capacity.

SOHmin * Char < Cref ®) Eqg.4.21

Where SOH,,;,, is the minimum state of health in percentage, the value where the EOL
of the storage system is considered. Below this value, the storage system can no longer be
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used. The way of introducing this inequality in the optimization process is presented in Eq.
4.22.

SOHyin * Cpar  — Cref @) <0 Eq. 4.22

With reference to the capacity losses and as it has been explained in the modeling
section of chapter 2, the ageing approach implemented in the optimization is based on [24],
where only the cycling ageing was considered. But in the present work the calendar ageing
has also been included. Thus, the applied ageing equation is the same as Eq. 2.35, but
instead of being related to the SOH instantaneous value, it is related to the battery
instantaneous reference capacity value (C,f (t)), as described in Eq. 4.23.

Cref @) — Cref (t—Ap) + ch " (Epar (¢ = D)= (Epar (6)) + Zear * Cpae =0 Eq. 4.23

Where At is the sample time of the optimization process, and Z.,, and Z; are the linear
ageing coefficients of cycling and calendar degradation in percentage, respectively. The
ageing caused by the cycling is only considered when the battery is in the discharging
process (refer to chapter 2). For that reason, to model this fact, Eq. 4.23 is divided into two
different inequalities, one for modeling the charging process, Eq. 4.24, and the other one for
the discharging process, Eq. 4.25.

Cref (£) = Crep (t = At) + Zpgy * Cpge <0 Eq.4.24
Cref (t) - Cref (t - At) + ch ) (Ebat (t - At)_(Ebat (t)) + Zear Cbat <0 Eq. 4.25

The initial conditions of these groups of inequalities are calculated by Eq. 4.26 and Eq.
4.27 for the charge and discharge cases, respectively.

Cref (1) - SOHim' ' Cbat + anl ' Cbat <0 Eq. 4.26

Cref 1D - SOHp; * Cpar + ch ’ (SOHini *SO0Cip; * Cpar —(Epas (1))
Eq. 4.27
+Zcar " Cpar <0

Where SOC;,,; and SOH,,; are the initial state of charge and the initial state of health,
respectively, both in percentage. To develop a more flexible optimization process, these
parameters are implemented as user customizable parameters. Therefore, the initial SOC
and SOH storage system states can be selected.

The last group of inequalities comes from the whole IPV power plant grid providing
power. This power, which is composed by the PV generation power and the storage system
power, must be always positive. Therefore, the charging energy of the storage system must
always be charged from the PV generation. This constraint is modeled as in Eq. 4.28.

PPV (t) - Pbat (t) >0 Eq. 4.28
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Where Ppy (t) (W) is the photovoltaic generation power profile. It is worth to remember
that a positive battery power is a charge process, and for that reason the battery power
profile is included as a negative term to model a battery discharge process, which implies an
energy flow from the battery to the grid. In order to introduce this constraint in the
optimization process, Eq. 4.28 is transformed into Eq. 4.29. As the Ppy (t) is not a design
variable, neither a multiplier of some design variables, it must be located in the right side of
the inequality.

Pbat (t) < PPV (t) Eq 4.29

All the explained inequalities compose the matrix A and vector b of Eq. 4.37 and Eq.
4.38 respectively, which are included in the optimization as follows:

e 1*row: Inequality represented by Eq. 4.14 [1 X (4+6-length)].

o 2" row: Inequality represented by Eq. 4.15 [1 X (4+6-length)].

e 3"“row: Group of inequalities represented by Eq. 4.10 [length X (4+6:length)].

o 4" row: Group of inequalities represented by Eq. 4.11 [length X (4+6:-length)].

e 5" row: Group of inequalities represented by Eq. 4.19 [length X (4+6:-length)].

o 6" row: Group of inequalities represented by Eq. 4.20 [length X (4+6:length)].

o 7" row: Group of inequalities represented by Eq. 4.22 [length X (4+6:length)].

o 8" row: Group of inequalities represented by Eq. 4.24 [length X (4+6:length)],
with the initial inequality Eq. 4.26.

o 9" row: Group of inequalities represented by Eq. 4.25 [length X (4+6:length)],
with the initial inequality Eq. 4.27.

e 10" row: Group of inequalities represented by Eq. 4.29 [length X
(4+6-length)].

Equalities:

The first equality represents the battery operation that models its energy flow. This
equation is the same as the Eq. 2.21 explained in chapter 2, but considering the energy of
the storage system, Ejp,, instead of the SOC. Moreover, to maintain the objective of
modeling a linear problem, the efficiency term (1) is removed due to the fact that it includes
a non-linearity. Therefore, the efficiency is not considered in the purely optimization process
but it is taken into account in the following step. The equation that models this behavior is
shown in Eq. 4.30.

Epge (t) = Epge (t — AL) + Ppy, (t) - At Eqg. 4.30

Once again, in order to introduce this equation in the optimization process, it is
transformed into the form presented in Eq. 4.31.

Epg (t) — Epge (t — At) — Py (t) - At =0 Eq.4.31

112



4. IPV storage system sizing and control strategy optimization

As this equation is time dependent, there is one equation for each sampling time of the
optimization. In this case, the initial condition of this group of equalities is calculated as in
Eq. 4.32.

Ebat (1) - SOHi‘rli * SOCini - Cbat - Pbat (1) ' At == 0 Eq 432

Another constraint to be implemented is the power balance equation of the market
participation. Since the penalties have to be also taken into account, the equation is
represented as in Eq. 4.33.

PPV (t) - Pbat (t) = Pmkt (t) + Pz;tznalt (t) + Pz;znalt (t) Eq. 4.33

Locating each term in the correct form in order to be introduced in the optimization
algorithm, the equation is transformed into Eq. 4.34.

_Pbat (t) - Pmkt (t) - P;;;enalt (t) - Pp_enalt (t) = _PPV (t) Eq. 4.34

Since all terms are negative and multiplying each term by the same factor does not vary
the result, Eq. 4.34 is changed to Eq. 4.35.

Pbat (t) + Pmkt (t) + P;j-enalt (t) + Pp_enalt (t) = PPV (t) Eq. 4.35

The third and last equality considered is the firming service that has to be provided as
market participation mode. The IPV power plant grid provided power must remain constant
for an hour. Therefore, once the power for the initial point of each hour, P, (t), is
calculated, this power must be maintained during the given hour as shown in Figure 4.2.

A Pmkt
—
<A : : Pmkt (t) = Pmkt (t + 1)
— Prnie (¢ + 1) = Py (£ +2)
C O Pw(t+n=2) =Py (t+n-1
— i -
t  t+1 t2 .. t+n2 tfn-1 t+n t

Figure 4.2: Firming service to participate in markets and the corresponding equations to model this operation mode.

Transforming these equations into the optimization algorithm form:
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Pmkt(t)_Pmkt(t+1)=O
Pmkt(t‘l'l)_Pmkt(t-l'Z):O

during each hour Eq. 4.36

As it can be evaluated from Eq. 4.36, the number of needed equations for each hour is
n — 1, considering n as the number of equations needed for each hour depending on the
sample time. This special behavior is modelled by means of the auxiliary matrix 7’7",
presented in Eq. 4.43.

All the exposed equalities compose the matrix 4., and vector b, of Eq. 4.39 and Eq.
4.40 respectively, which are included in the optimization as follows:
e 1° row: Group of equalities represented by Eq. 4.31 [length X (4+6-length)],
with the initial equality Eq. 4.32.
o 2" row: Group of equalities represented by Eq. 4.35 [length X (4+6:-length)].
o 3"row: Group of inequalities represented by Eq. 4.36 [length X (4+6:length)].
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Prv, 1 : 10 0
PPV = . U= 5 W = : 5 I = 0 O
PPVn length x 1 1 length x 1 0 length x 1 0 0 1 length X length
/_11 2 ..:. cee cee ?\ /_1 1 0 . N 0\
T = : . | ’ T-h = : :
101 0 / : -1 1 0
0 B | e | length x length 0 o 00101 length oy —1 X leng
T™h 0 0
T'—h — 0 T_h
. 0
0 o o 1" length —ny,s X length

The vectors and matrixes presented in Eq. 4.41, Eq. 4.42 and Eq. 4.43 are some sub matrixes or auxili
and A,, and vectors b and b, for an easier visualization:
° The single column matrix Ppy includes the PV power generation values for each sample time of
° The matrix U is a single column auxiliary matrix composed by ones.
° The matrix W is a single column auxiliary matrix composed by one being the first value and all tt
° The matrix [ is the identity matrix.
° The matrix T is an auxiliary square matrix, which has the main diagonal composed by ones anc
minus ones. This matrix is used to represent a subtraction of a given value with its previous one,
° The matrix T~" is an auxiliary matrix composed by the matrix T without its first row. As it is m
the firming service that has to be provided for participating in electricity markets. This matrix me
° The matrix T " is an auxiliary matrix composed by several T~" matrixes in the main diagonal 1
optimization. For each hour in the developed optimization, a column that includes another T~"
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4.1.1.5. Algorithm selection and application

Once the objective function, the design variables and all the constraints have been
described, the optimization algorithm selection and application is carried out. As it has been
verified, all equations that model the objective function and the constraints are included as
linear equations. Thus, the objective of using a linear programming (LP) optimization process
is achieved.

The LP optimization algorithm is executed in Matlab by the function linprog (included
in the Optimization Toolbox [154]). Therefore, Eq. 4.1 can be rewritten as Eq. 4.44.

A-x<b,
min f(x) = minc"x such that {Aeq - X = beg, Eq. 4.44
* * Ib <x < ub.

Where x is the vector composed by the design variables; f(x) is the linear objective
function; ¢’ is the transposed vector composed by the multipliers of x (for that reason is a
linear programming problem); A and A, are the constraints matrixes; b and b,, are the
constraints vectors; and b and ub are the vectors of lower and upper bounds of the design
variables.

The LP optimization in Matlab comes with several solvers as the interior-point, the
simplex, the dual-simplex, and the active-set [154, 155]. Each of them follows a different
iterative process to search the optimal solution. In the present case, the interior-point is
used as it is the one recommended for large scale optimization processes.

4.1.1.6. Simulation execution process

With the previous algorithm application the co-optimization process is almost complete
but there is an input/output correlation that is solved within the process proposed in the
present subsection.

Based on this optimization, the sizing and optimal operation values can be obtained
almost simultaneously. Nevertheless, one of the inputs of the objective function is the
lifetime of the battery (t,,;) which is calculated based on the Rainflow cycling counting
algorithm and the depth of discharge data of both the battery manufacturer and the
different cycling tests carried out in the energy storage laboratory of lkerlan. Therefore, one
of the outputs of the optimization (the battery power profile) has an influence on one of the
inputs (the lifetime of the battery). In order to solve this modeling constraint, an iterative
execution of the optimization must be carried out, aiming to obtain the optimal values based
on the real lifetime of the battery. Thus, the proposed simulation follows the diagram of
Figure 4.3.
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| Initialization |

Y

Pre-simulation |

r

| Optimization | i++
| Post-processing | Update variables
? no ‘
yes |Cbat (i - 1) — Cpar (l)l < EChat
v |fmax(i - 1) - fmax(i)l < &y
| Results treatment | |tpar 0 — 1) — e (D] < &,

Figure 4.3: Complete simulation execution flowchart.

In the initialization step, all the parameters are initialized by means of defining the size
of the simulation process. In the pre-simulation step, an initial lifetime of the battery is
calculated to run the following optimization step. The optimization step executes the
optimization process described in the previous sections. In the post-processing step the
optimization results are processed in order to verify if the next condition is fulfilled. If the
results regarding the battery capacity (Cp,; ), the objective function (f,;lax ) and the lifetime of
the battery (t,4.) are maintained within their respective error thresholds (g, & . and
&, » FESpectively) between the previous optimization iteration (i — 1) and the last iteration
(i), the results are processed (results treatment) and the optimization algorithm is finished. If
not, the Rainflow algorithm is executed in the update variables step for running the next
optimization iteration. The error thresholds (e, ,, & and &, ) have been selected

around the 1% of each parameter final result after several trial and error repetitions.

Once the co-optimization process has been explained, the next sections focus on the
proposed process to get the optimal sizing and the optimal operation of the IPV power plant.
This process is separated into two stages, which are the Design Stage and the Operation
Stage. On the first one, the optimal sizing of the storage system is determined and on the
second one the optimal control strategy to participate in electricity markets is established.
Both stages of this process are detailed hereafter.
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4.2.1PV power plant storage system sizing at Design Stage

Once the optimization process has been explained in order to obtain both optimal sizing
of storage system and optimal control strategy of the whole IPV power plant, each one of
these objectives has been detailed. In this section, the storage system sizing at Design Stage
is presented.

4.2.1. Design Stage description

This first stage is developed to be performed before the construction of the IPV power
plant. The Design Stage aims to determine the optimal storage system sizing for obtaining
the maximum economic revenue of the IPV power plant market participation. To do so, a
one year evaluation period is considered to include all seasons’ characteristics, related to the
irradiance of PV generation and also related to market data [147]. This one year evaluation
period is also selected because it is assumed that this pattern is repeated over the time. In
addition to the one year evaluation period, the selected time step is 10 minutes. This value
has been selected as the tradeoff between the computational cost of the optimization and
the desired simulation detail. The diagram of this design stage is presented in Figure 4.4.

As this analysis is carried out to determine the ESS of the IPV power plant, historical PV
data and historical market data are introduced as inputs to the optimization process. The
other inputs considered are the costs of the PV systems, power electronics, batteries,
replacements and operation and maintenance. Within these inputs the optimization carried
out in this Design Stage is executed.

Design stage
Computer
PV historical . . .
data LP Optimization Poat Evaluation period
Costs ESS sizing T\ Cbat 1 year
| ovtmaloporaton [ Pkl e sy
Market historical I Poat (K) 10 minutes
data bat

Figure 4.4: Design Stage of the process where the optimal sizing of the ESS is obtained.

The linear programming optimization algorithm computes the optimal ESS sizing (Ppq:
and Cpq; ) Where Py, (W) is the maximum charge and discharge power of the storage system
and Cp,: (Wh) is the battery capacity value. Also in this optimization process the optimal
market participation profile, P, (k) (W), and battery reference power profile, Py,; (k) (W),
are obtained. The market participation power profile, P, (k), is assumed as the whole IPV
power reference profile, Py,iq (k). Both Py (k) and Py, (k) are obtained for every discrete
state, k, which means that optimal power for each point of the whole profile is obtained
from the optimization. From this initial stage, only the optimal values of the ESS sizing (Pp,:
and Cp,; ) are used to design the required storage system, which should be implemented in
the IPV power plant.
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The other variables included in the before explained design variables parameter (x) are
used to verify the correct execution of the optimization and the operation of the storage
system.

The evaluation of a whole year requires a large optimization size which cannot be
carried out by the solver proposed by the Matlab software. As the selected time step is 10
minutes, the length of the x parameter and of the matrix A of the whole year optimization
are calculated as follows:

24h 60min 1 sample
lday 1h 10 min

— x[4+6-52560 x 1] = x[315364 x 1]
— A[(2 + 8- length) X (4 + 6 -length)] = A[420482 x 315364]

length = 365days - = 52560

Eq. 4.45

The class of a standard Matlab variable is double, which means that it is composed by 8
bytes (B) or 64 bits (b). For that reason, the memory allocation of each variable is 8 bytes.
Analyzing the 315364 variables of the x parameter, its memory allocation is calculated as:

) bytes
315364 variables - 8 ———

- = 2522912 bytes ~ 2463kB ~ 2.4MB Eq. 4.46
variable

The same process is carried out to calculate the memory allocation of the matrix A:

bytes

(420482 - 315364) variables - 8 -
variable

= 1.061 - 10'? bytes ~ 988GB Eq. 4.47

With these sizes (and memory allocations), it is verified that the optimization terms are
large enough to be infeasible by the Matlab software in regular conditions. The simulations
of this optimal sizing step are implemented on an Intel Core i5 CPU 3.1GHz with 16 GB of
RAM. For that reason, it has been decided to reduce the optimization length to a single
month. In this way the lengths of the vector and matrix are reduced to the following values
(for a 31 day month).

24h 60min 1sample
lday 1h 10 min

- x[4+ 64464 x 1] = x[26788 x 1]~209kB
— A[(2 + 8 - length) X (4 + 6 - length)] = A[35714 x 26788] ~ 7.12GB

= 4464

length = 31days -
Eq. 4.48

Although the resulting sizes are still large, the Matlab software and the used computer
are able to work with them. Therefore, in order to take into account the whole year, the 12
month optimizations are carried out separately. The flowchart applied to represent this
optimization execution is presented in Figure 4.5. It is the same as the one explained in the
optimization execution process section (4.1.1.6) with an additional loop that evaluates the
12 months and an additional block to save each month’s results.
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4. IPV storage system sizing and control strategy optimization

In the last block named as Results treatment, a statistic analysis of the results of this
optimization process is applied in order to determine the optimal size for the battery. This
process is analyzed in the next results’ section.
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Post-processing
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months<12?
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no
Y
Results treatment

Figure 4.5: Design Stage of the process where the optimal sizing is determined.

4.2.2. Optimal storage system sizing results

In this section the results related to the optimal sizing obtained in the Design Stage are
presented. The optimization is applied for the case study presented in chapter 2. In the next
table, the main characteristics of this IPV power plant are summarized.

Table 4.2: IPV power plant main characteristics.

Parameter description

Value

Installed PV power

1MW /1.2 MWp

Battery inverter maximum power

1MW

Battery nominal capacity

560 kWh
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As it has been mentioned before, a whole year optimization is carried out but based on
monthly size optimizations. With a time step of 10 minutes, efficient and computationally
light monthly length optimizations are carried out obtaining, for each month, the optimal
Pyq: and Gy, values. As each month has a different length, the size of each month
optimization matrix is different. The size of matrix A is [34562 x 25924] for a 30 days month;
[35714 x 26788] for a 31 days month; and [32258 x 24196] for the 28 days of February. The
PV predictions taken into account are the real generation data presented in Figure 2.9, in
chapter 2, section 2.3.1. Therefore, perfect predictions are considered for this sizing
optimization because the objective is to firm the PV generation profile to participate in
electricity markets in the optimal operation mode. There will be PV deviations, but in both
directions, so it is assumed an error with a null mean value, and thus, the positive deviations
are counteracted in a natural way with the negative ones.

The results obtained for each month are summarized in the next figures. In Figure 4.6
each month battery power capacity value (P, ) is presented, with the mean value
represented by the red horizontal line. In Figure 4.7, the energetic capacity values are
presented (Cp,:) with the maximum and minimum values highlighted together with the
mean and barycenter values. In Figure 4.8, the calculated life span of each optimization is
shown also with the average value highlighted. In Figure 4.9, each month benefits of the
whole IPV power plant (PV + BESS) are depicted; and finally, in Figure 4.10, the relation
between the capacity value and the benefits is shown, together with the calculated
barycenter. This value is calculated weighting each month capacity value with the benefits of
the own month optimization.

x 10° Battery power capacities

_f_ | |:I| B;\ttery

power capacity

—t

Power [W]

1 2 3 4 5 6 7 8 9 10 11 12
Time [months]

Figure 4.6: Design stage ESS sizing optimization results: battery power capacity values.

The results related to the storage system power needs show a similar optimal value for
the whole year. This value, 511kW, is the half of the installed PV power (1 MW), and the half
of the installed converter in the case study IPV power plant. This result provides useful
information regarding the relation between the PV power and the storage system power
needs. The mean value is taken into account as the optimal one, because when the worst
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case is considered the system is oversized the most part of the time (which is not the
objective: indeed, it results in a sub-optimal economic optimization). It means that in that
case, the ESS power capabilities will not be able to fully compensate the needed
requirement, but from the global (economic) point of view, this is the optimal scenario.
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Figure 4.7: Design stage ESS sizing optimization results: battery energy capacity values.

With reference to the capacity value, the difference among the months is much more
representative, obtaining almost a factor two between the optimal values of May and April,
compared to July and December. Nevertheless, several months’ optimal values are similar
and are around the average value of 426kWh. In the capacity analysis case, the barycenter is
calculated, analyzing each month capacity value related to its benefits. The result of the
barycenter is also very similar: 433kWh. As the difference between them is lower than 2%,
the optimal value selected is the one obtained using the barycenter (433kWh). This value is
more representative because it includes the value of the benefits for each month. This result
provides a significant reduction (around 23 %) comparing to the installed storage capacity of
the presented case study, which is 560 kWh. As it has been mentioned before, with this
capacity the worst case is not fulfilled, but from the global (economic) point of view, it is
better than the worst case, which oversizes again the storage system. The objective is not to
fulfill all cases but to obtain the optimal storage system.
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Life span of the battery

Life span [years]
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Time [months]

Figure 4.8: Design stage ESS sizing optimization results: battery life span values.

The life span results of the present optimization vary between 7 and 9 years of lifetime.
In summer months, the life span is reduced, which could be caused by the greater use of the
ESS in this period of time. Nevertheless, the results are close to the average value of 8 years,
which enforces the resultant average value.
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Figure 4.9: Design stage ESS sizing optimization results: obtained benefits values.

The results of the obtained benefits present an inverse effect compared with the
previous lifetime results. As in summer there are sunnier days and more hours of sun per
day, the obtained benefits increase in the same proportion.

The obtained annual benefit is around 65000€. Although it seems low, the yearly
average PV generation in this location is around 1300MWh at an average daily market price
of 42 €/MWh. Therefore, the optimization increases the profits from 54600€ to 65000€
(around 20%). Of course, this economic difference justifies the decision of including the
energy storage system.
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Combining the obtained benefits of the Figure 4.9 with the capacity values of the Figure
4.7, the following figure is generated. Each cross marker includes the data of a different
month and indicates the benefits obtained together with the optimal energy storage
capacity. The green dot is the calculated barycenter which takes into account every month’s
benefits and capacity values.
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Figure 4.10: Design stage ESS sizing optimization results: obtained benefits versus capacity values.

This figure is very useful to verify how far each month results are compared to the
barycenter value, to be able to justify the validity of the barycenter. As there is not any
outlier (contributing to a misleading barycenter value), it can be concluded that the
barycenter is the optimal point. The characteristics of the data can be separated in three
groups which are: 1) the average capacity with greater benefits (summer months highlighted
within the blue ellipse); 2) greater capacity values with average benefits (very variable
months which demand a greater capacity value, like spring months highlighted within the
green ellipse); and 3) slightly lower capacity and slightly lower benefits (the rest of the year
highlighted within the orange ellipse). As conclusion, it is quite correct to consider the
optimal value based on the global point of view which is the calculated barycenter value
(433 kWh).
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4.3.1PV power plant control strategy at Operation Stage

Once the optimal storage system has been obtained, in this Operation Stage, the IPV
power plant control strategy is optimized, to participate in electricity markets. This section
includes the control strategy definition to participate in electricity markets, and the market
participation based on MPC with this optimal strategy.

4.3.1. Control strategy definition

The Operation Stage of the proposed process includes two steps related to the two
electricity markets that the IPV power plant participates on. The optimization applied in both
steps considers a fixed storage system size, which is the output of the previous explained
design stage. The first step is the generation planning for participating in the daily market of
the following day. The second step is the online operation, where the PV generation
prediction errors are counteracted participating in the intraday markets. This second step is
carried out thanks to the MPC in order to be able to participate in the different intraday
markets to recover the benefits that the PV prediction errors have been generated. That is
why the MPC is implemented and is necessary to be able to have the possibility to
participate in the intraday markets in order to improve the economic revenues of the IPV
power plant. The operation stage block diagram is presented in Figure 4.11. It is similar to
the one explained in chapter 3 but including the optimal control strategy.

Regarding the market participation, instead of the power value calculated by the
optimization process, P, (k), a detailed market participation offer is composed by an
energy offer, Eg’}’}tered (k), at a given cost, C(Z’}’}tered (k), for each hour. As in this operation
stage the market participation is the core idea, these parameters are used to explain in

detail the whole operation.
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Figure 4.11: Operation Stage block diagram, including the generation planning (to the daily market) and the online
operation step (to the intraday market).

The generation planning step is similar to the previously explained Design Stage. In this
case, the ESS rate is fixed and the relevant output of the applied optimization is the
generation planning offers to the daily market (DM) of the following day, E(?f’]v{ered (k), at a
given cost, cff”}’ered (k), for each hour. This planning step is carried out the day before the
real operation. In order to make sure that the proposed offer is cleared, the offered hourly
cost must be zero or close to zero. Therefore, it is assumed that the offers sent to the market
operator are always cleared. The resolution of the DM is composed by the cleared energy,
ERM . (k), and the market clearing price, cO¥ .. (k), for each hour. This information is
obtained the day before the online operation and it is transformed into the initial power
reference profile, P,y (k) (W), to the online operation, which is the second step. This
explanation can be followed in the upper dotted blue rectangle of the Figure 4.11. A
flowchart to explain more in detail the market participation sequence of Figure 4.11 is
presented in Figure 4.12.
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Figure 4.12: Detailed flowchart of the optimal strategy to participate in electricity markets.
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The objective of the second step, the online operation step, is the operation of the IPV
power plant to maximize the economic revenues. This operation is managed using the
Model Predictive Control (MPC) [150, 151]. The inputs of this control are: the market cleared
power reference, Py4 (k); PV generation forecast, PVi,recase (k-.24) (W); market prices
forecast; PV real power generation, Ppy 1meqs (k) (W); battery power, Pyyt meas (k) (W); and
the state of charge of the storage system, SOC (k) (%). The control outputs are the intraday

market’s (IM) offers (also an amount of energy for each hour, Eé%{'ered (k), at a given cost,

C%{ered (k)) and the storage system reference power, Py, (k).

The internal process is detailed in the diagram of Figure 4.12, where it can be shown
that in the first step (generation planning), the output of the optimization related to the
battery profile is not used (and crossed out in the diagram), as the objective is to participate
in the daily market but the operation has not started yet. It is worth mentioning that the
block called Run optimization computes all the before explained process of Figure 4.3.

In the second step (online operation), the IPV power plant output power, Py,;4 (k), must
be controlled every discrete state. Thereby, the optimal storage system reference power,
Pyq: (k), is calculated every discrete state to maintain the IPV plant output power matching
the market cleared value, as it is stated in Eq. 4.49.

Pyrig (k) = Pgpiq (k) = f(Pyqr (k) Eq. 4.49

Moreover, the optimal market participation power profile (P, (k)) is calculated every
discrete state, in the same optimization where the storage system power reference
(Ppqe (K)) is calculated. Nevertheless, as there is no intraday market every discrete state, the

intraday market j participation offer (an amount of energy for each hour, E;I}/[}ered (k), at a

given cost, cé%{'ered (k)) is only calculated at the last discrete state before closing each

intraday market j session (k;g{d ). There is an intraday market every 4 hours. The resolution
of the intraday markets is also composed by the intraday market j session (IMj) cleared

energy, Eégéred (k), and the market clearing price, cé%{lred (k) for each hour. This resolution
is received at the discrete state kif’cjeived , and added to the previously resolved markets to

update the power references for the IPV power plant, P;rid (k).

The internal steps of the MPC operation have already been detailed in section 3.2.1 of
chapter 3 and therefore are not completely explained in this section. Even so and as a
summary, at each discrete state, the MPC optimizes the operation of a given window
(prediction horizon) based on the predictions and measures of some parameters, calculating
the optimal trajectory and the control input (u(k)) for obtaining this optimal trajectory
during the whole window. Nevertheless, only the first point of this control input (uq(k)) is
applied to the system. At the next discrete state, the operation is repeated, shifting the
window but maintaining its length. The optimization executed to calculate the control input
is the optimization proposed and explained in the present chapter.
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Thus, the MPC runs the optimization every discrete state to obtain the optimal storage
system power (P, (k)) and the optimal market participation power profile (P (k)).

Nevertheless, the market participation offer (Eé%{'ered (k) and cé%{'ered (k)) is sent to the

market operator (MO) at the last discrete state where each intraday market session is

IMj
send *

opened, at k

These MPC references are applied to the IPV power plant model, where the PV and ESS
models are included. As it has been mentioned before, the LP optimization does not take
into account the efficiency of the storage system (to be a linear programming optimization).
But in the model of the IPV power plant, where the MPC applies its calculated references,
this efficiency term (n) is included. The efficiency of the storage system is directly
proportional to the charging power and inversely proportional to the discharging power.
Therefore, the equations that model this system are Eqg. 4.50 and Eq. 4.51, respectively.

Ebat (t) = Ebat (t - At) + Pbat (t) n- At Eq. 4.50

Pbat (t)

Epgr (t) — Epge (t — At) — At =0 Eqg. 4.51

The introduction of this detailed model of the battery comprises a SOC reduction (or a
SOC increase) because when the controller requires a given power value to the storage
system (a discharge), in order to provide this amount at the output, a higher value is
extracted from the battery. This causes a higher SOC reduction than the expected one by
means of the optimization process. For that reason, the SOC is recalculated once the
efficiency of the battery is applied, to include the detailed SOC value to the next MPC
optimization step, as it can be shown in Figure 4.11.

4.3.2. Market participation based on MPC with optimal strategy

In this section the IPV power plant market participation analysis is presented. This
market participation analysis is executed considering the optimal 433 kWh storage system.

The analysis of the results of the market participation is based on a four day simulation,
as presented in Figure 4.13. It is the same example as the one used in chapter 3, presented
in Figure 3.11. As it can be observed, the presented simulation is oriented to explain the
second day (day d) market participation. For doing so, the simulation must start the first day
(day d — 1) in order to participate in the daily market. Therefore, once the daily market offer
has been sent (before midday of day d — 1), the MPC starts its operation. From this point, to
include the 24 hours of operation horizon of the day d, 36 hours of MPC horizon is needed.
This horizon is also required due to the fact that the intraday session S1 has 27 hours of
length plus the period of time up to market session closing (more than 29 hours). The MPC
prediction horizon is depicted in the sliding red rectangles of Figure 4.13. The selected
sample time is 10 minutes. This value has been selected as the tradeoff between
computational cost of the optimization and the desired simulation detail.
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Figure 4.13: Market participation example of the second day (day d) with the different markets operation hours,
participation periods and MPC prediction horizon.

At each sample time of 10 minutes, the MPC calculates the optimal battery exchanged
power (P, (t)), considering the PV generation to maintain the market cleared power, which
is the IPV plant power reference profile (P;”-d (t)). Just before closing the intraday 1 market
session (blue square in Figure 4.13), the MPC calculates this market offer (when k = ké%}d ),
based on the last PV predictions, PV measurements and battery SOC. This process is
repeated at each intraday session, knowing that each intraday operation horizon is different.
As the intraday markets are solved closer to their operation starting time, the PV prediction
could change and the participation on these markets permits to face the prediction changes
from their operation starting time. The operation is finished when the starting point of the

MPC prediction horizon crosses the end of the day d.

The simulations of this market participation are also implemented in MATLAB. The
presented optimization has been performed through the Optimization Toolbox [155]. The
whole simulation of a single day market operation is completed in around 15 minutes.

Some results of the explained market participation are presented in Figure 4.14, where
the simulation of two days market participation is carried out. The simulated days are
identical to the ones explained in chapter 3. The first day is detailed in Figure 4.14 a, b and c,
and is the day d presented in Figure 4.13, which represents a sunny day. The second one is
detailed in Figure 4.14 d, e and f and is the day d + 1 presented in Figure 4.13, which is a
cloudy day. Figure 4.14 depicts the market participation carried out in all the analyzed
markets, which are the daily and the six intraday markets. Figure 4.14 a and d show the PV
real generation and the PV predictions calculated by Eq. 3.11 and Eq. 3.12 as explained in
Chapter 3. Figure 4.14 b and e include the optimal market participation profile calculated to
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participate in every market, based on the PV prediction, the measured PV generation and
the SOC of the storage system. Figure 4.14 c and f depict the six intraday markets’ offers. The
vertical grey lines included in Figure 4.14 b, c, e and f are the moments where the different
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Figure 4.14: Online operation results.
The seasonal effect of the PV prediction (calculated in Eq. 3.11) is presented by the black

profile of Figure 4.14 a and Figure 4.14 d. This profile is applied to determine the daily
market participation offer. In the MPC operation, where the intraday markets are resolved,
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the PV prediction is calculated as in Eq. 3.12 and shown in the green profile. This profile is
closer to the real PV generation, and with this prediction the intraday markets could improve
the daily market cleared generation, maximizing the economic revenues.

Regarding Figure 4.14 b and e, the profiles included are the ones calculated by the
optimization of the MPC as optimal market profiles and the daily market offer. As it has been
mentioned before, the MPC takes into account the PV prediction, the PV measurement, the
SOC and the prices forecast. For that reason, an important power offer appears in all
markets in the hour 22 (from 21:00 to 22:00). This is because this hour is the most expensive
period in the Iberian Peninsula electricity market. This statement can be verified in Figure
2.15, on the second chapter. Therefore, the MPC decides to sell the overproduction stored in
the storage system in this hour.

After the daily market, the intraday S1 is resolved, and as this market can participate in
the last 3 hours of the previous day (it can be verified in Figure 4.13), the controller sells the
stored energy in the most expensive hour, once again the hour 22 (the first hour of the
intraday S1). This event can be shown by the blue profile in Figure 4.14 b and c for the sunny
day, and in the Figure 4.14 e and f for the cloudy day. In this intraday market, as it counts
with closer and better PV predictions, its market offer is the greatest one of all intraday
markets (around 200 kW during the sunny hours of the day).

As the PV prediction has not changed and there is no difference between the generation
estimation and the real generation during the night, the S2, S3 and S4 intraday sessions’
offers are almost zero, because it has already been cleared in previous markets (daily and
intraday session S1).

Until the discrete state where the intraday S5 is sent, there is little PV deviation from
the prediction to the real measurement, and for that reason, there is a little program change
in some hours (as it can be shown by the light blue profile of Figure 4.14 c and f).
Nevertheless, this change is not very representative.

In the intraday S6, there is a different incident in the sunny and in the cloudy day. In the
sunny day, the MPC has detected an important PV deviation that has overcharged the
storage system. For that reason, it decides to increase some hours’ market offer (depicted in
red profile of Figure 4.14 c) to counteract this event. Moreover, analyzing that it still has
some energy reserves in the storage system, it increases the offer of the most expensive
hour, the hour 22, maximizing again the economic revenues.

In the cloudy day, the MPC has detected the inverse effect, which is a reduction in the
PV generation. This event has discharged the storage system more than what it was
expected. This deviation is counteracted by the intraday S6 market participation (depicted in
red profile of Figure 4.14 f). The offer sent is a negative offer due to the fact that the storage
system does not have enough energy reserves to provide the before cleared target. This
negative offer reduces the potential penalties which are greater than the presented
purchase offer (a negative offer can be evaluated as a purchase offer).
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As a conclusion and as it is presented in Figure 4.14, the MPC is able to counteract some
predictions’ corrections, participating in the intraday sessions. As it can be identified in
Figure 4.14 c and f, the MPC has decided to participate in intraday session 1 selling some
amount of energy in the hour 22 of the day d — 1. As this is a traditionally expensive hour,
the participation on this hour is more beneficial than participating on the first hours of a
given day (cheap hours). Due to the same effect, both daily and intraday markets have also
calculated a selling offer to the hour 22 of the day under test, day d.

The economic results of the market participation are also analyzed in the present study.
The economic benefits obtained on three different cases are summarized in Figure 4.15. The
cases taken into account are: a) single day with perfect predictions cleared on daily market
(base case); b) single day with erroneous predictions using only the daily market for clearing
its erroneous predicted generation; and c) single day with erroneous predictions using the
daily market and correcting the PV deviations on the intraday markets applying the MPC
based on the optimization developed in the present chapter (simulation detailed in Figure
4.14).

As in the economic analysis carried out in chapter 3 (section 3.2.3), in this case the SOC
final value of every simulation is also taken into account to analyze a more objective
scenario. This assumption is carried out due to the fact that all simulations have started with
the same SOC value, but each one of them has finished with a different SOC value. This
difference in a SOC value indicates a difference in the amount of energy stored in the
storage system, and for analyzing the economic results in the most realistic way, this SOC
difference is included in the analysis. This SOC or energy difference is economically
quantified as the mean daily market price which is 42.12€/MWh in the lberian Peninsula
market of 2014 [147]. Therefore, including also this SOC final value effect, the related
benefits depending on predictions and markets’ participation are presented in Figure 4.15.

Related benefits depending on predictions and markets participation
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Figure 4.15: Economical results relation between different simulations.
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These economic results are calculated based on the daily market, intraday markets and
positive and negative deviation penalties’ prices of Iberian Peninsula market in 2014 [147].
These values are explained in chapter 2.

The results show how the unique daily market participation considering erroneous
prediction can reduce the benefits around 5% in a sunny day and around 1% in a cloudy day,
while the MPC based intraday market participation improves these results. Applying the
MPC presented in this chapter (which optimizes the participation taking into account the
storage system SOC and its degradation, the PV prediction and the measured real generation
and the market prices forecast), the economic results are improved by around 3% in a sunny
day and maintains them around 99% in a cloudy day, compared to the second scenario.
Compared to the base case, both types of days (sunny and cloudy) have obtained around
99% of potential benefits. Assuming that the base case is the ideal scenario, this result (99%)
corresponds to a very positive result. This is due to the fact that the MPC has compensated
the PV deviation participating in some hours when there is no PV generation but the storage
system energy reserves have provided the possibility to sell some energy in other more
expensive hours of the day.

Therefore, the intraday market participation carried out by the MPC for reacting to PV
uncertainties provides the opportunity to obtain important benefits that justifies the
development of the control algorithm.

4.4.Market participation comparison with RB and optimal
control strategies

In this section the comparison of the both control strategies presented before, which
are related to their market participation, is carried out. The two presented control strategies
are the one based on rules (explained in Chapter 3) and the optimal one (explained in the
present chapter). The comparison is based on the market participation profile and the
economic results.

4.4.1. Market participation comparison

Regarding the market participation comparison, both sunny and cloudy days are
compared. In both cases, on the left side of the figures the rules based control strategy
results are presented while in the right side the results of the optimal control strategy are
presented. It is worth mentioning that each strategy is implemented in a different IPV power
plant (with different ESS capacity value), and for that reason, the objective of this
comparison is to analyze the philosophy of both strategies, more than the power
capabilities, that are influenced by the ESS.
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4.4.1.1. Sunny day comparison

The results of the sunny day are compared in this section in the Figure 4.16. In the upper
part of the figure, the PV real generation and the used different predictions are presented. In
the middle part, the predicted market profiles after different market sessions are presented,
while at the bottom of the figure, the intraday sessions’ offers are included.
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Figure 4.16: Market participation results of the sunny day with both control strategies: rules based and optimal strategy.

The first difference between the RB and the optimal control strategy is that for the RB
strategy, the CF is applied to compensate the prediction errors in the online operation and it
is not applied on the optimal control strategy. As the RB strategy only takes into account the
PV prediction to calculate the market participation profiles in order to participate in the
following intraday markets, the CF is needed to compensate the generated errors (between
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the PV prediction and real measurements). These errors (caused by PV generation deviation)
cause a variation of the SOC of the storage system, and as the optimization strategy also
takes into account this factor (the SOC), it does not need the CF to be able to compensate
the unexpected generated errors. The optimal control strategy, when it measures a lower
SOC value, it reduces the following markets’ participation in order to recover the SOC
reference value and indirectly, to avoid the penalties. This is the main difference regarding
the PV predictions for both strategies.

Analyzing the purely market participation operation, there is a relevant difference
between one strategy and the other. As it has been mentioned before, as the RB strategy
only takes into account the PV generation prediction in order to calculate the market
participation profile, it does not optimize the economic revenues; it only obtains the
revenues of the hours when there is PV generation. When the PV predictions change, the RB
control strategy changes its market participation profile, increasing or decreasing the
previously cleared profile. It can be observed that with a change in the PV prediction before
participating in the intraday session S1, the RB strategy proposes an incremental production
offer. This offer can be observed by the blue profile of Figure 4.16 c and f. The same effect
happens in the discrete state when the intraday session S6 is proposed, and it is presented
by the red profile of Figure 4.16 c and f.

Moreover, the optimal control strategy, as it takes into account the market prices, the
SOC of the storage system, and the produced error between the actual PV generation and
the prediction, is able to counteract these events, adapting the intraday sessions offers to
each optimal scenario. Also, as it considers the market prices, it decides to participate in the
most expensive hour of the day in all intraday sessions. But it is worth mentioning that as the
intraday session S1 starts with the most expensive hour of the day, the hour 22, between 9
p.m. and 10 p.m., the optimization of the revenues is still more important than the one
obtained with the RB strategy.

As a conclusion just for the control strategy comparison, it can be summarized that the
RB strategy is able to react to PV prediction changes but the optimal strategy not only takes
into account this information but is also able to react to PV generation changes, market
prices changes or SOC variations.

4.4.1.2. Cloudy day comparison

Analyzing the control strategies for the cloudy day, the overall results are similar with
some minor changes. The control strategies visual comparison is presented in Figure 4.17.

In this case, the error generated between the PV prediction and the real measurement,
results in a negative CF value. This causes a negative intraday session S6 offer based on the
RB strategy. The same effect is counteracted in the optimal strategy with a negative market
offer in the most expensive hour of the day, during hour 22, reducing the revenues but
avoiding more relevant penalties, obtaining the most beneficial scenario with this offer.
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Figure 4.17: Market participation results of the cloudy day with both control strategies: rules based and optimal strategy.

The conclusions are the same as the ones stated for the sunny day, with a little
difference of sign for the intraday session S6 offer. This negative offer can be considered as a
purchase offer, as it is proposed by a generator. This operation is typical in renewable based
generators, in order to reduce their program due to more detailed predictions. Moreover, it
is worth mentioning an original effect appearing in the optimal strategy. As the optimal
scenario includes a relevant amount of energy offer at the hour 22, this offer serves as a
buffer for the predictions’ deviation, as it can be observed in the right side (optimal strategy)
results of Figure 4.17.
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4.4.2. Economic comparison

The economic results of the market participation with both strategies are also analyzed
in this section. As it has been mentioned before, the RB control strategy is applied to an IPV
power plant with an ESS of 560 kWh, while the optimal control strategy is applied to an IPV
power plant with an ESS of 433 kWh, which is the optimal sizing value. As the scenarios are
different, the economic comparison is presented in absolute values of obtained benefits,

instead of in relative values as presented in the chapter 3 and in the before section of this
chapter.

The obtained economic benefits are calculated for the three different cases analyzed in
previous comparisons and are presented in Figure 4.18. The cases taken into account are:
a) single day with perfect predictions participation only in the daily market (base case);
b) single day with erroneous predictions using only the daily market for clearing its
erroneous predicted generation; and c) single day with erroneous predictions using the daily
market and correcting the PV deviations on the intraday markets applying the MPC. Each of
these three cases is simulated for a sunny day and for a cloudy day, and also using RB
strategy and optimal control strategy.
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Figure 4.18: Economic results relation between different simulations.

These economic results are calculated based on the daily market, intraday markets and
positive and negative deviation penalties prices of Iberian Peninsula market of year 2014
[147], the ones presented in chapter 2.

The results show different conclusions. First of all, as Figure 4.18 is presented in
absolute values, it is demonstrated that the economic benefits of the sunny days are greater
than the ones of the cloudy days. Moreover, it has to be mentioned that with the erroneous
predictions the economic benefits’ reduction is not very large (between 1 and 5%) due to the
fact that the penalties prices are close to the market prices. This fact can be verified in Figure
2.15 and Figure 2.17 of chapter 2.
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Analyzing the purely strategies’ results, in all cases the optimal strategy obtains better
results than the RB strategy, although the storage system of these scenarios is reduced by
23%, from 560 kWh to 433 kWh. This result demonstrates the advantage of the optimal
strategy that considers the whole system (PV predictions, PV measurement, SOC, electricity
market prices) compared to a strategy that only considers the PV predictions.

Regarding the use of the MPC, the results are also positives, due to the fact that in all
cases, with RB and mainly with optimal strategy, the economic benefits are very close to the
ideal scenario, which is the base case of perfect predictions. Moving the benefit closer to the
ideal scenario is the most interesting result that can be obtained in this study, and in this
case, the benefits have increased up to 99% of the ideal scenario.

Finally, assuming this benefits’ increase from erroneous prediction but considering the
use of MPC with the optimal strategy, the benefits’ increase every year about 3000€, in
addition to the ESS reduction.

4.5.Conclusions

This forth chapter contains the main contributions of the present PhD work. The market
participation based on the optimal control strategy and the optimal storage system sizing
are the objectives that have been presented in the general introduction, and they have been
explained and developed in this chapter.

First, the procedure of the optimization has been presented and explained in detail. This
procedure includes the details for carrying out both optimal sizing and control of the
selected application. The co-optimization process includes the problem identification, the
objective function explanation, the design variables selection and lower and upper bound
identification, constraints analysis considering inequalities and equalities, algorithm
application and simulation execution process explanation. Within these equations the model
of the storage system degradation is included (considering both cycling and calendar
degradation) together with its operation equation and market operation behavior equation.
The objective function includes some terms of the whole economic model presented in
chapter 2. The main contribution of the proposed optimization procedure is that both sizing
and control strategies variables have been included, having the possibility to run a single
optimization which calculates the optimal sizing with the optimal control strategy.

After the model explanation, the sizing and control strategy steps have been presented,
considering the two stages that need to be followed, which are the design stage of the IPV
power plant, defining the size of the storage system; and the operation stage where the size
of the storage system has been already fixed and the optimal control strategy has been
calculated in order to obtain the maximum economic revenues from the market
participation of the whole IPV power plant.
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Once these stages have been determined, the results of the optimization have been
presented, analyzing the results for obtaining the optimal sizing, together with the results of
the control strategy. This control strategy has been afterwards included in the market
participation based on the MPC, where the operation has been described and the results
related to this participation have been also presented. These results are related to each
market participation offers (daily market and the six sessions of the intraday market) and
also related to the economic benefits. The market participation has been presented for two
different days, a sunny and a cloudy day, demonstrating the correct operation of the optimal
control strategy in both cases and the relevant improvement gap obtained from the daily
market participation case, as presented in Figure 4.15.

Considering that the base case (perfect predictions) is the ideal scenario, reaching 99%
of that value represents a very positive result. This is due to the fact that the MPC has
compensated the PV deviation participating in some hours when there is no PV generation
but the storage system energy reserves have provided the possibility to sell some energy in
other more expensive hours of the day. Therefore, the intraday market participation carried
out by the MPC for reacting to PV uncertainties has provided the opportunity to obtain
important benefits that justifies the development of the control algorithm.

Finally, the results of the presented optimization process and market participation have
been compared to the ones presented in chapter 3 where the control strategy has been
developed based on the analyzed RB strategy. This comparison shows the good results of the
market participation based on rules, and the still better results of the proposed optimization
process. The economic results have been improved from the cases where the MPC is not
used, and also from the cases where the optimal strategy is not used. Thus, the results
applying the MPC with the optimal control strategy have reached also 99% of the ideal
scenario results, which is an important benefits increase compared to a case without those
algorithms. This case of optimal based MPC has increased the benefits while it has reduced
the ESS size of 23%, demonstrating that the optimization based MPC permits to increase the
benefits in a considerable way.
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5. Real time validation of the rules
based and the optimal control
strategies

This fifth chapter presents the real time validation carried out in a Hardware-in-the-Loop
(HIL) platform. The objective of this chapter is to demonstrate the possibility of
implementation of the control strategies developed and described in chapters 3 and 4 to
participate in the electricity market in a commercial real-time IPV controller device.

In the fourth chapter, the optimal sizing of the energy storage system that composes an
IPV power plant has been calculated. The obtained results show a lifetime of 8 years (as it is
presented in Figure 4.8 of chapter 4), working as the optimization required conditions. These
conditions are the ones that calculate the optimal control strategy. This strategy is calculated
to extend the lifetime of the storage system and, in the general point of view, it is also
calculated to obtain the greatest benefits of the whole system during the complete lifetime
of the IPV power plant.

Unfortunately, neither the optimal sizing nor the optimal strategy can be validated in
some days, weeks or months, because the optimal strategy is calculated for the whole
lifetime of the system, which is of several years. This validation horizon exceeds the time
horizon of this PhD work. Therefore, the optimal sizing and the economic optimality of the
control strategy cannot be directly validated in the scope of this PhD.

Nevertheless, the real-time operation conditions of the optimal control strategy and the
rules based (RB) control strategy can be validated and it is validated in this chapter. Thus, the
algorithms of the control strategies are conceptually validated. Moreover, in the case of the
optimal control strategy, at every discrete state, an optimization must be carried out, and
the possibility to do these optimizations as fast as the selected discrete state is also
demonstrated.

Furthermore, from the simulation of a given control strategy to its application in a real
system, different steps should be followed. The real time validation is an intermediate step
that facilitates the transition from the simulation to the real application.

This validation chapter is composed by the general description of the validation
platform, the description of the market participation results with the RB control strategy,
and the description of the market participation results with the optimal control strategy.

5.1.General description of the validation platform

In the present real time validation, the used platform is composed with a simulated IPV
power plant controlled by a real industrial controller, a PLC (Programmable Logic Controller).

145



5. Real time validation of the rules based and the optimal control strategies

This controller is managing the real PV power plant presented in chapter 2. It is an actual
hardware part of the system, programmed and constructed to be able to control a real IPV
power plant. Therefore, the validation platform used in this PhD work is very close to the
real application, due to the fact that the implemented control strategies can be directly
uploaded in the PLC. An overall picture that presents the whole platform is shown in Figure
5.1.
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Figure 5.1: Real time validation platform picture.

5.2.Results of the market participation based on RB strategy

In this section, the possibility to run the RB control strategy in the Hardware-in-the-Loop
platform is validated. To do so, firstly, the validation platform architecture is described and
secondly, the results of a sunny and a cloudy day’s real time operation are presented,
validating in this way, the possibility to participate in electricity markets with the RB control
strategy.

5.2.1. Description of the validation platform architecture

From the complete platform presented in Figure 5.1, not all the devices are used for the
validation of the RB control strategy. In this case, the used devices and their main functions
are summarized as follows:
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e PIP8: IPV power plant and grid electric models real time emulation.
e PLC: IPV power plant control based on market cleared references and IPV power
plant measurements.

e Main computer: control references and IPV power plant measurements
monitoring, the PV prediction update and the market participation.

Therefore, the diagram to carry out this validation is the one presented in Figure 5.2.
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Figure 5.2: Market participation validation scenario based on the RB control strategy.

As it is shown in Figure 5.2, the PLC controls the IPV power plant model (presented in
chapter 3) included in the PIP8 and the IPV power plant measurements are sent back to the
PLC. The main computer carries out the market participation process and, based on this
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process, the market cleared references are transferred to the PIPS8, in order to control the
IPV power plant providing the cleared power references. The main computer also manages
the monitoring of all important parameters as the market cleared references, the power
references sent from PLC to the PIP8 and the IPV power plant measurements (Py,iq, Ppy,

Pyo:, SOC, SOH, Pyt ).

In this validation step, the electrical parameters of the IPV power plant model included
in the PIP8 are the ones summarized in Table 5.1.

Table 5.1: Implemented IPV power plant electrical parameters.

Parameter description Value
Maximum power of PV inverter 1MW
Maximum power of battery inverter 1MW
Maximum battery charge power 1MW
Maximum battery discharge power 1 MW
Battery nominal capacity 560 kWh
Limited maximum SOC 90%

Limited minimum SOC 10%
Initial SOC 50%
Initial SOH 100%

Once the IPV power plant electrical parameters have been defined, the simulation
characteristics must be explained. In this case, as the market participation is carried out
based on the PV predictions and without taking into account the storage system state of
charge of the IPV power plant, the market participation profile is just the same compared
with the one calculated in chapter 3. For that reason, and considering that the cleared
profile is centered in the 13 hours of the middle of the day (from 6:00 am to 19:00 pm), the
real time simulation is carried out considering a time horizon of 15 hours. To maintain the
real scope, each real minute is simulated as a second. Therefore, the 15 hours of the real
time validation are simulated in 15 minutes. The details of the simulation characteristics are
presented in Table 5.2.
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Table 5.2: Simulation characteristics of the market participation based on RB strategy.

Parameter description Value
Ts 0.25ms
Real time simulation length 900s
Real reference time length 15 hours
Starting time 5:00 am

5.2.2. Results of a sunny day market participation process

The results of a sunny day market participation process are presented in this section.

Firstly, the inputs of the process are presented. As the market participation process is
calculated based on the PV predictions, the market profile which is the reference for the IPV
power plant is calculated as presented in chapter 3. The other input is the real PV
generation, which is also presented in chapter 3. Both profiles for a representative sunny day
are depicted in Figure 5.3.
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Figure 5.3: Market cleared and the PV generation inputs of the validation for a sunny day.

As it can be shown in Figure 5.3, the market profile is below the PV generation profile
during the middle day hours and this difference is counteracted in the final hours of the day,
with an increased market profile.

Once the inputs of the model have been introduced, the operation carried out in the
validation scenario is presented. The included profiles are the ones included in the last figure
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(Figure 5.3, Ppy and P, ) together with the storage system power profile (Pgss) and the
generated IPV power plant output power profile or grid provided power profile (P ;q ).
These results are presented in Figure 5.4.
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Figure 5.4: Sunny day operation based on RB control strategy.

Figure 5.5 represents the SOC variation of the storage system for providing the power
profile shown in Figure 5.4. Both figures must be jointly analyzed to understand the whole
day operation.
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Figure 5.5: Storage system SOC variation corresponding to a sunny day operation based on RB control strategy.

As it can be extracted from Figure 5.4, the IPV power plant perfectly follows the market
profile every time the battery is within its operation condition bounds (included in Table
4.1). In the morning hours, as the battery SOC starting point is considered to be 50% of SOC,
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it follows the market cleared profile, absorbing or providing the necessary energy to
maintain the grid power matching with its reference. The following hours overcharge the
storage system until its maximum SOC, and from this moment on, the whole IPV power plant
provides the PV generation, as the ESS is not able to absorb more energy and the PV
generation is above the market cleared reference. After 3 hours, the market cleared
reference is greater than the PV generation and from this moment on the storage system
starts providing energy to maintain again the reference profile. During this period of time,
the storage system is discharging very fast which causes the complete discharge of the
storage system and once again the grid output power is only the PV generation, but for the
contrary effect. The ESS is fully discharged and the output generation is the remaining PV
generation until the sunset.

Therefore, the conclusion of the operation is that the storage system energy
collaborates to maintain the market cleared power profile every time it is within its limiting
bounds. When this stored energy is not enough, the output power is the PV generation
profile. This effect (to not provide the cleared market profile) is the one that causes
penalties.

Figure 5.6 shows the market profile and the finally provided grid profile to verify the
matching time and to observe the hours that have produced a given penalty due to the
saturation of the storage system.
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Figure 5.6: Market cleared and grid provided power profiles on a sunny day (RB control strategy).
During this day, there are three hours with positive penalties, which means that the
generation is above the cleared profile, and there is one hour with negative penalty, which
means that the generation is below the cleared profile.
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The economic evaluation of this market participation based on the market prices of the
Iberian Peninsula electricity markets is the one presented in chapter 3, in section 3.2.3 and in
Figure 3.13 (sunny day).

5.2.3. Results of a cloudy day market participation process

As in the sunny day’s market participation process, the results of the cloudy day are also
presented in order to analyze the market participation process and the IPV power plant
operation.

As in the previous case, the inputs of the market participation based on the RB control
strategy are the market cleared profile and the PV generation profile presented in Figure 5.7.
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Figure 5.7: Market cleared and the PV generation inputs of the validation for a cloudy day.
In this case, the generation of several hours of the day is below the market cleared

reference, with important variability and restrictive peaks that it is supposed that will rapidly
discharge the storage system.

The operation of the IPV power plant based on the RB control strategy is presented in
Figure 5.8. As in the sunny day case, this figure depicts the PV generation profile, the market
cleared profile, the ESS power profile and the IPV power plant output power profile or grid
provided profile.

Together with this figure, the following Figure 5.9 shows the storage system SOC
variation, which corresponds to the power profile needed and presented in Figure 5.8.
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Figure 5.8: Cloudy day operation based on RB control strategy.
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Figure 5.9: Storage system SOC variation corresponding to a cloudy day operation based on RB control strategy.

In this case, as in the previous case, while the battery SOC is within its limits, the grid
output power of the whole IPV power plant matches perfectly with the cleared reference
power profile. This happens from the dawn until 1 pm. During this period of time, there are
several peaks which demand an important power requirement to the storage system (with a
maximum peak about 400 kW). The storage system is able to provide this peak and also to
vary its operation from providing energy to continuously absorbing energy as it can be
verified between 11 am and 1 pm. Around 1 pm, the storage system is completely
discharged, and for that reason the output power of the IPV power plant is directly the PV
generation. At 2 pm and at 2.45 pm, there are two little peaks of PV generation that
overpass the market cleared reference and they are used to charge the ESS. From 3 pm on,
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the PV generation is still very variable with important peaks (around 400 kW), but above the
market cleared power reference, which charges the storage system and matches in this way
the output power with the cleared reference until the sunset.

Therefore, the conclusion of the operation is the same as the one of the sunny day
operation, which is that the storage system energy collaborates to maintain the market
cleared power profile, every time it is within its limiting bounds. When this stored energy is
not enough, the output power is the PV generation profile. This effect causes penalties.

Figure 5.10 shows the market profile and the finally provided grid profile in order to
verify the matching time and to observe the hours that have produced a given penalty due
to the saturation of the storage system.
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Figure 5.10: Market cleared and grid provided power profiles on the cloudy day.

In this cloudy day, there are three hours that have produced some negative penalties,
which means that the generation is below the cleared profile.

The economic evaluation of this market participation based on the market prices of the
Iberian Peninsula electricity markets is also the one presented in chapter 3, in section 3.2.3
and in Figure 3.13 (cloudy day).

Therefore, by means of the presented results related to the RB control strategy that has
been carried out in the real time validation platform, it has been demonstrated that the
developed control strategy is able to be executed in an industrial PLC in order to manage a
real IPV power plant, assuming that the PLC that has been used can be installed in a real IPV
power plant, which is the case of the IPV power plant described in chapter 2.
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5.3.Results of the market participation based on optimal
strategy

In this section another configuration of the platform is presented in order to validate the

possibility of running the optimal control strategy to participate in electricity markets. To do

so, the tertiary computer presented in Figure 5.1 is used to execute the optimization

process. Together with the new platform configuration and its description, the market

participation process results corresponding to a sunny and a cloudy day are presented.

5.3.1. Description of the validation platform architecture

The necessary devices to carry out the present validation are the ones included in the

following list, where their main tasks are also summarized:

PIP8: IPV power plant and grid electric models real time emulation.

PLC: IPV power plant control based on market cleared references and IPV power
plant measurements.

Main computer: control references and IPV power plant measurements
monitoring, the PV prediction update and the market participation
communications (from the tertiary computer to the PLC).

Tertiary computer: it runs the developed optimization process (chapter 4) to
calculate the optimal market participation offers and battery power references.

Figure 5.11 presents a diagram explaining the task of each device and the information

sent from one device to the others. Therefore, this scenario presents a real market

participation system, which is able to manage a real IPV power plant and is also prepared to

participate in electricity markets through the tertiary computer.
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Figure 5.11: Market participation validation scenario based on the optimal control strategy.

As it can be shown in Figure 5.11, the PLC controls the IPV power plant model included
in the PIP8 as it has been presented in chapter 4. The measurements of the IPV power plant
are sent back to the PLC in order to close the control loop. The main computer sends to the
PLC the market cleared references based on the market participation process optimally
executed in the tertiary computer. As it has been mentioned before, this optimization based
market participation process presented and analyzed in chapter 4 is the main contribution of
this PhD work. This market participation is carried out taking into account some internal
variables of the IPV power plant as the PV prediction, PV real measurement, and the SOC
and the SOH of the storage system. Therefore, based on this optimization based market
participation process the market cleared optimal references are transferred from the
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tertiary computer to the main computer, and from the main computer to the PLC in order to
be able to control the PIP8 or the IPV power plant, based on its internal controller. Also in
this case, the main computer manages the monitoring of all important parameters like the
optimal market cleared references, the power references sent from the PLC to the PIP8 and
the IPV power plant measurements (Py,iq, Ppy, Pper, SOC, SOH, Py ).

In chapter 4, the sizing of the storage that composes the IPV power plant has also been
optimized and for that reason, the electrical parameters of the IPV power plant model
included in the PIP8 to validate this market participation process are different from the
previous validation (the storage system sizing is reduced from 560 kWh to 433 kWh). These
characteristics are summarized in Table 5.3.

Table 5.3: Implemented IPV power plant electrical parameters.

Parameter description Value
Maximum power of PV inverter 1MW
Maximum power of battery inverter 1 MW
Maximum battery charge power 1 MW
Maximum battery discharge power 1MW
Battery nominal capacity 433 kWh
Limited maximum SOC 90%

Limited minimum SOC 10%
Initial SOC 50%
Initial SOH 100%

Once the IPV power plant electrical parameters have been defined, the simulation
characteristics must be introduced. In this case, as the market participation is composed by
the daily market, which is defined before midday of the day d — 1, the necessary simulation
length corresponds to two following days: the first day to participate in some markets (daily
and the first two intraday markets) and the second day to operate the IPV power plant and
to continue participating in the rest of the intraday markets.

In order to maintain the real scope, each real minute is simulated as a second.
Therefore, the 48 hours of the real time validation are simulated in 48 minutes. The details
of the simulation characteristics are presented in Table 5.4.
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Table 5.4: Simulation characteristics of the market participation based on optimal strategy.

Parameter description Value
Ts 0.5ms
Real time simulation length 2880s
Real reference time length 48 hours

5.3.2. Results of a sunny day market participation process

Once described the real time validation platform where the market participation based
on optimal control strategy is applied, in this section, the results of a sunny day market
participation process are presented.

In this case, the inputs of the IPV power plant are the market cleared profiles and the PV
generation profile. The market cleared profiles are the ones that have been calculated in the
tertiary computer to obtain the optimal market participation process. Although these
profiles are presented all together, each one of them is obtained in a different moment with
different storage system and PV predictions conditions. The market cleared profiles obtained
in the tertiary computer based on the optimal market participation are presented in Figure
5.12.
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Figure 5.12: Optimal daily and intraday markets participation calculated in the tertiary computer (sunny day).
As it can be concluded from Figure 5.12, the daily market clears a typical PV generation

bell (around 500 kW) and the first session of the intraday market clears another important
generation area (around 200 kW during the whole part of the day). Moreover, as the
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intraday 1 is able to participate in the last three hours of the previous day and one of these
three hours is the most expensive hour of the day, it calculates an offer from the energy
stored in the ESS. Apart from that, all markets reserve an important energy amount for the
most expensive hour of the day under consideration (hour 22). That is why all markets make
an offer in this hour. The last market that operates in this day is the intraday 1 of the
following day, which in this case has reduced the market offer of the hour 22 due to the SOC
of the storage system.

Once the market participation profiles have been presented, the operation carried out
in the validation scenario is described. Four profiles are included: the addition of the market
participation profiles (from Figure 5.12) that compose the market cleared reference profile;
the PV power profile; the storage system power profile; and the generated IPV power plant
output power profile (or grid provided power profile). These results are presented in Figure
5.13. Figure 5.14 represents the SOC variation of the storage system for providing the power
profile shown in Figure 5.13.
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Figure 5.13: Sunny day operation based on the optimal control strategy.
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Figure 5.14: Storage system SOC variation corresponding to a sunny day operation based on the optimal control strategy.

Both figures (Figure 5.13 and Figure 5.14) must be jointly analyzed in order to
understand the whole day operation. Once again, as in the previous validation, it can be
stated that the IPV power plant perfectly follows the market profile while the battery is
within its operation condition bounds (included in Table 5.3).

First of all, as the most beneficial hour is the hour 22, the IPV power plant provides
some amount of energy discharging in this way the ESS. It is not a complete discharge in
order to be able to react in the presence of any unknown effect and for that reason the
optimal strategy decides to discharge the storage system until the 30% of SOC.

In the morning hours, the first objective is to recharge the storage system for future
events. So, the IPV power plant output power follows the market cleared profile, absorbing
or providing the necessary energy to maintain the grid power matching with its reference
while it is also charging. From 9 am on, there is an unexpected PV generation that
overcharges the storage system until its maximum SOC value. The next intraday market to
react to this effect is the intraday 6 that is resolved around midday but that starts in
operation at 3 pm. As it can be verified in Figure 5.12, the intraday 6 has an important offer
to resolve this fact.

During this period of time, as the PV generation is maintained above the cleared market
profile, the storage system is maintained saturated in its upper bound. Moreover, the whole
IPV power plant directly provides the PV generation as the ESS is not able to absorb more
energy.

At 3pm the last market starts in operation (the intraday 6) and the storage system
discharges its energy providing a greater market value than the one of the PV generation
while maintaining again the grid provided profile to the cleared one until the sunset. At this
point, the energy of the storage system is reserved again to the most expensive hour of the
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day (hour 22), and at this period of time, it provides an amount of energy to discharge the
storage system at the most expensive hour of the day.

Therefore, the conclusion of the operation is that the most expensive hour of the day is
selected to discharge an important part of the storage system in order to obtain the highest
benefit, which shows how the optimal market participation has been searched.

The last figure to verify the validation of the market participation based on the optimal
control strategy is the one presented in Figure 5.15. This figure shows the optimal market
profile and the finally provided grid profile to verify the matching time and to observe the
hours that have produced a given penalty due to the saturation of the storage system.
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Figure 5.15: Market cleared and grid provided power profiles on a sunny day (optimal control strategy).

In this day, there are several hours that have produced some positive penalties, which
means that the generation is above the cleared profile. This is due to an unexpected PV
generation excess and it is counteracted in the next intraday market session. Moreover, the
market participation has selected the most expensive hour of the day, which maximizes the
obtained benefits.

The economic evaluation of this market participation based on the market prices of the
Iberian Peninsula electricity markets is the one presented in chapter 4, in section 4.3.2 and in
Figure 4.15 (sunny day).

5.3.3. Results of a cloudy day market participation process

As in a sunny day’s market participation process, the results of a cloudy day are also
presented here, analyzing the same power profiles. They have been analyzed starting from
the optimal market participation of all markets (daily and intraday markets) and finishing
with the grid provided power profile in order to analyze the economic aspects of the
presented optimal market participation.
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The optimal market cleared profiles calculated by the tertiary computer are the ones
presented in Figure 5.16. As in the sunny day case, there are several important details that
demonstrate the optimal market participation. It can be summarized that the daily market
clears a typical PV generation bell and the first intraday session also clears an important
amount of energy during the whole part of the day in order to increase the market
participation due to better and more current prediction. Also in this cloudy day case, the
intraday session 1 has participated in the most expensive hour of the previous day, which is
the first hour in which it is able to participate. This generation is extracted from the energy
stored in the ESS.

In this cloudy day case, all markets profiles also reserve an important amount of energy
for the most expensive hour of the day under consideration (hour 22). This can be verified in
Figure 5.16. Therefore, as in the previous case, the last market that operates in this period of
time is the intraday 1 of the following day, which in this case has reduced the market offer of
the hour 22 to reserve some of the stored energy for the following day’s operation.

Different markets offers” profiles
800 : : 5

DM M1 M2 M3 M4 IM5 IM& M1
600 |

400 ¢

200 |

Power [kKW)]

6 20 0 4 8 12 16 20 0

Day time [h]
Figure 5.16: Optimal daily and intraday markets participation calculated in the tertiary computer (cloudy day).
Once the market participation profiles have been presented, the operation carried out

in the validation scenario is shown. The included profiles are the same four curves as in the
sunny day results analysis. These results are presented in Figure 5.17.
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Figure 5.17: Cloudy day operation based on the optimal control strategy.

Figure 5.18 represents the SOC variation of the storage system for providing the power
profile shown in Figure 5.17.
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Figure 5.18: Storage system SOC variation corresponding to a cloudy day operation based on the optimal control
strategy.

As in the previous case, both figures (Figure 5.17 and Figure 5.18) must be jointly
analyzed in order to understand the whole day operation.

First of all, thanks to the intraday session 1, the first hour able to participate is the hour
22 of the previous day. As this hour is the most beneficial hour of the day, the IPV power
plant provides some amount of energy discharging in this way the ESS. As in the sunny day
case, it is not a complete discharge in order to reserve some energy to be able to react in the
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presence of an unexpected effect. Nevertheless, this SOC value (around 32%) is calculated by
the optimization algorithm, maintaining the SOC within the thresholds of maximum and
minimum values included in the Table 5.3.

In the morning hours, also as in the sunny case, the first objective is to recharge the
storage system for future events. So, the IPV power plant output power follows the market
cleared profile, absorbing or providing the necessary energy to maintain the grid power
matching with its reference while it is also charging. Around 11 am, several clouds
dramatically reduce the PV generation while the storage system maintains the market
cleared profile. Its SOC is rapidly reducing in order to arrive to the lower SOC bound at about
12:30 pm. From this moment on, the IPV power plant output power is directly the PV
generation producing cost penalties. In this case, the next intraday market to react to this
effect is also the intraday 6 that is resolved at 12:45 pm (Table 1.2) but that starts in
operation at 3 pm. As it can be verified in Figure 5.16, the intraday 6 has an important
negative offer (around 150 kW during the rest of the day) to resolve this fact.

When this market has started its operation, the SOC has increased until middle values
(around 50%) to be prepared for the most expensive hour of this day, once again the hour
22. At this period of time, it provides an amount of energy to discharge the storage system
at this expensive hour.

The conclusions of this market participation are the same as the ones obtained in a
sunny day. As the market participation is the optimal one, it tries to reduce the penalties and
also participates in the most expensive hours of the day in order to obtain the highest
benefits.

The last figure to verify the operation of the market participation based on the optimal
control strategy is the Figure 5.19. This figure shows the optimal market profile and the
finally provided grid profile in order to verify the matching time and to observe the hours
that have produced a given penalty due to the saturation of the storage system. The hours
that have produced the penalties are the hours when the cloudy effect has undergone and
when the stored energy is not sufficient for such a cloudy day.
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Figure 5.19 Market cleared and grid provided power profiles on a cloudy day (optimal control strategy).

In this day, there are three hours that have produced some negative penalties, which
means that the generation is below the cleared profile. This is due to the unexpected PV
generation reduction caused by the clouds effect. This fact is counteracted in the next
intraday market session. Moreover, the market participation has selected the most
expensive hour of the day (hour 22), which maximizes the obtained benefits.

The economic evaluation of this market participation based on the market prices of the
Iberian Peninsula electricity markets is the one presented in chapter 4, in section 4.3.2 and in
Figure 4.15 (cloudy day).

As a conclusion, by means of the presented results related to the optimal control
strategy that has been carried out in the real time platform, it has been demonstrated that
the developed optimal control strategy is able to be executed in an industrial PLC in order to
manage a real IPV power plant. Moreover, this optimal control strategy, that increases the
obtained benefits, is able to increase the viability of the IPV power plants, increasing in this
way, the renewable resources rate in energy mixes.

5.4. Conclusions

In this fifth chapter, the real time validation of the proposed market participation
process has been presented. The objective of this validation is to demonstrate the possibility
of implementation of the developed control strategies to participate in the electricity market
in a commercial real-time IPV controller device.

Two different control strategies to manage the market participation process have been
validated. The first one is the RB control strategy extensively described in chapter 3 and the
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second one is the optimal control strategy precisely detailed in chapter 4. Both strategies
have been implemented in a real time validation platform.

The strength of the present validation comes from the real PLC that has been used in
the platform, which provides the validation of the intermediate step from the simulation
based algorithms to the application of those algorithms in real systems. Thus, it can be
stated that the validation has been carried out in a scenario very close to the real
application, considering an IPV power plant real time conditions.

It has also been stated that the optimal storage system sizing cannot be verified nor
validated due to the fact that the validation horizon of this process exceeds the time horizon
of this PhD work, but the important fact has been the demonstration of the possibility to
participate in electricity markets and the control of the IPV power plant based on the
presented participation and control strategies.

Moreover, the simulations carried out in a single computer have been validated in a
hardware-in-the-loop system where the obtained results have been the same as the ones
obtained in the simulation step. This has been performed for both the RB control strategy
and the optimal control strategy, showing that the real time operation does not includes any
unexpected effect or delay in the whole IPV power plant.

In addition to that, in the optimal control strategy validation, the time steps of the
different markets (the daily one and the six sessions of the intraday market) have been
respected sending an offer and assuming a cleared power reference for the different horizon
of each market. This fact increases the reality of the current market participation application
managed by an IPV power plant.

As a main conclusion, the validation of the proposed market participation has been
demonstrated, offering the possibility to participate in electricity markets with the
developed process from today on. Moreover, the possibility to implement these strategies in
the same PLC that is controlling a real IPV power plant provides the reliability to the
proposed control strategies, both RB and optimal control strategies.

And, finally, as the optimal control strategy is also able to be implemented in a real IPV
power plant, it is able to increase the economic benefits of the IPV power plants increasing,
in this way, the renewable resources’ rate in energy mixes.
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Conclusions and future research lines

In this PhD study the optimal participation of IPV power plants in electricity markets has
been developed. To do so, BESS storage capability is used to reduce variability and provide
to the entire IPV power plant an increase in controllability. Based on such a system, a PV
power plant when associated with an energy storage system may provide different control
strategies to participate efficiently in the electricity markets. Moreover, a co-optimization
procedure has been developed to optimize both the sizing and the energy management
strategy in the same optimization step. The developed control strategies are included in an
innovative market participation process through the model predictive control, which
provides the possibility to participate in daily and intraday electricity markets.

The system on which the controllability of the whole IPV power plant must be relied, the
ESS, has a different operation behavior depending on how it is used. For that reason it is the
main and the most complicated system to be determined. That is why its sizing and control
has to be optimized to obtain the maximum benefits of the whole IPV power plant.

Therefore, the main contribution of this PhD is the development of a market
participation process where the ESS sizing and its control strategy is optimized to maximize
revenues based on the participation in the intraday markets by means of the model
predictive control, MPC.

Other contributions of this PhD study are summarized as follows:

A battery energy storage technology selection methodology proposition. After an
analysis about the most often used battery energy storage technologies, a selection
methodology has been proposed and applied to obtain that Lithium-ion technology is the
most appropriate storage technology to be used for the application considered in the
present PhD work.

The identification of the most beneficial electricity markets to participate in by means
of an IPV power plant. A detailed analysis of the electricity market has been performed to
verify and to identify the most beneficial ones. Although some ancillary services markets are
excluded for RES, the technical supply of some of those markets is possible, but it is
identified and concluded that the most beneficial ones for RES are the spot markets,
considering both daily and intraday markets. In addition, the development of the market
participation process of these two markets by means of MPC has been carried out.
Moreover, this market participation process has been applied considering two different
control strategies.

One of these two strategies is the most appropriate one among the rules based
strategies. Several rules based strategies have been proposed and a selection process to
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define which is the most beneficial to market matching time and ESS lifetime conditions has
been applied. The “Hourly energy balance value” has been selected as the optimal rules
based strategy and it has been implemented in the MPC based market participation process.
The results obtained by the application of this optimal RB strategy have shown that
predictions play a crucial role to obtain a significant benefit, though the MPC that reacts in
intraday markets is also as important as the daily market participation.

As a second strategy, an optimal control strategy of the whole IPV power plant has been
carried out within a co-optimization process. This co-optimization process applied in a
design stage has optimized both the ESS sizing and the control strategy of the whole IPV
power plant for optimal participation in the electricity markets. Due to the fact that is able to
optimize the sizing of the ESS and also the control strategy this co-optimization is one of the
main contributions of this PhD study. Therefore, once the ESS sizing has been optimized, the
same co-optimization process may optimally control the whole IPV power plant on an
operation stage, leading to a maximization of the economic benefits of the whole system.

The sizing optimization has been carried out considering real PV data and market costs
over an entire year. This optimal sizing value has reduced the ESS size of a considered case
study by 23%. Moreover, the economic benefits obtained with this ESS have improved the
results by applying the RB strategy. This multiplies the obtained improvements by two: more
benefits and lower ESS size.

As previously mentioned, the co-optimization process has optimized the control
strategy which has been implemented in the market participation process by means of the
MPC. Due to the fact that the MPC has increased the benefits up to the 99% of the ideal
benefits both in sunny and cloudy days this optimal market participation process is the other
main contribution of this PhD study. Moreover, this has been obtained with the lower ESS
size mentioned before. This optimal control strategy has optimized the market participation
offers based on PV measurements, battery power measurements, PV predictions, SOC value
and also market values. Thus, almost all of the crucial parameters are taken into account to
determine the optimal market participation. That is why the complexity of the scenario has
required advanced tools to optimize the whole market participation.

Last but not least, the only feasible validation that can be carried out in a reasonable
time horizon has been implemented: an online execution of the proposed control
algorithms in a Hardware in the Loop platform. Both RB and optimal control strategies have
been implemented, achieving the same results as obtained through Matlab simulations.
Furthermore, this platform has been equipped with a real PLC that currently manages the
whole control of a real IPV power plant. This demonstrates the proximity of the validation
presented to the real application world. The length of the validations and the sample time
selected has provided the possibility to run a two days validation simulation within 48
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minutes, participating in each market at its exact time and starting in operation the

participation of every market at the appropriate hour.

As main conclusion, the work developed during this PhD contributed developing

procedures and strategies to allow optimal IPV power plant participation on electricity

markets.

From the work developed in this PhD study, the following future research lines have

been identified:

The analysis of the possibility to participate in other complementary services or
functionalities and the evaluation of which of them can be economically
profitable. Once an ESS is introduced in a PV power plant, the possibilities of the
whole IPV power plant increase. These possibilities include ancillary services
supply as the frequency regulation or the voltage regulation. But other services
such as the secondary regulation could be evaluated as the Iberian law opens
this possibility to renewable based systems since February 2016.

Sensitivity analysis of the results related to the input parameters. Some of the
most important input parameters such as the PV predictions, battery lifetime
table and market costs could quantitatively vary the outputs of the market
participation process and also the sizing of the storage system. Based on the
most relevant parameters, the need of better specifications can be identified,
and future research could focus on this.

Increase the sizing of ESS to a portfolio of RES plants and determine the optimal
sizing for the whole portfolio and the optimal location of the ESS. Strategies to
analyze the technical and economic viability of including an ESS in a single PV
power plant have been developed. Nevertheless, the contribution of an energy
storage system in a complete portfolio can increase the controllability level and
the complete portfolio revenues. This topic opens a field where the renewable
technologies can be matched with conventional generation technologies, or
where a storage system can manage a portfolio of renewable generators.
Moreover, the size of this ESS can be physically unfeasible from the network
point of view, opening again the variety of possibilities to implement more than
one ESS and in more than one connection point. Analyzing the sizing and the
location of the ESS(s) is identified as a field for investigation together with the
definition and the development of the optimal operation management strategy
of the global portfolio.
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