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Titre : Caractérisation de l'impact sur la résilience des réseaux électriques basse tension face 
à l'intégration de la production photovoltaïque et du stockage d'énergie à base d'hydrogène. 

Mots clés : Résilience électrique ; Réseaux à basse tension ; Production décentralisée ; 
Systèmes photovoltaïques ; Stockage d'énergie ; Hydrogène. 

Résumé : La capacité installée des systèmes PV 
augmente dans les réseaux MT et BT. En outre, 
les systèmes de stockage d'énergie (SSE) sont 
utilisés pour améliorer les performances des 
systèmes de production distribuée et 
d'autoproduction qui intègrent des énergies 
renouvelables. L'interconnexion inadéquate des 
systèmes PV et SSE peut altérer le 
fonctionnement des réseaux électriques. Elles 
peuvent également modifier la réponse du 
système à des perturbations de faible ou de forte 
intensité. Ce fait peut être favorable ou nuisible 
et peut être surmonté par le réseau électrique sans 
nécessiter d'interventions telles que des 
manœuvres correctives. La capacité de résister, 
d'absorber et de surmonter des événements 
défavorables peut être définie comme la 
"résilience électrique". La résilience est un 
concept qui prend de l'ampleur dans les systèmes 
électriques. Elle évalue leur performance face à 
des événements perturbateurs. 
 
Les approches correspondent principalement à 
des événements à fort impact et faible probabilité 
(HILP) affectant l'infrastructure des systèmes 
électriques. Toutefois, la résilience peut englober 
des événements à impact moyen ou faible, tels 
que des accidents mineurs, des défauts 
d'éclairage et des perturbations de 
l'approvisionnement. Les progrès de l'évaluation 
de la résilience des réseaux BT portent sur la 
vulnérabilité aux catastrophes naturelles, la 
probabilité de coupures de courant et la qualité du 
service. Ces études utilisent généralement des 
approches indépendantes les unes des autres, ce 
qui laisse un vide entre leur relation et leur 
interprétation.  Il est donc nécessaire de 
consolider une stratégie d'évaluation de la 
résilience pour guider l'analyse des vulnérabilités 
et des forces dans la même direction. 
 
Cette thèse propose donc une approche globale 
pour évaluer la résilience électrique des réseaux 
BT. Elle présente une méthodologie intégrant la 
fragilité de l'infrastructure du système électrique, 

la continuité de l'approvisionnement et la qualité 
du service. Les effets favorables potentiels de 
l'intégration des systèmes d'énergie à base 
d'hydrogène (H2-SSE) dans les réseaux BT sont 
également pris en compte afin d'accroître la 
fiabilité de ces réseaux. L'approche proposée est 
appliquée au réseau BT du Bâtiment d'Ingénierie 
Électrique (EEB-UIS) de l'Universidad Industrial 
de Santander (UIS), en Colombie. À cette fin, le 
réseau EEB-UIS a été équipé de compteurs 
intelligents aux nœuds d'alimentation, et au point 
de couplage du système PV. Des informations sur 
les coupures de courant survenues entre 2012 et 
2021 ont également été collectées. 
 
L'analyse de l'étude de cas permet de tester 
l'évaluation de la résilience proposée pour les 
réseaux BT. L'évaluation des conditions réelles 
de l'EEB-UIS indique que son infrastructure 
électrique présente un faible risque 
d'effondrement dû à des événements HILP. Sa 
fiabilité pourrait être renforcée en augmentant la 
couverture des charges non critiques. L'analyse 
de la résilience opérationnelle montre une alerte 
pour les problèmes de surtension et de 
déséquilibre de la charge. Ensuite, une analyse de 
retour d'information est développée pour 
déterminer les moyens de renforcer la résilience. 
Les stratégies proposées consistent à 
dimensionner le H2-SSE en tant que système de 
secours et à mettre en œuvre une stratégie de 
gestion de l'énergie. Le réseau électrique EEB-
UIS est modélisé dans MATLAB & Simulink. 
Les simulations permettent d'évaluer l'influence 
de l'emplacement, de la capacité installée et du 
mode de fonctionnement du H2-SSE sur les 
performances du réseau BT. Il est identifié qu'une 
bonne gestion des sources distribuées peut 
renforcer la résilience électrique, principalement 
en termes de fiabilité et de qualité de 
fonctionnement. Le résultat global montre une 
analyse complète de la résilience et la possibilité 
d'étendre la méthodologie aux micro-réseaux et 
aux réseaux de distribution BT. 
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Title : Impact characterisation on the low-voltage electrical networks resilience level facing the 
integration of photovoltaic generation and hydrogen-based energy storage  

Keywords : Electrical resilience; Low-voltage networks; Distributed generation; Photovoltaic 
systems; Energy storage; Hydrogen.  

Abstract : The installed capacity of on-grid 
photovoltaic (PV) solar systems is growing in 
medium-voltage (MV) and low-voltage (LV) 
networks composed of residential and commercial 
users. In addition, energy storage systems (ESS) 
are being used to improve the performance of 
distributed generation and self-generation systems 
that incorporate renewable energy. The unplanned 
and inadequate interconnection of PV and ESS can 
cause alterations in the operation of electrical 
networks. These could also alter the response of 
the electrical system to low or high-impact 
disturbance events. This fact can be favourable or 
harmful and can be overcome by the power grid 
without requiring interventions such as 
reconfigurations or corrective manoeuvres. The 
ability to withstand, absorb and overcome adverse 
events can be defined as "network electrical 
resilience". Resilience is a concept gaining 
strength in power systems, microgrids and low-
power electrical installations. It evaluates their 
performance against disruptive events. 
 
The approaches mainly correspond to high-impact, 
low-probability (HILP) events such as natural 
disasters and intentional attacks affecting the 
electrical systems infrastructure. However, 
resilience can encompass medium and low-impact 
events such as minor infrastructure accidents, light 
faults, and supply disturbances. Resilience 
assessment advances on the LV networks include 
vulnerability to natural disasters, the probability of 
power outages, and service quality. These studies 
usually use approaches independent of each other, 
leaving a gap between their relationship and 
interpretation.  Then, there is a need to consolidate 
a resilience assessment strategy to guide the 
analysis of vulnerabilities and strengths in the 
same direction.  
 
Thus, this thesis proposes a comprehensive 
approach to evaluate electrical resilience for LV 
networks. It compiles quantitative strategies for 
studying electrical resilience, focusing on LV 
 

systems. It presents a methodology integrating the 
electrical system infrastructure's fragility, the 
supply's continuity, and the service's quality.  
 
The potential favourable effects of integrating 
hydrogen-based ESS (H2-ESS) in LV networks are 
also considered to increase the reliability of the LV 
networks. The proposed approach is applied in the 
LV network of the Electrical Engineering Building 
(EEB-UIS) at the Universidad Industrial de 
Santander (UIS), Colombia. For this purpose, the 
EEB-UIS network has been equipped with smart 
meters at the supply nodes, the PV system 
coupling point and the load board circuits. 
Information on power supply outages during 2012-
2021 was also collected. 
 
The case study analysis allows for testing the 
effectiveness of the comprehensive resilience 
evaluation proposed for LV networks. The 
assessment regarding the actual conditions of the 
EEB-UIS indicates that its electrical infrastructure 
has a low risk of collapse due to HILP events. Its 
reliability could be strengthened by increasing the 
backup system's coverage of the non-critical loads. 
Operation resilience analysis shows a general alert 
for overvoltage issues and load unbalance. Then, a 
feedback analysis is developed to determine ways 
to strengthen electrical resilience. The proposed 
strategies are sizing H2-ESS as a power backup 
system and implementing an energy management 
strategy. The EEB-UIS power grid is modelled in 
MATLAB & Simulink, and quasi-static power 
flows are run. The simulations allow evaluation of 
the influence of the H2-ESS's location, installed 
capacity and operation mode on the LV network 
performance. It is identified that proper distributed 
sources management can strengthen electrical 
resilience, mainly in reliability and operation 
quality. The overall result shows a comprehensive 
resilience analysis and the possibility of extending 
the methodology to microgrids and LV 
distribution networks. 
 
 

 

 
Université Bourgogne Franche-Comté 
32, avenue de l’Observatoire 
25000 Besançon 



Contents

GENERAL INTRODUCTION 1
Preliminary remarks about the research . . . . . . . . . . . . . . . . . . . . . . 2
Problem Statement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
Rationale for the research . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
Research questions and objectives . . . . . . . . . . . . . . . . . . . . . . . . . 7
Research scope . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
Thesis development . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
Scientific dissemination . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
Structure of the thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

1 THEORETICAL AND CONCEPTUAL FRAMEWORK 17
1.1 Evolution of photovoltaic solar systems in low-voltage networks . . . . 18
1.2 Effects of the photovoltaic systems on low-voltage networks . . . . . . 20

1.2.1 Effects on supply reliability . . . . . . . . . . . . . . . . . . . . . . 21
1.2.2 Effects on electrical protections . . . . . . . . . . . . . . . . . . . 21
1.2.3 Effects on the supply quality . . . . . . . . . . . . . . . . . . . . . 22

1.3 Hydrogen-based energy storage systems . . . . . . . . . . . . . . . . . . 23
1.4 Resilience analysis in electrical networks . . . . . . . . . . . . . . . . . . 24

1.4.1 Supply continuity resilience in the face of high-impact events . 25
1.4.2 Service quality resilience in the face of a disturbance . . . . . . . 26

1.5 Summary of findings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

2 ELECTRICAL RESILIENCE ASSESSMENT PROPOSAL 29
2.1 Remarks on the assessment of the resilience in low-voltage networks . 30
2.2 Comprehensive electrical resilience of LV networks . . . . . . . . . . . . 32
2.3 Type I resilience before high-impact low-probability events . . . . . . . 35

2.3.1 Stage 1: Analysis of HILP risk events . . . . . . . . . . . . . . . . . 35
2.3.2 Stage 2: Assessment of CI fragility against risk HILP events . . . 36
2.3.3 Stage 3: Integration of stress from HILP risk events . . . . . . . . 37

2.4 Type II resilience against power outages . . . . . . . . . . . . . . . . . . 38
2.4.1 Stage 1: Power outages characterisation . . . . . . . . . . . . . . 38
2.4.2 Stage 2: Backup systems reliability analysis . . . . . . . . . . . . 38
2.4.3 Stage 3: Evaluation of the supply continuity capacity . . . . . . 40

2.5 Type III resilience in the face of permanent effects . . . . . . . . . . . . 40
2.5.1 Stage 1: Selecting the electrical quality parameters . . . . . . . . 41
2.5.2 Stage 2: Normalisation of quality parameters . . . . . . . . . . . 42
2.5.3 Stage 3: Operation resilience indices evaluation . . . . . . . . . 46
2.5.4 Stage 4: Operation resilience integration . . . . . . . . . . . . . . 47

xiii



2.6 Chapter conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

3 DESCRIPTION OF THE CASE STUDY ELECTRICAL NETWORK 51
3.1 Remarks about the case study region . . . . . . . . . . . . . . . . . . . . 52
3.2 Presentation of the EEB-UIS’ electrical network . . . . . . . . . . . . . . 53

3.2.1 Feeder . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
3.2.2 Load circuits and line sections . . . . . . . . . . . . . . . . . . . . 55

3.3 Description of the power backup system . . . . . . . . . . . . . . . . . . 56
3.4 Description of the photovoltaic system . . . . . . . . . . . . . . . . . . . 57
3.5 Arrangement of the energy meters . . . . . . . . . . . . . . . . . . . . . . 58
3.6 Chapter contribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

4 ASSESSING THE ELECTRICAL RESILIENCE OF THE EEB-UIS 63
4.1 Remarks on the EEB-UIS electrical resilience assessment . . . . . . . . 64
4.2 Type I resilience assessment . . . . . . . . . . . . . . . . . . . . . . . . . 65

4.2.1 Determining the HILP risk events . . . . . . . . . . . . . . . . . . 65
4.2.2 Critical infrastructure fragility . . . . . . . . . . . . . . . . . . . . 66
4.2.3 Integration of stress from HILP risk events . . . . . . . . . . . . . 67

4.3 Type II resilience assessment . . . . . . . . . . . . . . . . . . . . . . . . . 67
4.3.1 Power outages characterisation . . . . . . . . . . . . . . . . . . . 68
4.3.2 Backup systems reliability . . . . . . . . . . . . . . . . . . . . . . 68
4.3.3 Supply continuity capacity . . . . . . . . . . . . . . . . . . . . . . 68

4.4 Type III resilience assessment . . . . . . . . . . . . . . . . . . . . . . . . 69
4.4.1 Defining nodes for evaluation . . . . . . . . . . . . . . . . . . . . 69
4.4.2 Punctual assessment of the operation resilience . . . . . . . . . 70
4.4.3 Composite assessment . . . . . . . . . . . . . . . . . . . . . . . . 74

4.5 Comprehensive resilience . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
4.6 Chapter conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

5 EEB-UIS LV NETWORK MODEL FOR THE RESILIENCE FEEDBACK PHASE 79
5.1 Remarks on the EEB-UIS network model . . . . . . . . . . . . . . . . . . 80
5.2 Using the energy macroscopic representation . . . . . . . . . . . . . . . 81
5.3 AC low-voltage network modelling . . . . . . . . . . . . . . . . . . . . . 83

5.3.1 Feeder model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
5.3.2 Load model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
5.3.3 Wire conductors model . . . . . . . . . . . . . . . . . . . . . . . . 84
5.3.4 Connection node model . . . . . . . . . . . . . . . . . . . . . . . . 84

5.4 Photovoltaic generation system modelling . . . . . . . . . . . . . . . . . 85
5.4.1 PV array model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
5.4.2 PV power inverter model . . . . . . . . . . . . . . . . . . . . . . . 86
5.4.3 Connection wire model . . . . . . . . . . . . . . . . . . . . . . . . 87

5.5 Fuel cell-battery backup system modelling . . . . . . . . . . . . . . . . . 88
5.5.1 Fuel cell array model . . . . . . . . . . . . . . . . . . . . . . . . . . 88
5.5.2 FC converter model . . . . . . . . . . . . . . . . . . . . . . . . . . 89
5.5.3 Battery pack model . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
5.5.4 DC coupling model . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
5.5.5 DC/AC coupling model . . . . . . . . . . . . . . . . . . . . . . . . 90

5.6 Electrolyser system modelling . . . . . . . . . . . . . . . . . . . . . . . . 91
5.6.1 Alkaline electrolyser model . . . . . . . . . . . . . . . . . . . . . . 92

xiv



5.6.2 Hydrogen production model . . . . . . . . . . . . . . . . . . . . . 94
5.6.3 Voltage inverter model . . . . . . . . . . . . . . . . . . . . . . . . . 94

5.7 Summary of contributions . . . . . . . . . . . . . . . . . . . . . . . . . . 96

6 RESILIENCE FEEDBACK ANALYSIS 97
6.1 Remark on the feedback phase of the EEB-UIS electrical resilience . . 98
6.2 Sizing of the hydrogen-based backup system . . . . . . . . . . . . . . . 99

6.2.1 Sizing methodology . . . . . . . . . . . . . . . . . . . . . . . . . . 100
6.2.2 Results of the H2-ESS backup system for the EEB-UIS . . . . . . 104
6.2.3 Operation in a long power outage scenario . . . . . . . . . . . . 109

6.3 Strengthening type II resilience to regular outages . . . . . . . . . . . . . 112
6.4 Enhancing operational quality resilience RIII . . . . . . . . . . . . . . . 113

6.4.1 Strategy to strengthen the EEB-UIS type III resilience . . . . . . 113
6.4.2 Decision and control parameters . . . . . . . . . . . . . . . . . . 114
6.4.3 H2-ESS energy management . . . . . . . . . . . . . . . . . . . . . 114
6.4.4 Electrolyser energy management . . . . . . . . . . . . . . . . . . 117
6.4.5 Results of the EMS approach on type III resilience . . . . . . . . 117

6.5 Sensitivity analysis regarding type III resilience . . . . . . . . . . . . . . 122
6.5.1 Sensitivity analysis for the PV system . . . . . . . . . . . . . . . . 123
6.5.2 Sensitivity analysis for the EL system . . . . . . . . . . . . . . . . 123

6.6 Chapter conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

7 CONTRIBUTION AND GENERAL CONCLUSIONS 127
7.1 Achievement of objectives . . . . . . . . . . . . . . . . . . . . . . . . . . 127
7.2 Contributions and products . . . . . . . . . . . . . . . . . . . . . . . . . 130

7.2.1 Thesis contributions . . . . . . . . . . . . . . . . . . . . . . . . . . 131
7.2.2 Products achieved in the thesis . . . . . . . . . . . . . . . . . . . . 132

7.3 General conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
7.4 Future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

REFERENCES 139

xv





List of Tables

1.1 Studies on resilience assessment in electrical networks. . . . . . . . . . 26

2.1 Classification of electrical type-resilience for LV networks. . . . . . . . . 32
2.2 Voltage QP ranges defining the normalised operation resilience indices. 44
2.3 Current QP ranges defining the normalised operation resilience indices. 46

3.1 Characteristics of the transformer feeding the EEB-UIS. . . . . . . . . . 54
3.2 Busbars of the EEB-UIS electrical network. . . . . . . . . . . . . . . . . . 55
3.3 Description of the EEB-UIS circuit loads. . . . . . . . . . . . . . . . . . . 56
3.4 Electric wire sections of the EEB-UIS network. . . . . . . . . . . . . . . . 56
3.5 Characteristics of the genset backup system of the EEB-UIS. . . . . . . 57
3.6 Description of the solar panels of the EEB-UIS PV system. . . . . . . . . 57
3.7 Smart meters measuring the EEB-UIS quality parameters. . . . . . . . . 58

4.1 Fragility characterisation of the EEB-UIS feeder’s CI. . . . . . . . . . . . 66
4.2 Type I resilience assessment results. . . . . . . . . . . . . . . . . . . . . . 67
4.3 Assessment of the node voltage operation resilience for the EEB-UIS. . 70
4.4 Assessment of the line current operation resilience for the EEB-UIS. . . 71
4.5 Variation of EEB-UIS ORV indices when considering a one-day update

time. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
4.6 Variation of EEB-UIS ORI indices when considering a one-day update

time. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
4.7 Summary of the EEB-UIS type III resilience assessment. . . . . . . . . . 74

5.1 EMR elements description for EEB-UIS network. . . . . . . . . . . . . . 82

6.1 Categorisation of the EEB-UIS load. . . . . . . . . . . . . . . . . . . . . . 101
6.2 LPSP and TSP criteria for sizing the backup system. . . . . . . . . . . . . 102
6.3 Cost characteristics for the H2-ESS components. . . . . . . . . . . . . . 104
6.4 Survival time for the EEB-UIS loads. . . . . . . . . . . . . . . . . . . . . . 106
6.5 Parameters of an FC single-cell used for sizing . . . . . . . . . . . . . . . 107
6.6 Parameters of a single-battery used for sizing . . . . . . . . . . . . . . . 107
6.7 Parameters of an EL single-cell used for sizing . . . . . . . . . . . . . . . 107
6.8 Search range for the number of source modules used in H2-ESS sizing. 107
6.9 Characteristics and costs of the H2-ESS sizing for the EEB-UIS. . . . . . 110
6.10 Contribution of the backup systems to the backup network reliability. . 113
6.11 Impact of the EMS on EEB-UIS type III resilience. . . . . . . . . . . . . . 119

xvii





List of Figures

1 Relationship outline between the thesis’ research questions and objec-
tives. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2 Timeline of doctoral thesis development. . . . . . . . . . . . . . . . . . . 11

1.1 Installed capacity of PV power worldwide in the last decade. . . . . . . 19
1.2 Typical demand profile of a residential user and standard generation

profile of a PV system. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
1.3 Voltage regulation profile of an LV network with PV power injection at

the tail point. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
1.4 Integration of a hydrogen-based storage system with other forms of en-

ergy. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
1.5 Resilience analysis of an electrical system facing a disruptive event. . . 26
1.6 Evolution of a resilience index in the face of a disturbance. . . . . . . . 27

2.1 Resilience analysis classification proposal for LV electrical networks. . 31
2.2 Methodology for the comprehensive electrical resilience assessment. . 33
2.3 Comprehensive electrical resilience split. . . . . . . . . . . . . . . . . . . 34
2.4 Methodology to assess type I resilience. . . . . . . . . . . . . . . . . . . . 35
2.5 Methodology to estimate the total supply probability. . . . . . . . . . . 39
2.6 Methodology to evaluate the operation electrical resilience. . . . . . . . 41
2.7 Normalisation operators for voltage quality parameters. . . . . . . . . . 44
2.8 Normalisation operators for current quality parameters. . . . . . . . . . 46
2.9 LV network circuit to assess RIII resilience. . . . . . . . . . . . . . . . . . 47

3.1 Geographical location of the EEB-UIS. . . . . . . . . . . . . . . . . . . . 52
3.2 Electrical network diagram of the EEB-UIS. . . . . . . . . . . . . . . . . . 54
3.3 Top view of the PV system on the EEB-UIS rooftop. . . . . . . . . . . . . 58
3.4 Arrangement of the meters in the GLVB of the EEB-UIS. . . . . . . . . . 59
3.5 Arrangement of the meters in the ELVB of the EEB-UIS. . . . . . . . . . 60
3.6 Arrangement of the meters in the PCC of the EEB-UIS. . . . . . . . . . . 60

4.1 Electrical resilience assessment sequence for the EEB-UIS. . . . . . . . 64
4.2 Fragility function of the EEB-UIS feeder’s CI. . . . . . . . . . . . . . . . . 67
4.3 Historical power outage of the EEB-UIS. . . . . . . . . . . . . . . . . . . 68
4.4 Circuit model for the RIII assessment of the EEB-UIS. . . . . . . . . . . . 70
4.5 Daily evolution assessment of the operation resilience indices for the

ELVB. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
4.6 Daily evolution assessment of the operation resilience indices for the

GLVB. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

xix



4.7 Daily evolution assessment of the operation resilience indices for the
PCC. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

4.8 Splitting of the EEB-UIS’s electrical resilience assessment. . . . . . . . . 75

5.1 Diagram of EEB-UIS electrical network integrating DG sources. . . . . 81
5.2 Energy macroscopic representation of the EEB-UIS network. . . . . . . 82
5.3 EMR inversion elements for the measurement and management stage. 82
5.4 AC LV electrical network model. . . . . . . . . . . . . . . . . . . . . . . . 85
5.5 Photovoltaic system model. . . . . . . . . . . . . . . . . . . . . . . . . . . 88
5.6 FC-battery backup system model. . . . . . . . . . . . . . . . . . . . . . . 92
5.7 Electrolyser system model. . . . . . . . . . . . . . . . . . . . . . . . . . . 96

6.1 Sequence of electrical resilience feedback for the EEB-UIS. . . . . . . . 98
6.2 Diagram of EEB-UIS network in power outage state . . . . . . . . . . . . 100
6.3 Process for determining survival time to satisfy a target TSP. . . . . . . . 102
6.4 CDF fit for the EEB-UIS outage length. . . . . . . . . . . . . . . . . . . . 105
6.5 Load demand profile for the sizing of the EEB-UIS backup system. . . . 108
6.6 EEB-UIS Power distribution in an adverse scenario of a 48-hour power

outage. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
6.7 Batteries state of charge in a 48-hour power outage scenario. . . . . . . 111
6.8 Energy participation in a 48-hour power outage scenario. . . . . . . . . 112
6.9 Arrangement of EEB-UIS network for the electrical resilience feedback

analysis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114
6.10 Evolution of theΦu-N8 andΦCU -L4−8 indices in the RIII feedback test. 119
6.11 Energy participation of the EEB-UIS sources in the 31-day feedback test. 120
6.12 Load demand profile of the EEB-UIS in may. . . . . . . . . . . . . . . . . 121
6.13 Power performance of PV and EL systems in the RIII feedback test. . . . 121
6.14 Voltage performance of ELVB and PCC in the RIII feedback test. . . . . . 122
6.15 Battery state of charge performance in the first 6 hours of the feedback

test. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122
6.16 Sensitivity of RIII against the size and location of the PV system in the

EEB-UIS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
6.17 Sensitivity of RIII against the size and location of the EL system in the

EEB-UIS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

xx



Acronyms

AC alternating current

CDF cumulative distribution function

Ch report’s chapters

CI critical infrastructure

CUF current unbalance factor

DC direct current

DER distributed energy resources

DES distributed energy sources

DG distributed generation

DSM demand-side management

E3T Department of Electrical, Electronic and Telecommunications Engineering

EEB Electrical Engineering Building

EL electrolyser

ELVB emergency low voltage bus

EMR energy macroscopic representation

EMS energy management strategy

ESS energy storage system

FC fuel cell

GLVB general low voltage bus

H2 hydrogen

H2-ESS hydrogen-based energy storage system

HILP high-impact low-probability

LIHP low-impact high-probability

xxi



LPSP lost of power supply probability

LV low-voltage

LVSB low voltage supply bus

MAPE mean absolute percentage error

MCEER Multidisciplinary Centre for Earthquake Engineering Research

MPPT maximum power point tracking

MV medium-voltage

PCC point of common coupling

PDF probability density function

PE permanent-effect

PEMFC proton exchange membrane fuel cell

PV photovoltaic

Rcomp comprehensive resilience

RIII type III resilience

RII type II resilience

RI type I resilience

RES renewable energy sources

RMS root mean square

RQ research question

Sa spectral acceleration

SC self-consumption

SG self-generation

SO specific objective

TB transfer bus

THDi total harmonic distortion of current

THDv total harmonic distortion of voltage

TSP total supply probability

UIS Universidad Industrial de Santander

UKERC U.K. Energy Research Centre

VUF voltage unbalance factor

xxii



List of Parameters and Variables

The following list describes the symbols of the variables and parameters used within
the document’s body.

AC electrical network

u⃗ f d Feeder voltage vector

i⃗net Feeder current vector

Sφ Complex power of the φ-phase

Pφ Active power of the φ-phase

Qφ Reactive power of the φ-phase

iloadφ Load current of the φ-phase

i⃗load Load current vector

Zl Complex impedance of a wire conductor

Rl Resistance of a wire conductor

Xl Inductive reactance of a wire conductor

Electrolyser (EL) system

Uel Voltage of a single EL cell

Iel Current of a single EL cell

ηe Energy effiency of an EL cell

NS_el Series cells in the EL stack

NS_el Parallel branches in the EL stack

Nc Total number of cells in the EL stack

Ta Room temperature

TEL Temperature of the EL stack

UEL Voltage of the EL stack

IEL Current of the EL stack
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GENERAL INTRODUCTION

Solar photovoltaic (PV) systems installed in low-voltage (LV) networks are in-

creasing. The high PV penetration could affect the network’s operation in terms of

service quality and equipment loadability. The performance of LV networks could be

analysed with an "electrical resilience" assessment. Electrical resilience represents

the network’s ability to face and overcome disturbances with a low deviation from

the optimal operation. It seeks to identify the weaknesses of the system and define

strengthening strategies. PV integration could be analysed as a disturbance affecting

the operation quality.

This thesis aims to evaluate the resilience of the LV networks, integrating the

influence of PV systems’ connection, size, and operation. It attempts to assess the

contribution of energy storage systems (ESS) as hydrogen-based ESS (H2-ESS) and

energy management strategies (EMS). Nevertheless, there is a lack in the consulted

literature about a procedure to evaluate electrical resilience in LV networks. There is

also uncertainty on the benefit of assessing the electrical resilience of LV networks.

This thesis searches for a resilience definition tailored for LV through the ap-

proaches and scenarios used in various domains. Then, it proposes a comprehensive

electrical resilience assessment methodology, allowing the analysis of the intercon-

nection of PV and H2-ESS. Then, it applies the comprehensive resilience assessment

to a case study with a warm tropical climate and variable cloudiness. This chapter

describes the research remarks, the problem statement, the research questions, and

the objectives. Then, it presents the scope, the contributions of the thesis, and the

scientific dissemination achieved. Finally, it exposes the structure of this report.
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Preliminary remarks about the research

The design of an electrical distribution network must guarantee quality con-

ditions for network operators and users. These conditions are supply continuity,

voltage regulation, energy losses, loadability, and power balance, among others (De-

boever et al., 2018). A correct design must ensure the regulatory operating conditions

during regular operation and contingencies. Contingencies could be line discon-

nections, lightning, short-circuit or power variations. These could be due to severe

weather conditions, malicious damage by humans, non-linear loads, manoeuvres on

the networks, and equipment in poor condition (Dehghanian et al., 2018).

The integration of distributed generation (DG) systems based on renewable

energies could also alter the operation of the electrical systems, introducing uncer-

tainty regarding the power generated. Such is the case of PV systems, in which spo-

radic variations in solar irradiance cause intermittent power generation. Also, the

excess PV power not self-consumed in the installation is directed to the supply net-

work, causing inverse power flows. These issues could lead to adverse effects on ser-

vice quality. Small-scale PV has increased into LV networks among residential and

commercial users (Shabbir et al., 2022). LV networks are mainly designed with a ra-

dial topology with unidirectional power flows.

Although electric power systems have reached a good level of reliability, the

modifications introduced by the connection of small power producers require a spe-

cific assessment of the reliability of these new systems.Distribution networks present

various functional characteristics, such as loads dispersed in several locations, vari-

able topology and electrotechnical phenomena that must be considered in order to

model the events that may occur (Megdiche, 2020). Incorporating distributed energy

sources (DES) could modify the operation of the electrical system. It could relieve the

loadability of the feeder and power lines and reduce or increase energy losses. How-

ever, it could alter regular operations and increase vulnerability to disruptive events

(Sadeghian & Wang, 2020).

Researchers such as Brinkel et al. (2020) and Aleem et al. (2020) have pro-

posed strategies to mitigate the adverse effects of renewable energy sources and en-

courage their implementation. Also, Hellman et al. (2017) and Sun et al. (2020) have
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investigated ESS to mitigate the intermittency of the power generated by PV and

wind farms. Murayama et al. (2018) implemented ESS to correct voltage regulation

and low power factor problems in distribution networks. Among the ESS, hydrogen

(H2) energy storage has gained ground due to its capacity for storing large amounts

of energy and diverse applications. H2-ESS finds utility in hybrid generation systems

and microgrids for isolated loads or on-grid support, incorporating an electrolyser

(EL) and a H2 reservoir tank, and a fuel cell (FC) for power generation (S. Ma et al.,

2021).

On the other hand, electrical resilience is defined as the power network’s abil-

ity to withstand disturbances without losing the primary operating conditions, re-

duce the impact on the service quality, recover after the event and adapt to new op-

erating conditions (Rahman et al., 2021). A resilience assessment could characterise

the performance of an electrical network. It could be helpful to analyse the effects of

the PV integration and the contribution of H2-ESS to increase network resilience. It

could also allow for comparing the performance of strategies to mitigate an adverse

event impact. In electrical engineering, the definition proposed by the UK Cabinet

Office (2011) for electrical systems infrastructure stands out. They define it as the

ability to anticipate, absorb and adapt to a disruptive event and quickly recover.

Also, the U.K. Energy Research Centre (UKERC) defines resilience as the abil-

ity of an energy system to tolerate disturbances and continue to deliver energy ser-

vice to users successfully. It indicates that a resilient system can rapidly recover from

shocks and provide alternative means of meeting energy service demands in exter-

nal changes circumstances (Chaudry et al., 2011). The researchers consulted have

mainly studied the resilience of electrical power systems to extreme and high-impact

events. The main events analysed are earthquakes (Ferrario et al., 2022; Nazemi et al.,

2020), strong winds (L. Ma et al., 2022; Sabouhi et al., 2020), intentional attacks (Wu

et al., 2022; Han et al., 2021), floods (Dvorak et al., 2021), and ice storms (Hou et al.,

2023). They evaluate the ability of the electrical systems’ infrastructure to withstand

several disruptions and contain the emergency.

Studies on the resilience of electrical systems facing medium and low-impact

events are addressed to a lesser extent (Mishra et al., 2021; Poulin & Kane, 2021).

These assessments include power outages of common origin (Lagrange et al., 2020)
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and alterations in electrical operating parameters (Mehrjerdi & Hemmati, 2020). They

are mainly oriented to distribution networks and microgrids. Their approaches fo-

cus on the continuity of power supply in case of contingency. In this field, energy

storage has a notable role to play. For example, Li et al. (2017) analyse the use of dis-

tributed energy sources such as DG and the integration of natural gas and hydrogen

networks to improve the electrical resilience of distribution networks in the face of

natural disasters. Galvan et al. (2020) evaluate the contribution of PV systems and

battery energy storage to the distribution networks’ resilience.

Some researchers have studied resilience by the capacity of the electrical sys-

tem to operate in the isolated mode during power outages. For instance, Hussain &

Musilek (2022) study using electric vehicles (EV) to support the electrical networks

in outages. It also discusses reusing discarded EV batteries as backup systems for

homes and buildings. Tian & Talebizadehsardari (2021) propose using EVs as a backup

system for commercial and residential facilities. Other authors like Gupta et al. (2019)

consider the resilience of an electrical installation as an energy independence level.

Integrating an ESS allows energy source diversification and energy management strate-

gies (EMS) implementation. Then, an electrical system could be disconnected from

the local supply network in the event of a malfunction and self-supply in power out-

ages. Likewise, Lagrange et al. (2020) and Rosales-Asensio et al. (2019) analyse the

use of ESS for enhancing resilience during outages and integrating EMS to reduce

operating costs and strengthen the electrical system performance.

All approaches consulted on the electrical resilience of LV systems point to

the ability of the networks to overcome adverse events and recover normal operating

conditions after disruptions, guaranteeing the continuity and quality of the supply.

However, the literature review appreciates that it has yet to find a unified definition

of electrical resilience for LV networks. Some definitions of resilience are qualitative,

and the relationship between the approaches needs to be clarified. There needs to

be a clear electrical resilience orientation for LV networks. Thus, this thesis proposes

a methodology for evaluating the comprehensive electrical resilience of LV networks

with PV integration. It also analyses the performance of H2-ESS integration and EMS

to mitigate the adverse effects of PVs. The goal of this thesis is to contribute to the

planning of resilient LV networks.
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Problem statement

Integrating the PV systems in the LV networks could cause sporadic and inter-

mittent variations in power flows. These effects could be due to short-term weather

variations in solar irradiance and temperature (Home-Ortiz et al., 2022). Variations

could violate the quality of electrical parameters and sometimes lead to a service col-

lapse (IEEE, 2018). The behaviour of electrical networks in the face of adverse events

could be evaluated based on electrical resilience. However, electrical resilience stud-

ies mainly aim at power systems facing high-impact disruptive events. They analyse

the electrical system infrastructure robustness and the service continuity reliability.

More research is still needed in the field of low-impact, high-frequency disturbances.

Researchers have studied two approaches related to the LV networks resilience:

i) The maximum value of a disturbance that an electrical system can withstand be-

fore losing normal operating conditions. And, ii) the electrical system capacity to

maintain the power supply to critical loads when the operation of the primary power

source has been affected or suspended. The first focuses on determining the max-

imum PV capacity that an LV network can support in a PCC without losing the op-

erational continuity (Chathurangi et al., 2022). This analysis is known as "hosting

capacity." However, it evaluates the PV’s peak power and the acceptable penetration

level, and it does not assess the network’s performance in the face of disturbances.

The second prioritises the time that an electrical system can guarantee the continu-

ity of the service in the isolated mode in a power outage (Younesi et al., 2022). It also

does not consider the effects on the network’s performance.

Since PV and ESS integration in LV networks has become widespread in re-

cent years, evaluating their effects on the networks’ operation would be convenient.

There is also a need to establish complementary operating conditions for the ex-

isting LV networks and plan resilient networks in the medium and long-term. More-

over, the growing interest in H2-based systems draws attention to H2-ESS for integra-

tion into LV networks and take advantage of their features. ESS could absorb sudden

power variations and store energy for backup. H2 could also link to applications such

as heating, cooling and recharging H2-vehicles.
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Therefore, there is a need to establish a methodology to assess the electrical

resilience of LV networks. The assessment should identify the network’s weaknesses

and propose strengthening strategies. It would be possible to evaluate the benefit of

the H2-ESS and apply EMS to enhance resilience against adverse events. This way,

determine the appropriate favourable conditions for integrating PV systems.

Rationale for the research

The analysis of the electrical resilience of LV grids is a crucial topic, given the

importance of maintaining a reliable power supply in adverse situations. However,

the literature review has highlighted a gap in assessing the electrical resilience of LV

networks. The concepts and approaches applied at present have been diverse and

have often focused on power infrastructure performance or system reliability with-

out providing a holistic approach. The main objective of this research is to propose

a comprehensive methodology that addresses this gap and allows for a complete as-

sessment of the LV power systems resilience. The proposed methodology should

consider different approaches, allowing a complete analysis of the resilience of the

LV power grid according to the types of disturbances it faces. It includes:

• High-impact disturbances, where the ability of the LV grid to withstand natural

catastrophes is assessed.

• Low-impact disturbances, where the ability of the power grid to recover from

frequent power outages due to common causes is analysed.

• Grid modifications and distributed generation interconnection to assess the

ability of the grid to adapt to permanent changes that alter its operation.

Furthermore, in a current context where PV and hydrogen-based systems are

gaining relevance, the opportunity to analyse the influence of these systems on the

electrical resilience of LV networks has been identified. The integration of H2-ESS

and PV systems could improve the reliability and quality of service of the electrical

grids, so it is proposed to analyse their contribution through the assessment of elec-

trical resilience.
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To test the effectiveness of this methodology, a specific case study has been

selected: the power grid of the Electrical Engineering Building (EEB-UIS) at the Uni-

versidad Industrial de Santander in Colombia. This network has an on-grid PV sys-

tem and several energy meters that allow a detailed characterisation of its operation.

Although the focus is on a long and medium-term analysis, it is essential to note that

the configuration of the energy meter dataloggers limits the possibility of analysing

transient effects caused by the integration of distributed generation. Whereas the

processor of the EEB-UIS meters can provide information on transient events, it is

recognised that simulations are necessary to assess the effects of the H2-ESS and PV

systems fully. Then, these simulations are limited to quasi-static power flows due to

the constraints of the data recorded by the meters.

It is important to note that this research focuses on a warm tropical climate

area according to the case study location. Then, it is intended to analyse electrical

grids under these specific climatic conditions. It is considered that climatic condi-

tions could have a significant impact on the effects of PV systems on LV grids and the

load demand of the installation. Although this research is carried out in a particular

case study with specific climatic conditions and metering resources, the proposed

methodology has an expandable scope and can be applied to LV grids in general.

The specific focus on the case study has been adopted to limit the scope of the PhD

thesis, but the methodology could be adapted and applied in broader contexts in

future work. The following sections develop the objectives and scope of this thesis.

Research questions and objectives

LV systems must deal with disruptive events that could affect service qual-

ity and cause power outages. They must guarantee their reliable operation in the

medium and long-term. Adverse events are high-impact, such as natural disasters

and low-impact, such as weather variations. Integrating PV systems could modify

the network operating, causing benefits and damages. The electrical grid operators

could establish strategies to take advantage of the PVs to face disturbances. Then,

plan resilient networks considering PV systems’ current or future integration.

7



The thesis’s objectives align with the research questions’ definition and ap-

proach for analysing and improving the resilience of LV electrical networks. It raises

a general research question and six specific questions covering the thesis’s matters:

General research question
Could a methodology be specifically defined to assess the resilience of LV electrical

networks in a warm tropical climate, integrating the electrical performance?

This thesis intends to answer the following research questions (RQ):

• RQ1. What kind of information about an LV electrical network that integrates

or could integrate PV systems does it require to carry out a comprehensive re-

silience assessment between the capability to supply users and the operation

performance?

• RQ2. How could an LV network that integrates PV systems improve the perfor-

mance of the operation and the capacity to respond to disruptive events?

• RQ3. Does the resilience assessment allow comparing the performance of en-

ergy management strategies for mitigating disturbances in the LV networks op-

eration?

• RQ4. Is incorporating H2-ESS a viable strategy to increase the resilience of the

LV electrical networks?

• RQ5. How could it determine if an LV power grid is more resilient on a daily

basis?

• RQ6. Is it possible to periodically analyse an LV network’s resilience level?

Would the resilience assessment tool present up-to-date information about fu-

ture threats and actions to address those threats?

This thesis proposes the following general objective to address the RQs:

General objective
Characterising the influence of specific factors as the location, the installed capacity and

operation mode of photovoltaic (PV) generation and hydrogen-based energy storage
systems (H2-ESS) on the resilience level of low-voltage (LV) electrical networks.

Compliance with the general objective involves the following specific objectives (SO):
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• SO1. Determining the resilience evaluation indices for an LV electrical network

that allows analysing the performance of the integration of PV generation and

H2-ESS.

• SO2. Establish a procedure to assess the resilience of LV electrical networks

with the injection of power from PV systems and H2-ESS.

• SO3. Evaluate the effects of the integration of PV generation systems and H2-

ESS on the resilience of a LV electrical network.

• SO4. Analyse the sensitivity of the resilience of a LV electrical network to varia-

tions in the level of penetration and location of the PV systems and the H2-ESS

and the application of energy management strategies.

The global relationship between questions, objectives and research needs

arises after the literature review and the state-of-the-art development on the impacts

and benefits of PV and H2-ESS. Moreover, the approach of assessing the electrical

resilience of the LV networks for analysis vulnerabilities and improvement opportu-

nities. Figure 1 shows the relationship between the research questions (RQ) and the

thesis objectives (SO). It also presents the contribution of the report’s chapters (Ch)

for achieving the objectives.

RQ1

RQ2

RQ3

RQ4

RQ5

RQ6

SO1

SO4

SO3

SO2
Electrical resilience assessment
methodology for LV networks

Performance assessment 
of strategies to improve 

electrical network resilience

Characterisation of the
resilience level 

 of LV electrical networks

Could a methodology be specifically 
defined  to assess the resilience 

of LV electrical networks?

Ch. 1: 50%
Ch. 2: 50%

Ch. 3: 15%
Ch. 4: 25%
Ch. 5: 20%
Ch. 6: 40%

Ch. 3: 15%
Ch. 5: 20%
Ch. 6: 45%
Ch. 7: 20%

Ch. 2: 80%
Ch. 3: 10%
Ch. 5: 10%

Figure 1: Relationship outline between the thesis’ research questions and objectives.
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Research scope

This thesis covers the electrical resilience assessment of the LV networks that

integrate or could integrate PV generation and are located in warm tropical climates.

It proposes studying the H2-ESS integration applying EMS to strengthen network re-

silience. It determines the resilience indicator parameters for an LV electrical net-

work based on robustness, operation continuity and quality. It fits resilience indices

and proposes a methodology to analyse electrical resilience. It includes high-impact

catastrophic events, power outages and quality issues that could cause unfavourable

conditions related to the PV systems.

The methodology proposal considers a feedback phase that allows weak net-

work points to be identified and improvement strategies to be defined. It focuses

on strengthening the supply’s capacity and quality. The feedback integrates quasi-

static power flow simulations with 10 minutes of sampling time, allowing the elec-

trical network performance to be analysed. Resilience-strengthening strategies use

H2-ESS and EMS. The resilience assessment proposal has a long-term focus on the

robustness of the electrical infrastructure, a medium-term focus on supply continu-

ity capacity, and a short-term focus on service quality.

The proposed methodology is applied to a university building that meets the

scope of the thesis. The building has a dedicated feeder and smart meters on the

distribution busbars and integrates a PV system. It is also located in a warm tropical

climate and variable cloudiness region. Then, this thesis analyses the implementa-

tion of a EMS to improve the network’s performance in the face of variations in the

PV power generated and the load demanded.

Thesis development

This doctoral thesis has been developed within the framework of a double

degree co-tutelle agreement between the universities Universidad Industrial de San-

tander–UIS, Colombia, Université Bourgogne Franche-Comté–UBFC and Université

de Franche-Comté–UFC, France. Its preparation covers three stages from Septem-
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ber 2019 to December 2023, as outlined in Figure 2. Each stage has had a strategic

contribution to the development of the thesis. The stages are described below.

2019 2020 2021 2022 2023
FranceColombia FranceColombia

Stage 3: Fundamental background 
in hydrogen-based technologies and 
completing the doctoral thesis

Stage 2: Research 
internship on EMS

Stage 1: Power systems training and research 
proposal formulation

Stage 2: Research 
internship on EMS

Stage 3: Fundamental background 
in hydrogen-based technologies and 
completing the doctoral thesis

Stage 1: Power systems training and research 
proposal formulation

Figure 2: Timeline of doctoral thesis development.

Stage 1: Training at the UIS. This phase has been developed in the facili-

ties of the Department of Electrical, Electronic and Telecommunications Engineer-

ing (E3T), at UIS in Bucaramanga, Colombia. It was from September 2019 to Decem-

ber 2021. It encompassed training in the modelling and analysis of power systems

and the development of research in the electrical resilience of power systems. Fur-

thermore, it covers the preparation of the PhD thesis proposal, the arrangement of

the case study and the procedure for establishing the co-tutelle agreement.

Stage 2: Research internship. The internship took place within the period of

Stage 1; it was carried out at the e-TESC Lab of the Université de Sherbrooke–UdeS, in

Sherbrooke, Canada. It comprised February to December 2020. The internship fo-

cused on the development of energy management strategies (EMS). Work was done

on the energy management of electric vehicles with multiple sources. Also, an ap-

proach to the management of distributed generation sources in power systems was

made.

Stage 3: Training at the UBFC. This phase has been developed between Jan-

uary 2022 and December 2023. It has taken place at the FC lab, FEMTO-ST institute

of the UBFC in Belfort, France. It covers training in the modelling and analysing

systems for hydrogen production, storage and use. The thesis approach has been

fine-tuned, and the research proposal has been implemented.
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Contributions

Assessing the resilience of LV networks provides information for planning. It

would allow improvement strategies for the performance of the operation in the face

of short-term climatic disturbances, such as sudden and intermittent variations in

solar irradiance and medium-term climatic disturbances, such as temperature vari-

ations at different times of the year. Evaluating the resilience of an electrical net-

work against disturbances in operation allows comparing the performance of con-

ventional strategies for mitigating adverse effects by PV integration. Likewise, it is

possible to evaluate the contribution of EMS when ESS are involved. The specific

contributions of this PhD thesis are the following:

• This research analyses the existing concepts of electrical resilience in the liter-

ature to develop a suitable definition for the resilience of low-voltage (LV) elec-

trical networks. This definition is fundamental to establishing a clear frame-

work to advance the assessment and improvement of the electrical resilience

of LV grids.

• Based on the proposed definition of electrical resilience, this thesis presents

an original methodology for assessing the resilience of LV grids incorporat-

ing PV generation. This methodology is characterised by its comprehensive-

ness, addressing three distinctive categories of disturbances that power sys-

tems may face: i) High-impact, low-probability disturbances. ii) Low-impact,

high-probability disturbances. And iii) permanent supply quality disturbances.

The methodology provides an integral tool for decision-making in electricity

resilience management.

• The definition and methodology of electrical resilience assessment are applied

in a concrete case study, illustrating the characteristics and advantages of this

approach. The case study focuses on the power grid network of a university

building with critical loads, a PV system and a smart metering system. This

practical application highlights the applicability and usefulness of the method-

ology in an actual situation.
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• The work includes power flow simulations that integrate the assessment of

electrical resilience. These simulations allow a detailed analysis of the influ-

ence of hydrogen storage systems (H2-ESS) and energy management strate-

gies (EMS) on the electrical resilience of the grid in the case studied. Further-

more, the sensitivity of these systems as a function of their connection point

and rated capacity is investigated, providing crucial information for the opti-

misation and improvement of electrical resilience in similar scenarios.

These contributions represent significant advances in understanding and im-

proving electrical resilience in LV grids with PV generation, with practical applica-

tions and results that positively impact the efficiency and reliability of LV power grids.

The following section describes the scientific publication contributions accomplished

throughout the thesis.

Scientific dissemination

The thesis development has achieved the publication of four papers directly

related to the thesis field and two complementary papers. One more paper has been

written to submit for evaluation. The dissemination achieved with this thesis is de-

tailed below.

Journal publication–peer-reviewed:

• Rodriguez, R., Osma, G., Bouquain, D., Solano, J., Ordoñez, G., Paire, D., Roche,

R., & Hissel, D. (2022). Sizing of a fuel cell–battery backup system for a uni-

versity building based on the probability of the power outage length. Energy

Reports, 8, 708-722. doi: 10.1016/j.egyr.2022.07.108 (EGYR, Q2 SCImago 2022).

• Rodriguez, R., Osma, G., Solano, J., Roche, R. & Hissel, D. (2021). A framework

for the resilience of LV electrical networks with photovoltaic power injection.

Tecnura, 25, 71-89. doi: 10.14483/22487638.18629

• Pinzon, O., Gaviria, D., Parrado, A., Rodriguez, R., & Osma-Pinto, G. (2022). As-

sessment of power quality parameters and indicators at the point of common
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coupling in a low voltage power grid with photovoltaic generation emulated.

Electric Power Systems Research, 203. doi: 10.1016/j.epsr.2021.107679 (EPSR,

Q1 SCImago 2022).

• Parrado, A., Rodriguez, R. & Osma, G. (2021). Resilience assessment in a low-

voltage power grid with photovoltaic generation in a university building. Inter-

national Review of Electrical Engineering, 16(4), 344-359.

doi: 10.15866/iree.v16i4.2032 (IREE, Q3 SCImago 2021).

Complementary Journal publication–peer-reviewed:

• Rodriguez, R., Trovão, J. P., & Solano, J. (2022). Fuzzy logic-model predictive

control energy management strategy for a dual-mode locomotive. Energy Con-

version and Management, 253, 1–13. doi : 10.1016/j.enconman.2021.115111

(ECM, Q1 SCImago 2022).

• Rodriguez, R., Osma, G., & Ordoñez, G. (2022). Sizing of a scattered housing

microgrid in a remote rural area. Renewable Energy and Power Quality Journal,

20, 43–48. doi: 10.24084/repqj20.214 (RE&PQJ, Q4 SCImago 2022).

To be submitted to a peer-reviewed journal:

• Rodriguez, R., Osma, G., Bouquain, D., Solano, J., Ordoñez, G., Paire, D., Roche,

R., & Hissel, D. (2023). Electrical resilience assessment for low-voltage build-

ings.

Structure of the thesis

This thesis comprises seven chapters addressing the research questions and

developing the set objectives:

• Chapter 1. Theoretical and conceptual framework: It exposes an overview

of the development of PV and H2-ESS and presents the thesis’ state-of-the-art.

It deepens in the negative effects of integrating PV generation in LV electrical

networks. Finally, it focuses on the existing approaches to evaluating electrical

systems’ resilience.
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• Chapter 2. Electrical resilience assessment proposal: It presents the remarks

on the electrical resilience in LV networks. It establishes a categorisation for

the resilience analysis. Then, it proposes a methodology for assessing electrical

resilience in LV networks.

• Chapter 3. Description of the case study electrical network: The case study

is the Electrical Engineering Building (EEB-UIS) at the Universidad Industrial

de Santander in Colombia. This chapter describes the electrical network of the

EEB-UIS and the arrangement of the smart meters. This information allows the

analysis of its electrical resilience and the development of the feedback phase.

• Chapter 4. Assessing the electrical resilience of the EEB-UIS: It exposes the

application of the electrical resilience assessment methodology in the EEB-

UIS. This chapter analyses the comprehensive electrical resilience of the EEB-

UIS under the current network conditions.

• Chapter 5. EEB-UIS LV network model for the resilience feedback phase:

This chapter shows the EEB-UIS network model for the feedback stages to

carry out simulations, define ways of improvement, propose sensitivity analy-

sis and test energy management strategies.

• Chapter 6. Resilience feedback analysis: This chapter develops feedback based

on the electrical resilience analysis of the EEB-UIS to identify the factors to

improve the network. It studies improvement strategies considering the in-

tegration of H2-ESS and EMS. It compares through simulations and performs

sensitivity analysis for the H2-ESS and PV systems.

• Chapter 7. Contribution and general conclusions: This chapter summarises

the thesis’ contribution and the objectives’ compliance. Then, it stands out the

thesis conclusions.
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Chapter 1

THEORETICAL AND CONCEPTUAL

FRAMEWORK

Electrical networks are constantly changing to meet the growing power de-

mand, expand coverage, incorporate new technologies, and future project require-

ments. Electrical systems planning tends to become more environmentally friendly,

integrating renewable energy sources (RES), such as photovoltaic (PV) solar systems

on large and small-scale. PV systems generate intermittent power. Therefore, the in-

tegration of energy storage system (ESS) could be suitable for greater use of PV power

production, even in interconnected systems. Hydrogen-based ESS (H2-ESS) stand

out in this field. H2-ESS have shown advantages at medium and large-scale. Also,

some studies report their feasibility in low-power systems. H2-ESS could represent

an excellent opportunity for integrating hydrogen applications at LV level.

Under this approach, this chapter describes the growth of PV and H2-ESS and

their integration into LV networks. It focuses on the effects that PV might cause in

the LV networks operation. It also presents the concept of electrical resilience. This

chapter is organised as follows: Section 1.1 describes PV systems evolution and par-

ticipation in LV networks. Section 1.2 delves into The impacts of PV systems inte-

gration. Section 1.3 focuses on hydrogen-based energy storage system. Section 1.4

presents the concept of electrical resilience. Finally, Section 1.5 summarises the re-

sults of the bibliographic review.
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1.1 Evolution of photovoltaic solar systems in low-voltage

networks

PV systems have been in development since the discovery of the PV effect in

1839 by Edmond Becquerel and the design of the first functional solar cell in 1954

with an initial efficiency of 4%. Since then, the PV evolution focused on low-power

applications such as rural telephony, and from 1958 the PVs were mainly used for

space applications. Around 1973, the private sector and some governments invested

in PV systems to supply remote housing and water pumps. By 1983, more than 5000

households were supplied by PV systems worldwide (Ramakumar & Bigger, 1993).

The installation of PV systems continued to be developed mainly in industrial ap-

plications and power for isolated areas. There was also a steady decline in the price

of PV module manufacturing and commercial design improvements, reaching more

than 15% efficiency (Hagemann, 1996).

The integration of PV systems in residential and commercial buildings began

in the early 1990s when PVs were installed to self-consumption (SC) (Singh et al.,

2021). This trend continued until 2009, when the first centralised solar plant DeSoto

Solar Energy Center, was installed at a 230 kV transmission line level in Florida, USA

(Shah et al., 2015). Since then, PV systems have been involved in low and medium-

voltage distribution networks and high-voltage power systems. In the last decade,

PV systems have stood out for the progressive reduction of the acquisition cost and

their growth in the participation of the world energy matrix. The cost of electric-

ity generated by PV systems has decreased by approximately 89% since 2010. As of

2021, the average cost of PV systems is 330 USD/kW. It is one of the renewable en-

ergy sources with the most significant increase in installed electrical power and also

generates approximately 4 million jobs. Figure 1.1 presents PV installed capacity and

power addition worldwide (REN21, 2023).

PV power generation corresponds to 5% of global demand. On the 175 GW of

PV power added in 2021, 42.8% belonged to the residential and commercial sectors

destined for SC, mostly installed on rooftops. 40% of the installed global PV electri-

cal power corresponds to low-power sectors. Nevertheless, the number of projects is

high since these installations are designed for less than 100 kW and fit to distributed
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Figure 1.1: Installed capacity of PV power worldwide in the last decade (REN21, 2023).

generation systems installed on distribution networks (REN21, 2023). Many coun-

tries are currently directing political efforts to increase the participation of PV sys-

tems in LV networks to tend locally to the growing demand for power and benefit

from renewable energy and the loss reduction provided by distributed generation.

In the residential and commercial sectors, PV modules are installed on the

rooftops and facades of buildings. Some projects have also taken advantage of sur-

faces such as parking lots, garden roofs, and terraces to double use the PV systems

(Agathokleous & Kalogirou, 2020). PV systems installations in buildings face chal-

lenges such as the availability of area, the interference of shadows from civil con-

structions or nearby vegetation and variations in solar irradiance. These factors af-

fect the PV systems operation causing intermittence in the generated power and pre-

venting the PV system from generating the maximum power (Shukla et al., 2016).

Because of the intermittence of PVs and their strict dependence on solar ir-

radiance, it is usual for interconnected PV systems to be configured to operate at the

point of maximum power. They inject the generated energy into the primary sup-

ply network (Kurdi et al., 2022). The PV power could meet part of the demand of the

building, and the power network would supply the missing power or absorb the sur-

plus. Figure 1.2 shows the typical demand profile of a residential building and the

standard generation profile of a PV system in a tropical region. Here, the hours of

the greatest generation do not reach the hours of most significant demand. Around

noon, the generated PV power supplies the demand, and the surpluses could be in-

jected into the grid.
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Figure 1.2: Typical demand profile of a residential user and standard generation profile of a
PV system (REN21, 2023).

Some researchers have studied the integration of ESS to store and dispatch

the generated PV energy. For example, Sharma et al. (2020) found it possible to lower

the annual electricity cost by installing an ESS for a typical house in southern Nor-

way. In the same way, Zou et al. (2022) present a techno-economic analysis of an

interconnected PV-battery system performance in an office building. The study uses

EMS to maximise SC. Other approaches consider demand-side management (DSM)

strategies to shift the hours of most significant demand towards the hours of greatest

PV generation. They use differential energy tariffs, financial incentives or penalties

for injecting PV power to the local network (Clauß et al., 2017).

This trend has led governments to step up efforts and investments to increase

the penetration of RES where PV systems play an essential role in integration into LV

networks (REN21, 2023). This way, planning resilient LV networks in the face of the

massive integration of PV systems is advisable to ensure their proper functioning and

obtain the most significant benefit (Panigrahi et al., 2020).

1.2 Effects of the photovoltaic systems on low-voltage

networks

Installing PV on LV networks modifies their operation, sometimes which could

be beneficial and other times harmful. PV integration impacts depend on the net-

work architecture, the weather conditions, and the PV’s size and setting (Bajaj et al.,
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2020). Some points in favour could be greater reliability, energy loss reduction, and

user economic benefits. Some disadvantages at the LV networks level could be in-

termittent generation, reverse power flows and overvoltage at the PCC (S. Ma, Chen,

& Wang, 2018). In the consulted literature, three groups of effects were identified: i)

Effects on supply reliability. ii) Effects on electrical protections. And, iii) Effects on

the supply quality. They are described below.

1.2.1 Effects on supply reliability

The PV systems integration could modify the energy reliability of users. It

promotes SC and alleviates dependency on the local power grid. Some researchers

have analysed the contribution of PV systems to increase network reliability when

combined with ESS. For example, Galvan et al. (2020) evaluate the potential of the

PVs to support the power supply against natural disasters. They integrate a battery-

ESS backup system. The performance metrics are the total customer-hours of the

outage and customer energy not supplied. Also, Su et al. (2019) propose an accu-

rate methodology to evaluate the electrical distribution networks’ reliability when

PV systems are involved. The assessment proposal analyses the PV’s positive and

negative impacts on network reliability. It considers three indices of PV generation:

The rated power, the power interruption probability, and the power fluctuation. It

also integrates two indices for supply in island mode: The average supply time and

the average energy for island mode.

1.2.2 Effects on electrical protections

The protection devices of a conventional distribution network are fuses, re-

closers and circuit breakers. Fuses operate on permanent faults, and reclosers on

temporary faults. The protection farthest from the supply bus must act first before

a fault to isolate the section affected by the failure. The other protections act in se-

quence if the primary protection does not work. The tripping time of the protections

is longer as they get closer to the feeder (Javadian & Massaeli, 2011). Based on ex-

posure by Ates et al. (2016) and Paliwal et al. (2014), the conventional LV protection

schemes have potential vulnerability to the PV integrationdue to three technical is-
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sues: i) The PV could cause bidirectional power flows in the network. Hence, the

coordination of protections based in a unidirectional way could be ineffective. ii)

The network could present high variations in the current magnitude before switch-

ing or abrupt PV generation variations. iii) The short-circuit current could increase

when PVs are involved.

ii) The grid could exhibit large variations in current magnitude before switch-

ing or abrupt variations in PV generation. iii) The short-circuit current could increase

when PV systems are involved.

1.2.3 Effects on the supply quality

The PV power injection could affect the supply quality of LV networks. The

variation in solar irradiance and the shading of the PV modules cause sudden varia-

tions in the power generated. It could trigger intermittent power injection that affects

the performance of the PV system and the electrical network. Some effects could be

waveform deformation, power unbalances, reverse power flows, and harmonic dis-

tortion (S. Ma, Su, et al., 2018). PVs could cause overvoltage, especially in the tail

of the distribution circuits (Deboever et al., 2018). Figure 1.3 shows an example of a

PV installed at the tail end of a distribution circuit. Here, the PCC is a low-demand

node. Furthermore, the PV system generates more power than the load demand, and

surplus power is injected into the network. It leads to a reverse power flow causing

overvoltage at the PCC (Walling et al., 2008).
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PV systems could also help to keep the service voltage parameter within ac-

ceptable limits (Aleem et al., 2020). The strategic location of the PV systems reduces

current levels in certain sections of the network, which improves voltage regulation

and could reduce energy losses within specific scenarios (Montoya et al., 2020). The

location of the PV system is critical to achieving greater penetration. For example,

Tedoldi et al. (2017) proposed a strategic PV system location allowing penetration of

up to 50% of the feeder without violating the voltage regulation limits.

On the other hand, PV systems use power inverters to inject the power gen-

erated into the alternating current (AC) supply network. Non-linear power inverters

could inject distorted and unbalanced current into the electrical system (Borghei &

Ghassemi, 2021). An unbalanced power injection of the PV systems could lead to an

unbalance in the service voltage; for example, in the case of a single-phase inverter

(Emmanuel & Rayudu, 2017).

1.3 Hydrogen-based energy storage systems

Integrating DG and RES in electrical distribution networks has led to the need

for monitoring, control and communication systems. It also occasionally requires

ESS integration to ensure a proper operation (Celli et al., 2017; Shi et al., 2017). Stor-

ing energy could mitigate the negative impact of DG and provide flexibility and en-

ergy security for operators and users (Gupta et al., 2019). The ESS incorporation

has been studied in various electricity sectors, including residential users (e.g. (Mu-

rayama et al., 2018; Shi et al., 2017)) and in small-scale generation (e.g. (Abdeltawab

& Mohamed, 2016; Choi et al., 2016). In these studies, the use of renewable energies

is a common factor.

The H2-ESS could be a workable alternative to support the PV systems in-

stallation in LV networks. It can store much energy that could be used to supply

critical loads in case of a long-term power outage. It could integrate EMS to support

the network operation. PV energy could be used to produce green H2 for multiple

applications (Yue et al., 2021). A H2-ESS have three essential components: an elec-

trolyser (EL), a H2 storage tank and a fuel cell (FC). In the energy storage stage, the EL

uses electrical energy to separate water molecules (2H2O) into hydrogen (2H2) and
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oxygen (O2). A compression system injects the H2 into a reservoir tank at high pres-

sure. In the energy extraction stage, the FC uses the H2, through a chemical reaction,

supplies electricity, heat and water vapour (Ganeshan & Holmes, 2017). Figure 1.4

presents the diagram of an H2-ESS and its relationship with some applications.
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Figure 1.4: H2-based storage system integration with other forms of energy (Zhang et al.,
2017).

The H2-ESS has a long useful life, and low pollution in operation, in its com-

ponents’ manufacture and final destination. The H2-ESS allows the possibility of

independently sizing the EL as the capacity of the charging power; the storage tank

as energy storage capacity; and the FC as discharge power capacity (Ganeshan &

Holmes, 2017). In this sense, it could independently address the adverse effects of

PV generation on LV distribution networks and program the operation of H2-ESS

through an EMS (Dong et al., 2016). In this way, the EL could be used as an ad-

justable load to mitigate sudden variations in the power generated by the PV system.

The H2 tank would be an energy storage and backup medium for power outages. The

FC could regulate the service voltage and mitigate the effects of sudden variations in

demand (Mizutani et al., 2016).

1.4 Resilience analysis in electrical networks

The concept of resilience has gained strength in the electrical engineering

domain. The UK Cabinet Office (2011) define resilience as the ability to anticipate,

absorb and adapt to a disruptive event and quickly recover. Also, the UKERC defines

resilience as the ability of an energy system to tolerate disturbances and continue to
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deliver energy service to users successfully. It indicates that a resilient system can

rapidly recover from shocks and provide alternative means of meeting energy ser-

vice demands in external circumstances (Chaudry et al., 2011). The reviewed litera-

ture mainly exposes two approaches for the analysis of resilience in LV networks: i)

Supply continuity against high-impact events. And ii) service quality in the face of

low-impact disturbances. They are addressed below.

1.4.1 Supply continuity resilience in the face of high-impact events

The researchers consulted have mainly studied the resilience of electrical sys-

tems to extreme and high-impact events. The main events analysed are earthquakes,

strong winds, and intentional attacks. They are called high-impact low-probability

(HILP) events (Ferrario et al., 2022; L. Ma et al., 2022; Wu et al., 2022). This approach

evaluates the ability of the electrical systems’ critical infrastructure (CI) to withstand

HILP disruptions and contain the emergency. The CI are the towers, poles, substa-

tions and power lines. Resilience is measured by a factor of critical loads supplied

during the emergency and the restoration time to supply the entire load. Table 1.1

summarises the analysis scenarios and the resilience indicators for electrical systems

facing HILP events.

Resilience analyses involve three phases: i) The time the event occurs. ii) Dis-

turbed operation state. And, iii) restoring system operation (Panteli & Mancarella,

2015). There are also three outstanding parameters: i) The probability distribution

of HILP event occurrence. ii) The fragility of the system’s CI before that HILP event.

And, iii) the service restoration time (Sabouhi et al., 2020). The HILP event frequency

relates to the study region’s reliability against catastrophes. The CI’s fragility corre-

sponds to its collapse probability in the face of a disruptive event. Service restora-

tion time indicates recoverability through repairs or emergency actions. Strategies

for strengthening CI involves system adaptations (Shakeri et al., 2017). When a HILP

event occurs, the priorities are the integrity of the electrical system, avoiding cascad-

ing outages and blackouts, and protecting the CI from catastrophic damage (Jasiūnas

et al., 2021). Figure 1.5 relates the characteristics of the electrical systems’ CI and

their response to a HILP disruption.
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Table 1.1: Studies on resilience assessment in electrical networks.

Scenario Indicator Description

Several weather
conditions

Generation cost (Shang,
2017)

It uses an isolated dynamic microgrid to sup-
ply during power outages

Vulnerability, redundancy
and adaptability (Espinoza
et al., 2016)

It evaluates the adaptation of power systems
to frequent natural disasters

Hurricanes

Risk probability and
robustness (Ouyang &
Dueñas-Osorio, 2014)

It analyzes power systems with high proba-
bility of hurricanes

Natural disasters
and human

attacks

Supply capacity and
restoration time (Bie et
al., 2017)

It analyses the infrastructure of power sys-
tems and the measures taken around the
world

Reliability, Island-mode
(Rahimi & Davoudi, 2018;
Haixiang et al., 2017)

They analyse the capacity of DG sources such
as electric vehicles and microgrids to im-
prove the resilience of a residential electrical
network

Natural disasters
in cascade

Reliability and supply ca-
pacity (Cadini et al., 2017)

It analyses the capacity of a transmission
network to maintain the service in case of cli-
matic disasters

Extreme weather
events

Operation cost and power
supply capacity (Chong et
al., 2017)

It proposes an operation strategy to improve
the resilience of power systems
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Figure 1.5: Resilience analysis of an electrical system facing a disruptive event (Shakeri et al.,
2017).

1.4.2 Service quality resilience in the face of a disturbance

The quality of the electrical service analysis focuses on network performance

before low-impact disturbances that affect electrical parameters and user comfort

(Nowbandegani et al., 2022). These disturbances can be classified into two groups:

i) Low-impact high-probability (LIHP) events such as accidents of common origin,

light failures and repairs causing power outages of short duration. Moreover, ii)
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permanent-effect (PE) events, such as the integration of energy sources or significant

loads, could permanently affect the performance of the electrical network. These PE

events mainly affect the voltage at the network nodes and fluctuations in power sup-

ply (Borghei & Ghassemi, 2021; Deboever et al., 2018).

The electrical performance approaches have integrated a sustainability func-

tionφ(t ) representing the electrical operation. For example, R. Rodriguez et al. (2021),

and Baroud & Barker (2018) model the behaviour of the electrical system by φ(t )

based on a normalised quality parameter. The φ(t ) represents the probability that

the network operates in normal conditions or that a disturbance does not occur.

LIHP and PE events act as a disturbance function e(t ), beginning at time te . When the

disturbance e(t ) is gone, the system experiences a transient state until it seeks sta-

bility. After time tr , the restoring reaches a stable regular operation. Recoverability

is the network capacity to reach normal operating conditions. Figure 1.6 represents

the performance of a resilience evaluation index in the face of a disturbance.
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Figure 1.6: Evolution of a resilience index in the face of a disturbance (R. Rodriguez et al.,
2021).

Besides, researchers such as Home-Ortiz et al. (2022) have used the concept

of Hosting Capacity to evaluate the DG penetration that a network node could sup-

port without losing operating conditions or violating regulatory values. Generally,

they take the IEEE 1547 Standard (IEEE, 2018) as a reference for operating condi-

tions. Hosting Capacity could be appropriated as a resilience metric. It seeks that

the electrical networks will not lose the quality of operating conditions due to DG

integration.
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1.5 Summary of findings

This chapter deals with the integration of PV systems in LV networks. It finds

that the trend toward massifying distributed PV systems in LV networks pose chal-

lenges regarding the operation of resilient electrical networks. It could make net-

works vulnerable to generated power fluctuations, and then it could affect the sup-

ply’s continuity and quality. This chapter also addresses electrical resilience as a

strategy for evaluating the performance of electrical networks. It has not found a

unified concept to define resilience applied to LV networks. However, some studies

are related to using distributed energy resources (DER) to improve the response of

LV networks to disturbances.

Existing approaches to electrical resilience could be applied to LV networks

to define a comprehensive assessment. It should integrate resilience indices that

address the following issues: i) The ability of critical infrastructure to withstand high-

impact disruptions. ii) The capacity of the electrical network to guarantee power

supply. And iii) the quality in operation.

This chapter provides progress towards the first specific objective (SO1): "De-

termining the resilience evaluation indices for a LV electrical network that allows

analysing the performance of the integration of PV generation and H2-ESS." It identi-

fies vulnerable features of the supply’s continuity and quality against PV integration.

Likewise, it answers research questions RQ1 and RQ2, finding that a comprehensive

resilience assessment requires information on the vulnerability of the electrical sys-

tem’s CI, on the reliability of serving users and on the quality of service. There are in-

frastructure, energy management, and hybrid measures to strengthen the resilience

of the LV networks.

28



Chapter 2

ELECTRICAL RESILIENCE

ASSESSMENT PROPOSAL

This chapter presents a comprehensive electrical resilience (Rcomp) assess-

ment proposal for low-voltage (LV) networks. It focuses on existing resilience con-

cepts in order to align a definition for LV networks. The critical infrastructure (CI)

fragility, supply reliability and service quality approaches are addressed. It follows

up on the first specific objective SO1: "Determining the resilience evaluation indices

for an LV electrical network that allows analysing the performance of the integration

of PV generation and hydrogen-based storage systems (H2-ESS)." It also outlines the

achievement of the SO2: "Establish a procedure to assess the resilience of LV net-

works with the injection of power from PV systems and H2-ESS."

It answers research question one RQ1: "What kind of information about an

LV electrical network that integrates or could integrate PV systems does it require to

carry out a comprehensive resilience assessment between the capability to supply

users and the performance of the operation?" It further contributes to developing

SO3 and SO4, and to answering RQ5 and RQ6. It is organised as follows: Section 2.1

highlights remarks on the resilience in LV networks. Section 2.2 exposes the com-

prehensive electrical resilience (Rcomp) proposal. Section 2.3 presents the resilience

assessment facing high-impact low-probability (HILP) events. Section 2.4 describes

the strategy to assess resilience regarding low-impact high-probability (LIHP) events.

Section 2.5 proposes the methodology for evaluating resilience against permanent-

effect (PE) events. Finally, Section 2.6 outlines the chapter conclusions.

29



2.1 Remarks on the assessment of the resilience in low-

voltage networks

The critical infrastructure (CI) of an LV electrical network corresponds to the

civil construction and physical elements exposed to possible disruptive threats. These

components are feeders, poles, and electrical conductors. Distributed generation

(DG) and self-generation (SG) systems are not considered CI for this research. The

physical environment influences the reliability of power transmission and distribu-

tion systems. Adverse weather conditions exert significantly higher stress on criti-

cal infrastructure (CI) than normal weather conditions. It is, therefore, necessary to

consider the effects of adverse weather conditions in assessing electrical resilience

(Billinton et al., 2002). The supply continuity in the LV networks highly depends on

the upstream supply. Issues in the feeders lead to an affectation on the LV side. Net-

works’ CI could face HILP events such as extreme weather conditions and malicious

attacks.

In addition, it is usual to schedule power outages for adequacy in the distri-

bution networks. Users with critical loads have backup strategies such as supply by

two independent distribution circuits, diesel generators or batteries. H2-ESS and PV

could contribute to power backup in case of outages. It is also essential to guarantee

the quality of the service for the user. The quality is reflected in the supply continuity

and parameters such as frequency and voltage regulation delivered to users. H2-ESS

and PV systems participate in the power flows and could benefit or detriment the

quality of the service. In this way, the LV electrical networks cover aspects to apply a

resilience analysis.

The concepts proposed by UK Cabinet Office (2011) and Multidisciplinary

Centre for Earthquake Engineering Research (MCEER) (Bruneau et al., 2003) are ori-

ented to study CI’s resilience against HILP events. Here, they assess possible damage

with the CI fragility defined as the probability of collapse conditional on a catas-

trophic event (Sabouhi et al., 2020). The concept by UKERC (Chaudry et al., 2011)

has an operational approach since it tries to analyse the electrical system’s perfor-

mance in the face of a disturbance that does not precisely cause the system’s col-

lapse but could affect the service’s quality. Here, an operational sustainability index
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evaluates the electrical system performance facing a disturbance (R. Rodriguez et al.,

2021; Baroud & Barker, 2018). This thesis, it is proposes to classify electrical resilience

into three type-resiliences according to the disruption level and the effect-term as

schematised in Figure 2.1. The proposed resilience classification for the LV network

is described below.
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Figure 2.1: Resilience analysis classification proposal for LV electrical networks.

• Type I resilience (RI): It is the ability of the LV electrical network’s critical in-

frastructure (CI) to withstand a high-impact low-probability (HILP) event with-

out losing the supply continuity. The CI are feeders, poles and distribution

lines. HILP events include natural disasters and high-impact disruptions. RI

depends on the CI’s fragility, the HILP events’ intensity and probability of oc-

currence. RI could be improved by infrastructural strengthening measures.

• Type II resilience (RII): It is the electrical system’s capacity to maintain conti-

nuity of service against low-impact high-probability (LIHP) disturbances un-

der normal operating conditions. LIHP events include but are not limited to

scheduled power outages, switching under load, and short-circuit failures. RII

depends on the primary supply network’s reliability and could be increased by

protection systems and energy backup strategies.
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• Type III resilience (RIII): It is the electrical system’s ability to guarantee service

quality at the supply points considering the permanent-effect (PE) events. This

thesis considers as PE events the integration of DG and SG since they could

modify the operation of the LV network. A PE could become favourable or

unbearable depending on the new performance of the electrical grid. RIII de-

pends on the network’s components and their settings. RIII could improve by

installing equipment for quality correction or implementing energy manage-

ment strategies (EMS).

Table 2.1 outlines the type-resilience classification, the focus of each and the

disruptive events to which they relate. The following section outlines the electrical

comprehensive resilience (Rcomp) approach that this thesis proposes.

Table 2.1: Classification of electrical type-resilience for LV networks.

Type-resilience Approach Disturbance coverage
Type I (RI) Ability of the critical infras-

tructure of the electrical sys-
tem to resist high-impact
civil disturbances.

High-impact low-probability (HILP) events
affecting the civil structure of the electrical
grid. Such as natural disasters, hurricanes,
earthquakes and floods. It also includes ter-
rorist attacks, major power failures and simi-
lar disruptions.

Type II (RII) Reliability of continuous
supply to the critical loads
of an electrical installation.

Low-impact high-probability (low-impact
high-probability (LIHP)) events that produce
short-term restoration power outages. Such
as minor asset accidents, short circuit fail-
ures, scheduled power outages, power grid
maintenance, etc.

Type III (RIII) Capacity of the electrical in-
stallation to guarantee the
quality of the supply in the
event of permanent changes
in operation.

Events with permanent-effect (PE) in the op-
eration of the electricity system, such as the
incorporation of new energy sources, the re-
configuration of the grid, the inclusion of un-
balanced loads and the occurrence of har-
monic pollution, among others.

2.2 Comprehensive electrical resilience of LV networks

This research aims to assess the type-resiliences quantitatively. It analyses

the specific contribution of each of them to determine a comprehensive electrical

resilience (Rcomp). The Rcomp analysis comprises five parts, three concerning assess-

ing the current resilience of the electrical installation. Two more parts focus on feed-
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ing back the results to develop strategies to strengthen the resilience of the electrical

system. Figure 2.2 presents their sequential relationship, the parts comprising as de-

scribed below.
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Figure 2.2: Methodology for the comprehensive electrical resilience assessment.

Part 1 is the characterisation of the electrical network to be studied. It collects

information about the HILP events in the study region representing threats. It deter-

mines the fragility of the network’s CI regarding HILP risk events. It also uses histori-

cal data on power outages, grid operation measurements, and weather information.

Each type-resilience requires accurate information for its assessment. Part 2 is the

evaluation of the type-resiliences. It processes the information collected in Part 1 to

determine RI, RII, and RIII. Their assessment methodology are exposed in sections

2.3, 2.4, and 2.5, respectively. Part 3 is the analysis of the contribution of each type-

resilience establishing Rcomp.

Part 4 and Part 5 are the feedback phases. They correspond to identifying

weak aspects and proposing resilience-strengthening strategies, respectively. When

possible, the feedback phase is optional for implementing measures to enhance re-

silience. These measures focus on implementing and managing H2-ESS and PV sys-

tems. After a feedback measure, new assessments of the type-resiliences are neces-

sary to establish the improvements.
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In LV networks’ type-resiliences, an implicit hierarchy governs their evalua-

tion. This hierarchical structure demands specific prerequisites for assessing each

level of resilience. At the pinnacle of this hierarchy stands RI, the most fundamental

type-resilience, which must be a foundational requirement. Following closely in the

ranking are RII and RIII, each necessitating certain conditions for their assessment. In

the case of RII, an active infrastructure within the electrical system becomes impera-

tive. This infrastructure enables the assessment of the system’s resilience concerning

its capability to handle disturbances and maintain functionality. Similarly, to evalu-

ate RIII, an uninterrupted energy supply is essential. Without this crucial element,

the assessment of RIII becomes infeasible, preventing the study of an electrical sys-

tem’s response when deprived of service.

Thus, RI holds the highest rank in the implicit type-resilience hierarchy, act-

ing as the foundational requirement. RII and RIII follow suit, each building upon

the previous level, forming a cohesive framework for comprehending the resilience

of LV networks. Type-resiliences have the range [0,1]. Five characteristic resilience

conditions are proposed: i) Ideal condition, here resilience is equal to 1. ii) Accept-

able condition that has a range [0.9 , 1). iii) Alert condition with a range [0.7 , 0.9).

iv) Emergency condition, range (0 , 0.7). And, V) non-functional condition, here re-

silience is equal to 0. Then, the Rcomp analysis indicates the overall likelihood that

the electrical network operates correctly in an integral way. If any type-resilience is

null, Rcomp is also null since the electrical system cannot sustain the power supply.

Figure 2.3 shows the split of Rcomp. It presents a mathematical formulation sketch of

the type-resilience approaches. The following sections outline the methodology for

assessing the type-resiliences and the origin of their parameters.
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Figure 2.3: Comprehensive electrical resilience split.
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2.3 Type I resilience before high-impact low-probability

events

The RI resilience assesses the capacity of an electrical network’s CI to with-

stand HILP events. It is proposed to evaluate RI as the probability that the network’s

CI will not collapse conditioned on HILP events. It allows an assessment between 0

and 1. The valuation RI = 1 indicates there is no probability that the CI will collapse

due to HILP events. The RI assessment has three stages: i) The characterisation of

HILP risk events. ii) The analysis of the CI network’s fragility regarding risk events.

And iii) the integration of risks to determine RI. Figure 2.4 shows the methodology

for assessing RI resilience. Then, the stages are described.
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Figure 2.4: Methodology to assess type I resilience.

2.3.1 Stage 1: Analysis of HILP risk events

This stage analyses the meteorological risk conditions in the region of the

electrical network under study. It identifies the HILP events in the study region ac-

cording to historical information available. Then, it determines the recurrence and

level of risk of the events. This stage selects the HILP events to analyse in the RI as-

sessment. A detailed analysis of each event is carried out to understand its possible

impact on the network’s CI and, in this way, to be able to make informed decisions to

strengthen and improve the RI resilience of the system against future similar events.

The main risk events are earthquakes, strong winds, and intentional attacks.

However, each region could have particular HILP risk events. The outputs of this

stage are the number ND of HILP events representing a collapse threat for the net-

work’s CI. The probability of occurrence ρd and the probability distribution function
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PDFd of intensity for each d-event. ρd and PDFd could be made from measure-

ments in the study region, historical data, or standardised probability functions.

2.3.2 Stage 2: Assessment of CI fragility against risk HILP events

CI fragility is the probability of collapse as a function of disturbance intensity.

It could be represented with a cumulative distribution function (CDF) since as the

level of disruption increases, the likelihood of failure increases until it reaches 100%

(Salman et al., 2015). Determining the fragility functions requires an extensive study

for each CI and event. The network’s CI have a fragility performance concerning

each HILP d-event. It is necessary to characterise the fragility for the poles f r[p|d ]

and the electrical lines f r[ln|d ] concerning the d-event. This characterisation could

be obtained through experimental, statistical methods, analytical techniques, expert

judgment or the combination of methods (Tari et al., 2021).

According to the research carried out by Salman et al. (2015) and Bjarnadottir

et al. (2013), the fragility curve could be modelled with a log-normal CDF. This the-

sis proposes the stress state probability index SSP|d representing the probability that

the network’s CI collapses when the d-event occurs. Eq. (2.1) presents the SSP|d for-

mulation. Here ρ[d ] is the probability ρd of the d-event, and ρ[FC I ] is the probability

that the CI will collapse. ρ[FC I |d ] is the probability that the network’s CI will collapse

due to the d-event.

SSP|d = ρ[d ∩FC I ] = ρ[d ] ·ρ[FC I |d ] (2.1)

Since the network’s CI is the set of poles and lines, the probability ρ[FC I |d ]

is the union of the failure probability of the poles ρ[Fp |d ] and the lines ρ[Fln |d ] as

Eq. (2.2) presents. Then, ρ[Fp |d ] and ρ[Fln |d ] depend on the same d-event at the

same time; they are overlapping probabilities. Thus, ρ[FC I |d ] is the maximum value

between ρ[Fp |d ] and ρ[Fln |d ].

ρ [FC I |d ] = ρ
[
(Fp |d)∪ (Fln |d)

]= max
{
ρ[Fp |d ] ; ρ [Fl n |d ]

}
(2.2)

According to the findings of Roy & Matsagar (2020), the probability ρ[Fi |d ]

that the i -infrastructure fails given the d-event depends on the d-even’s x-intensity.
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It is obtained from the infinite sum of the intercepts for each x j intensity. Eq. (2.3)

presents the mathematical development to calculate the probability of failure. Then,

the sum represents the integral of the product between the probability ρ[d|x] that the

d-event has x-intensity and the probability ρ[Fi |x] that the i -infrastructure collapses

at x-intensity.

ρ [Fi |d ] =
∞∑

j=1
ρ

[
d|x j ∩Fi

]
=

∫ ∞

0
ρ[d|x] ·ρ[Fi |x] ·d x (2.3)

ρ[d|x] and ρ[Fi |x] correspond to the probability density function PDFd (x)

and the fragility function f r[i |d ](x) respectively as a function of x-intensity. Inte-

grating Eq. (2.2) and Eq. (2.3) into Eq. (2.1), and replacing the equivalent parameters,

SSP|d could be rewritten as Eq. (2.4) shows. Here, xd corresponds to the measure-

ment unit for the d-event intensity in the range [0,∞). SSP|d should evaluated for all

ND HILP risk events identified in Stage 1.

SSP|d = max

{∫ ∞

0
PDFd (xd ) · f r[p|d ](xd ) ·d xd ;

∫ ∞

0
PDFd (xd ) · f r[ln|d ](xd ) ·d xd

}
(2.4)

2.3.3 Stage 3: Integration of stress from HILP risk events

The RI resilience considers the ND risk events determined in Stage 1 and anal-

ysed in Stage 2. The total stress state probability (SSP|H I LP ) is the union of the partial

probabilities SSP|d . SSP|H I LP represents the probability that the network’s CI will

collapse due to HILP events. Considering that HILP events occur independently, the

union of events equals their sum as Eq. (2.5) presents. RI resilience is the probability

that the network’s CI does not collapse facing HILP events. Then, RI is the comple-

ment of SSD |H I LP as Eq. (2.6) shows.

SSP|H I LP = SSP|d1 ∪ SSP|d2 ∪·· · SSP|dk · · ·∪ SSP|dN

−( SSP|d1 ∩SSP|d2 +·· ·+SSP|d1 ∩SSP|dk +·· · )

=
ND∑
k=1

SSP|dk −
ND∑
k=1

(
ND∑

j=k+1
SSP|dk ·SSP|d j

) (2.5)

RI = SSPC
|H I LP = 1−SSP|H I LP (2.6)
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2.4 Type II resilience against power outages

The RII resilience is the ability of the electrical system to guarantee the supply

facing LIHP events. This thesis evaluates RII by the probability that the LV network

supplies power in normal operating conditions. The RII assessment has three stages:

i) The characterisation of power outages due to LIHP events. ii) The reliability anal-

ysis of backup systems. And iii) the evaluation of the electrical system capacity to

guarantee the supply. The stages are addressed below.

2.4.1 Stage 1: Power outages characterisation

LIHP events originate from various sources, such as short circuits caused by

animals or tree branches, minor accidents involving assets, and scheduled power

outages. These events do not result in significant damage to the electrical system’s

CI. However, a LIHP could lead to a power outage, typically resolved within minutes.

Due to the diverse nature of LIHP events, they are categorised as power outages, and

a power outage state factor ρout is defined in Eq. (2.7).

ρout = 1

Ttot
·

Nout∑
i=1

(
Touti

)
(2.7)

ρout represents the probability of being in an outage state. Here Ttot is the ob-

servation time equal to or greater than one year. Nout is the total number of outages

during Ttot , and i is the outage indicator. Touti corresponds to the i -outage length.

The data could be measured or provided by the electrical network operator.

2.4.2 Stage 2: Backup systems reliability analysis

Electrical installations could integrate energy backup systems. These systems

increase the supply continuity capacity providing power in an outage. The total sup-

ply probability (TSP) index is proposed to evaluate their contribution. TSP is the

probability that the backup system will meet the demanded load during all outages

in Ttot . The TSP index evaluates the power backup systems’ contribution to the

electrical installations’ reliability. It highlights the effectiveness and reliability of a

backup system to guarantee the continuity of power supply. Figure 2.5 presents the
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proposed methodology to determine TSP comprising four steps. The steps are de-

tailed below.
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Figure 2.5: Methodology to estimate the total supply probability (TSP).

• Step 1: Information acquisition. It collects historical data on the power out-

age lengths for at least one year. It characterises the backup system’s power

and energy size, operation modes, and the backup system’s support load. The

information collected must be rigorous and adequate, as Step 1 lays the fun-

damental foundations for the reliability analysis.

• Step 2: Power outages characterisation. Here the history outage length data

is organised into frequency intervals. This step fits the frequency intervals

to a probability density function PDF (lhout ) based on the length of outages

(lhout ). It characterises the PDF parameters to make a cumulative distribution

function C DF (lhout ). The PDF and C DF functions represent the characteri-

sation of the power grid concerning power outages of common origin.

• Step 3: Backup time determination. It models the electrical network sup-

ported by the backup system. It determines the backup time Tbk that it could

supply through calculations or simulations at maximum demand. In addition,

the data analysis helps to size a backup system adapted to the electrical net-

work under study to meet the needs in case of power outages.
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• Step 4: TSP definition. It evaluates Tbk at C DF (lhout ) determined in the Step 2

to define TSP; T SP = C DF (Tbk ). Considering that backup systems could be

designed to support the critical load during a power outage, it is essential to

consider a backup factor ηbk . The backup factor regards the scenario where

the installation cannot support the entire load demand. The ηbk formulation

is shown in Eq. (2.8). Here, Loadbk is the load supported in emergency, and

Loadtot is the total LV network load.

ηbk = Loadbk

Loadtot
(2.8)

2.4.3 Stage 3: Evaluation of the supply continuity capacity

The two previous stages are used to determine the probability of no supply

ρo f f as Eq. (2.9) presents. ρo f f is the probability that the electrical network will

not supply the loads through the feeder or a backup system. On the other hand, RII

denotes the probability that the electrical network will successfully supply the de-

mand before LIHP events. Then RII could be expressed as the complement of ρo f f

as Eq. (2.10) shows. This approach serves as an indicator to assess the overall relia-

bility of the electrical system and its ability to maintain uninterrupted power supply

during critical situations.

ρo f f = ρout ·
(
1−ηbk ·T SP

)
(2.9)

RI I = ρC
o f f = 1−ρo f f (2.10)

2.5 Type III resilience in the face of permanent effects

The RIII resilience is focused on analysing the quality of the power supply of

an LV network. Thus, this research considers that PV systems permanently affect the

operation quality due to intermittent power injection. It gets focused on essential

parameters that guarantee a proper electrical service. The operation quality of LV
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networks is mainly reflected in voltage regulation, frequency stability, voltage unbal-

ance and harmonic distortion (Parrado, 2020).

This thesis proposes to assess RIII by the probability that the network’s qual-

ity parameters (QP ) operate in acceptable values. This way, RIII has the range [0,1].

RI I I = 0 implies that QPs are in unacceptable values that do not allow electrical op-

eration. RI I I = 1 indicates that the QPs always remain at ideal values. A four-stage

methodology is proposed to evaluate RIII: i) The selection and measurement of elec-

trical quality parameters (QP ). ii) The normalisation of QPs in quality indices (φQP ).

iii) The evaluation of operation resilience indices (ΦQP ). Furthermore, iv) the in-

tegration of the operation resilience indices to find RIII. Figure 2.6 shows the RIII

assessing methodology; then, the stages are described.
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Figure 2.6: Methodology to evaluate the operation electrical resilience.

2.5.1 Stage 1: Selecting the electrical quality parameters

There are standards on quality of electrical service with an international scope,

such as IEC 61000-3-6 (2008), EN 50160 (2010), ANSI C84.1 (2016), and IEEE Std 519

(2014). Also, the IEEE Std 1547 (2018) establishes criteria for the interconnection of

DER in distribution networks. They set standards for the supply service and the in-

terconnection of new components. This research proposes to classify the QPs into

two groups: i) Voltage QPs related to the voltage supply quality. And ii) current QPs

representing the quality of the current and power demanding the load.

According to the literature review, the QPs most affected by the PV systems

integration are selected. Voltage QPs are voltage regulation (u), frequency ( f ), volt-

age unbalance factor (V U F ), and total harmonic distortion of voltage (T HDv). Cur-

rent QPs are current level (I ), energy losses (pl oss), current unbalance factor (CU F ),

and total harmonic distortion of current (T HDi ). By generalisation, u, f , and I are
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processed into per unit values upu , fpu , and Ipu , respectively. ploss , V U F , T HDv ,

CU F , and T HDi are analysed in percentage values. These parameters must be mea-

sured and recorded during the operation of the electrical system. The measurement

points should also be appropriately determined. The following stages describe the

processing of the QPs data.

2.5.2 Stage 2: Normalisation of quality parameters

A normalisation operator Γ(QPk ) based on international quality standards

is proposed to analyse the QPs record. Here, QPk is the k-quality parameter in-

spected. Γ(QPk ) is a correspondence function that assigns a value φk between 0

and 1 depending on the measured value QPk . The quality indices φu(upu), φ f ( fpu),

φV U (V U F ), and φHDv (T HDv) correspond to u, f , V U F , and T HDv , respectively.

Moreover,φI (Ipu),φl (l s),φCU (CU F ), andφHDi (T HDi ) correspond to I , ploss , CU F ,

and T HDi , respectively.

A normalised indexφk (QPk ) has a range [0,1] according to the following char-

acteristic resilience conditions: i) Ideal condition, φk (QPk ) = 1. ii) Acceptable con-

dition, φk (QPk ) ∈ [0.9 , 1). iii) Alert condition, φk (QPk ) ∈ [0.7 , 0.9). iv) Emergency

condition, φk (QPk ) ∈ (0 , 0.7). And, V) non-functional condition, φk (QPk ) = 0. The

operator Γ(QPk ) is formulated as a piecewise linear function. A matching range of

QPk is identified for each operation resilience condition. The voltage and current

QPs terms to determine correspondence ranges are described below.

For voltage quality parameters:

• Voltage regulation index φu(upu): According to the EN 50160 (2010), and ANSI

C84.1 (2016) standards, the voltage regulation in LV installations must not ex-

ceed ±5% under normal conditions. In the event of a contingency, a slightly

wider voltage regulation tolerance of ±10% is deemed acceptable, as it allows

for short-term deviations from the nominal voltage without causing significant

disruptions to the system. However, it is crucial to promptly address and re-

solve the contingency to bring the voltage levels back within the normal range.

Any significant deviation exceeding ±15% from the nominal voltage level is

considered highly critical and potentially dangerous.
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• Frequency indexφ f ( fpu): In compliance with the EN 50160 (2010) and the ANSI

C84.1 (2016) standards, frequency is a critical parameter that governs the sta-

bility of the electrical system. During normal operating conditions, the elec-

trical supply frequency should ideally remain within an admissible variation

of ±1% from the nominal value. In the event of a contingency, a wider fre-

quency variation is allowed. The standards recommend a deviation of up to

−6% and +4% from the nominal frequency. Any frequency variation exceed-

ing these permissible limits could have severe consequences. Such deviations

would lead to instability within the electrical system, potentially causing cas-

cading failures and, in the worst-case scenario, a complete blackout.

• Voltage unbalance indexφV U (V U F ): Following the EN 50160 (2010) and IEC61000-

2-2 (2018), the V U F must be less than 2% in normal operating conditions. This

level of V U F is essential to prevent excessive stress on the connected equip-

ment and reduce losses. In ideal conditions, it is expected that the V U F should

be even lower, aiming for less than 0.5%.

• Voltage harmonic distortion φHDv (T HDv): Per the EN 50160 (2010) and IEEE

Std 519 (2014), the voltage’s T HDv should not exceed 8% in the LV supply. In-

dividual harmonic distortions must be kept below 5% to ensure optimal sys-

tem performance. Any values exceeding these limits indicate poor quality of

electrical supply and demand immediate attention and corrective action.

The permissible limits values of the voltage QPs defined by the quality stan-

dards are used to define the correspondence with the set resilience conditions. Ta-

ble 2.2 presents the proposed correspondence ranges for the voltage QPs and Fig-

ure 2.7 shows their normalisation operator Γk (QPk ) graphs. In the following, the

current QPs are addressed.

43



Table 2.2: Voltage QP ranges defining the normalised operation resilience indices.

Resilience range
Voltage QP range

upu fpu %V U F %T HDv
Ideal– [1.0] [0.98,1.02] fpu = 1.0 [0.0,0.5] [0.0,1.0]
Acceptable–[0.9,1.0) [0.95,0.98); (1.02,1.05] [0.99,1.01] (0.5,1.0] (1.0,3.0]
Alert–[0.7,0.9) [0.90,0.95); (1.05,1.10] [0.97,0.99); (1.01,1.02] (1.0,1.5] (3.0,5.0]
Emergency–(0.0,0.7) (0.85,0.90); (1.10,1.15) (0.94,0.97); (1.02,1.04) (1.5,2.0) (5.0,8.0)
Non-functional– [0] 0.85 ≥ upu ≥ 1.15 0.94 ≥ fpu ≥ 1.04 V U F ≥ 2% T HDv ≥ 8%
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Figure 2.7: Normalisation operators for voltage quality parameters.

For current quality parameters:

• Line current index φI (Ipu): Following the IEEE Std 1547 (2018) and the recom-

mendations of IEEE Std 141 (1993). The electrical conductors of LV systems

are designed to support a nominal current In . Operating them at no more than

80% of In is recommended to avoid overheating and possible accidents. In

could be exceeded in contingency short periods. However, it must not exceed

110% of the conductor’s rated current. A current greater than 120% of In is

considered a failure.

• Energy loss index φl (l s): The acceptable percentage of losses in an LV line is

generally set between 0% and 3%. Within this range, the losses are considered

to be within standard tolerances and indicate a well-designed and efficient sys-

tem. When power losses fall within 3% to 5%, it serves as an alert, indicating

a potential need for further analysis and improvements in the system’s design

or operation. Power losses exceeding 5% are considered indicative of a poor

design and may result in issues affecting the electrical system’s overall perfor-

mance. In any case, power losses exceeding 10% are unacceptable and warrant
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urgent corrective measures.

• Current unbalance index φCU (CU F ): The power quality standards do not pro-

vide limits for the current unbalance in LV networks. However, certain elec-

trical network operators propose local regulations for its application. In LV

networks with single-phase loads, achieving CUF values up to 100% is feasi-

ble without causing a system collapse. On the other hand, a three-phase net-

work with an unbalanced voltage could lead to a current unbalance. A usual

ratio indicates that a VUF of 2% corresponds to 40% of CUF, and a VUF of 0.5%

corresponds to 10% of CUF (K. Ma et al., 2020; Rafi et al., 2020). In this way, a

CUF less than 10% indicates a recommended operation, a CUF less than 40% is

acceptable, and a CUF value between 40% and 100% indicates an alert condi-

tion. It is important to note that the current unbalance index does not consider

non-operability conditions.

• Current harmonic distortion φHDi (T HDi ): Per IEC 61000-3-2 (2018) and IEC

61000-3-4 (1998), the allowable harmonic currents in LV networks depend on

equipment class and load type. T HDi up to 30% may be permissible due to

diverse load classes in LV. Additionally, IEEE Std 519 (2014) recommends con-

straining T HDi for LV networks based on the short-circuit current to nominal

line current ratio. Accordingly, T HDi less than 3% signifies regular load opera-

tion. T HDi less than 5% is acceptable; values from 5% to 10% act as a warning.

T HDi between 10% and 20% may indicate an emergency. In contrast, values

exceeding 20% demand immediate attention.

According to the recommended QP values by the quality standards, the ranges

of correspondence with the resilience conditions are proposed. Table 2.3 presents

the proposed correspondence for the current QP , and Figure 2.8 shows their nor-

malisation operators graphs.
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Table 2.3: Current QP ranges defining the normalised operation resilience indices.

Condiction
Resilience

range
Current QP range

Ipu %l s %CU F %T HDi
Ideal 1.0 [0.0,0.8] (0,1] [0,10] [0,3]
Acceptable [0.9,1.0) (0.8,1.0] (1,3] (10,40] (3,5]
Alert [0.7,0.9) (1.0,1.1] (3,5] (40,100] (5,10]
Emergency (0.0,0.7) (1.1,1.2) (5,10) −−− (10,20)
Non-functional 0 Ipu ≥ 1.2 %l s ≥ 10% −−− T HDi ≥ 20%
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Figure 2.8: Normalisation operators for current quality parameters.

The quality index function φk (t ) results from the correspondence of Γk (QPk )

on QPk (t ) as Eq. (2.11) expresses. φk (t ) measures the electrical network’s perfor-

mance concerning the k-quality parameter.

φk (t ) = (Γk ◦QPk ) (t ) (2.11)

2.5.3 Stage 3: Operation resilience indices evaluation

The operation resilience index Φk indicates the probability that the associ-

ated QPk parameter is in the accepted range during the measurement time Tmeas .

Φk is calculated by the average value of the normalised quality index function φk (t )

as Eq. (2.12) presents. Φk has the range [0,1] representing the quality concerning

the electrical network’s k-parameter. Tmeas could correspond to one day, week or

month, depending on the assessment accuracy.

Φk = 1

Tmeas
·
∫ Tmeas

0
φk (t ) ·d t (2.12)

This thesis analyses the voltage operation resilience ORV and the current op-
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eration resilience ORI . ORV is the probability that a voltage node QPs are in the

acceptable range. Then, ORV is the compound probability ρ[Φu ∩Φ f ∩ΦV U ∩ΦHDv ]

that Eq. (2.13) shows. Similarly, ORI is the probability that a line current QPs are

in the acceptable range. It is the compound probability ρ[ΦI ∩Φl ∩ΦCU ∩ΦHDi ] as

Eq. (2.14) presents.

ORV = ρ[Φu ∩Φ f ∩ΦV U ∩ΦHDv ] =Φu ·Φ f ·ΦV U ·ΦHDv (2.13)

ORI = ρ[ΦI ∩Φl ∩ΦCU ∩ΦHDi ] =ΦI ·Φl ·ΦCU ·ΦHDi (2.14)

2.5.4 Stage 4: Operation resilience integration

A distribution network comprises multiple nodes and lines. Defining the

point to evaluate RIII is crucial. This thesis considers the main supply and nodes

interconnecting RES and special equipment essential for the RIII assessment. Fig-

ure 2.9 shows a 3-nodes and 4-line LV network circuit to exemplify the RIII evaluation

cases. This network integrates a DG source, and the PCC is a critical node NPCC as-

sociating a line LPCC . The green dots indicate the voltage QPs measurement, and

the orange loops the current QPs measurement. Three case for the RIII analysis are

proposed: i) A punctual node assessment, ii) an overall assessment, and iii) a load

quality assessment.
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Figure 2.9: LV network circuit to assess RIII resilience.

• Punctual node assessment: It refers to a particular node and its associated

supply lines. A punctual assessment is recommended for the main supply

node, a DG source’s PCC node or a critical load node. It requires measuring
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the node voltage QPs and the current QPs of the lines directly injecting power

into the node. For instance, a punctual RIII assessment of the NS and NPCC

nodes could be made from the network presented in Figure 2.9.

The current resilience for a node fed by more than one line is the weighted

arithmetic average OR I of the individual line ORI j . The weighting is the power

contribution of each j -line. The RIII evaluation must consider that if ORV or

OR I are null, RIII is also null. Likewise, RIII must consist of the contribution of

benefit or harm of them. This way, this thesis proposes to quantify RIII by the

geometric average between ORV and OR I as Eq. 2.15 presents.

RI I I _Ni =
√

(ORV _Ni ) ·
(
OR I _Ni

)
(2.15)

• Overall assessment: This evaluation is proposed when possible to analyse RIII

of several nodes of the LV network. It evaluates the operation resilience of the

entire network RI I I _Net . Then, RI I I _Net is obtained by the weighted arith-

metic average of the RI I I _Ni available from the electrical network as Eq. (2.16)

exposes. The weight of each node is proportional to its nominal power. Here,

PRat _Ni is the rated power of the i -node. RI I I _Ni is the computed RIII re-

silience for the i -node according to Eq. (2.15). N is the number of nodes in

the network with an RIII punctual assessment. For the example in Figure 2.9,

RI I I _Net is the weighted arithmetic average between RI I I _Ns and RI I I _NPCC

RI I I _Net =

N∑
i=1

(PRat _Ni ) · (RI I I _Ni )

N∑
i=1

PRat _Ni

(2.16)

• Load quality assessment: Identifying the loads that could harm the operation

of the electrical network is essential. Therefore, this thesis proposes to evalu-

ate the load performance RI I I _loadk . In the example of Figure 2.9, the node

Nload1 has not registered the voltage QPs. However, the current QPs of the line

supplying Nload1 are recorded.

Then, it is proposed to calculate the demand performance of a load node by the

ORI of the line that supplies it as expressed by Eq. 2.17. Here, ORI _LS−k is the
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current operational resilience of the line supplying the node Nloadk . It is noted

that the power requirements of the loadk directly influence the ORI _LS−k per-

formance.

RI I I _loadk =ORI _LS−k (2.17)

With the above, the proposed types of electrical resilience for LV networks

and their assessment methodologies have been addressed in detail. The following

section describes the contributions of this chapter.

2.6 Chapter conclusions

This chapter develops a proposal for assessing the electrical resilience of LV

networks. The original proposal stands out for its comprehensiveness, involving

three categories of disturbance levels faced by electrical systems. It assigns a type-

resilience to each kind of disturbing event according to its impact and term. It identi-

fied three classifications: i) HILP events affect the electrical networks’ infrastructure

and could cause the rupture of distribution lines and the fall of poles and, therefore,

a blackout of the system. ii) LIHP events such as overcurrent faults, short circuits,

and manoeuvres could generate short power outages. iii) The distributed energy re-

sources integration has a permanent effect on electrical operation and could alter

the service quality.

It proposes the assessment methodologies for type-resiliences. i) RI to HILP

events assessing the ability of the LV network’s CI to withstand natural disasters. It

detects HILP events representing threats to the LV network. It evaluates their prob-

ability of occurrence, intensity distribution and CI’s fragility. ii) RII to LIHP events

assessing the capability of the LV network to recover from common origin outages. It

also considers the contribution of energy backup systems to support common out-

ages. iii) RIII analyses the service quality provided to users. It evaluates voltage and

current quality parameters focusing on operational performance.

This chapter makes it possible to complete the first (SO1) and second (SO2)

specific objective. It follows up on determining the resilience evaluation indices for

LV networks that integrate H2-ESS and PV systems. It proposes a methodology to
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evaluate the electrical resilience of LV networks. It delves into analysing the perma-

nent effects of distributed generation (DG) sources on the supply service quality. It

also contributes to SO3 and SO4 by identifying DG effects on the capacity for con-

tinuous supply and service quality. Likewise, it integrate a feedback phase allowing

measures to strengthen electrical resilience.

It answers research question one (RQ1) and contributes to answering RQ5

and RQ6. It determines the information to assess electrical resilience according to

the adverse event types. The feedback phase finds the strengthening of electrical

resilience and compares its evaluation. It is possible to periodically analyse the re-

silience level of an electrical network by measuring the quality parameters and pro-

cessing data referring to the proposed methodology. Then, determine the vulnera-

bilities of the network and establish preventive measures.

The following chapters present the application of the electrical resilience as-

sessment proposed in this chapter in a case study. Chapter 3 describes the LV net-

work case study. Chapter 4 covers the application of the resilience assessment parts

1, 2, and 3, referring to the actual conditions of the case study. Chapter 5 presents

the case study model to develop the feedback phase. Then, Chapter 6 integrates the

feedback phase and its contribution to the electrical resilience of the case study.
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Chapter 3

DESCRIPTION OF THE CASE STUDY

ELECTRICAL NETWORK

This chapter describes the low-voltage (LV) electrical network of the case study.

It corresponds to the Electrical Engineering Building (EEB-UIS) at the Universidad

Industrial de Santander (UIS), Colombia. EEB-UIS is a university building with five

floors and a basement. It supports academic and administrative activities for about

2500 students, professors and administrators. EEB-UIS has a dedicated transformer

as a feeder and a diesel generator backup system for special loads. It also integrates

a photovoltaic (PV) system installed on the roof of the building.

In addition, the EEB-UIS has smart energy meters arranged to monitor the

quality parameters of the main nodes and load circuits. These attributes make the

EEB-UIS attractive to apply a comprehensive electrical resilience (Rcomp) assessment.

Thus, this chapter describes in detail the characteristics of the EEB-UIS network. It

contributes to the development of the third (SO3) and fourth (SO4) specific objec-

tives. It presents detailed case study information to develop the resilience analysis

and apply feedback strategies. It is organised as follows: Section 3.1 presents re-

marks on the case study region. Section 3.2 describes the EEB-UIS electrical circuits.

Section 3.3 exposes power backup system features. Section 3.4 covers the PV system

interconnected to the EEB-UIS. Then, Section 3.5 shows the arrangement of smart

meters for this research. Finally, Section 3.6 summarises the chapter’s contributions.
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3.1 Remarks about the case study region

EEB-UIS is situated in Bucaramanga, in the department of Santander, Colom-

bia, at GMS N 7° 8’ 29” W 73° 7’ 17”. Figure 3.1 presents the geographic location of the

EEB-UIS. It is 960 meters above sea level, experiencing a warm tropical climate with

average daily temperatures between 24 °C and 27 °C. Additionally, the area receives

an average solar irradiance of 4.8 kW h/m2/d ay (Hernández Contreras et al., 2023).

Bucaramanga’s meteorological behaviour is subject to certain natural risks that must

be considered. One significant concern is the potential for seismic activity, including

earthquakes. Colombia is in a seismically active region, and Bucaramanga lies in an

area prone to seismic events, making it essential for EEB-UIS to consider appropriate

seismic safety measures and infrastructure resilience (Siravo et al., 2019).
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Figure 3.1: Geographical location of the EEB-UIS.

52



Another natural hazard to be considered is the risk of flooding. Bucaramanga,

located in a tropical region, experiences rainy seasons, which can lead to flash floods

and inundations. The combination of heavy rainfall and hilly terrain can result in

rapid water runoff, posing a threat to the surrounding areas, including UIS (Siravo

et al., 2019). Furthermore, strong winds occasionally affect Bucaramanga, especially

during certain climatic events. Powerful gusts, such as those associated with tropi-

cal storms or hurricanes, could cause damage to structures, trees, and power lines.

Therefore, the critical electrical infrastructure of the EEB-UIS could face intense wind

events (A. Rodriguez et al., 2021). This way, while Bucaramanga’s warm tropical cli-

mate and favourable solar irradiance offer certain advantages, the EEB-UIS should

consider the risks that earthquakes, floods, and high winds pose to its electrical crit-

ical infrastructure (CI).

3.2 Presentation of the EEB-UIS’ electrical network

EEB-UIS is a five-story building intended for university classes and admin-

istrative work serving about 2500 people. It is powered by a step-down transformer

13.2 kV/127-230 V, 630 kVA Dyn5 arranged in an underground station. The trans-

former is fed by the local electricity company Electrificadora de Santander S.A E.S.P.

(ESSA-ESP) through a 13.2 kV overhead circuit. EEB-UIS has a 250 kVA diesel gener-

ator to supply critical loads in case of power outages. It also integrates an 11.53 kW

peak photovoltaic (PV) system. The PV surplus power could be exported to the UIS

power grid through the EEB-UIS network. The building has smart energy meters set

to measure the quality parameters (QP ) required in this thesis. Figure 3.2 presents

the single-line diagram of the EEB-UIS electrical network and the layout of the smart

meters. Here the green and orange dots indicate the measurement of voltage and

current QPs, respectively.

The EEB-UIS electrical network has been designed as a green building pilot

and living laboratory integrating rational use of energy applications (Osma & Or-

doñez, 2013). It has been used in research fields such as energy efficiency (Osma

et al., 2015), green-PV roofs (Osma & Ordoñez, 2019), and power quality analysis

(Tellez, 2020; Parrado et al., 2021). Taking advantage of the warm tropical climate,
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Figure 3.2: Electrical network diagram of the EEB-UIS.

a heating system is unnecessary, and the air conditioning system is optional in most

building areas. Part of the electrical wire ductwork is exposed and can be used for

academic and research practices. It has a dedicated feeder, and each floor and par-

ticular load has an individual distribution board. The attributes of EEB-UIS and the

electrical grid allow it to be used as a case study. It meets the conditions to implement

the resilience assessment proposed in Chapter 2. The following sections describe the

EEB-UIS network’s components, circuits and arrangement of smart meters.

3.2.1 Feeder

The EEB-UIS feeder is a Dyn5 630 kVA transformer manufactured by SIEMENS.

It has an ONAN refrigeration system and a transformation ratio of 13.2/0.229 kV . Ta-

ble 3.1 presents the main characteristics of the EEB-UIS feeder.

Table 3.1: Characteristics of the transformer feeding the EEB-UIS.

Parameter Value Parameter Value
Rated power 630 kV A Breakdown voltage 40 kV
Nominal frecuency 60 H z Copper losses 1.285 kW
Low side voltage 229/132.2 V Low side resistance 0.769 mΩ

High side voltage 13.2 kV High side resistance 1.706Ω
Vector group Dyn5
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3.2.2 Load circuits and line sections

The EEB-UIS electrical network integrates 11 busbars, 11 line sections, 13

load circuits, one feeder and one distributed generation source. It has five busbars:

i) the low voltage supply bus (LVSB), ii) the general low voltage bus (GLVB), iii) the

transfer bus (TB), iv) the emergency low voltage bus (ELVB) and v) the fourth-floor

board (TP4-PCC). LVSB is connected to the LV side of the feeder and distributes the

power to the GLVB and ELVB. GLVB supplies six non-critical load circuits. TB oper-

ates the decoupling of the ELVB from the EEB-UIS network in case of power outages

and the transfer to the diesel generator. ELVB supplies seven critical loads. TP4 bus-

bar is the point of common coupling (PCC) interconnecting the PV system to the

EEB-UIS network. Table 3.2 presents the information concerning the busbars of the

EEB-UIS network.

Table 3.2: Busbars of the EEB-UIS electrical network.

Label Description Rated capacity

LVSB Low voltage supply bus, transformer low side; three-
phase and neutral.

2000 A

GLVB General low voltage bus; three-phase and neutral. 800 A

TB Transfer bus; three-phase and neutral. 700 A

ELVB Emergency low voltage bus; three-phase and neutral. 160 A

TP Floor distribution board bus; three-phase and neutral. 100 A

PCC Point of common coupling; three-phase and neutral. 100 A

The load circuits of the EEB-UIS correspond to the demands of the floor-

boards (TP), the emergency and the special loads. Table 3.3 describes their power

characteristics. The installed power corresponds to the load inventory by Cortes &

Garcia (2018). The maximum power refers to the maximum value measured between

May 1s t to May 31s t , 2023. Then, Table 3.4 details the electrical wiring of the EEB-

UIS network for the sections that interconnect the main busbars and the distribution

boards.
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Table 3.3: Description of the EEB-UIS circuit loads.

Load Description
Installed

power
Maximum

power

TAA-1 Air conditioning system 1. 16.81 kW 2.53 kW

TAA-2 Air conditioning system 2. 11.94 kW 2.32 kW

TP1 Distribution board, 1st floor. 12.58 kW 4.46 kW

TP2 Distribution board, 2nd floor. 15.20 kW 2.31 kW

TP3 Distribution board, 3r d floor 6.82 kW 1.23 kW

TP4 Distribution board, 4th floor. 8.41 kW 2.58 kW

TP5 Distribution board, 5th floor. 9.34 kW 2.85 kW

TIE Emergency lighting distribution board. 4.56 kW 0.00 kW

TR 5th floor regulated voltage circuits. 3.62 kW 1.82 kW

TBH Hydraulic pump system distribution board. 20.00 kW 0.00 kW

TAUTO Automation system distribution board. 3.50 kW 0.82 kW

RACK Cooling systems for computer RACKS. 8.00 kW 7.68 kW

ELEV Building elevator. 6.86 kW 6.55 kW

Table 3.4: Electric wire sections of the EEB-UIS network.

Line section Length Gauge AWG Rated current
Resistance

[Ω/km]
Reactance

[Ω/km]

LVSB–GLVB 5.0 m 300 MC M 285 A 0.144 0.1345

GLVB–TAA-1 51.0 m 1/0+1/0N 150 A 0.394/0.394 0.144/0.144

GLVB–TAA-2 28.0 m 2+2N 115 A 0.623/0.623 0.148/0.148

GLVB–TP1 13.5 m 2+4N 115 A 0.623/1.02 0.148/0.157

GLVB–TP2 17.1 m 6+8N 65 A 1.61/2.56 0.167/0.171

GLVB–TP3 20.7 m 6+8N 65 A 1.61/2.56 0.167/0.171

GLVB–PCC 24.3 m 2+4N 115 A 0.623/1.02 0.148/0.157

PCC–PV 3.0 m 8+8N 50 A 2.56/2.56 0.171/0.171

LVSB–TB 8.0 m 2/0+1/0N 175 A 0.328/0.394 0.141/0.144

TB–ELVB 3.0 m 2/0+1/0N 175 A 0.328/0.394 0.141/0.144

ELVB–TP5 28.0 m 4+6N 85 A 1.02/1.61 0.157/0.167

ELVB–TIE 21.0 m 10+10N 35 A 3.94/3.94 0.174/0.174

ELVB–TR 30.4 m 6+6N 65 A 1.61/1.61 0.167/0.167

ELVB–THB 30.1 m 2+2N 115 A 0.623/0.623 0.148/0.148

ELVB–TAUTO 25.0 m 8+8N 50 A 2.56/2.56 0.171/0.171

ELVB–RACK 20.0 m 4+8N 85 A 1.02/2.56 0.157/0.171

ELVB–ELEV 82.0 m 6+6N 65 A 1.61/1.61 0.167/0.167

3.3 Description of the power backup system

The EEB-UIS has a 260 kVA diesel generator backup system. The genset is the

model C200 D6 4 by the Cummins Brazil company. It can operate continuously for

12 hours at prime power. Table 3.5 shows the main features of the EEB-UIS genset.
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Table 3.5: Characteristics of the genset backup system of the EEB-UIS.

Parameter Standby Prime
Nominal voltage 127/220 V 127/220 V
Nominal frecuency 60 H z 60 H z
Rated power 260 kV A 240 kV A
Rated active power 208 kV A 192 kV A
Rated power factor 0.8 0.8
Electric connection WYE three-phase

3.4 Description of the photovoltaic system

EEB-UIS facility incorporates an on-grid PV system interconnected to the

busbar of the 4th floor PCC. Whenever the feeder supply is unavailable, the PV sys-

tem intelligently ceases power injection into the network, avoiding electrical risk. It

has an 11.53 kWp installed capacity enabled by 43 PV panels and 43 microinverters.

Each microinverter is dedicated to managing one PV panel and injects the generated

power into the network through a two-phase connection. The microinverters are

connected in three-phase connection groups (AB, BC and AC), each comprising 14

panel-microinverter sets. This ensures a delta-balanced connection to the PCC. The

remaining panel-microinverter set is in a two-phase connection.

The PV system integrates 20 Canadian Solar, 13 Trina Solar, 2 Up Solar pan-

els and 37 Emphase M250 and 6 Emphase iQ7+ microinverters. The efficiency of

the PV panels and microinverters are approximately 16% and 96%, respectively. Fig-

ure 3.3 shows a top view of the EEB-UIS and the arrangement of the PV system on the

rooftop comprising an area of 59.5 m2. The PV panels’ orientation is 10° south facing,

strategically capturing sunlight throughout the day for maximum energy generation.

Table 3.6 presents the characteristics of the PV system panels.

Table 3.6: Description of the solar panels of the EEB-UIS PV system.

Brand & Model Qty.
Rated
power

Rated
voltage

Rated
current

Open circuit
voltage

Short circuit
current

Trina Solar, TSM-270PD05 13 270 W 30.9 V 8.73 A 38.4 V 9.18 A

Up Solar, UP-M250P 3 250 W 30.6 V 8.17 A 38.0 V 8.50 A

Canadian Solar, CS6P-255P 21 255 W 30.2 V 8.43 A 37.4 V 9.00 A

Jinko Solar, JKM325PP-72 6 325 W 37.6 V 8.66 A 42.7 V 9.10 A
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Figure 3.3: Top view of the PV system on the EEB-UIS rooftop.

3.5 Arrangement of the energy meters

For this research, five smart energy meters are available to measure quality

parameters (QPs). Meters are two 2020 AcuRev 2EM, a Acuvim IIW, a Acuvim IIR, and

a PQube3. They have been arranged in the GLVB, ELVB and PCC busbars. Table 3.7

presents the smart meters’ description and the measuring points.

Table 3.7: Smart meters measuring the EEB-UIS quality parameters.

Meter
Coupling

point
Measuring

Current
channels

ANCI C 12.20
class

IEC 62053-22
class

AcuRev 2020
2EM

GLVB TAA-1, TAA-2, TP1,
TP2, TP3 and PCC
supply.

6, 3-phase 0.5 0.5S

AcuRev 2020
2EM

ELVB TP5, TIE, TR, TBH,
RACK and ELEV.

6, 3-phase 0.5 0.5S

Acuvim IIW GLVB GLVB supply. 1, 3-phase 0.5 0.5S

Acuvim IIR ELVB ELVB supply. 1, 3-phase 0.5 0.5S

PQube3 PCC TP4 and PV sys-
tem.

2, 3-phase 0.5 0.5S

The smart meters have been set to measure i) The voltage QPs: Voltage (u),

frequency ( f ), total harmonic distortion of voltage (T HDv), and voltage unbalance

factor (V U F ). ii) The current QPs: Current (I ), total harmonic distortion of current

(T HDi ), and current unbalance factor (CU F ). They were synchronised to record

the measurements at the same time. The measurement is recorded with a refresh-

ing time of 10 minutes for 31 consecutive days from May 1st to May 31st , 2023. It
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corresponds to 4 464 data per QP . Figures 3.4–3.6 show the meters coupling to the

busbars of the EEB-UIS network.

The voltage QPs measurement is directed by the smart meters. u is the aver-

age of the phase voltages. T HDv is the average of the phase voltages’ total harmonic

distortion. V U F is the percentage ratio of the negative and positive sequence volt-

ages. The current QPs measurement is indirect through current transformers. I is

the average of the line currents. T HDi is the average of the line currents’ total har-

monic distortion. CU F is the percentage ratio of the negative and positive sequence

currents. Moreover, the line power losses (ploss) are calculated with the line currents

and the line resistance described in Table 3.4. The percentage of power loss is the

ratio between the line losses and the total power conducted by the line section.
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Figure 3.4: Arrangement of the meters in the GLVB of the EEB-UIS.
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Figure 3.6: Arrangement of the meters in the PCC of the EEB-UIS.

3.6 Chapter contribution

This chapter describes the electrical network of the Electrical Engineering

Building (EEB-UIS). It presents the necessary information on the network to develop

the comprehensive resilience (Rcomp) analysis according to the assessment method-

ology proposed in Chapter 2. Specific attention has been given to ensuring that the
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EEB-UIS power grid serves as a suitable case study for this research.

The data described for the type I resilience (RI) analysis of the EEB-UIS power

grid is sourced from the Bucaramanga region, making it applicable to LV networks

within the same region. Additionally, outage power information from the medium-

voltage (MV) circuit that feeds the EEB-UIS feeder could be used to analyse LV grids

supplied by the same MV distribution circuit. Concerning the type III resilience (RIII)

analysis, it is essential to highlight that this section is exclusively dedicated to the

EEB-UIS electrical network. Meticulous efforts have been made to measure the qual-

ity parameters of the building’s key busbars and load circuits. For this purpose, all

available smart meters at the EEB-UIS have been deployed. The meters are set and

synchronised, enabling the continuous record of quality parameter data for an entire

month.

This chapter contributes to the third (SO3) and fourth (SO4) specific objec-

tives. The information presented in this chapter corresponds to Part 1 of the elec-

trical resilience assessment methodology. It serves as input for conducting parts 2,

3, 4, and 5 of the Rcomp assessment of the EEB-UIS. Subsequent chapters focus on

utilising the data provided here in the progression of the assessment methodology.
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Chapter 4

ASSESSING THE ELECTRICAL

RESILIENCE OF THE EEB-UIS

This chapter exposes the application of the electrical comprehensive resilience

(Rcomp) assessment parts 2 and 3 proposed in Chapter 2. The Electrical Engineering

Building (EEB-UIS) has been suitable and characterised for the case study. The EEB-

UIS’s electrical installation has been involved in several research projects. It has an

architecture equivalent to a small-scale low-voltage (LV) network integrating a PV

system and a genset backup system. It also has smart metering in the key busbars,

allowing the characterisation of its performance operation.

This chapter supports the third specific objective SO3: "Evaluate the effects of

the integration of PV generation systems and H2-ESS on the resilience of a LV electri-

cal network." Furthermore, It contributes to answering research questions RQ2, RQ5

and RQ6. It is organised as follows: Section 4.1 presents remarks to address the eval-

uation phase of the Rcomp methodology. Section 4.2 exposes the type I resilience (RI)

assessment in the EEB-UIS. Section 4.3 shows the type II resilience (RII) assessment

and Section 4.4 shows type III resilience (RIII) characterisation. Then, Section 4.5

presents the Rcomp analysis. Finally, Section 4.6 sets out the the chapter conclusions.
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4.1 Remarks on the EEB-UIS electrical resilience assess-

ment

This chapter addresses the development of the Rcomp evaluation phase for

EEB-UIS. This phase consists of parts 2 and 3 of the assessment methodology, as

Chapter 2 outlines. Part 2 involves evaluating the type-resiliences, while Part 3 en-

compasses analysing and integrating these assessments. It is dedicated to analysing

the current state of the EEB-UIS electrical network. Figure 4.1 illustrates the se-

quence of the Rcomp evaluation phase’s progression. In this context, Part 1 pertains

to the information gathering detailed in Chapter 3.

The input for the RI assessment involves identifying the critical infrastructure

(CI) of the EEB-UIS power grid and discerning potential threats to the CI. It has been

accomplished through reviewing studies on natural hazards in the EEB-UIS region

and investigating electrical CI fragility research. For the RII assessment, the input

is the power outage history of the MV circuit supplying the EEB-UIS feeder. This

information is sourced from Electrificadora de Santander S.A E.S.P. (ESSA-ESP), the

local electric utility company. Information about the backup power system is ob-

tained from the EEB-UIS power grid database. Regarding the RIII assessment, the

input is the electrical network’s quality parameters (QP ) measurements, as recorded

by smart meters in May 2023. Subsequent sections delve into the assessment of EEB-

UIS’s type-resiliences.

RI assessment 
(Section 4.2)

RII assessment 
(Section 4.3)

RIII assessment 
(Section 4.4)

Rcomp assessment (Section 4.5)

Part 3Part 2Part 1

0.11 cm²

-- ----- ---
--- ---- -
--- --- ---

Electrical network 
characterisation

Threats

Power outages data
Energy backup strategy

Quality parameters measurements

Integration of type-
resiliences analysis

++Part 1 Part 2 Part 3

Part 4Part 5

Evaluation

Feedback

Figure 4.1: Electrical resilience assessment sequence for the EEB-UIS.
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4.2 Type I resilience assessment

The EEB-UIS feeder is in an underground substation and has high protection

against natural threats. Then, the critical infrastructure (CI) for the electrical supply

of the EEB-UIS is the MV overhead circuit supplying the feeder. It is a 13.2 kV three-

phase circuit with 12-meter concrete poles. The RI assessment is developed for the

line and concrete pole supporting the MV circuit that supplies the EEB-UIS feeder.

4.2.1 Determining the HILP risk events

The threat determination is based on the review by Abedi et al. (2019) on the

vulnerability of electrical power systems. According to their findings, these systems’

most remarkable natural threats are hurricanes, earthquakes, and lightning strikes. It

is essential to be aware of these potential dangers and determine which could affect

the case study. For distribution systems, Li et al. (2021) found that gale-force winds

usually cause line breaks and pole damage.

Moreover, the research by A. Rodriguez et al. (2021) shows that civil construc-

tions in Bucaramanga, Colombia, face risks of rupture by earthquakes. In contrast,

flooding does not threaten the power distribution lines in the study area. No infor-

mation on intentional attacks is reported for the case study location. This way, the

potential hazards facing the EEB-UIS’s CI are earthquakes and strong winds. Next,

they are characterised.

Earthquake characterisation:

The fundamental natural frequency of a 12 m concrete pole is 1.2 Hz (Bagh-

misheh & Mahsuli, 2021). The National Seismic Hazard Model for Colombia (Arcila

et al., 2020) provides the seismic hazard information for Bucaramanga. The mean

probability of intensity exceedance data for the 0.7 s oscillation period is used to fit

the two-term exponential function shown in Eq. (4.1). Here, Sa is the spectral ac-

celeration as the intensity parameter in g-force. ρ[E ≥ Sa|Sa] corresponds to the

exceeding probability for each Sa-value of the earthquakes in one year.

ρ[E ≥ Sa|Sa] = 0.457 ·e−383.1·Sa +0.252 ·e−54.5·Sa (4.1)
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Winds characterisation:

Hourly wind speed data from the last ten years characterises the probabil-

ity of winds in the case study area. These data were obtained from the NASA Lan-

gley Research Center (LaRC) POWER Project funded through the NASA Earth Sci-

ence/Applied Science Program on 2023/01/20. The data is fitted to a Weibull density

function, finding 1.69709 and 1.86989 as the scale and shape parameters, respec-

tively. Here, the intensity parameter is the wind speed measured in m/s. The abscissa

is the probability of each wind speed.

4.2.2 Critical infrastructure fragility

Infrastructure fragility could be modeled using a logo-normal cumulative dis-

tribution function (CDF) f r[C I |d ] =Φ(x|µα,σα) (Baghmisheh & Mahsuli, 2021; Sabouhi

et al., 2020). Here, x represents the intensity variable of the disruptive event. µα and

σα are the x-log values’ mean and standard deviation, respectively. Table 4.1 presents

the characteristic parameters of the EEB-UIS feeder’s CI fragility.

The RI assessment uses the fragility characterisation of 12 m concrete poles

before earthquakes by Baghmisheh & Mahsuli (2021). Furthermore, the fragility char-

acterisation of distribution lines in the face of strong wind by Sabouhi et al. (2020)

and Salman et al. (2015). Figure 4.2 gives the probability of intensity of earthquakes

and wind speed for the case study found in the preceding section. Moreover, it shows

the characterisation of the CI fragility.

Table 4.1: Fragility characterisation of the EEB-UIS feeder’s CI.

HILP event Element µα σα Ref.
Earthquake
Sa [g-force]

12 m pole -0.772 0.353 Baghmisheh & Mahsuli (2021)
Wire conductor -0.772 0.353 Baghmisheh & Mahsuli (2021)

Wind [m/s]
12 m pole 4.170 0.112 Salman et al. (2015)
Wire conductor 3.701 0.150 Sabouhi et al. (2020)

The following section quantitatively evaluates RI. Here, it can be observed

that the probability of occurrence of the threats is greater for intensities that repre-

sent a low risk of collapse of the feeder CI. Then, the strong winds and earthquakes

are expected not to represent a high impact on the CI in the case study region.
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a) Earthquake characteristic b) Wind speed characteristic

12 m pole and and

Figure 4.2: Fragility function of the EEB-UIS feeder’s CI. a) For earthquakes; b) For strong
winds.

4.2.3 Integration of stress from HILP risk events

The methodology proposed in Section 2.3 evaluates RI. Eq. (2.4) is applied

to calculate the stress state probability SSP|quake and SSP|wi nd according to the CI

fragility characterisation. Subsequently, Eq. (2.5) and Eq. (2.6) are employed to de-

termine the total stress state probability SSP|H I LP , which is instrumental in assessing

RI. Table 4.2 summarises the results of the RI assessment. The outcomes indicate an

approximate RI value of 1, which suggests a low likelihood of the feeder’s CI collaps-

ing under (HILP) events. This conclusion aligns well with the observations depicted

in Figure 4.2. Notably, earthquakes emerge as the most influential factor contribut-

ing to the probability of collapse.

Table 4.2: Type I resilience assessment results.

HILP event
Pole

ρ[Fp |d ]
Wire conductor

ρ[Fln |d ]
Feeder’s CI

SSP|d
Earthquake 5.77×10−9 1.65×10−9 5.77×10−9

Winds 1.58×10−63 1.20×10−31 1.20×10−31

SSP|H I LP 5.77×10−9

4.3 Type II resilience assessment

The RII assessment is carried out with the collaboration of the local electric-

ity company Electrificadora de Santander S.A E.S.P. (ESSA-ESP), which supplies the

electricity to the UIS. ESSA-ESP provided the historical data on power outages for

the EEB-UIS feeder’s electrical circuit. The information on the power backup capac-

ity is computed from the building’s energy backup system and load characteristics.
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4.3.1 Power outages characterisation

ESSA-ESP provided the historical data on 2012–2021 power outages for the

MV circuit supplying the EEB-UIS feeder. In the ten years, it had 301 outage events

from common origin causes. The total duration of the outage is 72.7 hours for 2012–

2021. According to (2.7) the outage probability is ρout = 8.30×10−4.

4.3.2 Backup systems reliability

The historical outage data is used to build the cumulative distribution func-

tion C DF (lhout ) described in Section 2.4.2. The CDF fitting found that the Burr Type

XII distribution has the best fit with 7.42% mean absolute percentage error (MAPE),

followed by the Weibull and Gamma distributions with 8.90% and 17.60% MAPE,

respectively. Burr distribution function parameters are α = 10.910, c = 0.516, and

k = 2.368. Figure 4.3 presents the power outage state time per year for the EEB-UIS

and the fit of historical outage data to a CDF.

7.42% MAPE
8.90% MAPE

2012
2013
2014
2015
2016
2017
2018
2019
2020
2021

a) Total outage time per year b) Outage accumulated density fit

Figure 4.3: Historical power outage of the EEB-UIS. a) Annual outage time; b) Cumulative
density function fit.

The EEB-UIS has a 250 kVA diesel generator backup system for critical loads.

It could supply power for up to 12 continuous hours. The load installed in the emer-

gency busbar is 55.88 kW, representing 43.8% of the EEB-UIS installed demand. Then,

the backup system offers T SP =C DF (720) = 0.998, and ηbk = 0.44.

4.3.3 Supply continuity capacity

RII is evaluated with the procedure proposed in Section 2.4. Eq. (2.9) and

(2.10) are applied to characterise the continuity supply capacity. The non-supply

68



probability is ρo f f = 4.65×10−4. The backup system helps to reduce ρo f f by 44%;

then, RI I ≈ 1.

4.4 Type III resilience assessment

Smart meters were installed in the main busbars of the EEB-UIS electrical in-

stallation to measure the quality parameters (QPs) defined in Section 2.5. An AcuRev

2020 measures the voltage QPs of the general low voltage bus (GLVB) and the current

QPs of its branch circuits. An Acuvin IIW measures the current QPs of the wire sup-

plying the GLVB. A second AcuRev 2020 measures the voltage QPs of the emergency

low voltage bus (ELVB) and the current QPs of its branch circuits. An Acuvin IIR mea-

sures the current QPs of the wire supplying the ELVB. The voltage and current QPs of

the PV system point of common coupling (PCC) bus are measured by a PQube3. The

meters record data from May 1st to May 31st , 2023, with a 10-minute sampling step.

Below is the definition of the nodes, the normalisation of the QPs measurements,

and the integration for the RIII evaluation.

4.4.1 Defining nodes for evaluation

The EEB-UIS electrical network has three nodes attracting attention for the

operation resilience (OR) assessment: i) The GLVB, it supports 56.2% of the build-

ing’s installed load. ii) The ELVB that supports the critical loads of the network. Fur-

thermore, iii) the PCC that interconnects the PV system with the building network.

The lines feeding GLVB, ELVB, and PCC nodes; and lines supplying floorboards (TP)

and special loads are also of interest for the assessment. Figure 4.4 shows a single-

phase equivalent circuit model of the EEB-UIS illustrating the measurement points

in the RIII evaluation.

Here, the nodes are numbered for identification. The line impedances are es-

timated according to the EEB-UIS network characterisation in Section 3.2. The air

conditioning and emergency loads are grouped in TAA and Emerg, respectively. The

measurement points correspond to the arrangement of meters. The voltage is mea-

sured directly, and the current is measured indirectly through current transformers

(CTs). A punctual evaluation is made for the nodes N2, N4 and N8 corresponding to
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ELVB, GLVB and PCC, respectively. Then, a load quality assessment is made for the

floorboard nodes.

TP4TP1 TP2 TP3

N1Feeder supply

TAA PV

TP5

Emerg.

N2 N3

N4

N5 6N 7N

N8

N9

GLVB

ELVB

PCC

CT – current 
measurement

Voltage 
measurement

Nj j-node

Figure 4.4: Circuit model for the RIII assessment of the EEB-UIS.

4.4.2 Punctual assessment of the operation resilience

This section develops the voltage (ORV ) and line current (ORI ) operation re-

silience assessment for the points with QPs measurement. The QPs are normalised

according to the transformer operators Γk (QPk ) defined in Section 2.5.2. The OR in-

dices Φk are calculated by Eq. (2.12). The total measurement time corresponds to

Tmeas = 31 d ay s for this assessment. The nominal voltage values for the case study

region are 127/220 V and 60 H z. The rated current of the line sections corresponds

to the conductor size of each section. Table 4.3 and Table 4.4 present the results of

the ORV and ORI indices assessment, respectively.

Table 4.3: Assessment of the node voltage operation resilience for the EEB-UIS.

Node Rated power
Voltage resilience indexΦk ORVΦu Φ f ΦV U ΦHDv

N2 / ELVB 61 kW 0.9456 0.9959 0.9998 0.9687 0.9121
N4 / GLVB 305 kW 0.9474 0.9958 0.9998 0.9683 0.9133
N8 / PCC 38 kW 0.9537 0.9941 0.9998 0.9642 0.9139

Results reveal that voltage regulation is the most vulnerable QP . Then, it in-

fluences the ORv behaviour to a significant extent. Any disturbances or deviations in

voltage regulation can substantially impact the system’s overall resilience. Notably,
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the resilience indices are close in the three nodes, indicating the network’s robust-

ness to maintain voltage conditions in the electrical installation. The resilience volt-

age indices are in an acceptable range, indicating a strong point of the system’s ability

to maintain its operational performance even under stress or unfavourable condi-

tions. Results offer reassurance that, despite the vulnerability identified in voltage

regulation, the system exhibits satisfactory resilience concerning voltage QPs.

Table 4.4: Assessment of the line current operation resilience for the EEB-UIS.

Line Rated current
Current resilience indexΦk ORIΦI Φl ΦCU ΦHDi

L1−2 175 A 0.9998 0.9998 0.9649 0.7656 0.7383
L2−3 85 A 0.9998 0.9998 0.7175 0.9896 0.7097
L1−4 285 A 0.9998 0.9996 0.9173 0.9719 0.8909
L4−5 115 A 0.9998 0.9996 0.8780 0.6585 0.5778
L4−6 65 A 0.9998 0.9996 0.8580 0.9969 0.8547
L4−7 65 A 0.9998 0.9990 0.7814 0.9873 0.7706
L4−8 115 A 0.9998 0.9993 0.9440 0.9221 0.8696
L8−9 50 A 0.9996 0.9994 0.9775 0.9932 0.9699

The current operation resilience results indicate favourable line loading and

power loss, close to the ideal value, due to the EEB-UIS network operating below the

rated conductor load. Critical points are the current’s harmonic distortion and un-

balance. Line L4−5, feeding TP1, and line L1−2, feeding ELVB, stand out as vulnerable

line sections requiring attention due to emergency range conditions. Current un-

balance alert pertains to lines feeding TP3, and emergency loads. Contrastingly, line

L1−4, supplying GLVB (TAA air-conditioning, TP1 to TP4 circuits), shows acceptable

current unbalance and harmonic distortion resilience. It indicates an overall load

balance in the phases of the EEB-UIS power grid. Line L8−9, interconnecting the PV

system to the PCC, notably has the highest ORi rating, showcasing proper power bal-

ance and low harmonic distortion from the PV installation.

The evaluation of the operation resilience also makes it possible to analyse

the evolution of the indices with a refreshing time defined on hourly or daily scales.

Knowing the resilience indices development is essential to identify vulnerable issues,

apply feedback and strengthen resilience strategies. Figures 4.5, 4.6, and 4.7 present

the evolution of the voltage and current operation resilience indices with a one-day

refresh time for nodes ELVB, GLVB and PCC, respectively.
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Figure 4.5: Daily evolution assessment of the operation resilience indices for the ELVB. a)
ORV for the ELVB; b) ORI for line L1−2 supplying the ELVB.
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Figure 4.6: Daily evolution assessment of the operation resilience indices for the GLVB. a)
ORV for the GLVB; b) ORI for line L1−4 supplying the GLVB.
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Figure 4.7: Daily evolution assessment of the operation resilience indices for the PCC. a) ORV

for the PCC; b) ORI for line L8−9 interconnecting the PV system to the EEB-UIS network.

Here, it is observed that the PQs exhibiting the highest variation and lowest

level of resilience index are voltage regulation, current unbalance and harmonic dis-

tortion of current. In the case of ORV , the monthly average is in the acceptable range;

however, there are days when it is in the alert range in the daily evolution. The daily

developments of ORV and ORI allow for identifying the vulnerabilities of QPs and

possible patterns of variations and low values. Tables 4.5 and 4.6 present the mini-

mum (mi n), maximum (max), average (mean) and standard deviation (std) values,

for the ORV and ORI I of the ELVB, GLVB and PCC busbars.
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Table 4.5: Variation of EEB-UIS ORV indices when considering a one-day update time.

Node Rate
Voltage resilience indexΦk ORV
Φu Φ f ΦV U ΦHDv

ELVB

mi n 0.9255 0.9955 0.9998 0.9495 0.8095
max 0.9802 0.9968 0.9998 0.9824 0.9423

mean 0.9474 0.9959 0.9998 0.9687 0.9133
std 0.0135 0.0003 0.0000 0.0078 0.0125

GLVB

mi n 0.9018 0.9954 0.9998 0.9515 0.8645
max 0.9865 0.9965 0.9998 0.9810 0.9604

mean 0.9456 0.9958 0.9998 0.9683 0.9121
std 0.0168 0.0003 0.0000 0.0077 0.0169

PCC

mi n 0.9205 0.9875 0.9998 0.9456 0.8819
max 0.9918 0.9953 0.9998 0.9781 0.9585

mean 0.9537 0.9941 0.9998 0.9642 0.9139
std 0.0195 0.0018 0.0000 0.0081 0.0196

Table 4.6: Variation of EEB-UIS ORI indices when considering a one-day update time.

Line Rate
Current resilience indexΦk ORI
ΦI Φl ΦCU ΦHDi

L1−2

mi n 0.9998 0.9998 0.9404 0.5567 0.5450
max 0.9998 0.9998 0.9869 1.0000 0.9548

mean 0.9998 0.9998 0.9649 0.7656 0.7383
std 0.0000 0.0000 0.0142 0.1563 0.1428

L1−4

mi n 0.9998 0.9931 0.7682 0.9017 0.7682
max 0.9998 1.0000 0.9647 1.0000 0.9387

mean 0.9998 0.9996 0.9173 0.9719 0.8909
std 0.0000 0.0012 0.0377 0.0288 0.0402

L8−9

mi n 0.9931 0.9931 0.9714 0.9863 0.9583
max 1.0000 1.0000 0.9815 0.9970 0.9755

mean 0.9996 0.9994 0.9775 0.9932 0.9699
std 0.0012 0.0012 0.0025 0.0022 0.0036

May 24 is the day that exhibits the lowest ORV for all busbars. ORV is 0.8645,

0.8905 and 0.8819 for ELVB, GLVB and PCC, respectively. However, there is no corre-

spondence with the ORI values. Then, the issue could be due to an overvoltage in the

supply through the power distribution network and not to a failure of the EEB-UIS

electrical network. The following section develops the overall RIII assessment and

load quality analysis for the EEB-UIS.
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4.4.3 Composite assessment

The composite assessment integrates the individual results of ORV and ORI

to determine RIII. The RIII resilience of the monitored nodes is determined by the

approach of Section 2.5.4. N2 and N4 have a single supply line, then, RIII is evaluated

directly by Eq. (2.15) as the geometric average. N8 is the PCC and has two supply

lines; its current resilience is the weighted additive average between L4−8 and L8−9.

The quality of the load points is projected through the current resilience operation.

Finally, the overall RIII resilience of the EEB-UIS is the weighted average of the eval-

uated nodes’ resilience. Table 4.7 summarises the evaluation results of the RIII.

Table 4.7: Summary of the EEB-UIS type III resilience assessment.

Finding Value Description
RIII-N2 0.8206 Operation resilience (RIII) at the ELVB node. It is estimated as

the geometric average between the ORV in the ELVB and the
ORI of the line L1−2 supplying the ELVB.

RIII-N4 0.9020 RIII at the GLVB node. It is estimated as the geometric aver-
age between the ORV in the GLVB and the ORI of the line L1−4

supplying the GLVB.

RIII-N8 0.9069 RIII at the PCC node. It is estimated as the geometric average
between the ORV in the PCC and the ORI of the lines supply-
ing the PCC. ORI is obtained by the weighted arithmetic aver-
age between the ORI of the lines L4−8 and L8−9.

RIII-EEB 0.8902 The RIII of the EEB-UIS electrical network. It is calculated by
the weighted arithmetic average between RIII-N2, RIII-N4 and
RIII-N8.

RIII-LT P1 0.5778 The RIII projection for the TP1 load. It corresponds to the ORI

of the load line L4−5.

RIII-LT P2 0.8547 The RIII projection for the TP2 load. It corresponds to the ORI

of the load line L4−6.

RIII-LT P3 0.7706 The RIII projection for the TP3 load. It corresponds to the ORI

of the load line L4−7.

RIII-LT P4 0.8696 The RIII projection for the TP4 load. It corresponds to the ORI

of the load line L8−10.

RIII-LT P5 0.7097 The RIII projection for the TP5 load. It corresponds to the ORI

of the load line L2−3.

RIII-LEmer g 0.7383 The RIII projection for the emergency loads connected to the
ELVB. It corresponds to the ORI of the line L1−2.

Results indicate RI I I = 0.8902; then, the overall RIII resilience of the EEB-UIS

is in the alert range. The critical points lie in the quality of the loads. Strengthening

strategies could focus on improving the load distribution in the phases and avoiding

harmonic distortion. It is also possible to establish measures to correct voltage regu-
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lation. The main vulnerability is found in the load of the TP1 and TP5 boards. In ad-

dition, the emergency load (Emer g ) represents a weakness for the operation of the

EEB-UIS network and has a direct inference on RIII-N2, therefore, on RIII-EEB. The

following section compiles the results of the type-resilience assessment by means of

the comprehensive resilience (Rcomp) analysis.

4.5 Comprehensive resilience

The comprehensive resilience (Rcomp) integrates the type-resilience assess-

ments to reach conclusions on the electrical resilience of the EEB-UIS. Figure 4.8

presents a summary of the Rcomp characterisation for the EEB-UIS; it is equivalent to

the split shown in Figure 2.3. The result indicates that the EEB-UIS is lowly vulnera-

ble to power supply failures due to high-impact natural disturbances. The feeder has

high supply reliability under normal operating conditions. EEB-UIS’s backup system

increases resilience against regular power outages. However, RIII indicates an alert

regarding the operation’s quality. The analysis of the OR indicators shows that the

EEB-UIS electrical network faces high voltage regulation values and loads with high

harmonic pollution. Then, an opportunity to improve the electrical resilience of the

EEB-UIS concerns measures to adjust the voltage regulation, the load balance of TP1,

TP2 and TP3 circuits and harmonic suppression of emergency and TP1 circuit loads.

The following section outlines the contribution of this chapter.
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Figure 4.8: Splitting of the EEB-UIS’s electrical resilience assessment.
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4.6 Chapter conclusions

This chapter exposes the application of the comprehensive electrical resilience

(Rcomp) assessment proposal in the EEB-UIS case study. The EEB-UIS represents a

9-node scale LV distribution network. The local electricity company has provided in-

formation on the frequency and duration of power outages of common origin. Five

smart energy meters have been installed in the EEB-UIS electrical network to mea-

sure the quality parameters required in the assessment.

The case study results indicate that RI does not require further attention since

the CI of the EEB-UIS has a low risk of collapse due to HILP events. RII could be

strengthened by increasing the backup system’s coverage to the building’s non-priority

critical loads. RIII shows a general alert state for the EEB-UIS network and an emer-

gency state for the TP1 load circuit. Therefore, the EEB-UIS electrical network could

require attention to address overvoltage issues, load balance and harmonic distor-

tion of current.

This chapter contributes to the compliance of the third specific objective (SO3).

It analyses the effect of the PV systems on electrical resilience. The results in the

case study show a positive effect of PV system integration. The ORI of the PV system

line (L8-9) has the best resilience rating of the line sections of the EEB-UIS network.

Thus, it benefits the overall RIII-EEB resilience rating. This effect could be because

the EEB-UIS PV system is adequately balanced in power delivery, and the power in-

verters generate low harmonic pollution. Indeed, it is possible to establish strategies

to take advantage of the PV system.

It also contributes to answering research questions two (RQ2), five (RQ4) and

six (RQ6). RIII could be used to evaluate the performance of a PV installation in

LV networks since RIII analyses the quality of the voltage at the coupling point and

the quality of the current delivered by the PV system. Therefore, PV systems could

contribute to strengthening LV grids through proper power balancing and deliver-

ing current without harmonic distortion. In addition, the RIII assessment shows the

possibility of constant evolutionary analysis setting an accurate refresh time.

It is possible to analyse the daily fluctuation of the operating quality of an

electricity network to identify patterns of poor quality behaviour. Furthermore, an

automated operational resilience assessment system could be implemented using
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smart meter installation and data processing to evaluate the operation resilience for

a specific period and plan preventive and corrective actions. The following chapters

focus on the resilience feedback phase to develop strengthening strategies. Chapter 5

presents the EEB-UIS electricity grid model for the feedback phase. And Chapter 6

develops the feedback phase.
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Chapter 5

EEB-UIS LV NETWORK MODEL FOR

THE RESILIENCE FEEDBACK PHASE

This chapter presents the Electrical Engineering Building (EEB-UIS) LV net-

work model for analysing the feedback phase of electrical resilience. A hydrogen-

based energy backup system (H2-ESS) is proposed as a measure to strengthen re-

silience. The model is used to simulate power flows, reconfiguration of the point of

common coupling (PCC) of the energy resources and implement an energy manage-

ment strategy (EMS). It facilitates the comparison of resilience-strengthening strate-

gies and implementing sensitivity analysis. The energy macroscopic representation

(EMR) is used to present the EEB-UIS’s electrical network AC and DC components.

This chapter contributes to the development of the third (SO3) and fourth

(SO4) specific objectives. The model allows the analysis of the PV and H2-ESS pene-

tration level, location and effect on the electrical resilience. It allows the simulation

of EMS on the EEB-UIS’s sources. It also contributes to answering research questions

four (RQ4), five (RQ5) and six (RQ6). The remainder of this chapter is organised as

follows: Section 5.1 highlights remarks about the EEB-UIS network model and Sec-

tion 5.2 about its EMR. Section 5.3 presents the model of the AC components. Sec-

tion 5.4 describes the PV system modelling. Then, Section 5.5 shows the backup sys-

tem model, and Section 5.6 describes the EL system modelling. Finally, Section 5.7

summarises the chapter’s contributions.
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5.1 Remarks on the EEB-UIS network model

The electrical resilience assessment’s feedback phase requires an EEB-UIS

network model. It is also necessary to model the feedback measures and evaluate

their effect. This chapter develops the EEB-UIS grid model considering the informa-

tion detailed in Chapter 3. There are two important remarks in modelling: i) The

EEB-UIS loads are grouped by priority category. ii) The current diesel genset backup

system is replaced by an H2-ESS. The H2-ESS integrates a fuel cell (FC), a battery

bank, an electrolyser (EL) and a tank for the storage of pressurised hydrogen (H2).

Classifying loads is subject to grouping them into load circuits. Three load

categories could be defined for the EEB-UIS regarding their priority:

• LC AT 1: Essential loads are the minimum necessary to ensure proper building

operation, such as security and emergency loads. They correspond to the TP5

circuit and the loads of the the emergency low voltage bus (ELVB).

• LC AT 2: Priority loads contribute to the electrical system’s better functioning,

but their absence does not imply a safety risk for the equipment or people. It

relates to the TP4 circuit.

• LC AT 3: Non-priority loads could not be supplied without causing a significant

impact on the operation of the electrical system. They concern the load circuits

supplied by the general low voltage bus (GLVB).

Figure 5.1 presents a schematic of the EEB-UIS LV network equivalent to the

diagram shown in Figure 3.2 of Chapter 3. The network has been simplified into the

key nodes highlighting ELVB, GLVB and PCC and the load categories. The H2-ESS

and PV systems have been included as distributed generation (DG) sources. A three-

phase model is used for the AC components of the electrical network. It considers

the unbalance in voltage and current but not the harmonic distortion. Active and

reactive powers are also considered on the AC side. This model is feasible since the

strategies analysed in the feedback are focused on improving the network’s voltage

regulation and the load through the electrical wires.
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Figure 5.1: Diagram of EEB-UIS electrical network integrating DG sources.

5.2 Using the energy macroscopic representation

The energy macroscopic representation (EMR) presents the EEB-UIS electri-

cal network model interconnecting sources and loads that operate in AC and DC.

This formalism facilitates modular modelling of the energy system’s elements and

systematical interconnection. The EMR formalism for elements inversion supports

understanding and applying control and EMS (Solano et al., 2020).

According to the operation of the EEB-UIS network, the feeder imposes the

voltage on the supply node. The wires interconnecting elements must respect Ohm’s

law; thus, there are energy losses and voltage drops. Since line sections are short and

the voltage is low, the wires have a resistive-indictive impedance (ZRL). The inter-

connections between AC and DC elements are through power inverters. The inter-

action between DC sources requires DC/DC converters. Table 5.1 presents the EMR

elements and their association with components of the EEB-UIS electrical network.

Figure 5.2 presents the EMR of the EEB-UIS electrical network. The model

also integrates a stage of energy measurement and management. This stage is repre-

sented with the EMR inversion elements shown in Figure 5.3. The simulations, power

flows and EMS are developed in Matlab and Simulink. Quasi-static power flows are

run to estimate the electrical parameters’ behaviour over time. Simulations use a 1-

minute refresh time and a total simulation time of up to one month. The following

sections describe the model of the EEB-UIS’s network components.
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Table 5.1: EMR elements description for EEB-UIS network.

EMR element Grid component Description

Energy source

Source
Action

Reaction

Feeder
Set the AC voltage at the supply node. The
reaction is the supply current.

Load demand
Input AC voltage and output current.
Constant power model.

PV and electrolyser Input DC voltage and output current.
FC and batteries Input DC current and output voltage.

Energy conversion
Action 1

Action 2Reaction 1
Reaction 2

m

DC/DC converters FC and Batteries integration.
DC/AC inverters Integration of AC and DC equipment.
AC/DC inverter One-way AC to DC conversion.

Energy accumulation
Action 1

Action 2Reaction 1
Reaction 2 AC wire

Resistance and inductance, constant
impedance model.

Energy distribution

Action 1

Action 3
Reaction 1 Reaction 3

Action 2
Reaction 2 AC node Circuits and loads branching.

PCC Sources coupling points.

AC load 1

Electrolyser
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ufd
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Figure 5.2: Energy macroscopic representation of the EEB-UIS network.
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5.3 AC low-voltage network modelling

The AC LV network comprises a feeder, electrical wires, loads, and connection

nodes. The feeder and the loads use operation profiles. AC phasor representation is

used for voltage and current in vectors of three components representing a three-

phase system.

5.3.1 Feeder model

The feeder is modelled as an ideal voltage source supplying the current i⃗net

demanded by the electrical system. The voltage profile defines the source root mean

square (RMS) voltage values. It is the measurement of the voltage of each phase dur-

ing May with 10 minutes sampling time. In regular operation with a power supply,

the feeder is the reference node for the AC electrical network. In case of a power out-

age operation, the feeder current is null. Eq. (5.1) presents the structure of the feeder

supply voltage u⃗ f d and current i⃗net . Here, UA, UB and UC are the phase RMS volt-

ages from the voltage profile; θA, θB and θC are their associated phase angles. 0⃗ is the

three-component zero vector.

u⃗ f d =


UA∠θA

UB∠θB

UC∠θC

 If power supply regular operation

i⃗net = 0⃗ =


0

0

0

 If power outage operation

(5.1)

5.3.2 Load model

The load model uses active and reactive power demand profiles. It combines

both, obtaining the complex power Sφ for each phase. Eq. (5.2) calculate the single-

phase load current iloadφ and Eq. (5.3) builds the load current vector i⃗load . Here,

uloadφ is the single-phase voltage phasor supplying the load of the φ-phase. Pφ, and

Qφ are the single-phase active and reactive power demand profiles for the φ-phase,
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respectively. iloadA , iloadB and iloadC are the current phasors calculated by Eq. (5.2)

for each load phase.

iloadφ = con j

{
Pφ+ ĵQφ

ul oadφ

}
(5.2)

i⃗load =


iloadA

il oadB

il oadC

 (5.3)

5.3.3 Wire conductors model

Conductors are modelled as a constant impedance Zl . The mutual inductive

effect of the wire is not considered for power flows in this static model. Eq. (5.4)

shows the input-output relationship of a wire. Here, u⃗1 and u⃗2 are the voltage vectors

on each side of the wire. i⃗1 is the vector of the current that goes through the wire. Rl

and Xl are the wire’s total resistance and inductive reactance, respectively.

i⃗1 = u⃗1 − u⃗2

(Rl + ĵ Xl )

i⃗2 = i⃗1

(5.4)

5.3.4 Connection node model

The purpose of the nodes is to interconnect the branches. The node voltage

is set by the main branch. The current through the main branch is the sum of the

currents of the secondary branches. Eq. (5.5) relates to energy distribution. Here

u⃗1 and i⃗1 are the node voltage and the primary branch current, respectively. u⃗2 and

u⃗3 are the node voltages referring to the branch branches. i⃗2 and i⃗3 are the branch

currents. Figure 5.4 summarises the model of the AC LV network’s elements.

u⃗3 = u⃗2 = u⃗1

i⃗1 = i⃗2 +⃗ i3

(5.5)
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Figure 5.4: AC LV electrical network model.

5.4 Photovoltaic generation system modelling

A PV generation system comprises an array of PV modules, a DC/AC inverter

and connection wires. Next, the components model is described.

5.4.1 PV array model

The model for solar cell simulations proposed by Gow & Manning (1999) is

used. Despite it being an old model, it is used in several current researches such

as Hassan et al. (2023); Yaqoob et al. (2022); Fahim et al. (2022). It corresponds to

the saturation one-diode circuit model. Eq. (5.6) to Eq. (5.8) relate the voltage and

current of the solar cell.

Ic = Iph − Id − Ud

Rsh

Iph = G

Ga
· [Isc +ki · (T −298.15)]

(5.6)

Id = I0 ·
[

e
Ud
UT −1

]

I0 = Isc +ki · (T −298.15)

e

[
Uoc+kv ·(T−298.15)

UT

]
−1

(5.7)

Ud =Uc +Rs · Ic

UT = n ·kB ·T

q

(5.8)
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Here, Uc and Ic are the solar cell’s voltage and current, respectively. Id is the

diode’s saturation current, and Ud is its voltage. Rsh and Rs are the cell’s parallel and

series resistance, respectively. Iph is the solar-induced current. G0 is the standard

irradiance (1 000 W/m2). G and T are the irradiance and temperature perceived by

the cell in W/m2 and Kelvin, respectively. The current and voltage temperature co-

efficients are Ki and kv , respectively. Isc and Uoc are the cell’s short circuit current

and open circuit voltage, respectively. UT is the thermal voltage. n, kB and q are the

diode emission coefficient, the Boltzmann constant, and the elementary charge on

an electron, respectively.

All the above parameters correspond to a single solar cell. A solar module

comprises ns cells in series and np in parallel. A PV system integrates Nar arrays

parallel of Nst modules in series. Eq. (5.9) relates the module’s open circuit voltage

Uoc_mod to Uoc and the module’s short circuit current Isc_mod to Isc . Eq. (5.10) links

the module voltage Umod to Uc and the current Imod to Ic . Eq. (5.11) ties the array

PV’s voltage UPV and current IPV with Umod and Imod , respectively.

Uoc = Uoc_mod
ns

Isc = Isc_mod
np

(5.9)

Umod =Uc ·ns

Imod = Ic ·np

(5.10)

UPV =Umod ·Nst

IPV = Imod ·Nar

(5.11)

5.4.2 PV power inverter model

A power inverter interconnects the PV array to the AC electrical network. The

inverter’s AC voltage u⃗PV s is synchronised with the voltage of the interconnection

point to inject the generated PV power into the grid. The inverter associates a maxi-

mum power point tracking (MPPT) algorithm to maximise the PV array power. Thus,

the voltage UPV of the inverter DC side is given by Eq. (5.12) and Eq. (5.13) develops

the AC power of the PV system. The model is that the PV system delivers balanced

power to the AC grid. Therefore, the single-phase powers are equal in value. Here,
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PPV s is the power of the PV system. PφPV s , QφPV s and SφPV s are the single-phase

active, reactive and complex power of the PV system, respectively. ηi nv_PV is the ef-

ficiency of the inverter. f pPV s is the power factor set for the inverter.

UPV =UPV _r e f = f|MPPT (UPV , IPV ) (5.12)

PPV s = ηi nv_PV ·UPV · IPV

PφPV s = PPV s
3

QφPV s = PφPV s ·
√

1− f p2
PV

f pPV s

SφPV s = PφPV s + ĵQφPV s

(5.13)

A single-phase current iφPV s is defined by Eq. (5.14) and the structure of the

PV system current vector i⃗PV s by Eq. (5.15). Here, uφPV s represents the single-phase

voltage at the inverter of the PV system. iPV sA , iPV sB and iPV sC are the single-phase

current components of i⃗PV s . uPV sA , uPV sB and uPV sC are the single-phase voltage

components of u⃗PV s .

iφPV s = con j

{
SφPV s

uφPV s

}
(5.14)

i⃗PV s =


iPV sA

iPV sB

iPV sC

=


con j

{
SφPV s

uPV sA

}
con j

{
SφPV s

uPV sB

}
con j

{
SφPV s

uPV sC

}
 (5.15)

5.4.3 Connection wire model

The wire connects the PV system with the electrical network. Eq. (5.16) relates

the voltage drop in the conductor. Here Rl_PV is the resistance of the wire, and Xl_PV

is the inductive reactance. u⃗PCC is the voltage at the point of coupling. Figure 5.5

summarises the PV system model.

u⃗PV s = u⃗PCC − (Rl_PV + ĵ Xl_PV ) ·⃗ iPV s (5.16)
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Figure 5.5: Photovoltaic system model.

5.5 Fuel cell-battery backup system modelling

The energy backup system comprises a proton exchange membrane fuel cell

(PEMFC) and a lead-acid battery pack. They are coupled on the DC side through a

DC/DC converter associated with the FC. Then, a DC/AC inverter couples the backup

set to the AC side. The components model is described below.

5.5.1 Fuel cell array model

The FC polarisation model described by Kandidayeni et al. (2020) is used. The

voltage of a single-cell U f c is given by Eq. (5.17) and Eq. (5.18) estimated the H2 con-

sumption ṁH2_ f c .

U f c =UOCV −ηact −ηconc −ηohm (5.17)

ṁH2_ f c = ṁOC +mH2 · I f c (5.18)

Here, I f c is the operating current of a single cell, and UOCV is the internal
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induced voltage of the cell assumed constant. ηact , ηconc and ηohm are the activation,

concentration, and ohmic voltage drops, respectively. They are defined in Eq. (5.19).

Here, ṁH2_con is in kg/s. ṁOC is open circuit H2 flow, and mH2 is the H2 consumption

factor.

ηact =Cact · log10(I f c )

ηconc =Cconc · I
ksq

f c · ln
(
1− I f c

Jmax

)
ηohm = rcel l · I f c

(5.19)

Furthermore, Cact and Cconc are activation and concentration constants, re-

spectively. ksq is the concentration exponent. Jmax is the cell’s maximum density

current. Moreover, rcel l is the single-cell equivalent resistance. These parameters

characterise the FC. The FC pack’s current IFC and Voltage UFC depend on the num-

ber of cells in series NS_ f c and the parallel branches NP_ f c as Eq. (5.20) shows. Then,

Eq. (5.21) presents the total FC’s H2 consumption.

UFC =U f c ·NS_ f c

IFC = I f c ·NP_ f c

(5.20)

ṁH2_con = NS_ f c ·NP_ f c ·ṁH2_ f c (5.21)

5.5.2 FC converter model

The converter couples the FC array with the battery pack. The input voltage

and output current are related to the current reference for the FC system IFC s_r e f as

Eq. (5.22) shows.

PFC _r e f =
UFC s · IFC s_r e f

ηconv

IFC = f I |P
(
PFC _r e f

) (5.22)

Here PFC _r e f is the power reference for the FC array. UFC s is the FC system

voltage and ηconv is the converter’s efficiency. IFC is the operating current the in-

verter imposes on the FC. f I |P is a lookup table of FC current as a function of FC

power including a current saturation stage. Then, UFC depends on IFC , as intro-

duced before. Eq. (5.22) presents the calculation of the FC system’s current IFC s .

Here, PFC is the FC array power, and UFC s is the FC system voltage.
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PFC = IFC ·UFC

IFC s = ηconv ·PFC

UFC s

(5.23)

5.5.3 Battery pack model

The battery static model described by Moubayed et al. (2008) is implemented.

Eq. (5.24) shows the voltage Ub and the state of charge SOCb of a single battery.

Ub = Em − Ib ·Ri nt

SOCb = 1
C apb

·
∫ t

0
Ib ·d t

(5.24)

Here, Ib is the current of a single battery. C apb is the storage capacity of a sin-

gle battery. Em and Ri nt are the battery open-circuit voltage and internal resistance,

respectively. They are functions of SOCb as Eq. (5.25) presents. The voltage UB at and

current IB at of the battery pack relate to the number of batteries in series Nbs and

the number of branches Nbp as Eq. (5.26) present.

Em = fU |SOC (SOCb)

Ri nt = fR|SOC (SOCb)
(5.25)

UB at = Nbs ·Ub

IB at = Nbp · Ib

(5.26)

5.5.4 DC coupling model

The FC system and the battery pack require a coupling. The battery pack

does not have a converter; it imposes the voltage UBK on the DC node. Then, the DC

current IBK of the backup system is the sum of the currents of the battery pack and

the FC system. Eq. (5.27) shows the relationship described.

UBK =UFC s =UB at

IBK = IFC s + IB at

(5.27)

5.5.5 DC/AC coupling model

A power inverter couples the DC and AC sides. It is based on the current ref-
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erence vector i⃗bk_r e f to define the AC current i⃗bk delivered by the backup system.

The backup system supplies adequate current to each phase. Thus i⃗bk_r e f contains

references per phase ibkA_r e f , ibkB _r e f and ibkC _r e f as shown in Eq. (5.28). During op-

eration with regular supply power, the voltage of the inverter u⃗i nv is synchronised

with the voltage of the coupling point. In case of a power outage, the inverter of the

backup system imposes the voltage and is the reference of the AC grid. It is presented

in Eq. (5.29). Here, UN is the nominal voltage of the EEB-UIS network.

i⃗bk = i⃗bk_r e f =


ibkA_r e f

ibkB _r e f

ibkC _r e f

 (5.28)

u⃗i nv =


UN∠0

UN∠−2π
3

UN∠−4π
3

 If power outage operation (5.29)

The AC operating power of the backup system is obtained by the product of its

voltage and current. The DC side current IBK is the ratio between the active backup

power Pbk and the efficiency of the inverter ηi nv . Eq. (5.30) sets the operating pa-

rameters of the inverter. Here, u⃗i nv is the voltage on the AC side of the inverter. Fur-

thermore, • is the vectors’ scalar product operator, and the r eal { } operator returns

the real part of a value. Figure 5.6 summarises the FC-battery backup system model.

Sbk = u⃗i nv • con j
{

i⃗bk
}

IBK = r eal {Sbk }

ηi nv ·UBK

(5.30)

5.6 Electrolyser system modelling

The electrolyser (EL) system comprises an alkaline EL and a voltage inverter.

The inverter interconnects the EL to the AC power grid. The model of the EL system

is described below.
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Figure 5.6: FC-battery backup system model.

5.6.1 Alkaline electrolyser model

The empirical polarisation model described by Ulleberg (2003) is used for the

alkaline electrolyser. Eq. (5.31) presents the relationship between the voltage of an

EL cell Uel and its current Iel .

Uel =Ur ev + rel ·
Iel

A
+ s · ln

(
τ · Iel

A
+1

)
(5.31)

Here, Ur ev is the reversible voltage of the water. rel is the equivalent resistance

of a single cell depending on the EL’s temperature T . A is the electrode area in m2. s

and τ are the activation overpotential parameters. Ur ev can be determined from the

Gibbs energy ∆G for water splitting as Eq. (5.32) shows.

Ur ev = ∆G

z ·F
= ∆H −T ·∆S

z ·F
(5.32)

Here, z is the number of electrons transferred per reaction; it equals 2. F is

Faraday’s constant. T is the water temperature in kelvin. ∆H and∆S are the enthalpy

and entropy change in the reaction, respectively. The total energy demanded ∆H is

related to the cell thermoneutral voltage Utn by (5.33). At standard conditions (25 °C,

1 bar), ∆G = 237 k J/mol , Ur ev = 1.229 V , and Utn = 1.482 V .
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Utn = ∆H

z ·F
(5.33)

Ulleberg (1997) proposed modelling the effect of EL’s temperature TEL on rel

and τ by Eq. (5.34). Here, r1 and r2 are the ohmic resistance parameters. τ1 , τ2

and τ3 are overvoltage on electrodes parameters. These parameters are obtained

empirically by characterising the EL I −U saturation curve at different temperatures.

The EL’s temperature TEL is given by Eq. (5.35).

rel = r1 + r2 ·TEL

τ= τ1 + τ2

TEL
+ τ3

T 2
EL

(5.34)

TEL = Ti ni + ∆t

Ct
· (Q̇g en −Q̇loss −Q̇cool

)
(5.35)

Here, Ti ni is the initial temperature. ∆t is the time interval. Ct is the overall

thermal capacity of electrolyser in JK−1. Q̇g en , Q̇loss and Q̇cool are the heat transfer

rate in W calculated by Eq. (5.36).

Q̇g en = Nc ·Uel · Iel ·
(
1−ηe

)
Q̇loss =

1

Rt
· (TEL −Ta)

Q̇cool =U AH X ·LMT D

(5.36)

Here, Nc is the total number of EL cells. ηe is the EL energy effiency defined

by Eq. (5.37). Rt is the EL overall thermal resistence in W −1K . Ta is the room tem-

perature. U AH X is the heat transfer coefficient-area product for the heat exchanger

in W K −1. Moreover, LMT D is the log mean temperature difference. Qcool could

assume a constant cooling value when TEL exceeds a critical temperature Tcr i t .

ηe = Utn

Uel
(5.37)

Finally, Eq. (5.38) presents the relationship of the EL stack’s voltage UEL and

current IEL with the number of cells in series NS_el and the number of branches in

parallel NP_el .
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UEL = NS_el ·Uel

IEL = NP_el ·Uel

(5.38)

5.6.2 Hydrogen production model

According to Farady’s law, the rate H2 production ṁH2_g en is directly propor-

tional to the transfer of electrons. Hance, ṁH2_g en could be expressed with Eq. (5.39).

Here, ηF is the Faraday efficiency representing the ratio between the actual and the-

oretical maximum amount of H2 production. According to Ulleberg (2003) ηF could

be expressed empirically by Eq. (5.40) depending on Iel . Here, the parameters of

Faraday’s efficiency are f1 and f2. At nominal current ηF is around 0.95.

ṁH2_g en = ηF · Nc · Iel

z ·F
(5.39)

ηF = (Iel /A)2

f1 + (Iel /A)2
· f2 (5.40)

5.6.3 Voltage inverter model

The inverter couples the EL stack with the AC grid. The inverter model uses a

reference current vector i⃗ELs_r e f to define its operation. It sets the reference current

for each phase. The grid provides the operating voltage. Eq. (5.41) and Eq. (5.42)

give the EL inverter’s reference current i⃗ELs_r e f and voltage u⃗ELs , respectively. Here,

iELsA_r e f , iELsB _r e f and iELsC _r e f are the reference currents per phase. u⃗PCC _EL is the

voltage vector at the coupling point of the EL system, and uPCC A_EL , uPCCB _EL and

uPCCC _EL are their voltages per phase.

i⃗ELs_r e f =


iELsA_r e f

iELsB _r e f

iELsC _r e f

 (5.41)

u⃗ELs = u⃗PCC _EL =


uPCC A_EL

uPCCB _EL

uPCCC _EL

 (5.42)

The reference for the AC power consumption of the EL system is defined in
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Eq. (5.43). Here, SELs_r e f and f pELs_r e f are the complex power and power factor

references for the EL system, respectively. abs{ } operator returns the magnitude of

a value.

SELs_r e f = u⃗ELs • con j
{

i⃗ELs_r e f
}

f pELs_r e f = r eal
{

SELs_r e f
}

abs
{

SELs_r e f
} (5.43)

Then, Eq. (5.44) presents the reference power PEL_r e f and the current IEL for

the EL stack. Here, ηI NV is the overall inverter efficiency. f I |P,T is a lookup table

relating the EL’s power and temperature with the current IEL .

PEL_r e f = ηI NV · r eal
{

SELs_r e f
}

IEL = f I |P,T
(
PEL_r e f

) (5.44)

To define the AC side operating power, Eq. (5.45) defines the power ratio fac-

tor s⃗ELφ . It is a vector where each component defines the ratio of power for each

phase to the total EL system power SELs defined in Eq. (5.46).

S⃗ELs_r e f =


uELsA · con j

{
iELsA_r e f

}
uELsB · con j

{
iELsB _r e f

}
uELsB · con j

{
iELsB _r e f

}


s⃗ELφ =
S⃗ELs_r e f

SELs_r e f

(5.45)

PELs = UEL · IEL

ηI NV

QELs = PELs ·
√

1− f p2
ELs_r e f

f pELs_r e f

SELs = PELs + ĵQELs

(5.46)

Finally, Eq. (5.47) defines the EL system power per phase S⃗ELs . And, the EL

system current⃗ iELs is given by Eq. (5.48). Figure 5.7 summarises the EL system model.

S⃗ELs =


SELsA

SELsB

SELsC

= SELs ·⃗sELφ (5.47)
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i⃗ELs =


con j

{
SELsA
uELsA

}
con j

{
SELsB
uELsB

}
con j

{
SELsC
uELsC

}
 (5.48)
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Figure 5.7: Electrolyser system model.

5.7 Summary of contributions

This chapter presents the modelling of the EEB-UIS’s electrical networks to

analyse the strengthening of electrical resilience. The model is shown using the EMR

formalism. The EEB-UIS’s AC side uses the phasor representation. This chapter

contributes to the third (SO3) and fourth (SO4) specific objectives. The proposed

modelling integration allows measuring or estimating the parameters of the electri-

cal network. Then, it is possible to analyse the effect of the energy sources’ operation

mode and the quality parameters’ behaviour. It also allows analysing strategies to

strengthen electrical resilience and compare their effectiveness.

This chapter also contributes to answering research questions four (RQ4), five

(RQ5) and six (RQ6). The modelling allows testing EMS. It is compatible with the

electrical resilience assessment proposal. It allows determining if a H2 backup sys-

tem increases the resilience of the electrical network. It also allows the evaluation

of the electrical network’s resilience evolution through simulations and determining

a systematic analysis of the resilience level. The following chapter implements the

EEB-UIS LV network model in the electrical resilience feedback analysis.
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Chapter 6

RESILIENCE FEEDBACK ANALYSIS

This chapter focuses on the feedback phase of the electrical resilience for the

EEB-UIS case study. It corresponds to the development of parts 4 and 5 of the com-

prehensive resilience (Rcomp) assessment methodology proposed in Chapter 2. Here,

the results of Chapter 4 are considered to propose strategies to strengthen the EEB-

UIS resilience. Results indicate potential for strengthening RII and RIII. Then, it ad-

dresses two strategies: i) Increase the supply continuity capacity in power outages.

Moreover, ii) implementing a energy management strategy (EMS) for the EEB-UIS

sources to strengthen the operation quality. In this sense, it is proposed to define an

hydrogen-based energy storage system (H2-ESS) as a backup system for the EEB-UIS

and associate an EMS to address the two approaches.

This chapter completes the third specific objective SO3: "Evaluate the effects

of the integration of PV generation and H2-ESS on the resilience of a LV electrical net-

work." Furthermore, it outlines the achievement of the SO4: "Analyse the sensitivity

of the resilience of a LV network to variations in the level of penetration and location

of the PV systems and the H2-ESS and the application of EMS." It also contributes to

answering research questions RQ2, RQ4, and RQ6. This chapter is organised as fol-

lows: Section 6.1 describes the remarks on the resilience feedback phase. Section 6.2

develops the H2-ESS sizing. Section 6.3 concerns strengthening the RII. Section 6.4

focuses on the RIII feedback. Then, Section 6.5 performs a sensitivity analysis regard-

ing the RIII strengthening. Finally, Section 6.6 provides the chapter’s conclusions.
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6.1 Remark on the feedback phase of the EEB-UIS elec-

trical resilience

The electricity resilience feedback consists of an analysis of the vulnerabil-

ity of the electricity system in order to develop strategies for strengthening it. Then,

a new Rcomp assessment allows quantifying the improvement. This phase refers to

parts 4 and 5 of the methodology presented in Chapter 2. Figure 6.1 places the feed-

back within the resilience assessment. Here, the EEB-UIS type resilience results in

Chapter 4 are analysed to determine the vulnerabilities to be addressed and then

plan improvement strategies.
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Figure 6.1: Sequence of electrical resilience feedback for the EEB-UIS.

Results in Chapter 4 show a low probability of collapse for the CI of the EEB-

UIS. In addition, interventions on the MV circuit feeding the EEB-UIS feeder con-

cern the local electricity operator. Therefore, resilience feedback does not cover the

strengthening of type I resilience (RI) for the EEB-UIS-specific case. In cases where RI

is on alert, it would be recommended to strengthen the civil structure of the MV cir-

cuit that supplies the feeder. Poles with greater resistance to earthquakes and strong

winds would be recommended.

Regarding the strengthening of RII, two approaches have been identified: i) in-

creasing the supply reliability; and ii) improving energy backup during power out-

ages. Once again, the first one concerns the electricity operator. The second one

could be addressed by the electricity installation itself. In the same vein, the strength-

ening of RIII has several approaches to improve the quality of the electrical system

98



operation. In this way, the EEB-UIS resilience feedback focuses on RII and RIII. This

thesis proposes a hybrid resilience improvement measure linking supply robustness

and operational flexibility by integrating two stages: i) The sizing of an H2-ESS as a

backup system for the EEB-UIS. The RII feedback analyses the implications of the

H2-ESS backup system on the reliability of the EEB-UIS power grid. It then estimates

the increase in its supply continuity capacity.

Moreover, ii) the feedback considers the application of a EMS to strengthen

RIII. According to the RIII assessment, the voltage regulation and current unbalance

are the quality parameters (QPs) demanding the most attention. This stage focuses

on improving them through the energy management of the projected H2-ESS. EMS

performance and power quality measurement are developed through simulations

in the Matlab & Simulink environment. The EEB-UIS network model developed in

Chapter 5 is used here. The analysis is developed based on the voltage supply and

load demand profiles logged by the smart meters during May 2023. A local sensitivity

analysis is also carried out concerning the rated power and connection point of the

H2-ESS and PV systems. The following sections present the development of electrical

resilience feedback.

6.2 Sizing of the hydrogen-based backup system

This section describes the sizing of the H2-ESS backup system for the EEB-

UIS. The sizing methodology uses the total supply probability (TSP) index proposed

in Section 2.4.2 as a decision parameter. It focuses on the history of power outages to

fit a probability function and determine the appropriate survival time based on the

categorisation of the loads. The H2-ESS is composed of a fuel cell (FC) stack, a battery

pack, an electrolyser (EL) and a hydrogen (H2) tank. It also integrates voltage con-

verters and power inverters to interconnect the sources. It is intended to strengthen

the survival of the EEB-UIS loads in case of power outages. The EL is meant to absorb

the excess power generated by the PV system, generating green H2.

The next sections develop the sizing of the H2-ESS backup system. Section 6.2.1

presents the sizing methodology. Section 6.2.2 describes the H2-ESS sizing applied

to the EEB-UIS. Then Section 6.2.3 shows a 48-hour extended power outage test.
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6.2.1 Sizing methodology

The sizing proposal is supported by research (R. Rodriguez et al., 2022). This

work considers that the FC supplies the energy, and the battery pack supports the

power peaks. It also defines the best economic benefit of generating green H2 or

buying it. The H2-ESS sizing is developed for the EEB-UIS considering its electrical

network description in Chapter 3 and modelling in Chapter 5. The methodology

comprises five steps: i) The model of the electrical network and sources. ii) The load

categorisation. iii) The definition of the total supply probability (TSP). iv) The cost

function. And v) the sources dispatch strategy. They are described below:

Modelling

The EEB-UIS model has already been presented in Chapter 5. It should focus

on the scenario where the H2-ESS supports power outages. Four remarks are defined

in the event of an outage: i) The feeder is not available to supply power. ii) The H2-

ESS sets the voltage at the emergency low voltage bus (ELVB). iii) The ELVB is the

reference node of the electrical system. Furthermore, iv) the PV system injects power

into the grid. Thus, the EEB-UIS network diagram is arranged as shown in Figure 6.2.
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Figure 6.2: Diagram of EEB-UIS network in power outage state

This way, the H2-ESS current i⃗bk corresponds to the network load demand as

shown in Eq. (6.1). Here, i⃗bk_out is the backup current demanded by the EEB-UIS

electrical network in the outage state. The H2-ESS inverter sets the voltage u⃗ELV B of

the ELVB as presented in Eq. (6.2). Here, u⃗i nv is the voltage on the AC side of the H2-

ESS inverter. It is assumed that the inverter provides a balanced voltage. UN is the
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nominal voltage of the EEB-UIS network. The model is implemented in the Matlab

& Simulink environment running quasi-static power flows.

i⃗bk = i⃗bk_out (6.1)

u⃗ELV B = u⃗bk =


UN∠0

UN∠−2π
3

UN∠−4π
3

 (6.2)

Load categorisation

The EEB-UIS load circuits are categorised as presented in Section 5.1. Ta-

ble 6.1 outlines the categorisation.

Table 6.1: Categorisation of the EEB-UIS load.

Category Description Circuits

LC AT 1 Essential loads
TP5, TIE 3P, TR,
TBH, RAC, ELV

LC AT 2 Priority loads TP4

LC AT 3 Non-priority loads
TP1, TP2, TP3,
TAA-1, TAA-2

Loss of power supply probability and total supply probability

The lost of power supply probability (LPSP) could be defined as the percent-

age of unmet load given by Eq. (6.3) (Attemene et al., 2020). Here Pde f (t ) is the un-

served power and Pload (t ) is the power demand by the network integrating LC AT 1,

LC AT 2, and LC AT 3.

LPSP =

T∑
t=0

Pde f (t ) ·d t

T∑
t=0

Pload (t ) ·d t

(6.3)

The total supply probability (TSP) introduced in Section 2.4.2 is defined as

a complementary criterion for the sizing. It is the probability of supplying the load

101



demand during a TT SP -duration outage. It would allow defining the minimum sur-

vivability required to satisfy the target TSP. The length data history of the EEB-UIS

power outages is used to determine TT SP . From this data, its probability density

function (PDF) and cumulative distribution function (CDF) are fixed. The distribu-

tion function with the lowest mean absolute percentage error (MAPE) is used for siz-

ing. Figure 6.3 presents the procedure to determine TT SP .
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Figure 6.3: Process for determining survival time to satisfy a target TSP.

The sizing of the H2-ESS must satisfy the energy backup criteria for each load

category. For LC AT 1, it should be guaranteed to supply the entire load as many times

as power outages. Consequently, LPSP must be the minimum possible and TSP the

maximum possible. Similarly, for LC AT 2 and LC AT 3, TSP and LPSP should be guar-

anteed according to the load priority. Then, LC AT 2 would have more support than

LC AT 3. Table 6.2 shows the proposed LPSP and TSP criteria. The LPSP values cor-

respond to those suggested by Ayop et al. (2018). The TSP values are proposed by

R. Rodriguez et al. (2022) for the EEB-UIS load categories.

Table 6.2: LPSP and TSP criteria for sizing the backup system.

Category LPSP TSP
LC AT 1 ≈ 0% > 95%
LC AT 2 < 10% > 70%
LC AT 3 < 50% > 40%

These criteria refer to a typical operating scenario covering regular outages.

The backup system should supply LC AT 1 as much as possible during an extraordinary

outage, such as a natural disaster or large-scale equipment damage.
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Cost function

The H2-ESS is intended to supply the power of the building in an outage. It

should satisfy the power balance as Eq. (6.4) shows. Here, PFC (t ), PB at (t ) and PPV s(t )

are the power of FC, batteries, and PV system, respectively. PLC AT 1 (t ), PLC AT 2 (t ) and

PLC AT 3 (t ) are the power of loads LC AT 1, LC AT 2 and LC AT 3 respectively. Ploss(t ) corre-

sponds to the resistance and conversion loss power. Moreover, Pde f (t ) represents the

unsupplied load power. Proper sizing must ensure that Pde f (t ) is null. Additionally,

the H2-ESS must ensure the energy balance shown Eq. (6.5).

PFC (t )+PB at (t )+PPV s(t ) = PLC AT 1 (t )+PLC AT 2 (t )+PLC AT 3 (t )+Ploss −Pde f (t ) (6.4)

Ttot al∑
t=0

(
PFC (t )+PB at (t )+PPV s(t )−Ploss +Pde f (t )

) ·d t =

TT PS1∑
t=0

PLC AT 1 (t ) ·d t +
TT PS2∑

t=0
PLC AT 2 (t ) ·d t +

TT PS3∑
t=0

PLC AT 3 (t ) ·d t

(6.5)

Here Ttot al is the total time of the outage issue. TT SP1, TT SP2, and TT SP3 are

the survival times determined for each load category account for total supply prob-

abilities T SP1, T SP2, and T SP3, respectively. The cost function is defined by the

annualised total cost Ctot al of the H2-ESS. Ctot al considers the acquisition cost Cacq ,

and operation and maintenance cost CO&M . Here, CO&M is assumed as a percentage

of the Cacq for each source. Also, the operation considers the cost of purchasing H2

from an external source. Eq. (6.6) presents the cost function subject to TSP and LPSP.

mi n :
N∑

s=1
(C RFs ·NCs ·Cs)+

N∑
s=1

(
CMs ·NCs

)+mE xt
H2

·CH2

s.t . : T SP

LPSP

(6.6)

Here, NCs , Cs , and CM s are the nominal capacity, acquisition cost per unit of

capacity and maintenance cost per unit of capacity, respectively, for each s-component.

mE xt
H2

is the amount of H2 supplied by the external source and CH2 is the cost per kg

of H2. C RFs is the capital recovery factor shown in Eq. (6.7). Here, r is the annual

rate of return, and NLs is the lifetime years of each component.
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C RFs = r · (r +1)NLS

(r +1)NLS −1
(6.7)

Table 6.3 presents acquisition and O&M costs for H2-ESS components. The

sizing is implemented in the Matlab & Simulink environment. The PSO algorithm

solves the optimisation problem involving Eq. (6.6). Here, the particles of the PSO

algorithm are in the form [NS f c , NP f c , NSb , NPb , NSel , NPel ], including the combination

of series and parallel modules for FC, EL and battery systems. It represents an integer

linear optimisation problem.

Table 6.3: Cost characteristics for the H2-ESS components.

Component
Acquisition cost

Cacq

O&M cost
CO&M

Lifetime

Batteries (Kosmadakis et al., 2021) 250e/kW h 2% of Cacq 6 years
Fuel cell (Timilsina, 2021) 2500e/kW 3% of Cacq 5 years
Electrolyser (Attemene et al., 2020) 1700e/kW 4% of Cacq 8 years
H2 tank (Attemene et al., 2020) 990e/kg 1.2% of Cacq 20 years
Converters (Attemene et al., 2020) 200e/kW 1% of Cacq 15 years
Green hydrogen (IRENA, 2020) 6e/kg – – – – – –

Source dispatch strategy

A rule-based dispatch strategy is proposed to determine the energy partici-

pation of FC and batteries. It attempts to keep the batteries state of charge SOCb(t )

within the operating values SOC mi n
b and SOC max

b . PFC (t ) is set at the rated power

P max
FC as possible. If SOCb(t ) exceeds a cut-off limit SOC cut

b , PFC (t ) must drop to

the minimum value P mi n
FC . FC is disconnected in the undesirable case that SOCb(t )

exceeds the maximum value. Algorithm 1 presents the dispatch strategy.

6.2.2 Results of the H2-ESS backup system for the EEB-UIS

The above methodology is applied to size the EEB-UIS’s H2-ESS backup sys-

tem. The local electricity distribution operator provided the historical data on power

outages for the MV circuit supplying the EEB-UIS feeder. The following sections de-

scribe the outage characterisation, the LPSP and TSP target set and the H2-ESS size.
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Algorithm 1: Rules-based dispatch strategy for the H2-ESS

Data: SOC mi n
b , SOC max

b , SOC cut
b , P max

FC , P mi n
FC

Input: SOCb(t ) , Pload (t )
Result: PFC (t ) , PB at (t )
initialization;

if SOCb(t ) < SOC max
b then

while SOCB at (t ) ≥ SOC mi n
B at do

if SOCb(t ) < SOC cut
b then

PFC (t ) = P max
FC ;

else
PFC (t ) = P mi n

FC ;
end
PB at (t ) = Pl oad (t )−PFC (t );

end
else

PFC (t ) = 0;
PB at (t ) = Pload (t );

end

Power outages characterisation

The power outage history related to EEB-UIS is sourced from Electrificadora

de Santander S.A E.S.P. (ESSA-ESP), the local electric utility company. ESSA-ESP pro-

vided historical data on outages for 2012–2021. The processing of this information

has been presented in Section 4.3.1 to determine the actual TSP of the EEB-UIS net-

work. For the backup system sizing, the inverse CDF is calculated, determining the

target backup time for the load categories. Figure 6.4 Presents the fit of historical

outage data to a CDF and its inverse function.
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Figure 6.4: CDF fit for the EEB-UIS outage length.
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Here, the Burr Type XII distribution has the best fit with 7.42% MAPE, fol-

lowed by the Weibull and Gamma distributions with 8.90% and 17.60% MAPE, re-

spectively. Burr distribution function parameters are α = 10.910, c = 0.516, and

k = 2.368. TT SP1, TT SP2 and TT SP3 are the survival time for LC AT 1, LC AT 2 and LC AT 3,

respectively. They are calculated from the TSP target in Table 6.2.

Survival time by load category

The loads are grouped according to their priority as presented by Section 6.2.1.

The survival time for each load category is calculated by applying the inverse of the

CDF fixed to the TSP percentages. Table 6.4 shows the survival time results for the

EEB-UIS load categories. Here, the power and energy values correspond to the de-

mand profile proposed by R. Rodriguez et al. (2022) for sizing a backup system for the

EEB-UIS. Then, Figure 6.5 shows the demand profile with the survival time cut-off.

Table 6.4: Survival time for the EEB-UIS loads.

Category Circuits
LPSP
target

TSP
target

Minimum
survivability

Energy
demand

Maximum
power

LC AT 1
TP5, TIE 3P, TR,
TBH, RAC, ELV

0% 99% 351 min 34.62 kWh 18.0 kW

LC AT 2 TP4 0% 90% 29 min 0.61 kWh 2.6 kW

LC AT 3
TP1, TP2, TP3,
TAA-1, TAA-2

0% 80% 10 min 0.35 kWh 16.0 kW

Backup system sizing

The sizing involves determining the number of cells in series and parallel for

the FC and EL stacks and the battery pack’s number of modules. Then, a single unit

for each source is used. Table 6.5, Table 6.6 and Table 6.7 present the characteristics

of the reference single FC, single battery, and single EL, respectively. Then, Table 6.8

shows the searching range used for the number of series and parallel modules.
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Table 6.5: Parameters of an FC single-cell used for sizing.

Parameter Description Value

P r at
f c Rate power 150 W

UOCV Internal voltage induced 0.8834 V
ṁOC H2 mass flow in open circuit operation 1.39X 10−8 kg /s
mH2 H2 consumption factor 9.71X 10−9 kg /s A−1

Cact Activation constant 0.0278
Cconc Concentration constant −5.6403X 10−11

ksq Concentration exponent 3
Jmax Maximum current 250 A
rcel l Single-cell equivalent resistance 0.5973 mΩ

Table 6.6: Parameters of a single-battery used for sizing.

Parameter Description Value

C apb Energy storage capacity 110 Ah
U r at

b Rated voltage 12.8 V
Imax Maximum current 150 A
rcel l Battery equivalent resistance 6 mΩ

U mi n
b Minimum permissible voltage 10 V

SOC mi n
b Minimum permissible SOC 0.30

SOC max
b Maximum permissible SOC 0.95

Table 6.7: Parameters of an EL single-cell used for sizing.

Parameter Description Value

P r at
el Rate power 400 W

Imax Maximum current 150 A
Ael Electrode area of a single cell 575 cm2

Ur ev Reversible voltage of the water 1.23 V
Utn Thermoneutral cell voltage 1.23 V
rel Single-cell equivalent resistance 1.2 mΩ

Table 6.8: Search range for the number of source modules used in H2-ESS sizing.

System
Searching range

Series cells/modules Parallel branches
FC stack [0 , 60] [1 , 10]
Battery pack [0 , 50] [1 , 10]
EL stack [0 , 60] [1 , 10]
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Figure 6.5: Load demand profile for the sizing of the EEB-UIS backup system. a) Power pro-
file; b) Energy demand.

The sizing is developed in Matlab using the PSO optimisation algorithm. PSO

particles are in the form [NS f c , NP f c , NSb , NPb , NSel , NPel ] including the combination

of series and parallel modules for FC, EL and battery systems. The initial population

consists of 50 best-performing particles from a population of 1 000 randomly dis-

tributed sizing solutions in the search range. The particle redirection has a unitary

inertial factor and random local and global position weights in the range [0,1]. The

algorithm performs 50 iterations. The sizing solution is the combination [NS f c , NP f c ],

[NSb , NPb ], and [NSel , NPel ] with the best performance in the last iteration.

The power flows are run in Simulink, determining the system operation. The

simulation time relates to TT SP (99%) = 351 mi n. The limit state of charges SOC mi n
b =

0.40, SOC cut
b = 0.90, and SOC max

b = 0.95 are fixed for the battery pack. The acquisi-

tion cost uses r = 9% as the annual return rate. The PSO algorithm found that the

solution with the lowest annualised cost integrates an FC and a battery bank. The

solution satisfies the power, energy, LPSP and TSP requirements. It shows that using

an electrolyser to support power outages makes no sense since the power surplus of

the PV system is stored by the batteries and returned at peak demand. Thus, pur-
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chasing H2 is more convenient in outages; if stored hydrogen is available, it could be

used to reduce the operation cost.

In this sense, two solutions are proposed for the H2-ESS backup system of the

EEB-UIS: i) The solution determined in the PSO algorithm, which does not include

an electrolyser and an H2 tank. It is focused only on supporting power outages. Fur-

thermore, ii) a complementary solution that proposes to add an electrolyser and an

H2 tank to support the operation of the EEB-UIS during the regular power supply by

the feeder. Solution two is used in detail to develop the RIII resilience-strengthening

strategies in the subsequent sections. For this purpose, a 6 kW electrolyser equiv-

alent to the peak power surplus of the PV system and a 20 kg H2 tank by rounding

down the hydrogen consumption of the H2-ESS in a 351 mi n outage have been con-

sidered. Table 6.9 summarises the description of the backup system and the costs

for a 351 mi n power outage scenario. Here, the complementary solution is shaded

to highlight its additional focus on regular non-outage operation. The following sec-

tion presents the performance of the H2-ESS backup system in case of an extended

48-hour power outage.

6.2.3 Operation in a long power outage scenario

A performance test of the H2-ESS in an unusual power outage scenario lasting

48 hours is made. Here, LC AT 2 and LC AT 3 should be supplied 30 minutes and 10

minutes, respectively; and LC AT 1 the test’s total time. For this test, 48 hours of peak

demand is sought for the EEB-UIS during May 2023. The period found is from 10th

May at 6:00 a.m. to 12th May at 5:50 a.m., 2023. This test implements solution 1,

where hydrogen is purchased from an external source.

In the test, the H2-ESS supplies the demand, guaranteeing the LPSP and TSP

criteria for this scenario. Here, the hydrogen consumption cost amounts to e 1 170.

Figure 6.6 presents the power demanded by the EEB-UIS and the power supplied by

each source. Figure 6.7 shows the SOC of the batteries SOCb . The maximum power

demand is in the first 30 minutes of the test when the full load of the EEB-UIS is

supplied. Furthermore, the EEB-UIS load shows that the critical hours of demand

are from 6:00 a.m. to 7:00 p.m. during regular working hours.

Concerning the source operation, the FC increases the power up to the rated
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Table 6.9: Characteristics and costs of the H2-ESS sizing for the EEB-UIS.

Component Rated value Description and configuration Cacq cost CO&M cost

Fuel cell 5.6 kW Energy source. 37 cells of 150 W
rated power in series.

e 3 567 e 416

Batteries
22.5 kW h

31 kW
Power source. 4 branches of 4
batteries in series of 12.8 V and
110 Ah.

e 1 255 e 113

DC/AC
inverter

35 kW Inverter interconnecting the
backup system with the EEB-
UIS network.

e 867 e 70

DC/DC
converter

5.6 kW Converter interconnecting the
FC with the batteries.

e 139 e 11

Hydrogen 23.2 kg Purchased hydrogen from an
external source.

e 139 – – –

Total annualised cost–Solution 1 e 6 576

Electrolyser 6 kW Manageable load. 15 cells of
400 W rated power in series.

e 1 843 e 408

Hydrogen
tank

20 kg Pressurised reservoir for stor-
ing the green H2 generated.

e 2 169 e 238

AC/DC
inverter

6 kW Voltage inverter interconnect-
ing the EL system with the EEB-
UIS network.

e 150 e 12

Total annualised cost–Solution 2 e 11 398

value when the batteries SOCb tends to decrease. The PV system meets the load

and recharges the batteries during sunny hours. The batteries supply the remaining

power peak load demand. SOCb is kept in the appropriate range. The essential load

LC AT 1 has the higher energy demand because it is supplied the entire time. The de-

mand for the building in the 48-hour outage test is 196 kWh. The FC supplies most of

the load demand, followed by the PV system. Batteries cause 1.9 kWh of energy de-

mand as the SOCb increases 7.6% at the test’s end. The results show 12.2 kWh losses

between the conversion device and the grid wires. Then, the electrical efficiency is

94.2% for this outage test. Figure 6.8 shows the energy distribution of the EEB-UIS for

the 48-hours test. The following sections address the enhancement of the electrical

resilience of the EEB-UIS by the energy management of the H2-ESS backup system.

110



TTSP 3

TTSP 1

TTSP 2

May 10th May 11th May 12th
12h 18h 24h 6h 12h 18h 24h 6h6h

EEB-UIS load demand

May 10th May 11th May 12th
12h 18h 24h 6h 12h 18h 24h 6h6h

May 10th May 11th May 12th
12h 18h 24h 6h 12h 18h 24h 6h6h

May 10th May 11th May 12th
12h 18h 24h 6h 12h 18h 24h 6h6h

TTSP 3

TTSP 1

TTSP 2

TTSP 3

TTSP 1

TTSP 2

TTSP 3

TTSP 1

TTSP 2

Figure 6.6: EEB-UIS Power distribution in an adverse scenario of a 48-hour power outage.
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Figure 6.7: Batteries state of charge in a 48-hour power outage scenario.
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Figure 6.8: Energy participation in a 48-hour power outage scenario.

6.3 Strengthening type II resilience to regular outages

This strategy involves the H2-ESS backup system to strengthen the support of

EEB-UIS loads in the event of a power outage. Section 6.2 has already detailed the

sizing of the H2-ESS based on the TSP criteria. The TSP has been defined for each

load category in Table 6.4 as follows: i) LC AT 1: TSP of 99% equivalent to 351 minutes

survival time. ii) LC AT 2: non-essential priority load, TSP of 90% corresponding to 29

minutes of survivability. And iii) LC AT 3: non-priority load, TSP of 80% representing

10 minutes of survival time. The strategy is to extend the coverage of backup power

to non-essential loads. Although the survival time defined for LC AT 2 and LC AT 3 rep-

resents 8.3% and 2.8%, respectively, concerning the survival time of LC AT 1, the EEB-

UIS would be able to support its entire load in 80% of power outage events.

In this way, it is possible to increase the backup power reliability of the EEB-

UIS. The H2-ESS could give a higher benefit than the current diesel generator (genset).

Table 6.10 compares the two energy backup systems and the contribution to RII.

Here, ηbk and BC are the backup factor and backup contribution per load category,

respectively. ηbk has been defined in Section 2.4.2 and BC corresponds to the prod-

uct between T PS and ηbk . The H2-ESS reduces the probability of non-supply ρo f f

by 80%. This benefit is achieved by extending power backup coverage to loads LC AT 2

and LC AT 3.

It is important to note that increasing the backup power coverage with an-

other backup system, such as the genset, is possible. However, considering H2-ESS

as a backup system helps develop strategies to strengthen the quality of operation.

This strategy is discussed in the next section.
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Table 6.10: Contribution of the backup systems to the backup network reliability.

Load Power
Genset H2-ESS

Tbk T SP ηbk BC Tbk T SP ηbk BC
LC AT 1 55.9 kW 720 mi n 99.8% 0.44 43.9% 351 mi n 99% 0.44 43.6%
LC AT 2 8.4 kW 0 mi n 0% 0.00 0.0% 29 mi n 90% 0.06 5.4%
LC AT 3 63.4 kW 0 mi n 0% 0.00 0.0% 10 mi n 80% 0.50 40.0%

Backup factor 0.439 0.890
ρo f f -EEB 4.65 ×10−4 9.13 ×10−5

6.4 Enhancing operational quality resilience RIII

The feedback of the RIII consists of using the H2-ESS with an electrolyser sys-

tem to improve the EEB-UIS electrical network performance. For this purpose, the

battery bank and the EL stack are used as dispatchable power sources. The feed-

back is developed for the monitored EEB-UIS nodes (GLVB, ELVB and PCC) in May

2023. It matches the resilience evaluation in Chapter 4. The analysis performs power

flow and EMS simulations via Matlab & Simulink, implementing the model of the

EEB-UIS network presented in Chapter 5 for operation with regular power supply

through the feeder.

Simulations use the supply and load demand profiles logged by the smart

meters. The simulation time is 31 days with 1 second refresh rate. The QPs mea-

surement covers voltage regulation, voltage and current unbalance, wire current and

power losses. This approach involves five issues about the H2-ESS: i) The feeder sup-

ply is available and is the reference of the electrical system. ii) The operation of the

FC system is avoided. iii) The EL system uses power from the PV system to generate

green H2. iv) Green H2 is intended to supply the FC system in outage states. And,

v) the FC could generate power to avoid excess of green H2. The following sections

expand on this feedback strategy.

6.4.1 Strategy to strengthen the EEB-UIS type III resilience

This thesis proposes an energy management strategy (EMS) for the H2-ESS to

strengthen the operation of the EEB-UIS power grid. Here, the EL seeks to generate

H2 from PV system power, avoiding reverse power flows and overvoltages at supply

nodes. It is coupled to the PV system’s point of common coupling (PCC) to absorb
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power when needed. The FC-battery system is connected to the emergency low volt-

age bus (ELVB). It is mainly to supply emergency loads in a power outage. However, It

could support the ELVB voltage regulation in regular operation. In this instance, the

batteries absorb or supply power as needed. Figure 6.9 shows the arrangement of

the EEB-UIS network for the resilience feedback analysis to apply the EMS. Decision

parameters and EMS by source are described below.
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Figure 6.9: Arrangement of EEB-UIS network for the electrical resilience feedback analysis.

6.4.2 Decision and control parameters

The characterisation of RIII for the EEB-UIS shows that Φu is a vulnerable in-

dex. Then, φu-N2, φu-N4 and φu-N8 could be defined as the decision parameters.

Improving them could have a positive effect on the other resilience indices. The con-

trol parameters are the currents i⃗bk , i⃗ELs and IFC s corresponding to the H2-ESS, EL

and FC systems respectively. They seek to regulate the voltage at the connection

nodes and also contribute to alleviating the load on the supply lines. i⃗bk and i⃗ELs are

current phasor vectors integrating a magnitude and an angle per fase. IFC s is a DC

current. The EMS to define the control references is described below.

6.4.3 H2-ESS energy management

The EMS of the H2-ESS system seeks to regulate the connection point volt-

age in case of overvoltage or undervoltage. This EMS considers that the batteries

absorb or deliver power to the ELVB during day-to-day operation. The contribution
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of reactive power and the current unbalance are also considered. The H2-ESS could

supply part of the reactive power demanded by LC AT 1 and relieve the phases with the

highest load. Algorithm 2 presents the EMS for the H2-ESS. It determines the control

reference current i⃗bk_r e f for the backup system.

Algorithm 2: Backup system EMS
Data: Backup system parameters

Data: Pbk_max , p fbk_max , p fbk_mi n , un , SOC r e f
b , P ch

b

Result: Backup system reference current,⃗ ibk_r e f

initialisation;

Measure→ u⃗N2 , SLC AT 1 S⃗LC AT 1 , f pLC AT 1 ;
Calculate→ uN2 , φu-N2; – Eq. (2.11);

while φu-N2 < 0.95 do
if uN2 ≤ un then

▷Undervoltage case;

if φu-N2 ≥ 0.70 then

Pbk =
[( −1

0.95−0.70

)
· (φu-N2

)+ 0.95

0.95−0.70

]
·Pbk_max ;

else
Pbk = Pbk_max ;

end
f pbk = f pLC AT 1 ;

s⃗φ = S⃗LC AT 1

SLC AT 1

; ▷ Load balancing vector;

else
▷Overvoltage case;

if SOCb ≤ SOC r e f
b then

Pbk =−P ch
b ;

else
Pbk = 0 ;

end
f pbk = 1;

s⃗φ = 1

2
·
[⃗

1− S⃗LC AT 1

SLC AT 1

]
; ▷ Load balancing vector;

end
end

while φu-N2 ≥ 0.95 do
▷ Acceptable voltage regulation ;

Pbk = 0;
f pbk = 1;

s⃗φ = 0⃗;
end

Qbk = Pbk ·
√

1− f p2
bk

f pbk
;

S⃗bk = [
Pbk + ĵQbk

] ·⃗sφ;

i⃗bk = con j
{[⃗

Sbk
]

./
[⃗
uN2

]}
;
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In this sense, if the backup system is required to operate, it generates an un-

balanced power directly proportional to the unbalance of the LC AT 1 load. It injects

more power to the phase that demands more power and less power to the phase

that requires less power. As a result, it improves the load balance on line L1−2. If

the batteries absorb power, the unbalance is inversely proportional to the unbalance

of the LC AT 1 load. Here Pbk_max is the H2-ESS inverter’s nominal power. p fbk_mi n

and p fbk_max are the allowable limits of inverter power factor, leading and lagging,

respectively. un is the nominal voltage of the EEB-UIS electrical network. SOC r e f
b

is the reference batteries SOC pack set to 0.8. P ch
b is the suggested power rating for

charging the battery pack. It is equivalent to 10% of its rated power.

u⃗N2 is the vector of the voltage measured at the ELVB. SLC AT 1 , S⃗LC AT 1 and f pLC AT 1

are the complex power, the complex power vector and the power factor of the LC AT 1

load, respectively. Furthermore, uN2 is the average magnitude of the ELVB voltage

andφu-N2 is the resilience index corresponding to uN2 . 1⃗ and 0⃗ are the three-component

vector of ones and the zeros, respectively. The con j { } operator returns the conjugate

of a complex number. The operator ./ is the component-by-component division be-

tween two vectors of the same dimension.

The DC side of the H2-ESS integrates a battery and an FC system. The FC

is intended to recharge batteries during power outages. SOCb must be sufficient to

deal with an emergency. Then, an FC system’s hysteresis control EMS is defined for

regular operation with the feeder supply. If SOCb drops below 35%, the FC turns on

at an optimal power for hydrogen consumption. When the SOCb reaches 70%, the

FC returns to the off state. Algorithm 3 presents the EMS for the FC system. Here,

IFC s_r e f is the reference current for the FC system. PFC _opt and ηFC are the FC’s

power and efficiency at optimal operation. Ub is the battery pack voltage.
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Algorithm 3: Fuel cell EMS
Data: Backup system parameters
Data: PFC _opt , ηFC

Result: Fuel cell system reference current, IFC s_r e f

initialisation;
Measure→ SOCb , Ub ;

if SOCb < 0.35 then
▷ Charging batteries;

while SOCb ≤ 0.7 do
PFC = PFC _opt ;

end
else

PFC = 0;
end
PFC s_r e f = ηFC ·PFC ;

6.4.4 Electrolyser energy management

The EL system is intended to improve voltage regulation at the PCC in the

event of overvoltage. It could absorb power generated by the PV system. It could also

contribute by supplying part of the reactive power demanded by LC AT 2. This way,

the EMS generates a reference current i⃗ELs_r e f for the EL system proportional to the

power injected by the PV system. The proportionality is related to the voltage index

φu-N8. Algorithm 4 shows the EMS for the EL system. Here PELs_max is the nominal

power of the EL system inverter. p fELs_max is the allowable limits of the inverter

power factor.

Moreover, SOCH2 represents the filling state of the H2 tank with respect to

the maximum storage capacity. SOC max
H2

is the maximum recommended filling state

for the H2 tank. un is the nominal voltage of the EEB-UIS electrical network. u⃗N8

is the voltage at the PCC. f pLC AT 2 is the power factor of the LC AT 2 load. PPV s is the

power generated by the PV system. uN8 is the average magnitude of the PCC voltage

and φu-N8 is the resilience index corresponding to uN8 . The abs{ } operator returns

the magnitude of a value. The following section presents the results of this EMS ap-

proach to strengthening the EEB-UIS RIII.

6.4.5 Results of the EMS approach on type III resilience

The EMS is applied to the EEB-UIS electrical network for its operation be-

tween May 1st and May 31st , 2023. The feeder voltage supply and load demand
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Algorithm 4: Electrolyser system EMS
Data: Electrolyser system parameters
Data: PELs_max , p fELs_max , un , SOC max

H2
Result: Electrolyser system reference current, iELs_r e f

initialisation;
Measure→ u⃗N8 , PPV s , QLC AT 2 , f pLC AT 2 , SOCH2 ;

Calculate→ uN8 , φu-N8; – Eq. (2.11);

while φu-N8 ≤ 0.95 & uN8 ≥ un & SOCH2 < SOC max
H2

do

▷Overvoltage case;

if φu-N8 ≥ 0.70 then

PELs =
[( −1

0.95−0.70

)
· (φu-N8

)+ 0.95

0.95−0.70

]
·PPV s ;

else
PELs = PPV s ;

end
f pELs = f pLC AT 2 ;

end

while φu-N2 > 0.95 do
▷ Acceptable voltage regulation ;

PELs = 0;
f pELs = 1;

end

if PELs < PLC AT 2 then

QELs = PELs ·
√

1− f p2
ELs

f pELs
;

else
QELs =QLC AT 2

end

s⃗Pφ = 1

2
·
[⃗

1− P⃗LC AT 2

PLC AT 2

]
; ▷ Load balancing vector for active power;

s⃗Qφ =− Q⃗LC AT 2

abs{QLC AT 2 }
; ▷ Load balancing vector for reactive power;

S⃗ELs = PELs ·⃗sPφ+QELs ·⃗sQφ ;

i⃗bk = con j
{[⃗

SELs
]

./
[⃗
uN8

]}
;

values relate to the measured profiles logged by smart meters. Power flow simula-

tions do not consider harmonic current and voltage distortion. Then, the RIII post-

feedback evaluation assumes that Φ f , ΦHDv and ΦHDi do not change with respect

to the results presented in Section 4.4.2. The other operation resilience indices are

calculated according to the results of the power flow simulation by the methodology

described in Section 2.5.4. Table 6.11 shows the comparison of the actual EEB-UIS

electrical network’s RIII assessment to the results of the resilience improvement sim-

ulation.
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Table 6.11: Impact of the EMS on EEB-UIS type III resilience.

Index
Actual
system

EMS
simulation

Index
Actual
system

EMS
simulation

ΦI -L1−2 0.9998 0.9999 Φu-N2 0.9456 0.9458
Φl -L1−2 0.9998 0.9999 ΦV U -N2 0.9998 0.9999
ΦCU -L1−2 0.9649 0.9657 Φu-N4 0.9474 0.9474
ΦI -L1−4 0.9998 0.9999 ΦV U -N4 0.9998 0.9999
Φl -L1−4 0.9996 0.9999 Φu-N8 0.9537 0.9542
ΦCU -L1−4 0.9173 0.9229 ΦV U -N8 0.9998 0.9999
ΦI -L4−8 0.9998 0.9999 RIII-N2 0.8206 0.8213
Φl -L4−8 0.9993 0.9997 RIII-N4 0.9020 0.9052
ΦCU -L4−8 0.9440 0.9670 RIII-N8 0.9069 0.9149

RIII-EEB 0.8902 0.8935

Results show that the proposed EMS provides benefits to strengthen RIII. The

main benefit is the improvement of the operation resilience of the EL system’s cou-

pling node, PCC/Node 8. An increase of 2.4% in the current unbalance index (ΦCU -

L4−8) of the wire supplying the PCC is evidenced. There is also a slight improvement

in the PCC voltage regulation index (Φu-N8), which is accompanied by a 31% de-

crease in the standard deviation of the Φu-N8, representing an additional benefit.

Figure 6.10 shows the evolution of theΦu andΦCU resilience indices of the PCC with

a daily assessment refresh.
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Figure 6.10: Evolution of theΦu-N8 andΦCU -L4−8 indices in the RIII feedback test.
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The other resilience indices do not show a remarkable change. This fact could

be because the EMS is focused on the quality operation of PCC and ELVB Nodes. The

EL system records operation during the 31 days of the test, absorbing power from the

PV system at peak generation times. Over the fedback test, the EL system generates

5.33 kg of green H2, which could then be used to support power outages. In contrast,

the FC-Battery system only registers operation on day 1 of the test, when the battery

pack take power until it is recharged to the set limit. Figure 6.11 shows the energy

participation of the EEB-UIS’s sources and loads in the 31-day RIII feedback test.
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Figure 6.11: Energy participation of the EEB-UIS sources in the 31-day feedback test.

In the 31-days test, the EEB-UIS load demand is 9.32 MW h. The FC system

does not generate power since its connection point (Node 2) does not register un-

dervoltage issues. On the other hand, Node 2 experiences slight overvoltage events;

thus, the batteries absorb energy until their preferred SOCb is reached. The EL sys-

tem absorbs energy from the PCC supporting its voltage regulation. The PV system

generates 1.5 MW h, of which 22.7% is used for electrolysis. In overvoltage events at

the ELVB, the H2-ESS absorbs 10.2 kW h to recharge the batteries. The power supply

grid provides 8.25 MW h to meet the power demand.

The following figures present the operating power of the load and energy

sources of the EEB-UIS in the RIII feedback test and the voltage profile of the analysed

nodes. Figure 6.12 shows the EEB-UIS power demand profile for May 2023. It notes

that the peaks of demand are during working hours which is because the EB-UIS is

a building for academic activities. In the evening hours it generally only attends to

building management and security loads. The PV system injects peak power at the

hours of maximum solar irradiance around midday as Figure 6.13 shows. Following

Figure 6.14 presents the per unit voltage behaviour of the PCC and ELVB nodes. It
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is evident that the PCC voltage is always above the nominal value and the voltage

increases when the PV system injects power. In such a case the EL system absorbs

power contributing to the normalisation of the voltage regulation.

Similarly, the ELVB voltage tends to lie above the nominal value. However, the

FC-Batteries system is limited to absorb power by the energy storage capacity of the

batteries. Then, the batteries absorb power at a constant recharging power until the

SOCb limited by the EMS is reached. Figure 6.15 shows the behaviour of the SOCb

during the first 6 hours of the RIII feedback test.

Load CAT1
Load CAT2
Load CAT3
Total load

Load demand of the EEB-UIS

Po
w

er
 [k

W
]

0

40

20

Day
5 10 15 20 25 30

Week 18
May, 2023

Week 19 Week 20 Week 21 Week 22

Figure 6.12: Load demand profile of the EEB-UIS in may.
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Figure 6.13: Power performance of PV and EL systems in the RIII feedback test.

Here the initial SOCb is set to 0.35 on purpose to appreciate the performance

of the EMS. In hour 4 the batteries reach a SOCb equal to 0.8 and remain at the same

charge level until the end of the test. The feedback from RIII reflects that an accurate

EMS could help to strengthen the operation resilience by mitigating the negative is-
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Figure 6.15: Battery state of charge performance in the first 6 hours of the feedback test.

sues generated by PV systems, overvoltage and undervoltage events. The following

section develops a sensitivity analysis of the size and connection point of the PV and

EL systems.

6.5 Sensitivity analysis regarding type III resilience

A local sensitivity analysis is performed to analyse the effect of the size and

conection point of the DES. It considers two scenarios: i) The EEB-UIS network with

the PV system without the H2-ESS system. The connection point of the PV system

is changed between the nodes N2, N4 and N8. The installed PV power is fixed by

±10%, ±20% and ±50% in each node. ii) The EEB-UIS network with the PV system

and the H2-ESS system. The connection point of the EL system is changed between

the nodes N2, N4 and N8. The maximum power of the EL is fixed in ±10%, ±20%

and ±50%. The size of PV, FC Batteries and EMS do not change. The result of the
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sensitivity analysis is shown below.

6.5.1 Sensitivity analysis for the PV system

Figure 6.16 shows the result of the local sensitivity analysis for the PV system.

It evidences a negative effect on the electrical resilience RIII as the installed PV power

increases. However, the effect is less when the PV is installed in GLVB than the one

with higher power capacity.
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Figure 6.16: Sensitivity of RIII against the size and location of the PV system in the EEB-UIS.

6.5.2 Sensitivity analysis for the EL system

Figure 6.17 presents the sensitivity analysis result for the EL system. It shows

that the EL contributes to strengthening RIII. The contribution is higher when the

system is installed in the PCC. Although the EL power increases, the EMS restricts

its consumption to the generated PV power to generate green H2. According to the

established EMS, an EL power greater than the installed PV power does not signifi-

cantly strengthen RIII. Note that the result could change if another EMS is used. The

following section summarises the conclusions of this chapter.
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Figure 6.17: Sensitivity of RIII against the size and location of the EL system in the EEB-UIS.
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6.6 Chapter conclusions

This chapter develops the feedback on the electrical resilience of the EEB-

UIS according to the results of Chapter 4. The resilience evaluation phase identifies

that RI does not require further attention since the CI of the EEB-UIS has a low risk

of collapse due to HILP events. RII could be strengthened by increasing the backup

system’s coverage to the building’s non-priority critical loads. RIII shows a state of

emergency requiring attention to address overvoltage issues. The feedback phase is

implemented to determine strategies to strengthen RII and RIII. It integrates an H2-

ESS backup system, strengthening backup supply capacity during power outages.

Furthermore, the application of EMS on the projected H2-ESS to improve operation

resilience.

In this approach, this chapter develops a methodology to size an H2-ESS as a

backup system for the EEB-UIS. The EEB-UIS load is grouped into three categories:

i) LC AT 1, essential load; ii) LC AT 2, priority load; and iii) LC AT 3, non-priority load. The

proposal uses historical power outage data to adjust a probability density function

and define the backup time for the load categories. The sizing is addressed as an

optimisation problem subject to the lost of power supply probability (LPSP) and total

supply probability (TSP) criteria. The optimisation is carried out in the Matlab &

Simulink environment for a simulation time of 351 minutes. Then, a test is made

for an unusual 48-hour power outage using a peak demand period corresponding to

May 2023. The sized H2-ESS meets the EEB-UIS demand and satisfies the TSP and

LPSP conditions.

The second part of this chapter deals with analysing strategies for strength-

ening the electrical resilience of the EEB-UIS. This case study shows that the pro-

posed H2-ESS increases the EEB-UIS’s supply capacity regarding power outages from

44% to 89% compared to its current situation, thereby improving RII resilience. This

achievement is reached by extending backup coverage to non-priority loads of the

grid strategically. Furthermore, it is proposed to add an electrolysis system to deal

with surplus power from the PV system, to support voltage regulation at the com-

mon coupling points and to generate green H2. This approach is tested in a simu-

lation of the EEB-UIS grid electrical operation for the whole month of May. It also

implements an energy management strategy focused on regulating the voltage level
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of the nodes interconnecting power sources and mitigating their load demand un-

balance. Simulation results show an appropriate performance of the H2-ESS system

with electrolyser to support resilient operation with the addition of the possibility to

generate green H2, which is stored for later use in the event of an outage.

This chapter ensures the fulfilment of the third (SO3) and fourth (SO4) spe-

cific objectives. It sizes an accurate H2-ESS for the EEB-UIS case study, allowing the

application of energy management strategies. Then, it analyses the effect of H2-ESS

and PV systems on electrical resilience. These systems strengthen the RII by in-

creasing survivability during a power outage. Regarding RIII, the PV system could

be counterproductive for networks with voltage regulation problems and high line

impedance. On the other hand, the H2-ESS could be used to establish EMS focused

on dealing with voltage regulation issues. Additionally, the sensitivity analysis shows

greater electrical resilience when the PV systems are installed in nodes with higher

power capacity. A more significant benefit is when the H2-ESS electrolyser is installed

on the same node as the PV system.

It answers research questions three (RQ3) and four (RQ4); it also contributes

to answering RQ5 and RQ6. RIII could be used to evaluate the performance of EMS in

LV networks since RIII is directly related to the representative operation quality pa-

rameters. Likewise, the H2-ESS contribute a double benefit to strengthening electri-

cal resilience. They support the supply in power outages and could address service

quality issues. Finally, the RIII assessment shows the possibility of constant evolu-

tionary analysis. In this way, it is possible to study the improvements or declines in

the electrical network when an intervention is made and compare the evolution of

the network. An automated operational resilience assessment system could be im-

plemented using smart meter installation and data processing.
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Chapter 7

CONTRIBUTION AND GENERAL

CONCLUSIONS

This chapter delves into the contribution of the thesis. It describes the achieve-

ment of the proposed objectives and their correspondence with the results. It is or-

ganised as follows: Section 7.1 remarks on the achievement of the thesis objectives.

Section 7.2 emphasises the thesis’ contributions and products. Then, Section 7.3

presents the general conclusions. Finally, Section 7.4 focuses on future work.

7.1 Achievement of objectives

The doctoral thesis development has allowed the achievement of the objec-

tives set. The specific objectives (SO) and their declaration for fulfilment are outlined

below.

• SO1. Determining the resilience evaluation indices for an low-voltage (LV) elec-

trical network that allows analysing the performance of the integration of pho-

tovoltaic (PV) generation and hydrogen-based energy storage system (H2-ESS).

A bibliographic review had been carried out to identify the electrical resilience

evaluation approaches that cover LV networks. The main effects of the interconnec-

tion of PV systems in LV networks have also been identified. Chapter 1 presents the

breakdown of the bibliographic review. The results show that three approaches to re-

silience apply to the thesis field. Each approach associates indices for the evaluation

of resilience.
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i) The critical infrastructure (CI) approach: The indices are the probability of

occurrence of catastrophic events, the probability distribution of event intensity and

the CI fragility of the electrical network. This approach is general for physical systems

that associate civil infrastructure and, therefore, at all levels of electrical networks.

ii) The reliability of the electrical supply: This approach highlights the prob-

ability of an outage state of an electrical network. Then, a historical record compi-

lation of the frequency and length of power outages is vital to characterise the net-

work’s reliability. Since LV electrical networks are generally supplied by a feeder with

radial topology, the feeder reliability characterises the supply’s resilience. On the

other hand, energy backup systems could increase electrical resilience. Therefore,

the backup factor is also an index considered in this approach.

iii) The supply quality approach: It focuses on the probability that an electri-

cal network loses supply continuity due to poor quality. Resilience indices are related

to supply voltage parameters such as voltage regulation, frequency, and voltage un-

balance. However, networks involving distributed energy sources should consider

additional indices related to power flows and voltage at other nodes in the network,

even those without measurements. In the case of PV systems, the literature finds

that they could cause overvoltage in the PCC, reverse power flows, and current un-

balance. Then, the resilience indices in this approach relate to voltage regulation,

frequency, current level, voltage and current harmonic distortion, voltage and cur-

rent unbalance, and power losses for the supply node and nodes interconnecting

energy sources.

• SO2. Establish a procedure to assess the resilience of low-voltage (LV) electrical

networks with the injection of power from PV systems and H2-ESS.

A methodology for evaluating the electrical resilience of LV networks is pro-

posed in Chapter 2. This methodology has considered the resilience analysis ap-

proaches and the evaluation indices described in the bibliographic review. It pro-

poses three resilience classifications according to approaches. RI resilience for elec-

trical CI in the face of high-impact events. RII resilience for the local electrical net-

work in the face of regular power outages. Furthermore, RIII resilience for the net-

work operation against events that alter the supply quality. The RI, RII and RIII re-

silience indicators provide information on the capacity of the electrical network to

128



face disruptive events. They allow for identifying the events for which the network is

vulnerable and affect the supply capacity.

RI helps to know infrastructural changes that could improve the robustness

of the feeder and the related circuit before HILP events. It focuses on network oper-

ators responsible for the feeder circuit’s electrical infrastructure. RII also allows the

identification of the continuity of supply before outages of common origin. On the

one hand, the local network operator could improve supply reliability by including

assets. Also, the user could analyse the contribution of an energy backup system and

plan its appropriate sizing, finding a tradeoff between the investment for the backup

system and the contribution to resilience. RIII allows knowing the quality of the ser-

vice and identifying how likely it is to incur a violation of the quality parameters.

It also defines the feasibility of including new energy sources or loads by analysing

their effect on RIII.

• SO3. Evaluate the effects of the integration of PV generation systems and H2-ESS

on the resilience of a LV electrical network.

This objective is addressed by applying the proposed methodology for re-

silience assessment in the electrical networks of the Electrical Engineering Building

(EEB-UIS) as a case study. Chapter 4 details the development of the electrical re-

silience analysis in the EEB-UIS and its findings. Chapter 6 develops the design of an

H2-ESS as a backup system for power outages, provides feedback on the resilience

evaluation results and proposes strategies to strengthen the EEB-UIS electrical re-

silience.

The resilience results of the EEB-UIS show that integrating PV systems does

not affect RI since these systems are not considered CI. Regarding RII, the H2-ESS

increase the reliability of the electrical network representing a benefit for RII. Using

the PV system to contribute energy to the backup system in a power outage is also

possible. In the case of the EEB-UIS network, an H2-ESS sized as a backup system

could contribute RII by increasing the capacity to supply load demand in the event

of a power outage. The PV could contribute up to 31% of the demand in a 48-hour

outage.

The H2-ESS and PV systems have a more significant effect on RIII since they

interfere with the quality of the operation. Depending on the operating conditions,
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they could benefit or harm the network. In the case of the EEB-UIS, the PV system

generates slight overvoltage in the point of common coupling (PCC) in the hours of

high solar intensity, affecting the RIII-PCC resilience in the PCC. Simulations of an

H2-ESS integration show that it is possible to improve the performance of the elec-

trical operation, thus contributing to the strengthening of RIII. Then, an optimised

EMS could offer more benefits.

• SO4. Analyse the sensitivity of the resilience of a LV electrical network to varia-

tions in the level of penetration and location of the PV systems and the H2-ESS

and the application of EMS.

Chapter 6 also details a sensitivity analysis of the location and size of the elec-

trolyser (EL) and PV systems for the EEB-UIS network. The analysis varies the in-

stalled PV power by±10%, ±20% and±50% concerning the actual PV installed power.

The interconnection point is also tested in three nodes of the EEB-UIS network. The

nodes analysed are the emergency low voltage bus (ELVB), the general low voltage

bus (GLVB) and the point of common coupling (PCC) of the actual PV system.

The same conditions are analysed for the EL system. The simulations im-

plement a rule-based EMS defining the H2-ESS participation. The results show that

the EEB-UIS could increase the installed PV power by 50% without the operation

resilience RIII of the EEB-UIS falling into a state of emergency. Also, changing the

interconnection point of the EL system to the general bus and the emergency bus

would result in a slight increase of RIII. In the same vein, the use of the EL system to

regulate the intermittence of the PV power would produce benefits in RIII. The best

interconnection point for the EL system is the same coupling point of the PV system.

7.2 Contributions and products

The development of this thesis contributes to the definition and application

of electrical resilience for LV networks. Likewise, it tends to plan resilient LV networks

before the integration of DG systems, mainly H2-ESS and PV systems. Additionally,

this thesis has allowed the publication of four papers directly related to the thesis

and two complementary papers. One more paper has been developed to submit for
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review. The development of the thesis also allowed the co-direction of an under-

graduate project and a master project. The contributions and products achieved are

detailed below.

7.2.1 Thesis contributions

The main contributions of this thesis are:

• Setting a definition of electrical resilience for LV networks. This thesis devel-

oped a bibliographic review identifying the approaches to evaluating electrical

resilience in LV networks. It classified the approaches into three type-resilience

and proposed a dependency between them. Then, this thesis provides an ade-

quate and comprehensive definition of the resilience of LV power grids.

• A comprehensive methodology for assessing the electrical resilience of the LV net-

works integrating PV generation. This thesis proposes an original methodology

to assess the electrical resilience of LV networks incorporating PV generation.

The methodology is comprehensive. It addresses three distinctive categories

of disturbances that power systems may face: i) High-impact, low-probability

disturbances. ii) Disturbances causing power outages with prompt recovery.

And iii) permanent supply quality disturbances. It establishes a procedure for

each type-resilience evaluation. It emphasises operation resilience, where the

integration of PV systems has the most significant impact. Then, it proposes re-

silience evaluation indices adjusted to LV networks that integrate PV systems.

• An exemplification of a case study’s comprehensive electrical resilience analy-

sis. This thesis implements the comprehensive electrical resilience assessment

in the EEB-UIS network and exemplifies the analysis of the three types of re-

silience and their integration. The EEB-UIS integrates critical loads, a PV sys-

tem, and smart metering. It also identifies weak points in operation resilience

and proposes using an H2-ESS as a backup system to strengthen resilience.

This case study illustrates the applicability and usefulness of the methodology

in an actual situation.
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• Analysis of the use of H2-ESS and EMS to improve the resilience of LV networks.

The implementation in the case study also develops an analysis of the benefits

of an H2-ESS backup system. The H2-ESS could serve as a backup system in

case of an outage, increasing the resilience of the continuity of supply. It could

also associate EMS to mitigate overvoltage and reverse power flows given the

PV system, strengthening the operation resilience. Likewise, this thesis devel-

ops a sensitivity analysis of the connection point and size of the H2-ESS elec-

trolyser. The work includes power flow simulations allowing a detailed analy-

sis of the influence of H2-ESS and EMS on the electrical resilience of the grid

in the case studied. It provides crucial information for the optimisation and

improvement of electrical resilience in similar scenarios.

7.2.2 Products achieved in the thesis

The development of this thesis has reached the production of four peer–reviewed

articles and one more to be submitted for review:

• Electrical resilience assessment for low-voltage buildings. (to submit for evalua-

tion). It exposes the application of a comprehensive electrical resilience anal-

ysis for a university building. It proposes a resilience assessment methodology

and then applies it in the EEB-UIS. The research has progressed until reaching

the proposal presented in this thesis to evaluate the electrical resilience of LV

networks.

• Sizing of a fuel cell–battery backup system for a university building based on

the probability of the power outage length. In Energy Reports, (R. Rodriguez et

al., 2022). It proposes the sizing of backup systems based on the history of the

power outage length. It applies the proposed methodology to sizing an H2-

ESS for the EEB-UIS. This research focuses on strengthening the resilience of

supply continuity for LV networks.

• Assessment of power quality parameters and indicators at the point of common

coupling in a low voltage power grid with photovoltaic generation emulated.

In Electric Power Systems Research, (Pinzon et al., 2022). It emulates the injec-

tion of PV power in an LV network, evaluating the influence on the quality of
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the voltage and power in the PCC. The emulation uses the EPH3 equipment of

Lucas Nülle and a PQube3 smart meter. Fifteen scenarios are emulated, con-

sidering the reduction of active power, the percentage of shadow on the surface

of the PV panel and the number of shaded PV panels.

• A framework for the resilience of LV electrical networks with photovoltaic power

injection. In Tecnura, (R. Rodriguez et al., 2021). It develops a literature review

on the operational resilience approach for LV networks. It applies the findings

to characterise the voltage resilience index for the EEB-UIS network.

• Resilience assessment in a low-voltage power grid with photovoltaic generation

in a university building. In International Review of Electrical Engineering, (Par-

rado et al., 2021). It proposes a resilience index approach to quantify PV sys-

tems’ impacts on the LV networks’ operation quality. The evaluation of the re-

silience scheme is applied to the EEB-UIS and its PV system. The test followed

up 31 days of measuring the quality parameters of the EEB electrical network,

with data acquisition every 10 minutes.

Additionally, this thesis contributed to the co-direction of two degree–projects:

• Proposal for an evaluation scheme of the electrical resilience of low-voltage net-

works with integration of photovoltaic generation - operating condition in sta-

ble state. Master thesis, Universidad Industrial de Santander, Colombia, 2020.

• Resilience assessment of a low voltage electrical network with the integration of

photovoltaic generation in the Lucas Nülle EPH3 equipment. Undergraduate

project, Universidad Industrial de Santander, Colombia, 2021.

7.3 General conclusions

This thesis proposes a methodology for assessing the electrical resilience of

LV networks. It focuses on networks integrating PV generation systems. The ap-

proaches available in the literature to address electrical resilience have been cate-

gorised according to the type of disturbing event the LV network could face. Then, It

proposes resilience indices and an assessment methodology for each type of event. i)
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Type I resilience (RI) to high-impact low-probability (HILP) events assesses the abil-

ity of the LV network’s critical infrastructure (CI) to withstand natural disasters. ii)

Type II resilience (RII) to low-impact high-probability (LIHP) events assesses the ca-

pability of the LV network to recover from common cause outages. RII also considers

the contribution of energy backup systems to support priority loads. iii) Type III re-

silience (RIII) analyses the service quality provided to users. Then, the three types

of resilience are integrated to achieve an comprehensive resilience (Rcomp) analysis.

Additionally, the proposed methodology includes a feedback phase focused on iden-

tifying the network’s weak points and strengthening electrical resilience.

The proposed electrical resilience assessment has been implemented in the

Electrical Engineering Building (EEB-UIS) as a case study. EEB-UIS meets the criteria

for developing a Rcomp analysis. It has an electrical network designed to implement

academic and research practices. Its topology is equivalent to a 9-nodes LV radial

distribution network. Also, it integrates an on-grid PV system and a diesel generator

backup system. Furthermore, a smart metering system monitors the electrical vari-

ables of the EEB-UIS nodes. It has made it possible to measure and record the quality

parameters of the EEB-UIS electrical operation. The application in the EEB-UIS ex-

emplifies the procedure for the Rcomp analysis and is consistent with the findings in

the literature. It finds RI and RII close to the maximum value, and RIII shows vulner-

ability in the supply quality. The main parameter to strengthen is voltage regulation

followed by current unbalance. It should be noted that the RI evaluation is valid for

the region of the case study, RII covers the LV networks fed by the same MV distribu-

tion circuit. However, the RIII assessment is exclusive to the EEB-UIS network.

The application of Rcomp in the case study shows the versatility of the pro-

posal to be applied in LV networks that integrate PV generation. This proposal cov-

ers the RI resilience of the CI that could be affected by HILP events causing intense

damage to the electrical infrastructure of a region, interrupting the electrical sup-

ply. RI could expand to the entire region with the same risk events condition. The

particularity of the analysis is the CI set integrating the feeder. RII covers recurring

power outages that the local network operator quickly overcomes. These incidents

are recorded in the MV circuits supplying the feeders of the LV networks. Then RII

could address the LV networks supplied by the MV circuit or by a common feeder.
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The particularity is in the energy backup systems integrating the analysed LV net-

work. RIII focuses on quality of service, and it strongly depends on the supply voltage

quality. However, RIII could be affected by the characteristics of the studied LV net-

work and its associated loads. The application in the case study also finds it more

feasible to improve RII and RIII with infrastructure and energy management strate-

gies. For this case, the integration of an H2-ESS has been proposed as a backup sys-

tem that could increase the supply capacity for EEB-UIS loads in the event of power

outages. It also showed a benefit in supporting voltage regulation at the coupling

nodes and reducing the power imbalance of the grid. However, it is possible to im-

plement backup systems of other natures or EMS for the sources already installed in

the study network.

In synthesis, this thesis focuses on assessing electrical resilience in LV power

grids with photovoltaic systems in warm tropical climates, but its methodology could

be applied to various LV grids. For the future, the expansion of this methodology to

MV distribution networks and the development of tools to assess the real-time per-

formance of electrical systems is envisaged, as well as the definition of energy man-

agement strategies to integrate distributed generation and energy storage systems,

strengthening electrical resilience at local and regional levels in different climatic

contexts. The lines of future work identified are described in the following section.

7.4 Future work

Future work is framed to expand and adapt the electrical resilience assess-

ment methodology developed in this thesis to MV and LV distribution networks and

electrical installations in a generalised way. Strategies to effectively integrate dis-

tributed generation and energy storage systems, together with energy management

strategies, should be explored to increase the reliability of electrical grids in different

disruptive situations. Four main lines have been identified for the continuation of

the research line of this doctoral thesis. They are outlined below.

Adaptation to different climatic conditions. The methodology developed in

this thesis, originally applied to low voltage grids with PV systems in warm tropical

climates, has the potential to be extended to other low voltage grids with different cli-
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matic conditions. Adaptation to different climatic scenarios could strengthen elec-

trical resilience in a broader context. The tropical weather conditions could relate to

the high-impact low-probability events, posing a threat to the studied region. Then,

identifying risk events and the critical infrastructure fragility characterisation could

be adjusted to an electrical grid in another type of weather. Likewise, the character-

isation of power outages depends on the history of common outages of the power

supply circuits. Generalising the RIII assessment requires more attention concerning

the type of load demand of the electrical grid and the distributed generation systems

involved.

Extending the methodology to medium voltage grids. In order to obtain a

more comprehensive view of electrical resilience in distribution systems, the exten-

sion of the developed methodology to cover MV distribution networks is envisaged.

This approach will allow for a more comprehensive understanding of electrical re-

silience in the entire distribution system. In addition, practical tools will be explored

to assess in real-time the performance of both MV and LV electrical networks, which

will facilitate the identification of areas for improvement in the electricity distribu-

tion chain. This development will significantly strengthen electricity resilience at the

local and regional levels.

Advanced integration of distributed generation and energy storage. The

case study results show that H2ESS and PV systems can strengthen electrical re-

silience by increasing the reliability of the electrical system and supporting the qual-

ity of the service. Along this path, it is advisable to explore the analysis of the inte-

gration of other sources of distributed generation and ESS at the LV and MV levels.

Likewise, energy management strategies focus on the control and optimisation of

the operation of electrical networks. Likewise, energy management strategies focus

on the control and optimisation of the operation of electrical networks. It is also

advisable to develop systematic strategies for the financial evaluation of resilience-

strengthening strategies to balance the cost and the benefit obtained.

Resilience analysis of special electrical networks. In future research, it is

essential to identify appropriate weights for evaluating resilience depending on the

type of load analysed. For example, a university building has different characteris-

tics than a shopping centre, a residential building or a hospital. They require special
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consideration in the analysis. That could be addressed by weighting resilience in-

dices based on load criticality. It is also essential to make a detailed analysis of the

normalisation functions of the quality parameters in the assessment of RIII. Verify the

correspondence between the QP ranges according to the quality standards and the

resilience conditions. Also, verify if the piecewise linear correspondence is the best

normalisation alternative or if a non-linear correspondence performs better. On the

other hand, the case study benefited from a smart metering system facilitating RIII

resilience assessment and feedback strategies analysis. However, LV power grid in-

stallations often have basic energy meter equipment, creating a gap in the method to

carry out the resilience study when energy measurement is limited. Identifying the

minimum parameters necessary for an adequate comprehensive resilience analysis

is crucial to address in future work.
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