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Résumé

Le réseau intelligent est une amélioration significative du systéme électrique du XX¢ siecle ca-
ractérisée essentiellement par une amélioration de lefficacité énergénique par 'entremise de flux
bidirectionnels d’information et d’énergie. Cette thése porte sur ’étude multidisciplinaire des ré-
seaux intelligents et des réseaux d’accés optiques-sans fil de prochaines générations, ou la forte
capacité des réseaux d’accés ne profite pas seulement au secteur des télécommunications, mais a

Iensemble des systémes de la société, incluant les secteurs de 1’énergie et du transport.

En premier lieu, le premier modele analytique des réseaux optiques-sans-fil émergents basés sur
les technologies de réseaux optiques passifs et réseaux maillés IEEE 802.11n/e/ac est proposé, per-
mettant de (¢) évaluer/comparer des algorithmes de routage FiWi et (i7) trouver la borne théorique
supérieure de débit de données maximal des capteurs smart grids sans affecter négativement les
performances délai-débit de traffic régulier. Utilisant un modele analytique FiWi des performances
de la couche MAC et combinant des échecs probabilistes des fibres optiques et des stations de base,
la disponibilité du réseau est modélisée et quantifiée, permettant ainsi de la comparer aux exigences

d’applications smart grids.

En second lieu, les applications de véhicules électriques et sources d’énergie renouvelables sont
étudiées de fagon multidisciplinaire en tenant compte a la fois des perspectives de technologies
de linformation, de communications et du systéme électrique. Considérant la complexité de 1’éla-
boration d’un banc d’essai smart grid, la co- et multi-simulation est une approche prometteuse
permettant d’étudier '’ensemble des perspectives smart grids en intégrant plusieurs simulateurs.
Plusieurs approches de multi-simulation sont possibles, avec ou sans mécanisme de synchronisation
pour coupler les simulateurs. Pour montrer P'utilité de telles multi-simulations, les perspectives de

communications et du systéme électrique sont couplées pour modéliser les performances d’un algo-



rithme proposé (nommé IntVGR) intégrant la coordination de véhicules électriques et les sources
d’énergie renouvelables en échangeant des paquets via un réseau d’acceés optique-sans fil. La perspec-
tive de technologies de Pinformation est ensuite ajoutée pour étudier une application de télécontrole
smart grid basée sur des configurations réelles d’un systéme de distribution en France, ou la finalité
de la multi-simulation est de permettre de tester et valider de bout-en-bout de nouveaux méca-
nismes smart grids. Par I'entremise d’un banc d’essai d’un systéme de distribution réel miniaturisé,
un modele de programmation dynamique de coordination de véhicule électrique permet de signi-
ficativement améliorer les performances du réseau électrique tout en tenant compte des exigences
des clients. Le modele est démontré expérimentalement via un réseau hétérogéne Ethernet couplé
au réseau de distribution, oli un modeéle proposé de synchronisation de capteurs coordonnés permet
d’améliorer la synchronisation d’arrivée des mesures comparativement & une approche utilisant des

capteurs périodiques.

vi



Abstract

The smart grid is an improved power system of the 20th century characterized essentially by a
two-way flow of energy and information. In that sense, the smart grid is sometimes called Energy
Internet, where actors and components exchange energy and data with each other, similarly to the
Internet where components and actors exchange data over a shared infrastructure. Many wired and
wireless communications technologies could be used for smart grid communications. According to
IEEE P2030, the three main quality attributes for robust smart grid communications are latency,
reliability, and quality of service. Communications latency between a given pair of source and
destination nodes is expressed as the time when the message is generated and the time when it is
received at the reception side. Reliability is formally defined as the ability to perform a certain task

for given conditions during a certain period of time.

According to Telecom Italia, the current trend in the access networks is the convergence of fiber-
to-the-home (FTTH) for their durability, reliability, and energy efficiency. China Telecom deployed
over 70 millions FTTH ports between 2004 and 2012. Furthermore, China Telecom predicts that the
major upcoming trends are: (¢) increase of fiber penetration (7¢) more capacity and speed, from 1
Gbps passive optical networks (PONs) towards 40 Gbps in a single PON system and (747) increase of
the coverage by integrating wired, wireless, and mobile nodes. According to China Telecom, PONs
will converge into fiber-wireless (FiWi) networks to combine their respective advantages. Optical
networks offer huge capacity, immunity against electromagnetic interference, and wireless networks

can be deployed quickly at a low cost and offer mobility.

FiWi networks can also be enriched by integrating optical and wireless sensors. Such networks

can use fiber Bragg grating optical-based sensors and wireless sensors compliant with IEEE 802.15.4
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ZigBee. Integrating sensors allow to interact with real-world systems to monitor different parameters,
including temperature, pressure, sound, etc. This is a great opportunity for the telecommunications
and many economic sectors, that is, sharing low-cost access networks for improved efficiency and

sustainability.

In the following, we quantify the performance of emerging FiWi access networks and propose
new mechanisms by means of probabilistic analyses. Such probabilistic analyses allow to quickly
quantify the communications performance for large topologies. In smart grid solutions, innovative
partnerships hold great promise to enable utilities and other players to share smart grid communi-
cations infrastructures investments by transitioning from the traditional vertical network integra-
tion model towards splitting the value chain into multi-tier business models. Current Gigabit-class
PONs evolve into next-generation PONs, whereby high-speed 10+ Gb/s time division multiplexing
(TDM) and long-reach wavelength-broadcasting/routing wavelength division multiplexing (WDM)
PONs are a promising solution near-term candidates. On the other hand, next-generation wireless
local area networks (WLANs) based on frame aggregation techniques will leverage physical layer
enhancements, giving rise to Gigabit-class very high throughput (VHT) WLANs. We develop an
analytical framework for evaluating the capacity and delay performance of a wide range of rou-
ting algorithms in converged FiWi broadband access networks based on different next-generation
PONs and a Gigabit-class multi-radio multi-channel WLAN-mesh front-end. Our framework is very
flexible and incorporates arbitrary frame size distributions, traffic matrices, optical/wireless propa-
gation delays, data rates, and fiber faults. We verify the accuracy of our probabilistic analysis by
means of simulation for the wireless and wireless-optical-wireless operation modes of various FiWi
network architectures under peer-to-peer, upstream, uniform, and nonuniform traffic scenarios. The
results indicate that our proposed optimized FiWi routing algorithm (OFRA) outperforms mini-
mum (wireless) hop and delay routing in terms of throughput for balanced and unbalanced traffic
loads, at the expense of a slightly increased mean delay at small to medium traffic loads. This first
analytical framework for FiWi networks does not take into account quality-of-service (QoS), which
is quite important for smart grids. We next study the performance of multi-tier integrated Fiwi
smart grid communications infrastructures based on low-cost, simple, and reliable next-generation

Ethernet passive optical network (EPON), emerging high-speed TDM and multi-channel WDM
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PONSs of extended fiber reach and QoS enabled VHT WLANSs in terms of capacity, latency, and
reliability. By means of probabilistic analysis and verifying simulations we study the coexistence of
human-to-human (H2H), e.g., triple-play voice, video, data, traffic and machine-to-machine (M2M)
traffic originating from wireless sensors operating on a wide range of possible data rates, time scales,
and duty cycles. Our analysis enables the quantification of the maximum achievable data rates of
both event- and time-driven wireless sensors without violating given upper delay limits of H2H traf-
fic. The obtained results can be used as a theoretical upper bound of coexisting M2M traflic for the
design and realization of future yet unforeseen smart grid applications. We next study in more detail
the availability, which is an important metric of the reliability quality attribute. Availability is qua-
litatively defined in the IEEE P2030 standard. However, the availability metric must be quantified
in order to validate given smart grid application requirements. In recent related work, availability
has been quantified for wireless and optical backhaul networks in terms of communications reacha-
bility, while in some other work availability was not formally defined in a fine-grained manner and
was assumed to be known. We develop a novel probabilistic availability model for integrated PON
and WiIMAX networks in order to quantify this metric according to medium access control (MAC)
protocol limits as well as fiber and base station failures. The obtained numeric results show inter-
esting availability behaviors, including the impact on availability depending on the number of base
stations. We also investigate optical traffic re-routing through WiMAX when fiber faults occur and
show that there exists a maximum amount of re-routed traffic for maximizing availability. Further-
more, we investigate a scenario of real-world smart grid traffic configurations shared with regular
traffic and find the maximum sensor data rate to meet the availability requirements. We next study
the opportunity to efficiently use the WiMAX channel dedicated to the utility in Canada. By using
experimental measurements of smart grid applications compliant with IEC 61850 in trace-driven
WiMAX simulations, we show that the WiMAX MAC protocol efficiency decreases for an increa-
sing number of stations. To avoid this shortcoming, a novel WiMAX MAC protocol is proposed and
analyzed for smart grid applications, which uses lattice correlators to improve the throughput-delay
performance significantly. For the considered configurations, the obtained maximum throughput of

the proposed MAC protocol outperforms the current WiMAX MAC protocol by up to 41%.
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Next, to provide insights into smart grid applications, we study the coordination of electric
vehicles and renewable energy sources in a multidisciplinary manner by means of experimental de-
monstrations and co-simulation studies. To evaluate large-scale smart grid systems, co- and multi-
simulation experiments can be modeled. Multiple simulation tools have been built and studied inde-
pendently in the communications and power system perspectives of IEEE P2030 to study new smart
grid applications. However, very few studies have been done on co-simulation by combining both
perspectives in a multidiciplinary manner. The implementation details of a novel communications
and power distribution network co-simulator based on OMNeT++ and OpenDSS are discussed. The
novelty of the co-simulator is demonstrated by showing the impact of data rate-based and event-
based sensors on reactive/uncoordinated control algorithms of plug-in electric vehicles (PEVs) to
reduce critical voltage durations. PEVs have great potential of being the alternative for the next-
generation of transportation. Uncoordinated PEV charging, however, may put a significant pressure
on the distribution grid. Using a modified IEEE-13 Node distribution network of 342 residential
customers, a converged fiber-wireless infrastructure based on EPON, WiMAX, wireless mesh net-
work and sensor technologies to support coordinated charging of PEVs is proposed. To measure the
performance of both the communications and power system perspectives of proactive scheduling
algorithms and proposed reactive control protocols, our developed hybrid co-simulator based on
OMNeT++ and OpenDSS is used. Co-simulation results show that the proposed low-cost commu-
nications infrastructure enables to efficiently schedule the charging of PEVs and quickly stabilize the
voltage in a stress scenario. To extend this co-simulation study, a novel integrated vehicle-to-grid,
grid-to-vehicle, and renewable energy sources (IntVGR) coordination algorithm is then proposed.
Its focus is on providing a multidisciplinary study on implementing the proposed IntVGR scheme
over a broadband fiber-wireless communications infrastructure by co-simulating both power and
communications perspectives. For the power systems perspective, results show that the scheme is
able to achieve a 21% reduction in peak demand compared to uncontrolled charging, and a better
performance in flattening the overall demand profile and maintaining network constraints in com-
parison to a benchmark scenario. The scheme also demonstrates to successfully coordinate PEVs to
take maximum utilization of local renewable energy. For the communications perspective, the mea-
sured upstream traffic for executing the proposed IntVGR scheme on a residential area is found to

be 1-2 Mbps with an end-to-end latency level of 1 ms. The scheme has also been validated from both



perspectives in a sensitivity analysis with a higher PEV adoption rate. Note that this work focus
on the communications and power system perspectives. A multi-simulation model is then proposed
to measure the performance of all smart grid perspectives as defined in the IEEE P2030 standard.
As a preliminary implementation, a novel information technology {IT) and communication multi-
simulator is developed following a High Level Architecture (HLA). To illustrate the usefulness of
such a multi-simulator, a case study of a distribution network operation application is presented
using real-world topology configurations in France with realistic communication traffic based on
IEC 61850. The multi-simulator allows to quantify, in terms of communication delay and system re-
liability, the impact of aggregating all traffic on a low-capacity wireless link based on Digital Mobile
Radio (DMR) when a Long Term Evolution (LTE) network failure occurs. The case study illustrates
that such a multi-simulator can be used to experiment new smart grid mechanisms and verify their
impact on all smart grid perspectives in an automated manner. More importantly, multi-simulation
can prevent problems before modifying/upgrading a smart grid and thus potentially reduce costs to
the utility. High penetration of renewable energy sources and electric vehicles (EVs) creates power
imbalance and congestion in the existing power network and hence causes significant problems in the
control and operation. Despite huge efforts from the electric utilities, governments, and researchers,
smart grid is still at the developmental stage to address those issues. In this regard, a smart grid
testbed (SGT) is desirable to develop, analyze, and demonstrate various novel smart grid solutions,
namely demand response, real-time pricing, and congestion management. We first present a novel
SGT developed in our laboratory by scaling a 250 kVA, 0.4 kV real low voltage distribution feeder
down to 1 kVA, 0.22 kV. Information and communication technology (ICT) is integrated in the
scaled-down network to establish real-time monitoring and control. The novelty of the developed
testbed is demonstrated by optimizing coordinated EV charging realized through the synchronized
exchange of monitoring and control packets via a heterogeneous Ethernet-based mesh network. The
developed SGT is a step forward to (¢) find practical problems and (i) validate and experiment

new smart grid mechanisms in realistic physical conditions.
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Chapitre 1

Introduction

L’augmentation de la demande de consommation d’énergie et I’'augmentation d’émissions de gaz
carbonique réveélent que des améliorations significatives de 'efficacité énergétique sont nécessaires au
niveau des réseaux électriques existants. Ces améliorations doivent notamment permettre de réduire
la demande durant les périodes de pointe et exploiter la génération distribuée d’électricité par des
sources d’énergie renouvelables [6, 7]. Selon les estimations faites par la U.S. Energy Information
Administration, la génération d’énergie & base de sources d’énergie renouvelables dans les pays
OECD Europe dépassera celle provenant des sources non-renouvelables dans les années & venir [8].
De par la nature intermittente des sources d’énergie renouvelables telles que les panneaux solaires
et les éoliennes, des communications de bout-en-bout sont nécessaires pour assurer que la quantité
d’énergie générée équivaut a la quantité d’énergie consommée, auquel cas des problémes significatifs

de tension et de fréquence peuvent survenir.

Etant donné que les maisons jouent un rdle central dans les smart grids, de nouveaux liens de
communications devront apparaitre des postes électriques aux maisons, liens qui sont présentement
indisponibles [9]. Effectivement, 50 % de 1’énergie consommeée provient des maisons, les véhicules
électriques y seront chargées et les maisons pourront devenir des acteurs primaires de génération

d’électricité verte en installant des panneaux solaires et des éoliennes [9)].

Etant donné la pluralité des domaines techniques contenus dans une smart grid, soit les techno-
logies de 'information, les communications et le systéme électrique, et le fait que ce soit un domaine

de recherche relativement récent, trés peu de modeles formels smart grid existent. IEEE P2030 [10]



est un important modele tentant de définir formellement les composantes d’une smart grid et ses
interactions. Cependant, ce modéle est générique et ne consideére aucune technologie spécifique,

notamment au niveau des technologies de communications.

Une panoplie de technologies de communications sans fil et filaires peuvent &tre utilisées pour
interconnecter les postes électriques aux maisons. Les réseaux optiques sont particuliérement inté-
ressants dans le cadre des smart grids puisqu’ils sont immunisés contre les interférences électroma-
gnétiques, offrent une grande capacité avec faible latence, sont durables et peuvent évoluer de 1 &
plus de 100 Gbps. C’est ce qu’ont choisi 22 compagnies d’électricité Suisse, en s’unissant pour for-
mer le réseau multi-niveau Swiss Fibre Net, offrant de fagon ouverte des communications optiques
efficientes en termes de cofit pour les compagnies d’électricité et pour les fournisseurs de service
(vidéo, voix, données, etc.). D’un autre cdté, les réseaux sans fil offrent les propriétés de mobilité,
de flexibilité et d’adaptation. Il est donc considéré que les réseaux d’acces convergeront sous la forme

de réseaux optiques et sans fil [4].

La premiére partie de cette thése consiste a étudier en détail les réseaux FiWi, plus particuliere-
ment les réseaux passive optical networks (PONs), IEEE 802.11 et WiMAX dans un contexte smart
grid. Effectivement, les performances des réseaux FiWi n’ont pas été quantifiés en termes de délai,

capacité et fiabilité.

Il n’existe pas ou trés peu d’études multidisciplinaires smart grids sur les perspectives de com-
munications et du systéme électrique tenant compte de technologies convergentes. Ainsi, dans cette
theése, on s’intéresse en premier lieu & étudier de fagon multidisciplinaire les réseaux FiWi appli-
qués aux smart grids par ’entremise d’élaboration de banc d’essai et par 1’étude de modeéles de
co-simulations. Cette partie est utile pour (¢) étudier en détail ces deux perspectives et (4¢) mesurer
des configurations réalistes d’applications smart grids, pouvant ensuite les utiliser pour étudier les

performances des réseaux FiWi dans un cadre smart grid.

1.1 Contributions

Les contributions de cette thése sont résumées comme suit. Les réseaux optiques passifs de
prochaines générations sont premiérement passés en revue, permettant ’évolution a court terme et

la révolution a long terme [11, 12, 13] ot les réseaux optiques et sans fil (FiWi) intégrés représentent
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la finalité des réseaux d’acces. Nous soulignons 'opportunité d’intégrer des capteurs optiques et sans
fil avec les réseaux d’accés FiWi et proposons Uber-FiWi dont le potentiel permet de bénéficier non
pas seulement au secteur des télécommunications, mais dans une multitude de secteurs économiques

tels que ’énergie (smart grid) et le transport.

On note ensuite que les deux attributs de qualité de communications sont la fiabilité et la latence,
tels que définis dans IEEE P2030. On propose d’agréger le trafic smart grid et ¢riple-play (vidéo,
voix et données) & un réseau d’acceés convergent EPON et réseau maillé sans fil (IEEE 802.11)
[14, 15]. On montre en premier lieu que lorsque la charge réseau augmente dans le réseau FiWi, une
dégradation des performances en termes de délai et de perte sont notés puisque le réseau EPON
n’offre pas de qualité de service. Pbur contrer ce probléme, on propose un processus d’admission

token bucket multidimensionel permettant ainsi d’assurer une qualité de service par classe et par

héte (host).

Le premier modeéle analytique FiWi est proposé dans [16, 17], permettant ainsi d’évaluer la
performance de différents algorithmes de routage FiWi. Le modeéle est trés flexible et incorpore
différentes distributions de taille de trame, de débit de données et d’échec de fibre optique. Le
modele analytique est vérifié au moyen de simulations FiWi avec différentes architectures suivant
des scénarios de trafic peer-to-peer, en amont, uniforme et non-uniforme. Un nouvel algorithme
de routage, optimized FiWi routing algorithm (OFRA), est proposé et surpasse les approches de
minimisation par nombre de sauts ou par délai en termes de débit maximal au détriment d’une

augmentation mineure du délai pour des charges de trafic faibles 4 moyennes.

Ensuite, les performances de réseaux multi-niveau FiWi intégrés avec trafic human-to-human
(H2H) et machine-to-machine (M2M) sont étudiées en terme de délai, capacité et fiabilité [18].
Considérant le protocole EDCA de IEEE 802.11e avec qualité de service, le modele existant consi-
dérant un trafic saturé [19] est adapté et vérifié avec un trafic non-saturé. De plus, des capteurs événe-
mentiels (event-driven) et périodiques (time-driven) sont considérés. L’analyse permet de quantifier
la borne théorique du débit de données maximal du trafic M2M sans violer un seuil de délai du

trafic H2H.

Tel que défini qualitativement dans IEEE P2030, la disponibilité est un des plus importants
attributs de qualité pour les communications smart grids. Cependant, cette métrique doit étre

quantifiée pour permettre de valider les exigences smart grids. Dans les travaux reliés, la disponibilité



a été quantifiée pour les réseaux sans fil et optiques en termes d’accessibilité. Bien qu’il soit utile de
connaitre ’accessibilité lors de l'installation, il faut également connaitre la disponibilité probabiliste
lorsque l'installation est terminée et que le réseau est fonctionnel. On propose alors un modeéle
probabiliste multi-classe original pour les réseaux PONs et WiMAX intégrés [5]. Comparativement
aux autres travaux, le modéle prend en compte (z) les limites des protocoles MACs et (1) les échecs
probabilistes de fibres optiques et des stations de base. En utilisant les configurations réalistes
mesurées d’applications smart grids dans [20], on quantifie le débit de données maximal des capteurs
pouvant &tre généré permettant de respecter les exigences de disponibilité des capteurs et du trafic

régulier.

De plus, la coordination et I'optimisation de véhicules électriques et source d’énergie renou-
velables sont étudiées de fagon multidisciplinaire. En premier temps, un co-simulateur sans syn-
chronisation est proposé dans [21], combinant les simulateurs OMNeT++ et OpenDSS existants,
permettant ainsi de montrer I'impact de capteurs périodiques vs. événementiels sur un algorithme
de contréle de tension. Ensuite, un multi-simulateur suivant une architecture High Level Architec-
ture est proposé [20], permettant de synchroniser un ensemble de simulateurs pour modéliser toutes
les perspectives smart grids. Dans le cadre de ce travail, un cas d’usage basé sur des configura-
tions réelles en France a été développé, et notamment les caractérisques d’applications smart grids
ont été mesurées et injectées dans le modele de multi-simulation. Utilisant 1’original co-simulateur
développé en [21], un algorithme de coordination intégré pour véhicule et sources d’énergie renouve-
lables est proposé et interagit via une infrastructure de communications convergente Fiwi [22, 23].
L’algorithme est évalué par co-simulation ou la perspective du systéme de distribution électrique
interagit dynamiquement avec le modele d’infrastructure FiWi, ou moins de 2 Mbps est nécessaire

pour diminuer de 21 % la puissance durant la période de pointe.

Finalement, les configurations d’un systéme de distribution réel du Danemark sont miniaturi-
sées et un banc d’essai expérimental est développé suivant ces configurations réalistes [24]. Dans
le cadre de ce travail, une méthode de coordination des capteurs est proposée pour améliorer la
synchronisation de mesures échangées via une architecture de communications multi-saut. De plus,
un mécanisme original de programmation dynamique est proposé pour tenir compte de facon jointe

des performances du réseau de distribution et de la minimisation du cofit client.
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1.2 Structure de la theése

Cette theése est structurée en deux parties. Dans la partie I, une synthése est premiérement
effectuée. Au chapitre 2, le contexte et ’état de Vart sur les réseaux intelligents, ses principales

applications et les technologies de communications potentielles sont résumées.

Le chapitre 3 porte sur la quantification de la borne théorique supérieure de trafic machine-to-
machine (M2M) sans violer un seuil maximal de délai de trafic human-to-human (H2H). Ensuite,
au chapitre 4, des cas d’usage multidisciplinaires sur la coordination de véhicules électriques et
de sources d’énergie renouvelables sont présentés de facon multidisciplinaire via co-simulation. Au
chapitre 5, la faisabilité pratique d’un nouvel algorithme de coordination de véhicules électriques est
démontrée expérimentalement sur un banc d’essai d’un systéme de distribution réel du Danemark
miniaturisé. Finalement, les conclusions et les publications réalisées sont présentées aux chapitres 6

et 7, respectivement.

Dans la seconde et troisiéme parties, les articles des journaux acceptés sont présentés. Le cha-
pitre 8 présente un modele de quantification probabiliste de la disponibilité de réseaux intégrés
PON et WiMAX. Au chapitre 9, une étude multidisciplinaire de co-simulation d’un algorithme de
coordination optimisée de véhicules électriques et de sources d’énergie renouvelables opéré via une
infrastructure de communications FiWi est présentée. Au chapitre 10, une analyse est proposée sur
des réseaux PONs intégrés avec des réseaux multi-sauts WiFi de prochaines générations. Finale-
ment, le chapitre 11 porte sur les réseaux FiWi dans le cadre de la troisiéme révolution industrielle
ol ils ne sont pas seulement utilisés par le secteur des télécommunications, mais également exploi-
tés par ’ensemble des secteurs économiques, incluant ’'énergie et le transport pour augmenter leur

efficacité et durabilité.






Chapitre 2

Etat de Dart

Dans ce chapitre, les notions générales en rapport avec les problémes considérés dans cette thése
sont présentées. En premier lieu, la notion de réseau intelligent est définie selon une norme récem-
ment proposée. Ensuite, les applications primaires attendues des réseaux intelligents sont résumées.
En troisieme lieu, les technologies de communications smart grids potentielles sont briévement défi-
nies. Finalement, les réseaux fiber-wireless (FiWi), qui est la technologie de communications étudiée

en détail dans le cadre de cette thése pour les smart grids, sont introduits.

2.1 Introduction

Le réseau électrique intelligent, aussi appelé Smart Grid ou réseau intelligent, est une amélio-
ration significative du réseau électrique du 20éme siécle caractérisée essentiellement par des flux
bidirectionnels d’information et d’énergie [1, 6, 25]. En ce sens, les réseaux intelligents sont parfois
appelés Energy Internet, ou les acteurs et les composantes échangent de I’énergie et des données
entre eux, similairement au réseau Internet ol ses composantes et acteurs partagent des données
sur une infrastructure partagée [26, 27]. Selon le rapport du National Institute of Standards and
Technology (NIST) [28], les principaux avantages attendus sont ’amélioration de la fiabilité et de
la qualité de la puissance, amélioration de la capacité et de 'efficacité des réseaux électriques exis-
tants, faciliter la maintenance prédictive et 'auto-correction des problémes du systéme et faciliter

le déploiement des sources d’énergie renouvelables. De plus, le rapport NIST souligne également
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Figure 2.1 — Interactions entre les perspectives smart grids telles que définies dans IEEE P2030.

qu’un réseau intelligent doit idéalement diminuer les émissions de gaz carbonique en permettant le
déploiement des véhicules électriques couplés a de nouvelles sources d’énergie renouveables, réduire

la consommation de pétrole en réduisant la génération inefficace lors des périodes de pointe.

Récemment, la norme IEEE P2030 a été publié et représente une des premieres tentatives pour
normaliser les réseaux intelligents et rendre ainsi ses composantes et acteurs interopérables [10]. La
norme offre un modeéle de référence d’interopérabilité smart grid, qui définit des interfaces génériques
entre les domaines fonctionnels pour trois perspectives, comme représentées a la Figure 2.1 et listées

comme suit :

— Perspective d’interopérabilité architecturale des systémes électriques : Cette perspective gere
la génération, le transport et la consommation de 'énergie électrique.

— Perspective d’interopérabilité architecturale de technologies de communications : Cette pers-
pective comporte les composantes réseautiques et les protocoles de communications.

— Perspective d’interopérabilité architecturale des technologies de linformation : Cette perspec-
tive comporte les processus et le controle des flux de données en relation avec les applications

qui opérent et gerent le réseau intelligent.

Les éléments primaires d’un réseau intelligent sont définis en 7 domaines (Figure 2.2) : (i)
production et stockage, (i) transmission, (iii) distribution, (iv) client (résidentiel, commercial et

industriel), (v) contrdle et opérations, (vi) les marchés et (vii) les fournisseurs de services.

Dans le cadre de cette thése, I’accent est mis plus particulierement au niveau du controle et des

opérations associées au domaine de la distribution. L’étude porte essentiellement sur la perspective
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Figure 2.2 — Modele conceptuel des domaines d’un réseau intelligent [1].

des techniques de communications, mais tient également compte des deux autres perspectives en
effectuant des études multidisciplinaires. Le domaine de la distribution dans le contexte des réseaux
intelligents comporte le contréle et la surveillance au-dela des postes électriques vers les clients.
Effectivement, présentement il n’y a peu ou pas d’échange de données entre les postes électriques et
les clients [29], et il y a donc un besoin nouveau de communiquer efficacement, de fagon fiable et a
faible colit entre ces acteurs. Ces nouveaux liens de communications entre les postes électriques et
les clients rendent possibles de nouvelles applications smart grids qui sont décrites dans la section

suivante.

2.2 Applications primaires attendues des réseaux intelligents

Tel que mentionné dans [1], les applications smart grids de véhicules électriques, microréseaux et
de compteurs intelligents nécessitent des liens de communications de bout-en-bout, qui sont décrits

dans cette section.
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Figure 2.3 — Impact sur la charge globale du systéme électrique des approches coordonnées/non coor-
données de véhicules électriques [2].

2.2.1 Véhicule électrique

Les véhicules électriques (ou plug-in electric vehicles (PEV)s) sont intéressants pour pallier & la
dépendance au pétrole et pour diminuer la génération de gaz carbonique. Les véhicules convention-
nels peuvent causer des smogs dans les villes fortement peuplées, notamment récemment observés

& Paris (France) ! ot la ville a di significativement limiter le nombre de véhicules conventionnels et

a priorisé notamment les PEVs et le transport collectif.

Les PEVs ont 2 modes possibles dans le cadre des réseaux intelligents : (i) grid-to-vehicle (G2V)
et (44) vehicle-to-grid (V2G) [30, 31]. Le mode G2V consiste a stocker la puissance dans les batteries
de PEVs a partir d’une source d’énergie externe. La Figure 2.3 illustre I'impact sur la charge globale
du systéme électrique d’une pénétration de 100 % de véhicules électriques en utilisant des approches
coordonnées et non-coordonnées. On dénote que 'approche coordonnée permet de significativement

diminuer la charge maximale durant la période de pointe.

1. http://wuw.tfl.fr/auto-moto/actualite/circulation-alternee-a-paris-fonctionnement-exceptions-et-8384177.

html
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De plus, I'électrification des transports permet potentiellement d’augmenter la génération d’éner-
gie a partir des sources d’énergie renouvelables. Couplés & un systéme de communications de bout-
en-bout, les PEVs peuvent étre coordonnés pour diminuer les pertes de puissance et améliorer le
profil de la tension [32]. Les PEVs peuvent également étre chargés de fagon décentralisée pour di-

minuer la quantité de données transférées, mais des échanges de données sont également nécessaires

[2].

2.2.2 Micro-réseau

Bien que les sources d’énergie renouvelables peuvent générer de I’énergie de fagon distribuée
et durable, ils générent de ’énergie de fagon intermittente et aléatoire. Si une telle production
intermittente est injectée sans contrdle, cela va augmenter significativement la différence entre la
puissance générée et celle utilisée, ce qui cause des problémes de tension et de fréquence 33, 34].
Ces problémes peuvent étre évités en isolant et contrdlant certaines régions du réseau intelligent

pour ainsi former des micro-réseaux (microgrids) ou nanoréseaux [35].

2.2.3 Compteur intelligent

Une importante capacité des réseaux intelligents est d’offrir de nouveaux services permettant
aux clients de réagir en utilisant des appareils intelligents & domicile, qui est une technique mieux
connue sous le nom de demand side management DSM [36, 37]. Une utilité significative potentielle
de déployer de tels compteurs intelligents est d’offrir des prix d’électricité variables en fonction du
temps, ce qui peut permettre notamment d’offrir de plus faibles prix lorsque le réseau intelligent
est faiblement chargé et inversement lorsque le réseau est fortement chargé [38], ce qui a pour
conséquence de diminuer la charge de pointe. De plus, un tel compteur intelligent permet également

de connaitre en temps réel la charge a chaque noeud du réseau avec une granularité fine.

2.2.4 Surveillance et contrdle en temps réel des systemes de distribution

Une application smart grid significative nécessitant des communications de bout-en-bout est la

surveillance et le controle des réseaux de distribution en temps réel, mieux connu sous le nom de wide-
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area situational awareness (WASA) [25]. L’application WASA permet d’avoir une vue d’ensemble

dynamique des réseaux de distribution de fagon synchronisée.

2.3 Technologies de communications pour les réseaux intelligents

Il existe une panoplie de technologies sans fil et filaires pouvant servir de communications pour les
réseaux intelligents. Selon la norme IEEE P2030, les trois attributs de qualité les plus importants de
la perspective de communications des domaines client et distribution sont la latence, la fiabilité et la
qualité de service. La latence de communications entre une entité source donnée vers une destination
donnée est exprimée par le temps que met un certain message a parcourir un ou plusieurs noeuds
intermédiaires jusqu’d sa réception. La fiabilité est formellement définie comme étant ’habileté
d’effectuer une certaine tiche selon des conditions et un temps déterminés. Selon la technologie de
communications, la latence et la fiabilité varient. Le but de cette thése n’est pas de quantifier le
choix technologique de communications, qui peut varier en fonction du pays et de facteurs politiques
et commerciaux, mais plutét d’étudier les attributs de qualité de communications d’une technologie
sélectionnée & fort potentiel. Plus spécifiquement, on s’intéresse aux communications entre les postes
électriques jusqu’aux clients, nommé neighborhood area network (NAN) dans la norme IEEE P2030.
Il est & noter que plusieurs protocoles ZigBee (IEEE 802.15.4) ont été développés chez les clients [39).
Dans cette section, les principales technologies de communications considérées dans la littérature

sont résumées [1, 39].

2.3.1 Sans fil
IEEE 802.11 (WiFi)

WiFi est une technologie sans fil mondialement éprouvée et utilisée. Pour gérer I'accés multiple,
IEEE 802.11 utilise le protocole distributed coordination function (DCF) sans qualité de service
(QdS). Chaque noeud WiFi implémentant la fonction DCF attend & chaque début de transmission
une période fixe DCF interframe space (DIFS) pour écouter le canal. Lorsqu’aucune autre station
n’a transmis durant cette période, la station attend une période aléatoire de backoff (augmentant

exponentiellement & chaque collision) et transmet ensuite. IEEE 802.11s permet également de for-
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mer des réseaux WiFi maillés multi-sauts [40]. IEEE 802.11n offre deux techniques d’aggrégation
de trames Medium Access Control (MAC), soit aggregate MAC service data unit (A-MSDU) et
aggregate MAC protocol data unit (A-MPDU) qui permettent de concaténer plusieurs trames lors
d’une certaine transmission pour améliorer Uefficacité [41, 42]. De plus, la norme de trés haut débit
IEEE 802.11ac offre un débit de données de 6.9 Gbps. Egalement, IEEE 802.11e offre une fonction
d’acces multiple avec QdS, nommeée enhanced distributed channel access (EDCA) [43] permettant

de prioriser les trames par classe.

IEEE 802.16 (WiMAX)

Worldwide Interoperability for Microwave Access (WiMAX) est une technologie point-a-multipoint
trés intéressante au Canada pour les réseaux intelligents puisqu’une bande séparée est dédiée aux
systémes électriques et cette technologie offre une connectivité a longue distance et plusieurs mé-
canismes de QdS. Pour transmettre, les stations doivent rivaliser en utilisant une méthode A accés
multiple carrier sense multiple access with collision avoidance (CSMA/CA) avec backoff binaire

exponentiel similaire aux protocoles MAC WiFi DCF et EDCA [44, 45].

ZigBee

ZigBee (IEEE 802.15.4) est une technologie initialement congue pour déployer largement des
capteurs sans fil & faible débit. En ce sens, il est trés bien adapté pour l'intérieur des batiments.
Il est & noter que ZigBee partage les mémes fréquences que IEEE 802.11 (2.4 GHz). ZigBee peut
également étre utilisé pour des transmissions de longue distance au dela de plusieurs kilomeétres [46]

et peut donc étre considéré pour les réseaux NANs considérés dans cette these.

LTE

Dans des travaux récents, la faisabilité d’utiliser Long Term Evolution (LTE) pour les réseaux
intelligents a été démontrée pour les applications de distribution automation en utilisant de trés
faibles débits (1-480 bps) supposant des exigences de latence de l'ordre de 1-4 secondes [45]. Un
avantage significatif d’utiliser les réseaux cellulaires LTE pour les réseaux intelligents est qu’aucune

nouvelle infrastructure de communications ne doit étre ajoutée. Un inconvénient majeur est cepen-
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dant la latence puisque certaines applications smart grids nécessitent une latence de moins de 20
ms [25] et un délai d’ordonnancement LTE minimal de 65 ms a été mesuré dans [45]. De plus, le
débit offert aux clients des réseaux cellulaires est limité [39], ce qui peut restreindre les possibilités

de nouvelles applications smart grids.

Comparatif
Tableau 2.1 — Comparatif des technologies sans fil considérées.
Partagé ? | Capacité | Couverture | Avantages Inconvénients
(Mbps) (kilo-
meétres)
802.11n/ac Oui 600/6900 | 1-32 Capacité élevée. Partagé par
plusieurs applica-
tions.
WIiMAX | Oui/Non | 75 1-50 Longue portée et | Non utilisé a
canal dédié au | grande échelle.
Canada.
ZigBee Oui 0.25-2 1-45 Dépense peu | Faible capacité.
d’énergie.
LTE Oui N/D 1-10 Infrastructure Débit coliteux et
existante. limité.

Le tableau 2.1 compare les technologies sans fil considérées. Globalement, toutes les technolo-
gies sont partagées par plusieurs applications, outre WiMAX qui peut étre dédié pour les réseaux
intelligents. En terme de capacité, WiFi offre de loin le débit de données le plus élevé. Il est a
noter que des équipements WiFi & longue portée existent déja 2. Bien que le débit sortant ne peut
jamais égaler la capacité, une plus grande capacité est en général préférable pour (%) obtenir de plus
faible délai et (i7) permettre de supporter de potentielles applications futures nécessitant des débits
de données qui peuvent croitre. Etant donné la forte capacité qu'offre WiFi et I'aspect dédié de

WiMAX, ces deux technologies sans fil sont considérées dans la présente theése pour le réseau NAN.

2. Voir http://www.cisco.com/c/en/us/products/wireless/aironet-1300-series/index.html.
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Figure 2.4 — Topologie d’un réseau d’accés PON conventionnel [3].

2.3.2 Filaire

Optique

Selon Telecom Italia [47], il ne fait aucun doute que les réseaux d’acces tendront vers des réseaux
optiques fiber-to-the-home (FTTH) pour des raisons de durabilité, évolutivité et d’efficacité éner-
gétique. China Telecom a déployé plus de 70 millions de ports FTTHs de 2004 & 2012 [48]. Selon
China Telecom, les tendances majeures sont : (i) augmentation de la pénétration de la fibre, ou les
noeuds optiques deviennent de plus en plus pres des clients pour améliorer le débit et la qualité
des services réseaux, (i7) plus de volume et de rapidité, de Ethernet/Gigabit passive optical network
(EPONs/GPONSs) vers 10G-EPON & 40 Gbps en un seul systéme PON et (¢4¢) augmentation de la

couverture en combinant les communications filaires, sans fil et mobiles.

Il est & noter qu’un réseau PON est complétement passif (sans consommation d’électricité) entre
le noeud central optical line terminal (OLT) et les noeuds clients optical network units (ONUs),
illustré & la Figure 2.4. Comparativement aux réseaux WLANs qui utilisent un mécanisme décen-
tralisé de gestion d’allocation de la bande passante, le noeud central OLT dans les réseaux EPONs
s’occupe d’allouer dynamiquement la bande passante en fonction de messages REPORT des ONUs

qui spécifient la quantité de trafic en attente de transmission.

Les réseaux EPONs (IEEE 802.11ah) couvrent 20 kilométres et le long-reach PON (LR-PON)
a été proposé pour étendre significativement cette distance vers 100 kilomeétres [49]. Les réseaux

wavelength division multiplezing PONs (WDM PONs) fonctionnent sur plusieurs longueurs d’onde
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ce qui permet d’avoir divers clients partageant le méme réseau de facon indépendante. En utilisant
la technique de reflective semiconductor optical amplifier (RSOA), les ONUs peuvent réfléchir et
remoduler les signaux optiques générés par ’OLT, ce qui permet de simplifier les noeuds clients
et diminuer les cofits. Les réseaux wavelength-routing PONs (WR-PONSs) utilisent des arrayed-
waveguide grating (AWGs) comme noeuds intermédiaires passifs pour démultiplexer et multiplexer
en aval et en amont, respectivement, pour former des liens point-a-points (contrairement aux EPONs

et WDM PONSs qui sont point-a-multipoints) et qui améliorent ainsi la sécurité et la confidentialité.

Power Line Communication

Power Line Communication (PLC) est une technique qui utilise les lignes électriques existantes
pour transmettre des données [39]. En France, cette technologie est en cours d’investigation pour
le projet de compteurs intelligents Linky, ou PLC est utilisé pour transmettre les mesures & des
concentrateurs de données ou ensuite le réseau General Packet Radio Service (GPRS) est utilisé
pour lier les concentrateurs au centre de traitement de données. Bien que PLC peut étre une solution
efficiente en termes de coiit pour des applications simples telles que Linky, cette technologie a
cependant 'inconvénient d’utiliser le méme média qui est en fait mesuré. Ainsi, si un lien est brisé
et qu'une panne survient, le lien de communications devient indisponible, soit le moment exact ou

on en aurait besoin.

Comparatif
Tableau 2.2 — Comparatif des technologies filaires considérées.
Partagé 7 | Capacité | Couverture | Avantages Inconvénients
(kilo-
meétres)
Optique/PON Oui 1-100 20-100 Evolutivité, fiabi- | Partagé par
Gbps lité et grande ca- | plusieurs applica-
pacité. tions.
PLC Non 20 Kbps- | 2-3 Réseau déja en | Non fiable et ca-
3 Mbps place. pacité limitée.
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Le tableau 2.2 contient un comparatif des technologies filaires considérées. Etant donné la grande
capacité, fiabilité et des multiples possibilités d’évolution des réseaux PONSs, cette technologie est
considérée dans cette présente thése dans un cas de figure ol le réseau PON est partagé efficacement

pour plusieurs applications : smart grid, voix, vidéo, données, etc.

2.4 Les réseaux FiWi

Tel qu’estimé par China Telecom, les réseaux PONs vont converger en réseaux fiber-wireless
(FiWi) pour combiner les avantages de ces deux médiums [4, 50]. En effet, les réseaux optiques offrent
une grande capacité, une immunisation contre les interférences électromagnétiques et les réseaux
sans fil se déploient rapidement, & faible cofit et offrent la mobilité. 1l existe deux variantes de réseau
FiWi : radio-via-fibre (ou radio-over-fiber (RoF)) et radio-et-fibre (ou radio-and-fiber (R&F)). Un
mécanisme FiWi intéressant est 'aggrégation de trame hiérarchique [42]. Tel que noté dans la
Section 2.3.1, le protocole IEEE 802.11n offre 'aggrégation de trames pour transmettre plusieurs
trames par transmission. D’un autre c6té, les réseaux PONs n’offrent pas ’aggrégation puisque le
réseau fonctionne en transmettant des rafales périodiquement. Il est donc possible d’optimiser le

réseau FiWi en intégrant efficacement les 2 médiums {42].

2.4.1 Radio-via-fibre

Les réseaux RoF utilisent la fibre optique pour transmettre des signaux analogiques des fré-
quences radio dans le but diminuer la complexité (et ainsi le cotit) des remote antenna units (RAUs)
situés a 'interface optique-sans fil. La faisabilité d’une telle architecture a été démontrée au niveau
de la couche physique. Cependant, les mécanismes de la couche MAC rendent cette approche inef-
ficace pour certaines technologies, par exemple le WiFi. Effectivement, les valeurs de temps mort
sont de 9 us et 20 us pour IEEE 802.11a/g et IEEE 802.11b, respectivement, ce qui est strictement

inférieur au délai de propagation optique pour 20 kilometres de fibre.
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Figure 2.5 — Banc d’essai R&F d’un réseau EPON et wireless mesh network (WMN) [4].

2.4.2 Radio-et-fibre

Ces problémes au niveau de la couche MAC peuvent étre évités avec R&F, en utilisant deux
protocoles MAC (un pour 'optique et un second pour le sans fil) séparément avec un mécanisme de
conversion entre les 2 réseaux. Ceci crée cependant un certain nombre de problématiques a résoudre,
incluant I'assemblage des trames et le contrdle de la congestion, qui sont décrits plus en détail dans
[4]. La Figure 2.5 illustre un banc d’essai R&F récemment réalisé a University of California intégrant
deux réseaux EPONs et un WLAN wireless mesh network (WMN) IEEE 802.11g permettant de

transférer du trafic de données, de voix et de vidéo entre des noeuds Linux.

2.4.3 Fiber-wireless sensor networks (Fi-WSNs)

Les réseaux FiWi peuvent étre enrichis en intégrant des capteurs sans fil et optiques, tel qu’illus-
tré & la Fig. 2.6 (MP : mesh point, MPP : mesh portal point, MAP : mesh access point), Proposés
pour la premiére fois dans [51]. Un réseau Fi-WSN peut utiliser des capteurs optiques a base de
réseaux de Bragg et IEEE 802.15.4 ZigBee pour les capteurs sans fil ou via un réseau maillé IEEE
802.11. Intégrer ces capteurs permet d’interagir avec des systémes du monde réel pour surveiller di-
vers parametres, par exemple la température, la pression, le son, etc. Récemment, plusieurs travaux
ont porté sur Poptimisation de la génération de CO; causée par les technologies de I'information.
Ce n’est que récemment que le milieu de la recherche a commencé & explorer les nouveaux roles

des réseaux d’acceés dans divers secteurs économiques pour améliorer son efficacité énergétique, ou
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Figure 2.6 — Le réseau Fi-WSN, permettant ’intéraction avec des systémes complexes hétérogenes.

les télécommunications ne deviennent plus un probléme, mais une solution [52]. Les Fi-WSNs sont

utilisés pour convertir les systemes électriques traditionnels en réseaux intelligents.

2.5 Résumé

Dans ce chapitre, les notions générales en rapport avec les problémes investigués sont définies.
Selon la norme IEEE P2030, un réseau intelligent (smart grid) est composé de la perspective de
technologies d’informations, de communications et du systeme électrique, ou chaque perspective
comporte un ensemble de domaines. Dans le cadre de cette these, 'accent est mis au niveau du
contréle et des opérations associées au domaine de la distribution pour les perspectives de communi-
cations, mais en tenant compte des deux autres perspectives. Les applications principales attendues

d’un smart grid, incluant les véhicules électriques et les micro-réseaux, nécessitent des communi-
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cations de bout-en-bout fiables, oi de nouveaux réseaux NANs sont nécessaires entre les postes
électriques et les clients. Il existe une panoplie de technologies de communications filaires et sans
fil pour les réseaux NANs. Dans le cadre de cette these, étant donnée la convergence des réseaux
intégrées optiques et sans fil tel qu’estimé par China Telecom, les technologies de communications
WiFi, WiMAX et PONs sont considérées comme des réseaux d’acces fiables, adaptatifs, évolutifs
et & faible colt. Les réseaux FiWi peuvent également étre enrichis de capteurs pour surveiller des

systemes réels tels que les smart grids.

Cependant, pour intégrer efficacement les réseaux optiques, les réseaux sans fil et les capteurs,
il est important de comprendre en détail I'influence que chacune des composantes peut avoir sur
les autres composantes. Plus spécifiquement, dans le chapitre suivant, on s’intéresse a étudier la
coexistence du trafic des capteurs, soit de machine-to-machine (M2M) et du trafic human-to-human

(H2H).



Chapitre 3

Analyse de coexistence de trafic H2H

et M2M via une infrastructure FiWi

Dans ce chapitre, 'accent est mis sur I'étude de la coexistence de trafic triple-play human-to-
human (H2H) et de trafic machine-to-machine (M2M) via une infrastructure de communications
partagée fiber-wireless (FiWi). L’originalité de ce chapitre se démarque selon les points suivants : (4)
analyse probabiliste de délai-capacité de réseaux FiWi avec applications hétérogenes (i) intégration
de capteurs événementiels et périodiques (73¢) les noeuds ne sont pas saturés, ou chaque noeud
n’a pas nécessairement de trames i transmettre et (iv) cas d’usage en tenant compte de mesures
d’applications réelles smart grids. L’analyse permet de quantifier la borne théorique supérieure du

trafic M2M sans violer un seuil maximal de délat du trafic H2H.

3.1 Introduction

Les exigences de communications des principales applications smart grids ont été quantifiées
en termes de latence, bande passante, fiabilité et sécurité [25]. Les auteurs ont conclu que des
communications rapides et fiables sont nécessaires pour permettre ’échange en temps réel entre
des éléments distribués. Puisque la norme IEEE P2030 propose un cadre générique uniquement,
il est préférable de s’appuyer sur de faibles latences des fibres optiques et sans fil, ou la fibre

couvre une certaine partie du territoire et ou le sans fil complémente les régions sans fibre [53].
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Dans cette section, I’accent est mis sur une infrastructure FiWi pour les réseaux intelligents basée
sur les réseaux EPONSs et wireless local area network (WLANs). Les EPONs combinent le faible
colt et la simplicité des équipements Ethernet ot une partie de Iinfrastructure demeure passive
(sans consommation d’électricité), ce qui les rend tres fiables. Outre les réseaux EPONs existants,
les bénéfices des réseaux ultra-rapides time division multiplexing (TDM) et WDM passive optical
networks (PONs) représentent les candidats les plus prometteurs pour les réseaux d’accés optiques
des prochaines générations [54]. Du c6té du sans fil, des réseaux WLANs avec QdS avec plusieurs
classes de trafic différenciées sont considérés, ainsi que les améliorations de la nouvelle norme very

high throughput (VHT) IEEE 802.11ac.

Il a été démontré dans [55] que la coopération entre plusieurs compagnies d’électricité dans la
phase de déploiement permet de sauver 17 % de capital ezpenditures (CAPEX) lors du déploie-
ment de FTTH. Un exemple pratique de modeéle d’affaire multi-niveau est le Swiss Fibre Net de
OPENAXS qui regroupe 22 compagnies d’électricité en Suisse. Les compagnies sont responsables
d’installer le réseau, mais permettent également ’accés au réseau avec d’autres fournisseurs de

services (voix, vidéo, données, etc.).

L’objectif de cette section est d’étudier les performances des réseaux FiWi multi-niveaux per-
mettant d’offrir des services triple-play human-to-human (H2H) et aussi en considérant des capteurs
sans fil pour des applications machine-to-machine (M2M) telles que les réseaux intelligents, don-
nant ainsi un modeéle de type Internet of Things (IoT). Des lignes directrices pratiques en termes de
distance entre noeuds et fréquence de la coexistence de réseaux ZigBee et WLANSs pour les réseaux
intelligents ont été développées dans [56]. L’originalité dans cette section vient de l'investigation de
la coexistence de trafic H2H et M2M en utilisant un réseau FiWi intégré basé sur des technologies
de prochaines générations EPON et WLAN en termes d’analyse probabiliste de la capacité, de la-
tence et de fiabilité. De facon pratique, ceci permet de quantifier le débit maximal dont les capteurs
(noeuds M2M) sans fil peuvent étre configurés sans altérer de fagon négative le délai du trafic H2H,
ayant pour finalité de connaitre la borne supérieure théorique du trafic M2M pour supporter des

applications smart grids futures.
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Figure 3.1 — Architecture générique de communications Smart Grid FiWi.

3.2 Infrastructure de communications FiWi pour les réseaux in-

telligents

L’architecture de communications FiWi considérée est illustrée a la Figure 3.1. Le réseau d’accés
optique consiste en un EPON avec une topologie en forme d’arbre (tree-and-branch). Le noeud
central OLT connecte le DMS du réseau intelligent. Les noeuds ONUs, soit les noeuds clients, sont
attachés au niveau des feuilles. Un ONU peut servir pour un ou plusieurs abonnés et avoir un access

point (AP) WLAN connectant des capteurs sans fil et des stations (STAs).

Plus spécifiquement, le réseau d’acces optique peut suivre la norme existante IEEE 802.3ah
EPON qui utilise une longueur d’onde en aval et une autre en amont, chacune opérant a un débit
de données de 1 Gbps. Le remote node (RN) consiste en un combineur/diviseur de puissance op-
tique. En amont, la bande passante est dynamiquement alouée a chaque ONU par I'OLT selon le
mécanisme report-grant. Alternativement, les réseaux ultra-rapide 10+ Gbps TDM PONs ou WR-
PONs/wavelength-broadcasting PONs (WB-PONs) peuvent étre utilisés. IEEE 802.3av 10G-EPON
offrent de meilleurs débits de données symétriques et asymétriques, utilisant tout de méme des méca-
nismes similaires. Dans le cas des WB-PONSs, les diviseurs/combineurs au RNs peuvent étre utilisés
sans étre changés et permettent d’avoir de multiples longueurs d’onde sur une seule fibre. Chacune

de ces longueurs d’onde diffusent aux WDM ONUs et peuvent étre utilisées bidirectionnellement.
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Chaque WDM ONU peut sélectionner une longueur d’onde en utilisant un filtre passe-bande et
réutilise le signal en aval en utilisant des techniques de remodulation. Dans le cas des WR-PONSs,
les diviseurs/combineurs aux RNs doivent étre remplacés par des multiplexeurs/démultiplexeurs de
longueur d’onde (par exemple, AWGS). Il est & noter qu'une longueur d’onde peut étre dédiée a un
seul ONU (par exemple, un abonné d’entreprise) ou peut étre partagée dans le temps par plusieurs
ONUs (par exemple, des abonnés résidentiels). Finalement, les réseaux WDM PONs long-reach
avec une distance ONUs-OLT de maximalement 100 kilométres peuvent étre utilisés pour diminuer

significativement les cofits en combinant les réseaux d’acces et d’agrégation.

Chaque AP forme une zone WLAN associant des STAs et des capteurs. Dans cette section, le
protocole EDCA de IEEE 802.11e est utilisé. EDCA supporte la QdS aux STAs avec différenciation
de service en utilisant quatre différentes access categories (ACs), chacune avec de différentes valeurs
de arbitration inter-frame space (AIFS) et de contention window minimum et maximum CWy,;, et
CWinas, respectivement. Outre des WLANSs conventionnels IEEE 802.11 a/b/g/n (capacité : 54-600

Mbps), les réseaux émergents IEEE 802.11ac VHT (capacité : 6.9 Gbps) sont également considérés.

Pour les capteurs sans fil, outre des paramétres de base (tension et courant) de 12 kbps, les
quantités calculées (amplitude de phase, angle de phase, etc.) vont augmenter les exigences de bande
passante & 200-500 kbps, ou jusqu’a 2-5 Mbps pour un échantillonage plus rapide dans les systemes de
détection rapide de faute [53]. Ils peuvent opérer a différents cycles tels que 10-100 ms pour estimer
des parameétres systémes critiques [57]. Les capteurs sans fil peuvent étre des périphériques ZigBee
offrant 250 kbps de capacité, ou peuvent également utiliser des mécanismes de signalisation avancés
disponibles dans IEEE 802.15.4 pour augmenter la capacité & 2 Mbps [58]. Alternativement, pour
réutiliser les infrastructures WLANSs et diminuer les cofits, les capteurs énergétiquement efficients
basés sur IEEE 802.11 peuvent étre utilisés pour des transmissions périodiques ou événementielles

[59].

3.3 Analyse de coexistence

Dans [17] (et inclut dans le chapitre II.10), une premiére analyse FiWi de réseaux intégrés PONs

et WLAN IEEE 802.11n/ac a été proposée, permettant d’évaluer les performances d’algorithmes
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de routage FiWi. Toutefois, ce travail ne tient pas compte de la QdS, puisque IEEE 802.11n/ac ne

contient pas de mécasnime de QdS.

Cette analyse étend le travail récent d’analyse de WLAN EDCA dans des conditions de trafic
saturé (les STAs ont toujours des trames a transmettre) [19]. Pour ce qui est de la partie PON, la

méme analyse de [17] est utilisée. L’originalité de I’analyse présentée ici se distingue comme suit :

— L’analyse de [19] est étendue en incluant les cas de trafic non-saturé et inhomogene, ou les
noeuds WLANs peuvent étre des capteurs sans fil ou STAs.

— Chagque noeud a une ou plusieurs files d’attente, chacune ayant une classe EDCA.

— L’analyse tient compte de capteurs événementiels et périodiques. Dans le cas basé par I'évé-
nement, les capteurs rivalisent pour accéder au canal suivant le mécanisme EDCA, tandis

que les capteurs périoques utilisent une allocation temporelle dédiée.

3.3.1 Modéle réseau

Les parameétres du modeéle réseau sont définis comme suit :

Tableau 3.1 — Parameétres du modele réseau FiWi.

Symbole | Description

O Nombre d’ONUs attachés au OLT.

A=1,..,A | Longueur d’onde A, ou A représente le nombre de longueurs d’onde.

Oy ONUs supportant la longueur d’onde A.

T Délai de propagation via la longueur d’onde A. Dans le cas d’'un TDM
PON avec une seule longueur d’onde, on a 7.

< Capacité en bps d’une longueur d’onde donnée.

T Capacité en bps d’'un canal WLAN dans une zone donnée.

Sy ONUs dans secteur A.




28

3.3.2 Modeéle de trafic

Les principaux parameétres de trafic sont définis comme suit, ou la génération de trafic est

ergodique et stationnaire :

Tableau 3.2 — Paramétres du modéle de trafic FiWi.

Symbole | Description

o Nombre d’ONUs attachés au OLT.
V Nombre de capteurs sans fil et STAs.
N Ensemble de noeuds FiWi. [NV =1+ 0 + N.

S = (Si;) | i,J € N, o0 S;; représente le nombre de trames générées du noeud source
i au noeud destination j. Pour 7 = j,S5;; =0

L Moyenne de la taille des trames.
P2 Variance de la taille des trames.
iy Nombre de trames transmises entre les ONUs et ’OLT (¢ : noeud source,
j : noeud destination), tenant compte le trafic provenant des noeuds sans
fil.
)\2"2 Nombre de trames générées du noeud ¢ de classe ¢ destinées au DMS.

3.3.3 Analyse de capacité et de stabilité

Réseau d’accés optique Pour les réseaux WR-PONs, on définit le taux de trafic (trames/seconde)

en aval selon un secteur donné A :

o
Rd”\ = Z Tor + Z Z T, (3.1)

kES), k=11eS,
ou le premier terme représente le trafic généré par 'OLT pour un secteur A et le second terme
représente le trafic de tous les ONUs envoyé au secteur A par 'OLT. On définit le taux de trafic en

amont de ONU k comme suit :

O

R =Tk + Y _Th, (3.2)
=1
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ol le premier terme dénote le trafic destiné & POLT et le second terme représente le trafic envoyé

aux autres ONUs par 'OLT. Le taux de trafic du secteur A est défini par :
R**:= > R} (3.3)
keS),

Pour que le systéme soit stable, les taux de trafic en aval et en amont doivent satisfaire :

LR <™ (3.4)

et
L -R** < W (3.5)

dans chaque secteur A du réseau WR-PON. Ainsi, les intensités de trafic en aval et en amont sont

AR dx _ L-RA uwA _ LR .
1 r po" = "= tiv .
définies par p = et p =257 respec ement

Dans le cas des réseaux TDM/WDM PONSs, on définit I'intensité de trafic en amont et en aval

comme suit :

ot le systéme est stable si p* < 1 et p? < 1.

Réseau sans fil Au niveau du réseau sans fil, le systéme est stable si 'intensité de trafic de toute

file d’attente ¢ au noeud 7 satisfait :

pic =Dy - N < 1, (3.8)

ot D’ dénote le délai d’accés moyen a la file d’attente ¢ du noeud i, calculé sous peu.
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3.3.4 Analyse de délai

Réseau d’accés optique Dans le WR-PON, ’OLT envoie une trame en aval & un ONU donné
dans le secteur \ en transmettant la trame sur la longueur d’onde A, qui est regue par tous les ONUs
dans ce secteur. On modélise toutes les transmissions en aval par une seule file d’attente. Pour une
distribution Poisson, le délai de file d’atternte est modélisé par une file d’attente M/G/1 caractérisée

par la formule Pollaczek-Khintchine [60]

d(p) := S —w% + L (3.9)
Pr= 21 —p) \ L )
permettant de calculer le délai total en aval :
dA dX L &Y
D —@(p ) +<(,\) A+ T\ (3.10)

En faisant la moyenne des délais en fonction des intensités de trafic, on trouve le délai moyen

en aval dans un cas de figure de WR-PON :

D = A poA, (3.11)

|M>

Z,\ 1P =

Pour le trafic en amont, on modélise le trafic via chaque longueur d’onde selon les un réseau

conventionnel EPON. On obtient donc le délai moyen du secteur A :

2 — pt? L
uv/\ — (’\) . p ’LL,)\ —_—
Do =t 2 (f’ )* Py (312)
et le délai moyen en amont du WR-PON égale
1 A \
DY = ———— phr . DU, (3.13)
Zg\:l pt ,\22:1

De facon similaire, on peut calculer également les délais en amont et en aval des réseaux

TDM/WDM PON.



Chapitre 3. Analyse de coexistence de trafic H2H et M2M via une infrastructure FiWi 31
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Figure 3.2 — Cycle de 1’accés au canal pour modéliser les noeuds événements et par le temps.

Réseau sans fil Contrairement & [19], chaque cycle consiste en trois composantes : (i) temps
moyen de période time division multiplexing (TDM) pour les transmissions des capteurs basés
par le temps (ii) période aléatoire de résolution de contention sur le canal sans fil et (iii) une
transmission avec succes ou une collision (Figure 3.2). De plus, contrairement & {19], chaque cycle
contient seulement un sous-ensemble des noeuds qui rivalisent pour accéder au canal, ou les autres
n’ont pas de trames 3 transmettre dans leur file d’attente (cas non-saturé). Chaque noeud sans fil a
C files d’attente, soit une par classe de trafic. Chaque classe ¢, ¢ = 1, ..., C, a une priorité ascendante
de ¢ =14 c=C. Wi, dénote la valeur maximale de fenétre de contention de la classe ¢ au noeud
k. De plus, By (%) est la probabilité d’état d’équilibre de la classe ¢ du noeud k de D'intervalle de

temps 7, ot 0 < ¢ < mazs—o,. g, ,Wkes. Pour simplifier la notation, on définit

0 1 <0
Bk’C(Z) j=%) Bk,c(]) >0 (3 )
1 T > MmaXs=0,1,...,Ri,c Wk,c,s’

\
ot By (i) dénote la probabilité d’état d’équilibre de la file d’attente de la classe ¢ du noeud k ou le
backoff slot a expiré & i. De plus, d; . dénote le nombre minimum de backoff slots pour la classe c

au noeud k, en plus du nombre AIFS.

Ensuite, Qn (¢) dénote la probabilité que, de la perspective du noeud h, aucun autre noeud ne
transmette avant 'intervalle de temps ¢. En utilisant gy, ., soit la probabilité d’avoir une trame dans

la file d’attente ¢ au noeud k (définie sous peu), Qp (%) est défini par :



32

Qh,c(l H H ka + g, z(l_ﬁk z(l_dk z))] ’ H[(l_Qh,z)+Qh,z((1—:th( 5hz))+

k#h z=1 z<c

ﬂh z( — 0p z),Bh 0(7' 5h,c))] ’ H [(1 - Qh,z) + Qh,z(l - ﬁh,z(i - 6h,z))]'

z>c

(3.15)

La probabilité que la file d’attente ¢ du noeud h voit sa premiére transmission a un cycle

exactement au slot ¢ est définie par :

Th,c(i) = Qh,c(i) - Qh,c(i + 1)- (3'16)

On note Ik (s, j) la probabilité d’état d’équilibre lorsqu’il y a une trame en attente (partie du

bas 4 la Figure 3.3) au noeud k de la classe ¢ et est définie par :

HkYC(S,j), s € {0,1,...,Rk)c}

j € {07 ]-7 R ch,c,s}a (317)

ol s correspond au stage (maximalement Ry .) et j la valeur de backoff. Pour 0 < s < Ry et

0<j<Wges,ona:

Hk,c(saj) = ch,c(saj)(l"Qk,c((sk,c))

Wk,,(:,s_j
+ Z ch,c(saj + 7') ’ Tk:,c(r -1+ 51c,c)
r=1
Wk c,s—1 1
II 1) Tt +6 e 3.18
+ Z [ ke(s = 1,4) - Tt + Ok.c) Wroo +1 (3.18)

etpour s=0et0<j<Wg.s0na:
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Hk,c(ov .7) = Hk,C(Oaj)(l - Qk,c(dk,c))
Wke,0—7
+ Y Me(0,5 4 7) Thelr — 1+ bke)

r=1

Wh.e,Ry .

1
i (Ric,?) - The(t+ 6 —
" i:ZO qk’c{ be(Bier 1) - Tholi + Ohc) Wk,c,0+1]

Rk,c Wk,c,s

1
c H " . ; 1 6 ) ———
+§) ;) ax, [ kie(8,1) - Qre(i + 1+ 8k) Wk,c,O‘l‘l}

+ 0k (0, 4,0) - (1 — e %P, (3.19)

ol E dénote le temps moyen de cycle (défini sous peu) et Il (0, 7,0) correspond aux nouveaux
états pour tenir compte des cas ou il n’y a pas de trame en attente (partie du haut a la Figure 3.3)

pour j € {0,.... Wy co} :

' W R . , 1 - gk,
T (0,5,0) = ; [Hk,c(Rk,c,Z) T (i + Oke) - —Wk,c,O n 1]
Ry o Wi.c,s ‘ . 1—qre
+ ; g [Hk:,c(S, i) Qi (i + 14 0kc) m}
 T0y.(0,5,0) - o MNLE. (3.20)

Le premier terme de Il (0, 5, 0) correspond au cas ol une collision survient avec un noeud h, la
retransmission maximale arrive (Rj ) et aucune trame attend & la fin du cycle, le second correspond
4 une transmission avec succés et le troisiéme cas correspond a la probabilité de ne pas avoir de

trame au début et a la fin.

On peut maintenant définir la probabilité d’avoir une valeur de backoff 7,0 < j < mazs—o,... R, Wk,c,ss

au début d’un cycle :

Rk,c

Bic(j) = Y Mie(s,5) + i (0, 4,0). (3.21)
s=0
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Figure 3.3 — Probabilités d’état d’équilibre des valeurs du compteur de backoff du modéle EDCA avec

des conditions non-saturées.

Utilisant Psycc(k,c) (en ajoutant ¢) de [19], on définit la probabilité d’avoir une transmission

avec succeés a la fin d’un cycle :

Pouce = 1= [[[][1 = Poucc(k, 0)]- (3.22)

Yk Ve

Ceci permet de calculer la durée moyenne des cycles :

E = E[TDM]
+ E[number of empty contention resolution slots] - o

+ Psucc ' Tsucc + (1 - Psucc) : Tcolla (323)

ot E[TDM] correspond au temps moyen des périodes sans contention dues aux allocations des

capteurs périodiques qui est approximé par :

E[TDM] = PTDM,Z ' (T:succ + DTDM)7 (324)
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ol Prpu,. dénote la probabilité qu’un noeud sans fil doit attendre dii & une période TDM dans la

zone z .
Prpm,. = > A Drom+ ! (3.25)
z T ! - )
Vs sensors e (1/(ZVS sensors Agiéen - DTDM))/TSUCC
avec
Drpu = PHY Header + MAC Header/r + L/r + FCS/r + 4. (3.26)

Prpu,. définit linteraction entre les cycles et les slots TDM. Prpa,. = E[TDM] = 0 si tous les

capteurs sont événementiels dans la zone z.

o dénote la durée d'une time slot, Tsyee €t Teoy représentent les temps lors d’une transmission
avec succes et avec collision, respectivement. Utilisant une approche similaire & [61], Tsuce €t Teou

sont définis comme suit :

Tsuee = RTS/r+SIFS+ 6+ CTS/r+ SIFS+§+ PHY Header + MAC Header/r

+ L/r 4+ FCS/r + SIFS + 6 + ACK/r + AIFS +6 (3.27)

et
Teoll = RTS/T‘ + EIFS + 4, (3.28)

ou § dénote le délai de propagation. La durée approximée de slots de contention est définie par :

maxk,c(Wk,c,mam +6k,c)

E[number of empty contention resolution slots] = Z Qo(4), (3.29)
j=1
avec
QO(]) = HH[l - ﬂk,c(j - 51@,0)]- (3.30)
Vk Vc

De plus, la probabilité d’avoir une trame attendant pour une transmission est exprimée par :
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gk = 1— Prno frame waiting in queue c of node k after a cycle]
1 — o MeE
—e €
= 1- (1 - q.’c,c) Nl + Gk,c - Psuct:(k’c) : (3‘31)
1= Prpm,:

En isolant g, on obtient :

(1 — G“Az}fCE) /(1 — PTDM,z)

Qo = - ) (3.32)
(1 e /\k,(:E) /(1 — Prpum.z) + Psuee(k, €)

On peut donc déduire le délai pour les noeuds avec accés événementiel. La premiére composante

de délai est le délai d’attente dii aux transmissions :

) Wi .
DIP = PY - (1= Paseelb, ) - (Teaee + 520 ) (3.39)

avec .
wi
Zk EDCA node€z Zc )‘k,c

PY ait _
‘ 1 / Tsucc

(3.34)

La probabilité d’attente PY% est estimée par le ratio du taux de trafic sur le taux maximal. La

seconde composante de délai est due aux collisions :

Rk,c
Dz[,lch = Z(pk,c)s ’ (1 - pk,c) ’ I:S (Tcoll + 5/6,60 + P;uazt ’ (1 - Psucc(k, C)) : Tsucc) +
=1

(i —W’;’C”' ) a], (3.35)

j=1
ot la probabilité de collision py . est similaire & celle de [61] :

Wk,c,m,am+6k,r: Tkyc('l)

Pkc = i:ZO m (3.36)
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Le délai d’acces total est finalement exprimé par :

: T
D" = Digt + DEE* + g (3:37)
sSucc bl

Le délai total (file d’attente + transmission) est défini suivant une file d’attente M/M/1 :

. 1
DY = . (3.38)
© /DR -

W correspond au délai pour les noeuds sans fil événementiels. En ce qui concerne les noeuds

de type capteur périodique, I’équation (3.26) est utilisée.

Délai de bout-en-bout FiWi
— Trafic régulier H2H : Le délai moyen de bout-en-bout du trafic régulier de classe c,

c=1,...,C, est exprimé par :

1

wi
D. = > o { > Sij - Dic
Vi,jEN\{Sensors} YU | v STAs 4,5
or ONU/AP j

in same zone
+ 3 So(DYi+ D)
V STA @
+ Z Sij (D;‘f; + D + Dd)
v STA 4
and ONU/AP j

in other zones
+ ) Sy(DE+ D'+ D%+ Dg%\IU/AP je)
V STA ¢

and STA j
in other zones

+ Y So-D'+ Y Sy(D*+ DY)
Y ONU ¢ v ONUs 4,5
+ > 5 (Du + D + D ap j,c)
v ONU ¢

and STA j
in other zones

+ Z Soj-Dd
v ONU j

+ > So (Dd + Dku/ap J) } (3.39)
vV STA j
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oll chaque ligne correspond & un chemin possible.

— Trafic M2M : Le délai moyen de bout-en-bout des capteurs sans fil de classe ¢, ¢ = 1,...,C,

est exprimé par :

1 )
De = > ; S--[ >, Dt Y Sy
ngn(s)olhg Y LV sensor i V STAs j
ONUs, STAs j in same zone
+ Y So(Dp+DY)
¥ sensor i
+ Y Sy (DE+ D+ D7)
V sensor ¢

and ONU j
in other zones

+ Y. Sy(D¥+ D"+ D*+ Dgky /AP j,c)} . (3.40)
Y sensor 1.

and STA j
in other zones

Fiabilité des capteurs On définit la fiabilité comme étant la probabilité qu’un capteur trans-

mette sans atteindre la limite de retransmission (ol dans ce cas la trame est rejetée) :

.
R. pour des capteurs événementiels,
0, = (3.41)
1 pour des capteurs périodiques,
ou
1 . .
Re = soo———g| 3 Al 3 Syt ¥ Sold
zégnscff *J LV sensor i V STAs j V sensor i
ONUs STA; j in same zone
wi wi wi
+ > Syerie+ > Syeric TONU/AP j,c|> (3.42)
V sensor 1 V sensor ¢
and ONU j and STA j
in other zones in other zones
avec
) R, .+1
rie =1 — (pic) et (3.43)
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3.3.5 Calcul de la borne théorique supérieure du trafic M2M

Pour trouver la borne théorique supérieure du trafic M2M, le taux de trafic, )\;"é doit étre
itérativement incrémenté jusqu’a ce que le seuil maximal de délai (noté L£,) du trafic H2H soit

atteint. On trouve cette borne théorique en utilisant la fonction maz suivante :

mazic(p..oco) (A‘;’Uiic = l) yDe < Ly, (3.44)

ou c est une classe de capteur donnée et ¢ un capteur donné. En augmentant le taux de données des
capteurs et en mettant & jour D, itérativement, on trouve la borne théorique du débit de données
maximal des capteurs sans violer la limite de délai du trafic H2H. Plus spécifiquement, )\;"}: est en

premier lieu fixé & 0. Ensuite, la procédure suivante est exécutée :

— Etape 1 : Augmenter /\% a X;“é + L.

— Etape 2 : Résoudre le modele analytique et mettre & jour D, ol c est une classe réguliére
de trafic.

— Etape 3 : Si D, est plus petit que L, aller & Etape 1.

— Etape 4 : A\}"} correspond & la borne supérieure.

3.3.6 Résultats
Configurations

On considére en premier lieu un TDM PON 20 km avec 8 ONUs, ot chaque ONU est équipé d’un
AP déservant 2 STAs et 2 capteurs. Les parametres EDCA sont les mémes utilisés dans [19] avec
une taille de trame de 1500 octets. Les STAs, ONUs et OLT envoient un trafic H2H uniformément
distribué entre eux avec g ¢ = 3, CWynin = 64 et CWiyae = 256. Pour le trafic des capteurs M2M,
la destination est fixée au DMS avec 6x . = 0, CWpin = 8 et CWinar = 256.

Le simulateur est basé sur OMNeT++1 et utilise le module de communications inet avec des
extensions pour WiFi EDCA, TDM/WDM PONs et pour intégrer le routage FiWi. La partie PON

correspond & une implémentation d’un réseau conventionnel EPON point-a-multipoint avec des

1. OMNeT++ est disponible & http://wuw.omnetpp.org/.
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Figure 3.4 — Délai de bout-en-bout moyen vs. débit de données des capteurs.

échanges de messages de controle REPORT-GRANT. Pour le réseau WLAN EDCA, une machine
A états finis est modélisée et disponible dans inet?, implémentant les états de IEEE 802.11e, in-
cluant idle, defer, wait-AIFS, backoff, wait-ack, receive-ack, wait-SIFS et receive. De plus, le modéle

probabiliste est développé en Python avec le module de calcul scientifique NumPy 3.

Fiabilité et débit de données maximal du trafic M2M avec un réseau conventionnel

EPON

La Figure 3.4 montre le délai de bout-en-bout du trafic H2H (charge fixée & 144 Mbps) et trafic
M2M vs. le débit de données par capteur, incluant les simulations OMNeT++ de vérification. En
augmentant le débit de données des capteurs, le délai du trafic H2H atteint une limite de délai, qui
est adaptative selon les exigences du trafic H2H. Par exemple, pour une limite de 2.5 ms, les débits
de données maximaux correspondent & 6.1, 12.7 et 19.7 Mbps et montre qu’un plus grand débit
peut étre supporté en utilisant VHT WLAN sans violer la limite de délai.

La Figure 3.5 montre la fiabilité des capteurs vs. le débit de données du trafic H2H en considérant

que les capteurs envoient 350 mesures par seconde. On observe que les capteurs temporels ne sont

2. Le module inet est disponible & http://inet.omnetpp.org/.
3. Pour plus d’informations sur NumPy, voir http://www.numpy.org/.
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Figure 3.5 — Fiabilité des capteurs en fonction de la charge du trafic H2H.

pas affectés par le débit de données du trafic H2H puisqu'il n’y pas de contention. Cependant, pour

ce qui est des capteurs événementiels, la fiabilité décroit en augmentant le trafic H2H, spécialement

en utilisant IEEE 802.11n qui a un plus faible débit, ce qui augmente la probabilité de collision de

paquet.

Configurations triple-play et smart grid

Pour considérer des configurations plus réalistes dans les sous-sections suivantes, on utilise des

tailles moyennes de payload selon des mesures faites d’applications smart grids IEC 61850 (Tableau

3.3) [5).

Tableau 3.3 — Mesures expérimentales d’applications smart grids de surveillance suivant le standard

IEC 61850 [5].

Noeud source | Taille moyenne de payload
HVA/LV 500 octets
Substation 5000 octets
DER 224 octets
Switch 100 octets
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On considére deux classes de trafic, soit une classe réguliere de triple-play (vidéo, voix et données)
et une autre pour le trafic de surveillance smart grid. Pour la classe réguliére, on fixe la taille de
payload & 1500 octets, correspondant a la taille maximale de payload d’une trame Ethernet. Pour ce
qui est du trafic de surveillance smart grid, on utilise les moyennes listées au Tableau 3.3. Le trafic
capturé pour obtenir ces moyennes correspond & des applications expérimentales de télécontrole de
réseaux de distribution en France, détaillé plus en détail dans le chapitre suivant. Dans les sous-
sections suivantes, on configure 500 octets pour le trafic smart grid, consistant 5 manufacturing
message specifications (MMSs) contenant les métriques suivantes : puissance active et réactive,
tension, courant et positionnement. Utilisant ces configurations, on calcule et utilise la moyenne L

et la variance moyenne des messages smart grids.

Impact de la variation du trafic H2H avec différentes technologies PONs

On considére ensuite des réseaux TDM/WDM PONs comprenant 128 ONUs avec 2 capteurs
événementiels et 2 STAs par ONU. Chaque capteur génere /\;"ﬁ = 10 trames de 500 octets par
seconde. Puisque le trafic H2H est sporadique et peut significativement varier en fonction du temps,
ce qui peut non seulement influencer le délai H2H, mais aussi le délai M2M de bout-en-bout. La
moyenne du délai de bout-en-bout des capteurs événementiels avec différentes charges de trafic H2H

et PONs est illustrée a la Figure 3.6.

Il est & noter que le délai de bout-en-bout est affiché uniquement pour des charges de trafic
H2H ou le délai des trames H2H est inférieur au seuil de 2.5 ms. Avec un réseau conventionnel
TDM EPON 1 Gbps, le seuil de 2.5 ms du trafic H2H est obtenu avec un traffic H2H d’environ
1 Gbps, dii & la forte intensité de trafic du réseau PON ce qui affecte le délai des classes H2H et
M2M. Considérant ensuite systéme TDM 10-G EPON et 40 Gbps WDM PON, le délai des capteurs
demeure similaire indépendamment du trafic H2H. En fait, le goulot d’étranglement dans ce cas
est situé aux STAs qui deviennent saturées, mais sans toutefois affecter les capteurs événementiels.
On note de plus que mettre & jour les noeuds sans fil de 802.11n {capacité : 300 Mbps par zone) a
802.11ac (capacité : 6900 Mbps par zone) permet d’augmenter la charge de trafic H2H de seulement

1 Gbps avec les configurations considérées, puisque l'eflicacité de ces protocoles MAC est faible.
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Figure 3.6 — Impact de différentes charges réseau de trafic H2H sur le délai des capteurs.

Analyse de la sensibilité de I'influence entre les noeuds événementiels et ceux pério-

diques

On analyse Pinfluence entre les noeuds événementiels et périodiques. Pour ce faire, on varie
le nombre de noeuds H2H et M2M et on trouve la borne théorique du trafic M2M en utilisant
I’équation (3.44). On fixe le trafic H2H & 500 Mbps et 802.11n est utilisé dans le WLAN.

Tableau 3.4 — Bornes théoriques supérieures (en Mbps) du trafic M2M avec un seuil de délai H2H de
2.5 ms.

Capteurs par ONU (%i)

Temporel Evénementiel

1 2 3 4 1 2 3 4

=1[672|336 |224 |168 |254]80|46]|33

=2166.9|335 | 223 |16.7 | 18865 |39 |28

=3|669]|335 |223 |16.7 |166 60|36 |25

=4 |67.1 3355|2237 |16.78 | 152 | 5.6 | 34 | 2.4

S |of ol |olz
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Au Tableau 3.4, la borne théorique du trafic M2M pour toutes les permutations de (1, 2, 3, 4]
STAs/ONU et [1, 2, 3, 4] capteurs/ONU est calculée pour étudier 'impact sur la borne théorique.
Dans le cas des capteurs périodiques, comme prévu, le comportement est linéaire, ou la borne
théorique supérieure du trafic M2M dépend du nombre de capteurs. Cependant, dans le cas des
capteurs événementiels, ce comportement linéaire ne s’applique pas. Puisque la priorité EDCA des
STAs est faible, la borne supérieure du trafic M2M décroit significativement de fagon non linéaire
en fonction du nombre de noeuds événementiels (STAs et capteurs). Par exemple, avec 2 capteurs
et 1 STA, 8 Mbps - 2 noeuds = 16 Mbps est obtenu pour les deux capteurs (et 4 - 3.3 = 13.2 Mbps
avec 4 capteurs), ce qui est inférieur comparativement avec 1 capteur événementiel (25.4 Mbps).
De plus, on note que le nombre de capteurs événementiels influence plus significativement la borne

supérieure théorique comparativement au nombre de STAs avec les configurations considérées.

3.4 Résumé

Le modele analytique de trafic hétérogéne avec infrastructure FiWi pour les réseaux intelligents
permet de trouver la borne supérieure théorique du trafic M2M coexistant avec un trafic H2H. Les
résultats obtenus pour avec réseau d’acces optique conventionnel EPON montrent que des débits de
capteurs événementiels et TDM peuvent étre aussi élevés que 12.7 et 19.7 Mbps, respectivement, sans
violer une limite de délai H2H de 2.5 ms. Utilisant des mesures expérimentales réelles d’applications
de télécontréle smart grid pour fixer les tailles de payload, on a étudié I'impact de charge de trafic
H2H variable sur le délai de bout-en-bout des capteurs. On a trouvé, avec les configurations utilisées,
que l'utilisation d’un réseau d’accés EPON conventionnel peut causer un goulot d’étranglement et
augmenter le délai de bout-en-bout de trafic H2H et M2M, tandis qu’avec des réseaux d’acces
10G-EPON et WDM PON le goulot d’étranglement se situe au niveau du réseau WLAN, ce qui
représente ainsi des défis pour combiner ces deux réseaux efficacement. On a aussi étudié I'influence
des capteurs événementiels et périodiques. On a montré qu’avec des capteurs périodiques, la borne
théorique supérieure varie de fagon linéaire en fonction du nombre de noeuds, tandis qu’avec des

capteurs événementiels la borne théorique supérieure décroit non linéairement plus rapidement.

Dans ce chapitre, on a modélisé la perspective de communications pour un réseau d’acces

convergent FiWi. Compte tenu que les réseaux intelligents comportent également les perspectives



Chapitre 3. Analyse de coexistence de trafic H2H et M2M via une infrastructure FiWi 45

de technologies de ’information et de communications, le chapitre suivant porte sur I’étude multi-

disciplinaire de perspectives smart grids jointes via co-simulation.






Chapitre 4

Co-simulation Dynamique Smart Grid

Dans ce chapitre, un modeéle de co- et multi-simulation smart grid est premiérement proposé,
permettant de modéliser les performances d’une smart grid sous plusieurs perspectives de facon
multidisciplinaire. Le design et I'implémentation des perspectives de technologies de I'information,
de communications et du systéme électrique sont décrites. Ensuite, un cas d’usage d’une applica-
tion de télécontrdle est décrit en tenant compte d’une topologies réelle en France et des mesures
d’applications smart grids sont prises et injectées dans le modéle de co-simulation des perspectives
de technologies de I'information et de communications. Finalement, des résultats de co-simulation
d’une application de coordination de véhicules électriques sont présentés, modélisant les perspectives

de communications et du systéme électrique de fagon jointe et dynamique.

4.1 Introduction

L’élaboration d’un banc d’essai est utile pour expérimenter de nouvelles applications smart grids.
Cependant, il n’est pas nécessairement toujours évident de concevoir de tels systémes, notamment
pour faire des tests avec des centaines, voire des milliers de noeuds. Une autre approche consiste a
combiner plusieurs simulateurs pour étudier de fagon multidisciplinaire une smart grid sous plusieurs

perspectives (information, communications et systéme électrique) via multi-simulations [62].

La co-simulation des perspectives de communications et du systeme électrique s’est avérée utile

notamment dans les travaux suivants :
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— L’opération d’un mécanisme de protection des instabilités a été démontré comme étant gran-

dement affectée par le taux de perte de communications via co-simulation [63].

— Avec l'utilisation d’un co-simulateur, un mécanisme de contrdle pour véhicules électriques

est significativement influencé par le taux d’envoi des capteurs [64].

— Un mécanisme de protection a été validé pour divers scénarios en tenant compte d’un seuil

de délai de 100 ms, ou le délai principal provient de U'infrastructure de communications [65].

— Un mécanisme d’intégration V2G, G2V et de sources d’énergie renouvelables (nommé IntVGR)

co-simulé opérant via une infrastructure FiWi a été proposé [23]. Ce travail est présenté en
détail dans le chapitre I1.9. La co-simulation permet de mesurer le débit de données et le

délai nécessaires ainsi que les performances du systéme électrique de facon jointe.

La création d’un co-simulateur n’est cependant pas nécessairement triviale. Une problématique

significative relevée dans plusieurs travaux est la synchronisation, puisque plusieurs trames de temps

peuvent étre modélisées. Trois approches ont été utilisées :

— Awec discrétisation du temps. Dans [66], le modele High Level Architecture (HLA) a été

proposé. L’approche consiste & discrétiser le temps en slots 7. Au début d’une slot donnée,
les simulateurs notifient les événements prévus dans la slot. Ensuite, pour chaque événement
le simulateur est arrété pour le notifier aux simulateurs. Si un événement est créé durant la
slot, il devra &tre reporté au début de la prochaine slot. Cette approche a été utilisée dans
plusieurs travaux [62, 63, 67, 68, 69, 70, 71].

Avec temps global. Dans cette approche, un seul temps est modélisé et utilisé par les deux
simulateurs [65, 72].

Sans synchronisation. Dans certaines modélisations de co-simulation, une seule trame du
temps est nécessaire. Un exemple est l'utilisation d’un calculateur tel que OpenDSS qui
ne modélise pas le temps, mais permet d’obtenir des statistiques sur les performances d’'un

réseau de distribution [23, 73, 74].

Dans cette section, 'accent est mis sur I'approche HLA compte tenu que chaque simulateur

demeure indépendant de la multi-simulation. Il est & noter que HLA a été normalisé (IEEE 1516)

et est supporté par certains simulateurs. Il existe également une autre norme, Functional Mockup

Interface (FMI) qui permet d’exporter/importer des modeles de simulation [75]. Cependant, un
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Figure 4.1 — Modéle de multi-simulation couvrant toutes les perspectives smart grids.

inconvénient majeur de FMI est qu’il ne fournit pas d’algorithme principal pour coordonner les
) q g p

simulateurs [67].

4.2 Modele de multi-simulation smart grid

Le modéle de multi-simulation illustré a la Figure 4.1 permet de modéliser un smart grid complet
sous toutes les perspectives telles que définies dans la norme IEEE P2030. L’ajout ici correspond a
la perspective des technologies de 'information, qui permet de modéliser les flux complexes d’infor-
mations concernant les modeles d’affaire, échanges entre plusieurs entités smart grids, les processus,

etc.

L’intérét ici est d’utiliser la multi-simulation pour valider de nouveaux algorithmes smart grids
avant de les déployer, et ainsi potentiellement prévenir des problémes. Sur la Figure 4.2, les perspec-
tives des technologies de I'information et des communications utilisent le modéle HLA, tandis que le
modele FMI peut étre utilisé pour la perspective du systéme électrique. FMI et HLA peuvent alors
communiquer via HLA. Une fonctionnalité importante est de vérifier le modéle de multi-simulation

en injectant des mesures réelles et les comparer avec le modele de multi-simulation.

4.3 Design et implémentation

Dans cette section, le design et 'implémentation de deux co-simulateurs développés sont décrits,
permettant de co-simuler (¢) les perspectives technologies de I'information et de communications et

i1) les perspectives de communications et du systéme électrique.
persp
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Figure 4.2 — Modéle de multi-simulation pour valider de bout-en-bout une smart grid.

4.3.1 Perspectives de technologies de I'information et de communications

La Figure 4.3 illustre les composantes primaires du co-simulateur de technologies de 'information
et de communications. On note que la couche application (modeéle OSI) peut étre modélisée dans
la couche application d’un simulateur de communications. Cependant, ceci nécessite de développer
les modeles de technologies de 'information (IT) qui existent déja dans les simulateurs ITs, tel
que Enterprise Architect. De plus, les simulateurs IT contiennent des interfaces graphiques riches et
peuvent étre exécutés pendant les expériences de multi-simulation, et les programmes de conception

ITs peuvent étre utilisés sans réinventer la roue pour créer des scénarios de flux d’informations riches.

La perspective IT est modélisée par un ensemble de programmes Java générant des messages
IEC 61850 entre les noeuds de la topologie, formant un systéme multi-couche. Toutes les couches
recoivent des messages GRANT du federate IT, ce qui permet au simulateur IT d’avancer dans
le temps jusqu’au temps GRANT. Chaque couche IT peut transmettre les messages & la couche
du haut et du bas, ou une couche donnée peut ajouter des champs de données ou de controle aux

messages.
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Figure 4.3 — Design de la co-simulation des perspectives de technologies de 'information et de com-
munications.

Pour ce qui est de la perspective de communications, le modeéle de simulation HLA-OMNeT++
[69] suivant la norme HLA. Comme I’étude de cas dans la section suivante porte sur les technologies
LTE et digital mobile radio (DMR), ces modules ont été ajoutés. La composante de RTI gere le

temps pour les deux simulateurs en discrétisant le temps en slots de .

4.3.2 Perspectives de communications et du systéme électrique

Pour modéliser les perspectives de communications et du systéme électrique de facon jointe, un
co-simulateur basé sur OMNeTH+ et OpenDSS, illustré a la Figure 4.4, a été développé. OMNeT++
est un simulateur open source extensible et OpenDSS est un simulateur de systéme de distribution

électrique.

Contrairement au co-simulateur décrit & la sous-section précédente, celui-ci utilise 'approche
avec une seule trame de temps modélisée par OMNeT++, puisque le temps n’est pas modélisé dans
OpenDSS. Pour compiler et exécuter le co-simulateur, plusieurs composantes supplémentaires ont

été ajoutées pour joindre les deux simulateurs. Les deux simulateurs sont fusionnés comme suit :

— Communications and Power Distribution Network Co-simulator: Ceci est exécuté en OM-
NeT-++ et maintient une couche du systéme électrique en exécutant périodiquement OpenDSS
4 distance lorsque la charge dans le systéme électrique varie. L’appel a distance est fait par
échange de requétes hypertext transfer protocol (HTTP) avec les paramétres du systéme
électrique ((1) dans Figure 4.4) et ensuite une réponse HTTP est retournée ((2) dans Figure

4.4).



52

Communications and Power
Distribution Network Co-Simulator

FiWi simulator —e——e——

2P A

— Power system layer ——

N (3) 3
\ 4
(1) (2) OpenDSS
cache
\4
4
HTTP HTTP
request response

Power system calculator

N

HTTP server
- execOpenDSS.php

OpenDSS

Figure 4.4 — Design de la co-simulation des perspectives de communications et du systéme électrique.

— Pouwer system simulator: Il regoit des requétes HTTP avec les parametres HT'TP POST du
systéme électrique & calculer. Ensuite, un script PHP écrit les configurations OpenDSS et
OpenDSS est exécuté pour calculer le power flow analysis et successivement les résultats sont

retournés.

Le co-simulateur a été proposé et présenté a [21].

4.4 FEtude de cas

4.4.1 Télécontréle du réseau de distribution

Le systéme considéré pour un systéme de distribution électrique est illustré a la Figure 4.5.

L’application consiste & surveiller et contrdler un systéme de distribution pour les noeuds suivants :

— Transformateurs haute-tension (20 kV)/basse-tension (400 V).
— Poste électrique, tension de 225/63 kV a 20 kV.

— Futures fermes éoliennes et panneaux photovoltaiques.
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Figure 4.5 — Structure du réseau de distribution interconnecté via des liens sans fil LTE et DMR.

Tous les noeuds surveillés envoient des métriques au systéme DMS. Les métriques mesurées sont
la puissance active/réactive, la tension, le courant et la position du noeud. En fonction des mesures

recues par le DMS, des messages de contrdle sont envoyés dans deux cas de figure :

— Des commandes manuelles et/ou automatiques pour contrdler ’activation et la désactivation
des noeuds de coupure sont envoyées. Ces commandes permettent de replanifier le réseau
pour maintenir et optimiser le réseau de distribution.

— Puisque les sources d’énergie renouvelables peuvent causer des problémes de tension, le DMS
envoie des commandes de controle de puissance active/réactive pour remettre la tension dans

les limites permises.

La Figure 4.6 illustre la topologie utilisée des noeuds d’un poste électrique. Les noeuds ont deux
interfaces de communications, une LTE et une Digital Mobile Radio (DMR). Le réseau LTE est
utilisé pour transférer les mesures et le réscau DMR pour les messages de contrdle. Dans le cas ou
le réseau LTE devient indisponible, le réseau DMR est utilisé pour acheminer tous les paquets. A
noter que le réseau DMR est dédié, mais a une capacité de 1.9 kbps, tandis que 50 kbps est assumée

pour LTE.
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Figure 4.6 — Topologie du réseau de distribution basée sur de réelles configurations en France pour
un poste électrique donné. Dimension : 15x15 kilométres, nombre de clients en basse tension : 3139,
nombre de noeuds haute tension/basse tension : 332 (noeuds pleins), nombre de noeuds de coupure :
26 (noeuds avec croix).

Tableau 4.1 — Mesures expérimentales, moyennes de la taille des corps des messages suivant la norme
IEC 61850.

Variable | Valeur(s)
Lams 64/184 bytes
Lha/to 500 bytes
Lubstation | 5000 bytes
Ler 224 bytes
Lswitch 100 bytes

Pour rendre I’expérience plus réaliste, les paquets d’applications smart grids suivant la norme
IEC 61850 ont été capturés en utilisant 'outil Wireshark *. Les moyennes pour les noeuds DMS,
haute-tension/basse-tension, poste électrique, sources d’énergie renouvelables et coupures sont notés

par Lams, I_/hva/lw Lsubstations Lder €6 Lswiteh, T€spectivement, et sont utilisés dans la co-simulation

(Tableau 4.1).

1. Ces mesures ont été faites sur des applications expérimentales smart grids & EDF R&D.
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4.4.2 Véhicules électriques

Pour complémenter ’étude, une application de coordination de véhicules électriques est étudiée
au niveau des perspectives de communications et du systéme électrique. Le réseau de distribution
OpenDSS correspond & une version modifiée de IEEE 13-Node radial distribution test feeder [76] et
décrite en détail dans [22]. Le but primaire est de comparer des algorithmes de coordination ainsi

ue de vérifier impact du taux de données des capteurs sur les performances de ces algorithmes.
q P g

4.5 Résultats

4.5.1 Télécontrdle du réseau de distribution

Cette section présente les résultats de ’étude de cas en utilisant une version préliminaire du mo-
déle de multi-simulation, ot les perspectives de technologies de I'information et de communications

sont co-simulées via une architecture HLA.

La Figure 4.7 illustre les performances au niveau de la perspective de technologies de 'in-
formation en termes de fiabilité du systéme ([0..1]) en fonction d’un seuil maximal du délai de
communications. On définit w € {m, c} et m, ¢ qui correspondent aux classes de monitoring et de
contréle, respectivement. Pour une intervalle de co-simulation i, la fiabilité & un certain noeud n est

définie comme suit :

1 17 if dm,it < Ew
RY = —. , 4.1

meMZ, 0, otherwise
ou M7, dénote ’ensemble des messages durant i de n et dm; correspond au délai du message m

de la perspective des technologies de 'information.

Pour chaque intervalle 7, la fiabilité de la classe w est définie selon une intervalle de confiance

95% :

a(eY)

%

RY = p(©%) +1.96 - (4.2)

]
Nl
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Figure 4.7 — Fiabilité du systéme sans utilisation de mécanisme de QdS. Le lien LTE devient indispo-
nible au temps 500.
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Figure 4.8 — Délai du systéme avec utilisation de mécanisme de QdS (WFQ: weighted fair queuing,
RA: Rate adaptive).

ot A, est 'ensemble des noeuds et ©¢ est la distribution des fiabilités & tous les noeuds :

0¥ = [RY,],Vn € Ny, (4.3)

Aux temps 0-500 de la Figure 4.7, le systéme est fiable compte tenu que les deux réseaux sont
disponibles. Cependant, & partir de 500, les paquets normalement acheminés en utilisant l'interface

LTE sont envoyés & l'interface DMR, dont le lien devient saturé.
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Figure 4.9 — Résultats selon les perspectives de communications et du systéme électrique avec différents
algorithmes d’allocation de charge de véhicules électriques (niveau de pénétration : 66 %).

En utilisant un mécanisme de QdS a l'interface DMR avec adaptation du taux d’envoi (WFQ+RA),

la fiabilité peut étre significativement améliorée, tel qu’illustré a la Figure 4.8.

4.5.2 Véhicules électriques

Dans ce qui suit, on montre un exemple de résultat de co-simulation des perspectives de com-

munications et du systéme électrique pour étudier différents algorithmes de véhicules électriques.

La Figure 4.9 compare les performances au niveau du systéme électrique en termes de tension
et de charge de consommation, et au niveau du systeme de communications en termes de délai
et de throughput. L’approche smart load management (SLM) [32], qui a pour but de minimiser
la charge et les pertes, permet de diminuer la puissance maximale et mieux stabiliser la tension,
comparativement aux approches first fit et random charging. Le délai et le débit ont été également
mesurés de facon jointe, permettant de quantifier la bande passante nécessaire pour cette application

donnée.
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4.6 Résumé

Dans ce chapitre, un modéle de multi-simulation couvrant toutes les perspectives smart grids
a été proposé suivant les modéles HLA et FMI normalisés. La multi-simulation permet d’expéri-
menter de nouveaux algorithmes smart grids a grande échelle. Une étude de cas de surveillance et
de contrdle de réseau de distribution a été décrit et étudié en utilisant un modele de co-simulation
des perspectives de technologies de I'information et de communications. Ensuite, les perspectives de
communications et du systéme électrique ont été étudiées dans un cas d’usage de coordination de
véhicules électriques, permettant de quantifier les performances de divers algorithmes de coordina-
tion sous un angle de communications et du systéme électrique ol les deux systémes s’influencent.
Des mesures expérimentales de messages d’applications smart grids ont été capturées et utilisées
dans le co-simulateur pour rendre le cas d’usage réaliste. La co-simulation smart grid est étudiée
plus en détail au Chapitre 9 ou un algorithme de coordination centralisé de G2V, V2G et de sources

d’énergie renouveables est proposé et étudié via co-simulation.

La co-simulation dynamique smart grid permet d’étudier de facon multidisciplinaire de nouveaux
mécanismes smart grids. Cependant, cela ne permet pas de valider la faisabilité pratique de ces
techniques, car il faut comparer ces performances de fagon pratique pour améliorer la justesse du
co-simulateur. La coordination de véhicules électriques n’a pas été expérimentée pratiquement. Dans
le chapitre suivant, pour une premiére fois, on démontre la faisabilité de la coordination de véhicules
électriques de facon pratique avec un banc d’essai expérimental d’un systéme de distribution réel
(du Denemark) miniaturisé dans le laboratoire et communiquant entre les noeuds électriques via

un réseau Ethernet multi-saut hétérogene.



Chapitre 5

Banc d’essai expérimental de

véhicules électriques coordonnés

Dans ce chapitre, la faisabilité technique d’un nouvel algorithme de coordination de véhicules
électriques est démontré expérimentalement sur un banc d’essai d’un systéme de distribution élec-
trique réel miniaturisé et communiquant via un réseau d’acces Ethernet multi-saut hétérogene com-

posé notamment d’un EPON.

5.1 Introduction

Treés peu de tentatives ont été faites pour implémenter un banc d’essai smart grid. Dans [77],
les auteurs ont proposé un laboratoire smart grid (SmartGridLab) pour concevoir et analyser de
nouveaux protocoles dans un environnement expérimental. Une originalité significative dans leur
conception est le controle d’intelligent power switches (IPSs) pour dynamiquement acheminer I’éner-
gie en fonction de la disponibilité des sources d’énergie renouvelables. Cependant, le travail a mis
Paccent au niveau de la conception seulement sans montrer expérimentalement des résultats. De
plus, les résultats, éventuellement obtenus, ne permettraient pas d’étre comparés 3 ceux d’un vrai
systéme de distribution puisque le laboratoire est 4 un seul noeud et les propriétés (résistance et
inductance) des lignes électriques ne sont pas modélisées. Un systéme pour surveiller et contrdler

I’environnement d’un batiment et le lier au réseau intelligent a été proposé et implémenté [78]. Pour
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contrdler les appareils, un réseau ZigBee a été utilisé et des économies de 11-15 % ont été obtenues
en optimisant les opérations des appareils en fonction de variations de prix. De plus, les auteurs
ont démontré que les performances du réseau ZigBee peuvent décroitre lorsque d’autres appareils
sont en fonction, par exemple les micro-ondes. Dans [79], les auteurs ont congu un microréseau en
utilisant la radio cognitive. Bien que des efforts significatifs ont été menés pour concevoir des bancs
d’essai smart grids, la démonstration expérimentale de la coordination de véhicules électriques n’a

pas été expérimentée, ce qui est I'objet de cette section.

Plusieurs approches de chargement de véhicules électriques ont été investiguées par des modeéles
de simulation et de calculs [80, 81, 82, 83, 84]. Cependant, aucune de ces études n’a investigué de
facon pratique la coordination de véhicules électriques. Une approche pour démontrer cela expéri-
mentalement sans dépenser des sommes faramineuses dans de grands projets pilotes est de concevoir
un modeéle miniature d’un vrai systéme dans un environnement de laboratoire, qui est une fagon
moins risquée d’expérimenter de nouveaux mécanismes, tel qu’expérimenté dans [85] pour les sources

d’énergie renouvelables. Les éléments nouveaux dans cette section sont définis comme suit :

— Développernent et implémentation d’un systéme de distribution réel de 13 noeuds miniaturisé
avec intégration des perspectives des technologies de linformation et des communications.
L’approche permet d’expérimenter des algorithmes et protocoles smart grids.

— Combinaison d’approches de contréle centralisées et décentralisées validée via le banc d’essai.
Ces techniques permettent la coordination en temps réel en tenant compte de la satisfaction

des clients, des contraintes du réseau et de la minimisation des coits de chargement.

5.2 Banc d’essai expérimental

5.2.1 Réseau de distribution miniaturisé

Les configurations du systéme de distribution de basse tension Bgrup 250 kVA, 0.4 kV détenu par
Danish Distribution SEAS-NVE est miniaturisé a 1 kVA 0.22 kV et implémenté dans le laboratoire.
Pour miniaturiser, la technique per unit (PU) est utilisée. La Figure 5.1 correspond au schéma du

réseau expérimental illustré a la Figure 5.2.
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Figure 5.1 — Schéma du banc d’essai du réseau ingelligent miniaturisé de 13 noeuds.

Tableau 5.1 — Configurations avant et aprés miniaturisation des principaux paramétres du réseau de
distribution.

Parametre Avant Apres
Capacité 250 (kVA) 1 (kVA)
Tension 0.4 (kV) 0.22 (kV)

Transformer R/X | 4.64/18.64 (mQ?) 0.314/1.26 (©)

Cable R/X 207/78 (mQ/km) | 13.99/5.27 (€2/km)

Distribution d’alimentation Les configurations des lignes sont représentées par des valeurs de
résistance et d’inductance, voir N10-N11 & la Figure 5.1. Ces valeurs peuvent étre calculées en

utilisant la formule suivante :

V2 ViZsp
_ , 268D 5.1
Ract,SD (Ract Sb > Sb,SD ’ ( )
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Nodes 1-8 Nodes 9-13

Figure 5.2 — Réseau de distribution miniaturisé composé d’un serveur DMS (1), d’une interface gra-
phique (2), d’'un EPON (3) et du réseau de distribution (nodes 1-13).

oll Ryct €t Rt sp correspondent & la valeur de résistance avant et apres miniaturisation. Sp et Sp.sp
sont la puissance de base avant et aprés miniaturisation, Vj et Vj, sp sont la basse tension avant et
aprés miniaturisation et finalement Rpy est la résistance PU. Les configurations principales du test

feeder sont résumées au Tableau 5.1.

Charge La Figure 5.3 illustre la configuration complete du noeud 10. Une charge de base peut
atre configurée et connue en configurant & ON un certain nombre de moteurs. De plus, un profil
de charge peut étre configuré en mettant & ON/OFF de facon séquencielle & travers le temps des
moteurs connectés aux interrupteurs. Les véhicules électriques sont modélisés par des batteries 4/7
Ah. De plus, des chargeurs 2/0.9 A sont contr6lés via un contrdleur local qui peut mettre &8 ON/OFF
les interrupteurs électriques contrdlables. Ces contrdleurs locaux agissent en fonction de messages

recus par le distribution management system (DMS).
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Figure 5.3 — Noeud intelligent (correspond au noeud 10) composé des configurations de résistance
et d’inductance (1), appareil pour déchargement (2), capteurs (3), batterie (4), contréleur local (5),
charge dynamique (6), interrupteur électrique contrdlable (7) et chargeur (8).

5.2.2 Perspective de communications

L’infrastructure de communications, illustrée & la Figure 5.4, consiste en un EPON et d'un
réseau NAN Ethernet filaire (qui pourra étre remplacé par un réseau sans fil). Le EPON utilisé
est un Sun Telecom GE8100/GE8200 Series, 4 ONUs, avec une distance de 20 kilometres entre les
noeuds ONUs et I’OLT. Le capacité est de 1 Gbps bidirectionnellement. Les contrdleurs locaux sont

des Raspberry Pi model B (512 MB) et peuvent communiquer avec le DMS via le réseau NAN.

5.2.3 Perspective de technologies de I’information

Des sockets Transmission Control Protocol (TCP) sont établis entre les contréleurs locaux et
le DMS pour des communications fiables. Un délai d’aller-retour de 2 ms est mesuré lorsque la
charge dans le réseau est faible ou moyenne. Le modéle est de type client-serveur implémenté avec
le langage de programmation Python. Le DMS exécute application développée SmartCoordinator

offrant les fonctionnalités suivantes :

— Interrogation périodique et synchronisée des controleurs locaux. Le temps est discrétisé en
slots de 40 secondes, ou le DMS interroge les controéleurs locaux, dont ces derniers envoient

le statut de chargement et des statistiques locales (tension, courant, etc.).
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Figure 5.4 — Infrastructure de communications composée de nano-ordinateurs utilisés comme contrs-
leurs, de routeurs Ethernet et d’'un EPON (NC : nano-computer).

— Exécution du modele d’optimisation de coordination des véhicules électriques, implémenté

en Matlab et décrit dans la Section 5.3.

— Interface graphique en temps réel affichant les statuts des noeuds et des événements majeurs.

De plus, chaque contrdleur local exécute 'application développée SmartNode suivante :

— Réception des interrogations du DMS et mise & jour du temps local.

— Interruption ON/OFF du chargement de batterie.

— Interruption ON/OFF du moteur pour créer un profil de charge.

— Lecture périodique du courant et de la tension.
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Figure 5.5 — Modele de programmation dynamique pour coordination optimisée de chargement des
véhicules électriques.

5.2.4 Synchronisation

Le DMS doit idéalement recevoir les mesures des capteurs de fagcon synchronisée pour avoir
Pensemble des mesures & un temps précis donné de I’ensemble du réseau. Dans cette section, deux

méthodes de synchronisation simples, mais suffisantes pour ’application considérée :

— Avec des capteurs d base de temps : Chaque contréleur local envoie les mesures & intervalle
régulier sans tenir compte des autres capteurs.
— Awec des capteurs coordonnés : Dans ce scénario, le DMS diffuse un message de synchroni-

sation & tous les capteurs et ceux-ci répondent au message en incluant les mesures.

5.3 Modéle de coordination optimisé de véhicules électriques

Le modele de coordination, illustré & la Figure 5.5, est composé de 2 mécanismes. L’algorithme
central est exécuté & chaque début de slot et 'algorithme décentralisé est exécuté périodiquement
localement par les controleurs locaux. Ainsi, 'approche centrale agit par inter-slot et I’approche

décentralisée agit par intra-slot.
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5.3.1 Algorithme centralisé d’ordonnancement inter-slot

L’algorithme est exécuté par le DMS a chaque début de slot et les résultats d’ordonnancement

sont envoyés aux controleurs locaux. L’algorithme est exécuté comme suit :

— Les véhicules électriques envoient au DMS leur état de chargement SOC;, temps de plug-in
Tini, temps de plug-out T,y i, position dans le réseau, capacité de la batterie BC; et la
capacité de chargement P;.

— Aprés réception des statistiques de tous les véhicules actifs, le DMS crée des ordonnancements

pour les slots subséquentes.

Les ordonnancements sont créées en 2 étapes. La premiére étape consiste & minimiser en fonction

du prix :

Tout,i
Minimize Z Py xi-ty - Cy (5.2)
szin,i

Subject to Pimin < P < Pimaz
Pi,avg < F’i,maz ’ (53)

SOCi,T()ut = SOCi,maz

ol P, tk, Tk et Ci dénotent le vitesse de chargement du véhicule ¢, le temps de slot, I’état de k et
le prix de ’électricité pour la période k, respectivement. P; in €t P;mqr représentent les taux de
chargement limites pour le véhicule 7. Similairement, P; 4,4 €st la moyenne de taux de chargement du
véhicule 7 pour étre entiérement chargé au temps de plug-out. SOC; 1., et SOC; maq correspondent
au niveau de charge lors du plug-out et au niveau de charge maximal, respectivement. Ces contraintes

guident la procédure pour considérer les besoins du client.

La seconde étape consiste & considérer la perspective du réseau de distribution pour diminuer

notamment la charge de pointe :

Nsit Ny
Minimize Z Z (Pi,k . Ii,k) b - C (5.4)

k=1 i=1
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Ngy
Subject to Y Pix < AMy, Vk=1: Ny, (5.5)

i=1
ou Ngy et Ny dénotent le nombre de véhicules électriques connectés et le nombre de slots restantes.

AMj, correspond & la charge disponible pour les véhicules électriques. Les contraintes dans Eq. (5.3)

sont toujours utilisées.

5.3.2 Algorithme décentralisé intra-slot

L’algorithme décentralisé est exécuté par le contréleur local. L’algorithme vérifie la tension et

sa limite :

ON, ifV;>0.95
EV; = (5.6)

OFF, sinon,
ou V; est la tension au noeud % et 0.95 PU représente la limite minimale. Pour éviter que plusieurs
contrdleurs basculent en méme temps, Eq. (5.6) est utilisée si et seulement la méme valeur est
obtenue pendant d secondes, ot d est aléatoirement choisi parmi [0..5], ot S est la valeur maximale

d’attente.

5.4 Résultats expérimentaux

La Figure 5.6 comporte les configurations utilisées dans le banc d’essai pour les temps de charge
et pour les profils de prix. Dans cette sous-section, les résultats des algorithmes proposés sont

présentés.

5.4.1 Algorithmes proposés

La Figure 5.7 présente les résultats de Papproche centralisée. La Figure 5.7a démontre le charge
du réseau. On dénote que la charge est supérieure de quelque peu & la limite maximale de 300 W

dii aux pertes de puissance et au fait que l'efficacité de chargement est moins de 100 %. Figure 5.7b
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Figure 5.7 — Optimisation centralisée des véhicules électriques.
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Figure 5.8 — Profil de tension de I’algorithme décentralisé.
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Figure 5.9 — Durée de calcul du processus d’optimisation centralisée.

illustre I’état de charge des batteries de deux noeuds, un noeud avec un chargeur 0.9 A (noeud 13)
et le second avec un chageur 2 A (noeud 4). Figure 5.7¢ illustre le profil de la tension. On dénote que
la tension est inférieure & la tension minimale (0.95 PU) puisque cette contrainte n’est pas incluse

dans ’approche centrale, mais considéré dans ’approche décentralisée.
b

En activant ’algorithme décentralisé de controle de tension, on note une amélioration significa-

tive du profil de tension, tel qu’illustré a la Figure 5.8.

5.4.2 Complexité et synchronisation

La complexité de I’algorithme de coordination centralisée est mesurée en termes de durée de cal-
cul (Figure 5.9) en fonction du numéro de slot. Effectivement, le temps de calcul est une métrique
importante puisque les algorithmes smart grids doivent s’exécuter avec un temps de calcul raison-
nable (qui varie en fonction de 'application). Avec les configurations utilisées, le temps maximal de
calcul mesuré correspond & 0.6 secondes et ce temps décroit en fonction du numéro de slot, ce qui

est suffisamment rapide pour 'application considérée.
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Figure 5.10 — Performance de synchronisation avec capteurs périodiques et coordonnés.

Les algorithmes de synchronisation sont investigués et mesurés a la Figure 5.10. Pour une certaine

slot s, on définit I'intervalle moyen entre les mesures regues comme suit :

1
R RES VP VP DNl (5.7)

iEM;s jeM—{i}

olt M, correspond aux mesures regues par le DMS durant la slot s. ¢;/; correspond au temps regu
du message i/j. Le taux d’envoi utilisé est de 1 seconde. Ainsi, on dénote que I’approche coordonnée
permet de synchroniser les mesures & environ 5 ms, contrairement & environ 500 ms avec Papproche
non coordonnée. De plus, les packets transférés au port de sortie de DMS vers OLT ont été captureés,
tel qu'illustré & la Figure 5.11. Le débit de transmission maximal mesuré est de 450 kbps, ou le

profil de trafic consiste & de longues périodes sans trafic suivies de courtes rafales.

5.5 Résumé

Un banc d’essai d’un réseau de distribution réel a été miniaturisé et couplé & un réseau de
communications formé d’un EPON et NAN multi-sauts. L’algorithme de coordination centralisé et
décentralisé permet de simultanément prendre en compte le cofit de chargement, la congestion du
réseau et la tension locale. Une méthode de synchronisation coordonnée simple et efficace permet

de synchroniser les mesures de fagon plus efficacement qu’avec une approche périodique non co-
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Figure 5.11 — Trafic capturé au port de sortie entre DMS et OLT.

ordonnée. Un débit maximal de I’ordre de 400 kbps avec un profil périodique fit mesuré avec les

configurations investiguées.

Dans le chapitre suivant, les conclusions et les travaux futurs sont décrits. La partie II comporte
de facon plus détaillée les journaux acceptés complétant plus en détails et de facon étendue les

éléments présentés dans cette partie.






Chapitre 6

Conclusions et travaux futurs

6.1 Conclusions

Les réseaux optiques passifs de prochaines générations permettent une évolution a court terme
et une révolution & long terme, ot les réseaux optiques et sans fil (FiWi) intégrés représentent la
finalité des réseaux d’acces. Dans le cadre de cette thése, on a souligné 'opportunité d’intégrer des
capteurs optiques et sans fil avec les réseaux d’accés FiWi et avons proposé le réseau Uber-FiWi
dont le potentiel permet de bénéficier non pas seulement pour le secteur des télécommunications,

mais pour une multitude de secteurs économiques tels que ’énergie (smart grid) et le transport.

Le premier modéle analytique FiWi est proposé, permettant ainsi d’évaluer la performance de
différents algorithmes de routage FiWi. Le modele est tres flexible et incorpore différentes distribu-
tions de taille de trame, de débits de données et d’échec de fibre optique. Le modele analytique a été
vérifié au moyen de simulations FiWi avec différentes architectures suivant des scénarios de trafic
peer-to-peer, en amont, uniforme et non-uniforme. Un nouvel algorithme de routage, optimized FiWi
routing algorithm (OFRA), a été proposé et surpasse les approches de minimisation par nombre
de sauts ou par le délai en termes de débit maximal au détriment d’une augmentation mineure du

délai pour des charges de trafic faible a moyenne.

Les performances de réseaux multi-niveau FiWi intégrés avec trafic human-to-human (H2H) et
machine-to-machine (M2M) ont été étudiées en terme de délai, capacité et fiabilité. Considérant le

protocole EDCA de IEEE 802.11e avec qualité de service, un modele existant considérant un trafic
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saturé a été adapté et vérifié avec un trafic non-saturé. De plus, des capteurs événementiels (event-
driven) et périodiques (time-driven) ont été considérés. L’analyse développée permet de quantifier
la borne théorique du débit de données maximal du trafic M2M sans violer un seuil de délai du

trafic H2H.

Un modele probabiliste multi-classe original de la disponibilité a été proposé pour les réseaux
PONs et WiMAX intégrés. Comparativement aux autres travaux, le modele tient compte (i) des
limites des protocoles MAC et (ii) des échecs probabilistes de fibres optiques et des stations de base.
En utilisant les configurations réalistes mesurées d’applications smart grids dans [20], le modele
développé permet de quantifier le débit de données maximal des capteurs pouvant étre généré

permettant de respecter les exigences de disponibilité des capteurs et du trafic régulier.

La coordination et 'optimisation de véhicules électriques et sources d’énergie renouvelables ont
été étudiées de facon multidisciplinaire. En premier temps, une co-simulation sans synchronisation
a été proposé, combinant les simulateurs OMNeT++ et OpenDSS existants, permettant ainsi de
montrer 'impact de capteurs périodiques vs. événementiels sur un algorithme de contréle de tension.
Ensuite, un multi-simulateur suivant une architecture High Level Architecture (HLA) a été proposé,
permettant de synchroniser un ensemble de simulateurs pour modéliser toutes les perspectives smart
grids. Un cas d’usage basé sur des configurations réelles en France a été développé, et notamment
les caractérisques d’applications smart grids ont été mesurées et injectées dans le modele de multi-
simulation. Utilisant Poriginal co-simulateur OMNeT++-OpenDSS, un algorithme de coordination
intégré pour véhicule et sources d’énergie renouvelables a été proposé et permet d’interagir via une
infrastructure de communications convergente FiWi. L’algorithme a été évalué par co-simulation
ol la perspective du systéme de distribution électrique interagit dynamiquement avec le modele
d’infrastructure FiWi, ott moins de 2 Mbps ont été nécessaire pour diminuer de 21 % la puissance
durant la période de pointe. Ensuite, les configurations d’un systéme de distribution du Danemark
ont été miniaturisées et un banc d’essai a été développé suivant ces configurations réalistes. Dans
le cadre de ce travail, une méthode de coordination des capteurs a été proposé pour améliorer la
synchronisation de mesures échangées via une architecture de communications multi-saut. De plus,
un mécanisme original de programmation dynamique a été proposé pour tenir compte de fagon

jointe des performances du réseau de distribution et de la minimisation des cofits clients.
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6.2 Suggestions pour les travaux futurs

Dans le futur, on planifie d’étudier la synchronisation des capteurs et noeuds smart grids com-
muniquant sur une architecture multi-saut hétérogeéne. Les capteurs doivent étre déployés dans
divers terrain pour contrdler, surveiller et stocker des informations avec granularité fine & propos
de 'ensemble du systéme électrique. Plusieurs applications telles que wide-area situational aware-
ness (WASA) nécessitent de mettre & jour 'ensemble de la vue du réseau & chaque 15 ms de fagon
synchronisée. Etant donné que les délais entre les capteurs et le systéme de distribution électrique
(DMS) varient, le DMS ne recoit pas nécessairement les mesures de facon ordonnée, ce qui repré-
sente un défi majeur compte tenu que des décisions critiques sont prises en fonction de ces mesures.
De plus, chaque horloge des capteurs a une déviation. Pour synchroniser au dela de plusieurs liens
Ethernet, le protocole Precision Time Protocol (PTP) a été élaboré. Cependant, une hypothése de
ce protocole est qu’il suppose des liens symétriques, ce qui n’est pas toujours le cas. Un nouveau
protocole de synchronisation est donc nécessaire pour les applications critiques telles que les smart

grids communiquant sur une architecture partagée de communications.
On note également plusieurs améliorations et extensions possibles de cette these :

— Comparaison détaillée des bénéfices et des limitations de ’approche d’évaluation avec un
banc d’essai vs. par co-simulation.

— Au niveau de la disponibilité probabiliste du réseau FiWi, il serait intéressant de considérer
des échecs probabilistes corrélés pour rendre plus réalistes le modele proposé.

— Pour ce qui est de la performance des protocoles MAC, il serait intéressant de considérer des
distributions de trafic plus réalistes, par exemple Pareto. Pour effectuer ces extensions, des
modifications au niveau de la probabilité de transmission et du délai de file d’attente doivent

étre effectuées.
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In the previous chapter, we proposed the first FiWi model allowing to evaluate the performance
of any routing algorithms under non-saturated conditions. Note, however, that under saturated
conditions the network becomes probabistically unavailable, even if we assume there is no physical
failure. In this chapter, we quantify the probabilistic availability metric both in terms of physical
failure and MAC performance limits. Given that WiMAX represents an interesting alternative

wireless technology especially in Canada due to the fact that there exists a dedicated spectrum for



IEEE Transactions on Communications, accepted for publication.

utility communications, we study an integrated access network based on PON and WiMAX in this

chapter.

Generally, information reliability has the following two main data characteristics: () availability
and (¢) level of assurance. The IEEE P2030 standard qualitatively defines the availability require-
ment to be either low, medium, or high. A critical information requiring high availability may have a
catastrophic impact if the requirement is not met. In previous related work, availability was studied
in terms of communications reachability and using availability metrics to maximize the routing per-
formance. In this chapter, however, we define availability by considering (i) the MAC performance
limit using mathematical models such as the ones also studied in this thesis and (i) probabilistic
fiber and base station failures. The considered access network consists of a multi-stage TDM/WDM
PON integrated with WiMAX. The obtained numerical results show several interesting availability
behaviors. First, fiber backhaul failures have a significant impact on availability especially at high
loads, while WiMAX BS failures have a lower impact at low and high loads. The model also enables
to quantify availability depending on the number of BSs available, whereby selecting the right num-
ber of BSs helps maximize availability in a cost-effective manner. We also show that there exists
a unique ratio of traffic destined towards a faulty link permitted to be re-routed for maximizing
availability. We investigate also a smart grid scenario with payload length and data rate configura-
tions based on traffic measurements captured from smart grid applications. By considering regular
and smart grid traflic classes with different priorities and availability requirements, we show that
under the investigated conditions the sensors’ maximum monitoring data rate to meet the availabi-
lity requirements can be quantified. The developed probabilistic availability model enables to verify

whether requirements are met based on predicted traffic and equipment failure probabilities.
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8.1 Abstract

Availability is one of the most important quality attributes for smart grid communications,
as qualitatively defined in the IEEE P2030 standard. However, the availability metric must be
quantified in order to validate given smart grid application requirements. In recent related work,
availability has been quantified for wireless and optical backhaul networks in terms of communica-
tions reachability, while in some other work availability was not formally defined in a fine-grained
manner and was assumed to be known. In this paper, we develop a novel multi-class probabilistic
availability model for integrated passive optical network (PON) and WiMAX networks in order to
quantify this metric according to medium access control (MAC) protocol limits as well as fiber and
base station failures. The obtained numeric results show interesting availability behaviors, including
the impact on availability depending on the number of base stations. We also investigate optical
traffic re-routing through WiMAX when fiber faults occur and show that there exists a maximum
amount of re-routed traffic for maximizing availability. Furthermore, we investigate a scenario of
real-world smart grid traffic configurations shared with regular traffic and find the maximum sensor

data rate to meet the availability requirements.

Keywords: Communications availability, fiber-wireless communications, PON and WiMAX net-

works, smart grid communications.

8.2 Introduction

The research on a new power system paradigm, the smart grid (SG), has recently attracted
significant attention in the information technology (IT), telecommunications, and power system
communities [8]. The quantification of the communications requirements of several smart grid ap-
plications has been done in terms of security, reliability, bandwidth, and latency [1]. Quantifying the
requirements of smart grid communications is crucial from a research perspective, since the predic-
ted communications performance can be compared to given requirements and new communications
mechanisms can be developed to meet these requirements. Efforts have also been made by standar-

dization organizations. IEEE P2030 is one of the first attempts to standardize smart grids [2]. IEEE
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P2030 presents generic design and implementation guidelines among systems in order to exchange
data between smart grid components. More specifically, the standard lists four main quality attri-
butes: scalability, interoperability, information reliability, and security. In this work, we focus on the
reliability quality attribute. Reliability is defined as the ability to execute a function under given
conditions for a given period of time. Information reliability has the following two main data charac-
teristics: () availability and (i) level of assurance. The IEEE P2030 standard qualitatively defines
the availability requirement to be either low, medium, or high. A critical information requiring high
availability could, for instance, cause catastrophic impacts if the requirement is not met. Although
qualitative requirements can be useful to give an idea about the critical importance of an operation,
it is not sufficient from an engineering perspective though; instead qualitative requirements must
be used in collaboration with quantitative models. In this paper, we are interested in quantitatively

defining the availability metric for a specific next-generation communications architecture.

Availability is a well-known metric used by engineers to quantify the availability of a given piece

of equipment [3]:

MTTF

A= YTTF 1 MTTR

(8.1)

where MTTF corresponds to the mean time to failure and MTTR is defined as the mean time to
repair. In telecommunications, information can be exchanged and thus is available if the network
itself is available. In this paper, we quantify the network availability, that is, the probability for a
given packet to reach a given destination without failure. There exist two main reasons that can

cause a network failure if the network is properly installed and not mobile:

— One or several networking components physically fail. From the equipment specifications,
one can determine availability A for certain components by using the given values of MTTF
and MTTR!.

— One or several communications nodes are saturated/congested and thus packets are constantly

dropped.

1. Examples are available for several N-Tron Ethernet switch series at: http://www.n-tron.com/pdf/network_
availability.pdf.
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Note that it is not necessarily always trivial to find the exact values of MTTF and MTTR.
For example, a fiber cut could occur randomly and does not necessarily depend on the product
specifications. Therefore, in this work, we define A in terms of probabilistic availability by combining

parameters for both failure types listed above.

A variety of communications technologies could be used for smart grid communications. Ac-
cording to Ovum Telecoms, a leading analysis company in the telecommunications industry, as
Chinese utility companies such as State Grid Corporation of China (SGCC) 2 are migrating toward
smart grids, backhaul networks based on passive optical networks (PONs) are planned to be widely
deployed for two purposes: to enable emerging smart grid applications and to offer fiber-to-the-
home (FTTH) services to consumers as a long-term and cost-effective communications solution for
both smart grid and triple-play services. China Telecom deployed more than 70 millions FTTH
ports from 2004 to 2012 [4]. According to China Telecom, some of the major trends are: (z) in-
crease of fiber penetration, whereby optical nodes get closer to customers to improve bandwidth
and quality of network services, (¢7) higher volume and speed, from legacy Ethernet/Gigabit PONs
(EPONs/GPONs) to 10G-EPON towards 40G time division multiplexing (TDM) and wavelength
division multiplexing (WDM) PONSs to provide at least 40 Gbps in one PON system, and (%)
increased coverage by combining fixed, wireless (e.g., wireless local area network (WLAN)), and

mobile (e.g., 3G and Long Term Evolution (LTE)) nodes.

In this paper, we focus on an integrated fiber-wireless (FiWi) communications architecture based
on PONs and Worldwide Interoperability for Microwave Access (WiMAX) [5]. Broadband access
networks based on PONs have multiple significant merits: low operational expenditures (OPEXs),
future-proofness, longevity, and high reliability as they use completely passive (e.g., unpowered)
network components. Network operators (e.g., China Telecom) are seeking next-generation PONs
(NG-PONSs) that can transparently coexist with legacy PONs such as IEEE 802.3ah/av 1/10 Gbps
EPON architectures, enable gradual upgrades in order to avoid costly and time-consuming network
modifications, and stay flexible for future evolution paths. The final frontier of NG-PONs is the

integration with their wireless counterparts, giving rise to bimodal FiWi broadband access networks

2. Refer to:  http://www.fiercetelecom.com/story/chinas-smart-grid-drive-creates-15-billion-opportunity-pon-
vendors-says-ovu,/2013-01-09.
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[6]. Wireless networks such as WiMAX, ZigBee, and WLANs based on IEEE 802.11g/n/ac are highly
available as they do not need to be physically connected and provide mobility, but they are less
reliable due to channel interference. In this paper, for the wireless domain, we focus on WiMAX since
in Canada a separate spectrum (30 MHz frequency spectrum in 1.8 GHz) is dedicated to the utilities
and this technology provides long-range connectivity. Electricity companies in Australia have also
proposed WiMAX-based smart grid solutions [7]. Note that LTE could also be used for smart grid
communications. In [7], the authors have shown that LTE technologies can satisfy the latency and
reliability requirements of distribution automation (DA) networks. The considered traffic load and
latency requirements were 1-480 bps and 1-4 seconds, respectively, which can be provided over LTE.
However, for novel smart grid applications requiring larger data rates, communications over LTE
may not remain cost-effective. Furthermore, the minimum scheduling delays of LTE correspond to
65.5 ms and 16.5 ms for the upstream and downstream directions, respectively [7]. Some smart grid
applications require lower latency in the order of 12-20 ms, such as real-time sensing/metering [§]
and wide-area situational awareness (WASA). For comparison, the minimum upstream/downstream
delay can be as low as 3 - 2.5 ms with IEEE 802.16-2004 WiMAX [9]. Combining both fiber and
wireless networks is a promising long-term and cost-efficient solution for smart grid communications
[10]. Therefore, we focus on this type of communications architecture in order to define network

availability.

The performance of PON and WiMAX technologies have been widely studied in terms of different
performance metrics over the last few years. In [11}, the authors developed a novel techno-economic
analysis to compare EPON and WiMAX technologies with regard to equipment, installation, power
consumption, and repairing costs. The medium access control (MAC) protocol performance in terms
of delay and capacity has also been modeled. The delay and throughput performance of WiMAX
technologies under non-saturated [12] and saturated [13] conditions has been quantified. A capacity
and delay analytical framework for TDM/WDM PONs was developed in [14], and the survivability
performance of FiWi access networks was studied in [15]. In our previous work, we developed a
novel capacity model for FiWi access networks based on TDM/WDM PONs and Gigabit WLANs
to evaluate the performance of FiWi network routing algorithms [16]. Although these analytical

models allow to evaluate the performance of different FiWi access network metrics, the network
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availability quantification studies presented up to date are limited and are briefly reviewed in the
next section. This paper provides a probabilistic availability analytical framework for WiMAX as
well as legacy and NG-PONs. Note that the model is applied to specific technologies, but several
portions of the model can be adapted to other technologies and could be extended, for instance, to
include also the probabilistic reachability between nodes. The main novelties of this paper are as

follows:

— Awailability is not only modeled considering the physical equipment but also taking into ac-
count MAC protocol limits, which can affect availability depending on the amount of traffic
routed in the network.

— The model considers both non-saturated and saturated traffic conditions as well as failure of
optical fibers and WiMAX base stations (BSs).

— The traffic matriz takes into account multiple prioritized classes.

~ In the presented numerical results, we investigate a scenario with traffic configurations based
on smart grid traffic patterns of smart grid applications we recorded.

— The quantified availability metrics can be used to compare them with given smart grid requi-

rements, as availability is one of the most important metrics of smart grid communications

[2].

The remainder of the paper is structured as follows. The considered communications architec-
ture based on integrated TDM/WDM PON and WiMAX is described in Section 8.3. The network
availability analysis is developed in Section 8.4. Section 8.5 presents numerical results. Section 8.6

concludes the paper.

8.3 Integrated TDM/WDM PON and WiMAX Network Archi-

tectures

There exist a variety of different ways to use/integrate PON and WiMAX technologies. In
[17], the authors argue that both technologies are less likely to be integrated, as operators choose

either WiMAX or PON since both share common characteristics. Both technologies have a point-to-
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Figure 8.1 — Conventional cascaded PON and WiMAX architecture.

multipoint topology with a central node (optical line terminal (OLT) or BS) allocating bandwidth
in the network. The end-users, connected to the optical network units (ONUs) for the PON case or
subscriber stations (SSs) for the WiMAX case, send their bandwidth requirements to the central
node, which in turn sends back the bandwidth allocations. The OLT in a PON system periodi-
cally polls ONUs, which subsequently send back their current queue lengths in order to allocate
bandwidth, whereas WiMAX uses a random access mechanism compliant with IEEE 802.16 to send

bandwidth request messages.

Clearly, such a non-cascaded architecture cannot take advantage of both networks. In [18], dif-
ferent types of possible EPON and WiMAX integrations were discussed, such as the one depicted
in Fig 8.1. A first type of integration is to combine both networks independently, whereby ONUs
and SSs remain unchanged and are interconnected to combine both technologies. A different type of
integration is the hybrid architecture, whereby BSs and ONUs are merged, but the connection me-
chanisms are not unified. The unification of connections in EPON and WiMAX networks represent
another type of integration. Integrating EPON and WiMAX allows to extend the EPON coverage
at low cost, which can be very beneficial for example in rural areas to avoid deploying fibers for
sparsely distributed homes. In legacy wavelength-broadcasting (WB) TDM PONs (e.g., EPON and
GPON) or WDM PONSs, ONUs share the wavelength(s) for both upstream and downstream traffic.

Such an architecture typically can cover a distance of 20 kilometers.

As forecasted by major telecommunications providers such as China Telecom, networking trends

include a deeper fiber penetration and growth of network speed. Wavelength-routing (WR) WDM
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Figure 8.2 — Pyramid-based FiWi topology with WR WDM PON consisting of 76 ONUs, whereby
ONUs have WiMAX interfaces and can act as SS or BS (splitting ratio: 6).

PONs are expected to play a key role in response to these trends. This type of PON system
is characterized by the replacement of one or several splitters/combiners with passive arrayed-
waveguide gratings (AWGs), which act as a wavelength (de)multiplexer, whereby each wavelength
may be shared by a subset of ONUs [10]. Fig. 8.2 shows an example of such a WR WDM PON
system composed of 5 stages with a splitting ratio of 6 in a pyramid-based topology (as proposed
in [15]). A subset of ONUs have a WiMAX interface and can therefore act as SS or BS. Note that
this type of multi-stage PON system offers a higher coverage of up to 100 kms, thus also referred to
as Long-Reach PON. This kind of hybrid topology helps improve network availability as WiMAX

can be used temporarily in case of fiber failures and vice versa, which we model in the next section.

8.4 Network Availability Analysis

Availability was the object of several recent research studies in the context of optical and wire-
less networks. An availability-aware routing algorithm for hybrid wireless-optical broadband access
networks (WOBANSs) was proposed in [19], where paths maximizing networking availability were
selected. However, the availability metric itself was not modelled and was assumed to be known. In
[20], availability was considered in a novel provisioning path protection scheme for optical WDM
networks, whereby availability was computed based on a primary and a backup path according to
the fiber length and optical cross-connect (OXC) ports. Availability was also studied for wireless

networks according to the distance between nodes and depending on their transmission and recep-
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tion capabilities [21, 22]. In the context of smart grids, it is important to know the availability
between wireless nodes during installations. However, once installed, there is still a need to quan-
tify the availability depending on the failure of the components and considering the limitations of
the MAC protocols in use. In the following, we quantify the network availability considering the
MAC protocols of PONs and WiMAX as well as random fiber and BS failures under the following

assumptions:

— For WiMAX, only the upstream direction is modelled and thus no traffic can be routed in
the downstream direction. Note that the main traffic generated from smart grid sensors is
typically sent upstream from sensors to the distribution management system (DMS).

— We take into account two types of failure: (¢) a fiber cut at stage s occurring with probability
p3?, and (i7) a failure of a base station z occurring with probability p¥*. Both terms p2 and
P! represent the long-term failure probabilities, that is, the probability that at any given
time instant the component fails. These terms can be defined based on the MTTF and
MTTR in Eq. (8.1) obtained from the component specifications. The developed analysis
below accommodates any type of fiber and BS failure.

— The traffic is differentiated per class, whereby existing/regular C, and smart grid C,, traffic
classes are considered. The overall traffic classes are given by C = C, + Cyq. All traffic classes
C can be routed in the PON network, but only the smart grid traffic (Csg) can use WiMAX
dedicated to smart grids. Each traffic class has an average payload length denoted by L., Vc €
C.

— As we take into account the MAC protocol performance of both the PON and WiMAX
networks, availability is defined by considering both frame drop and failure probabilities.
It relates to Eq. (8.1) as it represents the long-term availability probability, but without
explicitely defining MTTF and MTTR.

— To find the MAC protocol limits, we adapt the analysis developed in [16] for PON and [12]
for WiMAX,
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— We assume each FiWi node has a maximum queue length of @) frames and thus frames
are dropped according to the following blocking probability equation under nonsaturated

(0 <p <1, M/M/1/K model from [23, Eq. (3.43)]) and saturated conditions (p > 1):

G, 0<p<1
B(p) = , (8.2)
1-1 if p>1

where p represents the traffic intensity and B(p) the blocking/dropping probability.
— WiMAX frames are composed of mini-slots and during a frame the mini-slots can be allocated
to multiple SSs [24]. In this paper, similarly to [12], we assume a given frame is fully allocated

to a single SS.

To introduce our model, Fig. 8.3 illustrates our probabilistic model for a single-stage WB
TDM/WDM PON. The availability of such a topology can be found by executing the following

steps:

— Calculate the blocking probability at the ouput ports of SSs, ONUs, and OLT, corresponding
to B(p¥t), B(p°""), and B(p°»?) (derived thereafter in this section), respectively. Note that
these three terms correspond to the generic blocking probability term defined in Eq. 8.2,
which is generally applicable to any traffic intensity.

— Define the fiber failure probability at stages 0 and 1, corresponding to pgf and p¥ and derived
thereafter in this section.

— Define the BS failure probability at each ONU/BS, corresponding to p%* and derived the-
reafter in this section.

— Calculate the probabilistic availability which is derived thereafter in this section.

8.4.1 Network Model
Generic Definitions

In this paper, we focus on PONs consisting of A bidirectional wavelength channels, indexed as

A=1,2,...,A. We consider two distinct flavors:
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B(py')

Figure 8.3 — Probabilistic model for a single-stage WB TDM/WDM PON. B(p%*), B(p°**), and B(p°"%)
correspond to the blocking probabilities at the output ports of the SSs, ONUs, and OLT, respectively;

wi

pg’/’l denotes the fiber failure probability at stage 0 or 1, and p;* denotes the BS failure probability.

— Wavelength-broadcasting (WB) single-stage TDM/WDM PON: A WB TDM/WDM PON
consists of a legacy splitter/combiner as remote node (RN) and deploys A wavelengths, which
can be used by all ONUs. For legacy EPONs and GPONs we have A = 1.

— Wavelength-routing (WR) multi-stage WDM PON: The conventional splitter/combiner at
the RN is replaced with a wavelength (de)multiplexer. A typical wavelength (de)multiplexer
is an arrayed-waveguide grating (AWG). A given wavelength A can be used by a subset of

the ONUs forming a sector at each AWG output port.

The PON can be either single-stage or multi-stage. We let = denote the number of fiber stages,
whereby we consider = = 2 for WB PONs and = > 2 for WR WDM PONSs. Note that we have = = 2
for single-stage PONs since there is a fiber between the OLT and RN and another one between the
RN and ONUs. Note that a fiber stage corresponds to the maximum number of links between the
OLT, intermediate RNs, and ONUs, whereby multiple wavelengths can be shared in each given
link. A sector, using a given wavelength, corresponds to the set of ONUs (end-users) sharing a given

wavelength. Let S, denote the set of ONUs in sector A such that:

S1U...USy =0, (8.3)
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whereby O denotes the set of ONUs. Each wavelength channel has a capacity of cop (in bps).
Furthermore, the stage of ONU o is defined as s(o0), Vo € O, s(0) € {1,...,Z}. Note that an ONU
cannot be installed at stage 0, which corresponds to the fiber between the OLT and first remote

node.

As for the WiMAX network(s), let B denote the set of base stations:

VzeB,ze{0,1,....|0|}, (8.4)

where the index 0 corresponds to the OLT and z represents a zone aggregating traffic from subscriber
stations (SSs), denoted as W,. SSs are either ONUs equipped with a WiMAX interface or SSs with
a WiMAX interface only. Thereby, the set of WiMAX SSs having only a wireless interface is given
by:

w=|Jw,-0. (8.5)
z€eB
This model is generic and can accommodate multiple different FiWi access network topologies,

which we illustrate in Section 8.5.

Pyramid-based Topology

The analysis accommodates any type of topology. We describe below the pyramid-based topology
since this type of topology presents interesting symmetric properties. As depicted in Fig. 8.2, the

number of ONUs depends on the splitting ratio S and number of stages Z, and is given by:

2572. 5+ 2_2 271 (8§ -2), (8.6)

i=1
where the first term corresponds to ONUs at the last stage (¢ = E—1) and the second term accounts

for the ONUs at stages [1..E — 2].
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For a given set of ONUs attached to a RN, we let § denotes the ratio of the number of BSs

versus S. For example in Fig. 8.2, we have g = %.

8.4.2 Traffic Matrix

We first define the set of FiWi nodes as follows:

N={0}uOuw. (8.7)

Next, we define the traffic matrix consisting of source-destination connections characterized by
a traffic rate (in frames/sec.): M; ., whereby ¢,j € N and c € C. M; j. =0 for i = 5,Vc € C. For
the traffic being forwarded first in the wireless domain, we define ]\Zfiyj,c following a matrix with the
same properties as M; ;.. Also, for all SSs w, w € W and i € N, we have M, ,, . = 0, that is, we do

not model downstream WiMAX traffic.

8.4.3 Traffic Intensity

We next derive the traflic intensities for both PON and WiMAX systems. These traffic intensities

are used to calculate blocking/dropping probabilities.

Each class ¢ € C has a priority o, such that }_ ..o, = 1. A given frame of class c is assigned

the following probability, used thereafter in the analysis:

min(AdmS2.(R, p), R. - L.)

R,p) = = =, 8.8
Xe(R, p) A (8.8)

104



IEEE Transactions on Communications, accepted for publication.

where R and p denote the set of traffic rates and traffic intensity at a given output port, respectively.
The equation defines the ratio of the per-class admitted data rate and per-class load, whereby

AdmS2.(R, p) gives the bandwidth scheduled for class ¢, which is given by:

1 _
AdmS2.(R,p) = AdmS1.(R,p) — > min(AdelC(R, p) - — ,&-Li) (8.9)
ViZe,a;=a. |[7’ < C|ai = ac”
with AdmS1, as follows:
AdmS1.(R,p) = (1-B(p))->_Ri-Li— > R;- (8.10)

i€C Yi,o >
Wireless Domain

The traffic rate of class c destined to n from a given SS w with wireless support only is given

by:

RY = Myne, (8.11)

w,n,C

where n € N. For a given ONU o in zone z having a WiMAX interface sending to n (either a
different ONU or the OLT), the traffic rate of class ¢ takes into account the traffic forced to be
sent to the wireless domain and optical traffic destined towards faulty (due to frame drop or fiber

failure) fibers:

Rwi = Mo,n,c + R, S

0,1, o,n,c?

(8.12)
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where the first term accounts for the traffic forced to be sent in the wireless domain. The second
term corresponds to the optical traffic from ONU o destined towards faulty fibers being re-routed

in the wireless domain and sent to a reachable base station z (if any):

o®f ifIzeW,hoeW,

o,n,c

RoPS = : (8.13)

0,n,C

0, otherwise

0%2:f s given by:

0,1,C

0
=it o (1x((Szl) (o) e
vn' i=s(0)
where 5},"; € [0..1] corresponds to the ratio of the optical traffic destined to faulty fibers permitted to

be re-routed in the wireless domain toward BS z. The traffic intensity for a given wireless interface

w € W, in zone z is defined as the traffic rate multiplied by the access delay:

put =Y Z RY . E[Tpk, 2], (8.15)
Cecsg HE{O}UO

where E[Tpkt, 2] corresponds to the WiMAX access delay in a given zone z, given in Eq. (17) in [12].
Note that in [12], a single wireless zone was used, thus in this work, since we have several WiMAX
zones, we have one access delay for each given zone. Note that we adapt the traffic rate at each SS
of [12, %] to

L, ;
. R’M}’L

w,n,c’

@. IS Vz € B, (8.16)

c€Csg WEW: ne{0}UO Tframe - Cui

where c,,; denotes the WiMAX capacity.
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Furthermore, we adapt the analysis in [12] for both non-saturated and saturated conditions
(note that [12] applies only to non-saturated conditions). To do so, we bound the traffic intensity

for a given SS, corresponding to [12, (16) and (17)}, to be maximally 1/0.9 as follows:

1-— e—'f\‘?'E[Tpkt]

* . A
0= in(L 3 Blw]) <1 —min(L, 5 E[Tpkd)) (8.17)

and for Tj:
1

+ 2. (1 - min(O.@, Fy- A- Tframe)) ‘

Ts = (8.18)

1
2

Note that the variables in Egs. (8.17, 8.18) refer to the variables in the WiMAX analysis [12].

Fiber Domain

The upstream traffic rate of class ¢ from a given ONU o (in zone z if it has a wireless interface)

to ONU/OLT n # o is given by:

ROP’u = Mo’n +

0,1,C

o0 Monc- ZRZ”,Z’,VCI} ,pZ’i) (1 —pl‘”')] +

1- Xe (
vn'

Z Mw,n,c . (1 - p;ui) * Xe ({Z Rﬁfn’,Vc’] vp:T) +
vn'!

weW,
> Rfne [1 - Xe ([Z Ré”zi,n/,vd} ,pg’;) (1- p};’i)},
02EW, v/

(8.19)

where the first term accounts for the optical traffic, the second term corresponds to the traffic
destined to a faulty WiMAX node re-routed in the optical domain towards the OLT, the third term
represents the traffic coming from SSs with WiMAX support only, and the fourth term accounts for
the traffic previously re-routed from the optical domain to the wireless domain and sent to o. 63%

corresponds to the ratio of the permitted traffic re-routed from the wireless to the optical domain.
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Similarly to [16, Eq. (6)] (but extended to multiple classes), the upstream traffic intensity for
WB PONSs is given by:

u L
D IEC D DENED DR (8.20)
ceC %P 0€0 ne{0}uO-{o}

and similarly to [16, Eq. (4)] (extended to multiple classes)

Z Z Z Rgpnuc (8.21)

ceC 08y ne{0}uO—{o}

for WR PONs.

The downstream traffic rate of class ¢ for WB PONs is given by:

0
R(O:p’d = Z MU,O,c + Z Rzpouc Xe ([ Z RZPT,L’ Vc’:|7 Op,u) ) <H(1 - p;?p))a

oe® neQ vyn'eO i=1
where the first term accounts for the traffic from the OLT to ONUs and the second term for the

traffic from ONUs to the OLT subsequently forwarded to another ONU. Similarly, the downstream
traffic rate of class ¢ for WR PONs is given by:

opd = Z MOoc +
0€S,,
A 0
op,
> ¥ rztoxe(| X o) T a-m+
I=1nes vn'€O i=s(n)

Z woc XC<[ Z an’Vc]’ wu>'(1_p60i)’
weWp vn'€eO

(8.22)
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where the additional third term accounts for the wireless traffic sent to the OLT/BS and subse-
quently optically forwarded to a given ONU. The downstream traffic intensity for WB PONs is

defined similarly to [16, Eq. (7)] (extended to multiple classes):

L
pPt=3" A——— . RoP4 (8.23)
ceC Cop
and similarly to [16, Eq. (5)]
o L
=3 —= R4 (8.24)
ceC P

for WR PONSs.

In the remainder, for convenience, we use pg”“ and p‘ép’d to denote the upstream and downstream
intensities, respectively. © represents the PON flavor (empty for WB and A for WR) and thus the

proper traffic intensity equation must be used.

8.4.4 Probabilistic Availability

We first derive the probabilistic availability of a single-hop wireless link as follows:

At = e[ S e |0} - (1- 92, (8.25)

vn'
representing the probability that no frame is dropped and that no BS failure occurs. The probabi-
listic availability for the downstream traffic is defined according to the dropping probability at the
OLT and fiber failure(s):

{0)
Agser = ([ ) - 11 (1) (8:26)
1=0

The probabilistic availability for the upstream ONU-OLT traffic is derived from both PON and
WiIiMAX availabilities:
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Aonu,olt _ 1—

0,0,¢

1— XC([ZRZPJVC/]» op, u) (1 _pgp)s(z)ﬂ} .

1— (1)1:6 . sz,wz] .

0,0,c

1— 5% - AL xcdz RZ vc'} N ) (1- pZ”)s(z)“H,
L vn/
(8.27)

where o € W,. The equation defines the availability probability according to three unavailability
probabilities: (z) the failure probability of using the fiber between ONU o and the OLT, (ii) the
failure probability of using the WiMAX link between ONU o and the OLT, and (i) the failure
probability to first route wirelessly from ONU o to ONU o0y and then optically forward the frame

from 03 to the OLT.

For improved readability, we derive some availability equations for the traffic between SSs and

OLT:

Awi,olt — Aﬁzzu:} Aonu Olt, e Wz (828)

w,0,c 2,0,¢

and for the traffic from SSs to ONUs:

.sz onu _ Awi,olt . Aolt,onu’ w e W. (829)

w,0,C w,0,¢ 0,0,¢

Finally, we derive the average probabilistic availability of class ¢ in the FiWi access network as

follows by taking into account all possible paths:
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1
ZTHGN ZHQEN,nl;ﬁnQ M”ly”ZyC

( Z Z Mw,z,c : Aﬁfﬁf? +

2EBwEW, , weW

Z Z Mw,O,c ’ Azf(’)o’it +

zEBweEW,,weWw

2 DD Muec AU+

z€BweW, , weW ocO—{z}

onu,olt
E : MO,O,C : Ao,O,c +
o€

onu,olt olt,onu
Z Z MOl ,02,C 7 ‘Aol,O,c ’ ‘AO,OQ,C +
01€0 02€0,027#01

olt,onu
§ : MO,O,C ’ 'AO,o,c >7
oe©

(8.30)

whereby the individual availabilities are as follows:

— Single-hop wireless communications,

— Wireless communications destined to the OLT,
— Wireless communications destined to ONUs,
— Optical traflic destined to the OLT,

— Optical traffic from ONUs to ONUs, and

— Optical traffic from the OLT to ONUs.

Note that A represents the average network availability. We derive a second availability metric

representing the probabilistic availability on a per-node and class basis with confidence interval:

Apne = p(0c) £ 2 - (8.31)

where z is the z-score value (e.g., 2 = 1.96 for a 95 % confidence interval) and 1, denotes a vector

containing the probabilistic availability for all nodes for a given class ¢, defined as follows:
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Figure 8.4 — Probabilistic model for a WR WDM PON (= = 3).

b = [Arsze Bwew,weweed,

[Aonu,olt|0 c O], [Aolt,onulo € O] '

0,0,¢c 0,0,c

(8.32)

Note that the notation [[.],[], ..., [.]] corresponds to a vector built by concatenating the elements

contained in a set of vectors.

Fig. 8.4 illustrates our probabilistic model for a WR WDM PON (= = 3). As can be seen, the
case of WR WDM PON is more complex compared with a WB TDM/PON (Fig. 8.3) as multiple

stages are modeled and both WiMAX and PON systems overlap.

8.4.5 Adaptation of Framework to Mesh-based Topologies

The structure of the FiWi network considered in this paper is tree-based. Note, however, that

traffic can be routed either via WIMAX or PON. The framework can be also adapted to mesh-based
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FiWIi Availability Solving (Stage 1)

Figure 8.5 — Two-stage fixed-point iterations technique to solve the nonlinear equation system.

structures. Toward this end, from a given node n to node d the availability equations would need

to consider multiple alternate adjacent nodes a, 4 as follows:

(1— II (1—,41-)). (8.33)

1€an 4
Furthermore, the traffic rates need to be adapted in a similar fashion as done in Eq. (8.19), whereby

the traffic can be routed towards either the PON or WiMAX interface.

8.4.6 Solving the Analytical Framework

In order to solve the above developed nonlinear equation system, we use a two-stage fixed-
point iterations technique, as illustrated in Fig. 8.5. We first solve Eqs. (8.20, 8.21, 8.23, 8.24)
for the upstream and downstream PON traffic intensities. Next, we solve the set of WiMAX non-
linear systems in order to find the access delay for each zone. By means of fixed-point iterations,
we calculate the three unknown variables from [12, Egs. (14-16)] followed by the recalculation of
E[Tykt, 2] until E[Tyk, 2] does not vary much (e.g., 1078). Once stable, we go back to the first

stage in order to calculate Eq. (8.15). These steps are executed until the traffic intensities do not
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Figure 8.6 — Computation duration (complexity) versus topology size (number of nodes).

vary much. We note that we did not experience any computation problems as the equation systems

converge quickly within a few iterations.

To provide insights into the computation requirements, we measured the computation duration
as a function of the topology size (i.e., number of nodes), as depicted in Fig. 8.6. We observe from
the figure that the complexity of the system grows linearly for medium to large number of nodes.
For about 1000 nodes, the availability performance can be computed within 4 minutes using a 800

MHz processor and 5.4 GB random access memory (RAM).

8.5 Numerical Results

This section presents numerical results on the network availability equation A from Eq. (8.30)

for WB and WR PONs integrated with WiMAX.

8.5.1 Configurations

We set the WiMAX capacity per channel/zone to 75 Mbps assuming 64-QAM modulation
[25]. Furthermore, according to the WiMAX specifications, the frame duration varies between 5

and 20 ms. For ease of calculation, we set the mean frame duration in the wireless networks to
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Tableau 8.1 — Configurations

l Parameter l Value ]
Q 100 frames
Tframe (in [12]) | 0.005 sec.
Cop 10° bps
Cwi 75 - 10° bps

T¢rame = 0.005 and first set the average FiWi frame length to Tframe - 75 - 108 bits. We first assume
a single traffic class. Table 8.1 presents the main parameters used in all scenarios described below.
For the other WiMAX configurations, we use the same ones as considered in [12]. We use a traffic
matrix with M; ;. = ®,7 € N and j € {0} U O, whereby ® represents a variable traffic rate given

in frames/sec.

8.5.2 WB TDM/WDM PONs

We first consider a single-stage WB TDM PON supporting 1 Gbps per wavelength, which
can be upgraded to a WDM PON supporting multiple bidirectional wavelengths. We examine the
WiMAX and PON networks independently without any interaction between them. Fig. 8.7 shows
the availability of each network versus offered load (OL). Note that the WiMAX case corresponds
to a single zone with 16 SSs. Expectedly, the WiMAX availability drops more quickly compared to
the PONs due to its low capacity. The availability of PONs drops when the offered load gets close

to their capacity.

Next, we consider a topology with a similar structure as depicted in Fig. 8.1, whereby the number
of ONU/BSs is set to 16 and each ONU/BS aggregates traffic from 3 SSs. Fig. 8.8 compares the
availability of an EPON and WDM PON. The availability drops at approximately 1 Gbps for the
EPON due to optical capacity saturation and the availability drops at 1.3 Gbps in the WDM PON

case due to WiMAX capacity saturation.

Next, we investigate the fiber and BS failure probabilities in Figs. 8.9 and 8.10 for different
traffic matrices. Overall, the impact of fiber failures is significantly larger compared to BS failures,
which is explained by the fact that a larger number of connections uses the PON. The impact is

especially apparent when the network is highly loaded.
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8.5.3 Next-Generation FiWi Settings with Integrated WR WDM PONs

In the remainder, we focus on a topology with a WR WDM PON following the same structure

as in Fig. 8.2 (a pyramid-based topology) with a splitting ratio of 16 (S = 16). As opposed to the

previous subsection, each ONU has a WiMAX interface, either acting as a SS or BS, therefore all

parts of the analysis are used. The number of stages is set to 4 (£ = 4), thus a total of 14 + 2 -

14 +4-16 = 106 ONUs are installed. Stages 0-2 use AWGs as a remote node and the last stage
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Figure 8.9 — Impact of WiMAX BS failure probability on overall network availability for different
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Figure 8.10 — Impact of fiber failure probability on overall network availability for different offered
loads (p°? = pPP,Vs € {0,...,2 — 1}).

uses conventional splitters. Hence, a total of 14 + 2 - 14 + 4 = 46 wavelengths are available, each
dedicated to a different sector, whereby the wavelengths at the last stage are shared by 16 ONUs.
Furthermore, a total of 64 SSs with WiMAX support only are attached to the last PON stage. Fig.
8.11 shows the probabilistic availability versus the offered load. The first availability drop close to
1 Gbps is due to the saturation of the WiMAX channels for zones attached to ONUs at the last

stage. The second drop close to 10 Gbps is due to the successive saturation of PON channels.
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Figure 8.11 — Availability performance vs. the offered load for a pyramid-based WR WDM PON
consisting of 106 ONUs with a splitting ratio of 16.
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Figure 8.12 — Impact of the number of BSs per S (3) on availability.

We investigate the impact of the parameter § in Fig. 8.12. We observe that under low and
high traffic loads, increasing the number of BSs does not significantly improve the overall network
availability. However, at medium traffic loads, we observe a significant network availability impro-
vement by adding 4-7 BSs (0.3 < § < 0.5). A surprising behaviour is observed for 8 > 0.5, where

an increasing number of BSs does not further improve network availability.

Another important parameter is the ratio of the traflic destined towards faulty fibers permitted
to be re-routed in the wireless domain, denoted as §** and illustrated in Fig. 8.13 for different values
of 5. We observe that for each given configuration depending on the number of BSs installed, there
exists a 0 that maximizes network availability, namely 0.17 for 8 = %, 0.37 for 8 = %, and 0.7

for 8 = %.
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Figure 8.13 — Impact of the ratio of the traffic destined towards faulty fibers permitted be re-routed
in the wireless domain (OL = 20.5 Gbps, §** = §%},Vi,j € N).

Tableau 8.2 — Experimental measurements of smart grid applications based on the IEC 61850 standard.

Source node | Average payload length | Rate per sec.
HVA/LV 500 bytes =
Substation 5000 bytes %
DER 224 bytes 2 &o10
Switch 100 bytes 2 s

8.5.4 Impact of Fiber and BS Failures

In this subsection, we study equipment failures using the same topology as in the previous
subsection. We calculate the availability by varying the values of p** and p°? from 1076 to 1 for
low (OL = 686 Mbps) and high (OL = 20.5 Gbps) traffic loads, as depicted in Figs. 8.14 and 8.15.
For both traffic loads, we denote a higher reduction of the availability as p°? increases, as compared
to p®’. Furthermore, the variation of the BS failure probability has a significant impact on the
availability only at low loads, as depicted in Fig. 8.14, which was already observed in the case of

the WB WDM PON (See Fig. 8.9).
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Figure 8.15 — Availability as a funciton of fiber and BS failures (OL = 20.5 Gbps).

8.5.5 Coexistence of Human-to-Human (H2H) and Smart Grid Traffic

In the following, we consider three traffic classes: one regular class for triple-play (video, voice,
and data) traffic and two others for control and monitoring SG traffic. The control traffic can be
used, for instance, to turn ON/OFF controllable power switches. Therefore, the data rate of this type
of traffic is generally small and event-driven, but with high priority. As for the monitoring traffic,
typical smart grid sensors are time-based with configurable data rates. We captured the traffic

of experimental telecontrol smart grid applications. Table 8.2 shows the average payload length
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Figure 8.16 — Unavailability as a function of sensor data rate (p°® = p** = 107°). Regular traffic has an
availability requirement of 99.99 % and 99.9999 % for SG traffic.

originating from high-voltage/low-voltage (HV/LV) transformers, substation, distributed energy
resources (DERs), and controllable switches. A single variable-value pair (following the format of
manufacturing message specification messages (MMSs) of IEC 61850) accounts for 100 bytes. The
measured payload length of 500 bytes for the HV/LV nodes corresponds to active/reactive power,

voltage, current, and location.

We assume a WB PON of 16 ONUs, with bidirectional 1 Gbps link, and 10 SSs are aggregated
per ONU. For the payload length, we use L, = 1500 - 8, L, =500-8, and L, = 100 - 8 for the
regular, SG monitoring, and SG control traffic, respectively, whereby the SG traffic payload lengths
correspond to the ones listed in Table 8.2. The traffic rate for the regular traffic follows a uniform
distribution in the WB PON, whereby Vi,j € O + {0}, M, ;» = 250 (Total traflic: 816 Mbps). As
for the SG classes, we have one SS ¢ per ONU sending control frames to the OLT (M. = m%)
and SG monitoring frames are destined to the OLT, whereby the data rate is varied, as depicted in
Fig. 8.16. We set the class priorities to @, = 0.2 and ay, = a. = 0.4 for the regular and SG classes,

respectively.

We assume that the availability requirements of the regular and SG traffic are different and are
hence set to 99.99% and 99.9999%, respectively. To meet these requirements under the conditions

used in our scenario, the data rate should be set to maximally 1.5 Mbps per sensor. Note that
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the frames of lower priorities are dropped first. Therefore, at a sensor monitoring data rate of 1.5
Mbps, frames belonging to the regular class are dropped in order to be able to accommodate SG

monitoring frames.

8.6 Conclusions

Backhaul networks based on PONs are expected to be widely deployed for emerging smart grid
applications and to offer FTTH services. There is a continuous trend of increasing communications
coverage, by integrating FiWi-based communications architectures. In this paper, we developed
a novel multi-class probabilistic availability model to quantify the availability metric defined in
the IEEE P2030 standard. The model takes into account the MAC protocol limits of integrated
PON and WiMAX networks as well as fiber and base station failures. The obtained examples show
several interesting availability behaviors. First, fiber backhaul failures have a significant impact on
availability especially at high loads, while WiMAX BS failures have a lower impact at low and high
loads. The model also enables to quantify availability depending on the number of BSs available,
whereby selecting the right number of BSs helps maximize availability in a cost-effective manner. We
have also shown that there exists a unique ratio of traflic destined towards a faulty link permitted to
be re-routed for maximizing availability. Each smart grid application has a certain given availability
requirement. We investigated a smart grid scenario with payload length and data rate configurations
based on traffic measurements captured from smart grid applications. By considering regular and
smart grid traffic classes with different priorities and availability requirements, we have shown
that under the investigated conditions the sensors’ maximum monitoring data rate to meet the
availability requirements can be quantified. The developed probabilistic availability model enables
to verify wether or not requirements are met based on predicted traffic and equipment failure

probabilities.
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IEEE Transactions on Smart Grid, vol. 4, no. 3, pp. 1381-1390, May 2013.

The focus of the two previous chapters was on the performance evaluation of integrated fiber-
wireless access networks in terms of delay-throughput and availability. As stated in IEEE P2030,
there is a strong need to study the future power grid and its applications in a comprehensive manner
that considers power systems, communications, and information technologies as a whole physical-
cyber system. All the aforementioned studies, however, have focused on proposing or optimizing

plug-in electric vehicle (PEV) coordination algorithms only from the perspective of power systems,
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while neglecting the requirement and performance of the supporting communications network. The

main novelties in the following paper are as follows :

— An integrated V2G, G2V, and RES (IntVGR) algorithm is proposed, which aims at smoo-
thening the overall demand profile (peak shaving and valley filling) and making maximum
utilization of local RES capacity by coordinating PEVs between V2G and G2V operation
modes, whilst taking into account both power grid technical constraints and PEV owners’
requests and satisfaction.

— Implementation of the proposed scheme is based on exchanging notification and control
packets between PEVs, households, and a central controlling system over a converged cost-
effective broadband access network based on optical fiber and wireless technologies.

— This is the first work that attemps to actually implement a specific PEV coordination scheme
by simulating real-time information interactions in a novel co-simulation framework, and

examine its performance from both power systems and communications viewpoints.
More specifically regarding the contributions from M. Lévesque, they are listed as follows:

— Proposition of the networking architecture covering the power distribution network.
—— Development and proposition of the co-simulation environment in OMNeT++ (for commu-
nications) and its integration with OpenDSS.

— Suggestions and discussions regarding the integrated coordination scheme (IntVGR).

The co-simulation results show that, from the perspective of power systems, the proposed
IntVGR scheduling scheme is able to achieve a 15% improvement compared to the uncoordinated
scenario in terms of flattening the overall demand profile without compromising on PEV owner’s
satisfaction. The scheme is also demonstrated effective in helping PEVs utilize local RES capacity to
its full extent. From the viewpoint of the supporting communications infrastructure, a throughput
of 1-2 Mbps is required to execute IntVGR for a distribution grid consisting of 342 households, with

a low end-to-end delay of 1 ms.
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9.1 Abstract

In this paper, an integrated vehicle-to-grid, grid-to-vehicle, and renewable energy sources (IntVGR)
coordination algorithm is proposed. The focus of this work is to provide a multidisciplinary study
on implementing the proposed IntVGR scheme over a broadband fiber-wireless communications in-
frastructure by co-simulating both power and communications perspectives. For the power systems
perspective, results show that the scheme is able to achieve a 21% reduction in peak demand com-
pared to uncontrolled charging, and a better performance in flattening the overall demand profile
and maintaining network constraints in comparison to a benchmark scenario. The scheme has also
been demonstrated to successfully coordinate PEVs to take maximum utilization of local renewable
energy. For the communications perspective, the measured upstream traffic for executing the pro-
posed IntVGR scheme on a residential area of 342 households is found to be 1-2 Mbps with an
end-to-end latency level of 1 ms. The scheme has also been validated from both perspectives in a

sensitivity analysis with a higher PEV adoption rate.

Keywords: Co-simulation, demand side management, plug-in electric vehicles, smart grid commu-

nications.

9.2 Introduction

The emergence of plug-in electric vehicles (PEVs) is envisioned to become a promising alternative
to conventional fuel-based automobiles. Proliferation of PEVs, however, provokes new challenges
to the current electric power systems operation and planning, especially at the low-voltage (LV)
distribution level from the perspective of demand side management (DSM) [1]. Charging activities of
PEVs with poor regulation might impose severe stress on the distribution grid, resulting in degraded

system efficiency and deterioration of power quality on a local scale [2, 3, 4].

In order to mitigate the aforementioned detrimental impacts due to PEV loads, some recent
works have proposed various optimized and coordinated charging strategies from the viewpoint of

different stakeholders, based on minimization of system-level power losses [5, 6], minimization of
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charging costs for PEV owners [7], and maximization of the state-of-charge (SOC) level of PEV

batteries (8].

Next-generation PEVs with vehicle-to-grid (V2G) technology enabled, in addition to simply
acting as a load operated in the grid-to-vehicle (G2V) charging mode, are of great potential to
offer many benefits to the power grid, including peak shaving and load leveling, voltage regulation,
providing frequency regulation and other ancillary services (e.g., spinning reserves), and serving as
distributed storage units for backup capacity [9]. The authors in [10] propose a coordinated char-
ging and discharging scheme based on minimization of PEV charging costs, whilst taking network

constraints into account such as voltage profile patterns along the grid.

The most sustainable solution toward deployment of PEVs is to realize “Green E-mobility” by
combining PEVs with renewable energy sources (RESs). PEVs are able to serve as dispersed energy
storage units and help integrate RESs in the energy mix as stable base load generation capacity
by performing controlled G2V/V2G operations. They can also be controlled as flexible loads to
utilize local RES capacity to avoid requiring long-distance transport of electricity, reduce the risk

of inducing local grid problems, and minimize the charging cost for PEV owners as well [11].

Realization of coordination of G2V, V2G, and RESs as previously discussed, relies on the crea-
tion of a bi-directional smart grid communications infrastructure capable of handling all kinds of
information that needs to be exchanged among different entities {3]. As stated in IEEE P2030 re-
leased recently [12], there is a strong need to study the future power grid and its applications in a
comprehensive manner that considers power systems, communications, and information technolo-
gies as a whole physical-cyber system. All the aforementioned researches, however, have focused on
proposing or optimizing PEV coordination algorithms only from the perspective of power systems,
while neglecting the requirement and performance of the supporting communications network. The
problem states that a multidisciplinary study is required, which has also been considered one of the

main challenges for future DSM [13].

In this paper, we extend our previous work {14] by proposing an integrated V2G, G2V, and
RESs (IntVGR) coordination scheme, which is supported by a converged fiber-wireless (FiWi)

communications infrastructure, and examining its performance from both power systems and com-
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munications perspectives in a co-simulation environment developed in our recent work [15]. The
main contributions of this paper are as follows:

— The proposed IntVGR scheme aims to smoothen the overall demand profile (peak shaving
and valley filling) and make maximum utilization of local RES capacity by coordinating
PEVs between V2G and G2V operation modes, whilst taking into account both power grid
technical constraints and PEV owners’ requests and satisfaction.

— Implementation of the proposed scheme is based on exchanging notification and control
packets between PEVs, households, and a central controlling system over a converged cost-
effective broadband access network based on optical fiber and wireless technologies.

— In comparison to existing studies where only the power systems perspective has been consi-
dered, this is the first work that attempts to actually implement a specific PEV coordination
scheme by simulating real-time information interactions in a novel co-simulation framework,
and examine its performance from both power systems and communications viewpoints.

Our co-simulation results show that, from the perspective of power systems, the proposed

IntVGR scheduling scheme is able to achieve a 15% improvement compared to the uncoordinated
scenario in terms of flattening the overall demand profile without compromising on PEV owner’s
satisfaction. The scheme is also demonstrated effective in helping PEVs utilize local RES capacity to
its full extent. From the viewpoint of the supporting communications infrastructure, a throughput
of 1-2 Mbps is required to execute the IntVGR scheme for a distribution grid consisting of 342

households, with a fairly low end-to-end delay of 1 ms.

The remainder of this paper is organized as follows. A description of information interactions
between the power systems layer and the communications network layer for implementation of
the proposed IntVGR scheme is given in Section 9.3. Section 9.4 describes the proposed IntVGR
algorithm with mathematical formulations provided. Co-simulation results are shown and discussed

in Section 9.5. Conclusions are finally drawn in Section 9.6.
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9.3 Power Distribution and Communications Interactions

To implement smart PEV coordination schemes in the distribution grid, a viable bi-directional
communications infrastructure beyond substations is indispensable, along with advanced informa-
tion and communications technologies (ICTs). We recently proposed a FiWi communications in-
frastructure for distribution networks based on standardized and low-cost Ethernet passive optical
network (EPON), WiMAX, and wireless mesh network technologies as well as an optical metropoli-
tan area ring network. Due to space limitations, interested readers are referred to [16] for a detailed

description of our proposed FiWi infrastructure.

As this work attempts to deploy an intelligent PEV coordination scheme by exchanging real-
time information packets between the superior controlling unit and PEVs, in this section we focus
on explaining some main information interactions over the FiWi network, as depicted in Fig. 9.1,

for implementing our proposed algorithm to be described in greater details in Section 9.4.

9.3.1 Workplace/public parking garage

When a PEV arrives at the workplace, a G2V request is sent to the distribution management
system (DMS) containing its identifier, status of the battery, and its desired time to be picked
up. Each PEV reaches an optical network unit (ONU) by communicating in the wireless domain
with a mesh portal point (MPP). The G2V request packet is then transmitted across the EPON
network after a polling period and subsequently forwarded to the DMS through the optical line
terminal (OLT). Upon receiving the G2V request, the DMS schedules the charging period for that
PEV based on maximum utilization of generation capacity from local RES units (described in
Section 9.4). Finally, the DMS sends back a G2V response, containing the time interval when the
corresponding PEV will be charged during the parking period at the public garage. After receiving

the G2V response, the corresponding PEV follows the charging schedule calculated by the DMS.
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Figure 9.1 — Interactions between the FiWi network nodes and the DMS to implement the proposed
PEV coordination algorithm.

9.3.2 Home

When a PEV arrives at home, a home G2V-V2G request message is sent to the DMS, containing
its identifier, status of the battery, and deadline when the PEV is desired to be disconnected for the
next trip. Upon receiving this message, the DMS performs the coordination algorithm (described
in Section 9.4) to find both the V2G and G2V slots. The central DMS then sends back the slot
information to the grid-connected PEV. Finally, based on the information given in the home G2V-
V2G response, a specific V2G and/or G2V schedule will be followed by the corresponding PEV to
get charged, stay idle, or contribute in peak shaving together with other PEV. Also, periodically,
notification messages containing the network information such as nodal voltage magnitudes and
power consumptions are sent from each household to the DMS, which might be realized by some
smart metering infrastructure [15]. These messages are sent at a specific rate (denoted by Anosif)

depending on the required sensitivity by the utility operator.

9.4 Integrated V2G, G2V, and RES Scheduling Algorithm

In this section, our proposed integrated V2G, G2V, and RES (IntVGR) scheduling algorithm

is described, which takes into account not only the performance of the distribution grid but also
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vehicle owner’s satisfaction. G2V and V2G are both considered and coordinated in such a way that
better peak shaving and valley filling are realized whilst maintaining an acceptable power quality.
The schematic of the proposed IntVGR algorithm with an emphasis on the part of home scheduling
is illustrated in Fig. 9.2, which demonstrates different V2G/G2V schedules that will be assigned to a
given PEV in terms of uncertainties related to its arrival time, its desirable disconnection deadline,

and the amount of energy that it needs to be replenished.

To define our proposed IntVGR. scheduling algorithm, we provide below the main parameters
involved, objective functions, and system constraints. Note that following cost functions cannot be
solved directly using an integer programming solver as multiple parameters are to be obtained by

performing power flow analysis.

9.4.1 IntVGR main parameters

The main parameters of our proposed IntVGR scheduling algorithm are listed below.

— H: Set of residential network nodes.

— L: Set of power distribution lines.

— torri: Home arrival time of PEV 4, where i € H.

— tdeadline,i: Deadline/disconnection time of PEV 1.

— SOC;;: Battery SOC level of PEV i at time £.

— Pyesireq: Desired system-level peak demand (in kW). This is similar to the circuit level demand
threshold specified in [17], which represents the network supply limit based on the existing
generation capacity. Pyesireq might also be a predefined level set by utility operators for other
grid control purposes.

— tvag,s and tygg,g: Start time and end time of the V2G period, which are defined as the
time point when the system-level base load demand (non-PEV load consumption) becomes
higher and drops lower than Pyeg;req, respectively. tyog s and tyog g are known parameters
prior to the optimization process based on historical residential base load profiles (discussed

in co-simulation configurations in Section 9.5) and the predefined Pyegireq-
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—— Ty Interval of time slot. The time frame 7 is discretized into time slots for convenience of

calculation and ease of implementation.

9.4.2 Objective function

The objectives of the proposed IntVGR algorithm are different for home scheduling and coor-
dination at public parking garages, which will be explained and mathematically formulated in this

section.

Home V2G scheduling

The objective for home scheduling within the V2G period is to shave the peak demand to the
level of Pjegired as close as possible by aggregating feasible PEVs to feed energy back to the grid

and is expressed as follows:

tvaG,E |H| 2
min Z Z Pk,t - Pdesired )

t=tyag,s \ k

Vk € H,t € [tvag,s, tvac,E] (9.1)

where Py, represents the power demand at node k € H at time t € [ty2c.s, tvac,g)- Note that Py,
consists of two components:

Pit = Poasekt + PPEV KL (9.2)

in which Ppgse k¢ denotes the base load demand at node k at time ¢ and Ppgy : represents the

PEV load and is given by:

Ren if charging at node k at time ¢

Ppgvikt =94 —Rys if discharging at node k at time ¢ »

0 otherwise

(9.3)
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where R, and Rg;; represent the charging and discharging power level, respectively. Note that
—Ry;s indicates that the PEV is actually feeding power back to the grid as a distributed generator.
It is worth noting that the aforementioned “otherwise” circumstance accounts for the situation
where no PEV is assigned to node k at all or the PEV associated with node k has not yet been
connected to the grid at time ¢, e.g., currently driving on the road. This circumstance also ensures
the causality of the scheduling. For example, if PEV k arrives after ty»g,g (but prior to tyvag k),
the start time of Eq. (9.1) for scheduling PEV £k is its actual arrival time instead of tyog s because
the past cannot be changed. In that case, therefore, Pppv i equals zero for all the slots between
tyog,s and its arrival time, according to the “otherwise” circumstance. At any given time point ¢,
the term Ppgy ¢ includes all the PEVs that have already been scheduled by the DMS, and we do

not consider future unscheduled PEVs in scheduling a newly arrived one.

Home G2V scheduling

Having determined all the discharging slots for PEV 4, for G2V scheduling, the objective is to

minimize the total system losses while filling the valley, which was originally proposed in [5], and

|T~ltvac,s:tvee,ell [ |L| |
min > AP ARE
1 k

t
Vk € H,t € T — [tvag,s, tvac,E] (9.4)

can be formulated as:

where I;; represents the current flowing along line [ € £ at time ¢, and its value is obtained from
load flow analysis based on the value of Ppgy .+ (a component of Py ;). Note that Eq. (9.4) cannot
be solved explicitly, but instead the optimal Ppgy: is obtained by performing iterative load flow

analysis, which results in minimum system-level power losses among all the scheduling permutations.

It is worth emphasizing that the decision variable for Egs. (9.1} and (9.4) is the slot assignment
represented by Pppy ¢, i-e., charging, discharging, or being idle, according to Eq. (9.3) for all the
time slots when the corresponding PEV is grid-connected. Charging and discharging power levels

(Rcn, and Rg;s) are not decision variables, but instead they are fixed at the maximum power ratings
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Figure 9.2 — Schematic of the proposed scheduling algorithm.

for ease of calculation. Adjustable charging/discharging rates might be adopted, which would result

in more scheduling flexibility at the expense of higher computation complexity.

Workplace scheduling with RES

When RES units are available at the public parking garage/workplace, the objective is to make
maximum utilization of available solar power generated locally. In case that there is a shortage of
RES generation, given the fact that the majority of PEVs will be parking at the garage for a long
period during the day (e.g., the typical daily work duration is approximately 8 hours), some PEVs
might be postponed to a later time when the generation capacity from PV panels rises (i.e., solar
intensity reaches its highest level around noon time). Consequently, the overall charging profile at
the parking garage will track and match the RES unit output profile by controlling the charging

time of garage-connected PEVs. The objective function can be therefore formulated as:

t

|71
min (Z (PRES,t - Pgaru,ge,t)2> s (95)

where Pgrps represents the power generated locally from RES units at time ¢, and Pygrage,t denotes
the total PEV charging load at public garages at time t. Note that each PEV will be parked at
the public parking garage for a specific duration of time. The algorithm attempts to postpone, if
necessary, those PEVs with longer parking duration and higher SOC level, in order to ensure that
all PEVs have reached a full or near-full SOC level upon being picked up by the vehicle owner and

thereby to alleviate the stress on the distribution grid during peak hours.
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9.4.3 Constraints

The following constraints are considered in the proposed IntVGR algorithm:

(1) To ensure an acceptable power quality at the household utilization level, the per-unit ma-
gnitude of voltage at each node must be always maintained within the acceptable range given by
[18]:

Vinin < Vit < Vinae, Ve € H,t €T, (9.6)

where Vi and Viee represent the minimum and maximum limit, respectively. Note that as the
distribution grid topology in this study is based on single phase, asymmetric voltage on the other

phase due to PEV loads is not considered.

(#2) The total system-level power demand can not be higher than the original base load peak
demand level FPyig at all times:
[H]

Z Pk,t < Porig)\/t eT. (97)
k

(z32) To optimize the battery lifetime, the battery can never be over-charged (SOCp,z) or over-
depleted (SOChin):
SOChin < SOC;t < SOChar, Vi e Nt €T, (9.8)

where SOC; ; denotes the battery SOC of PEV 4 at time ¢.

(iv) For each PEV 4, the number of charging as usual, discharging and idle slots scheduled by the
proposed algorithm, denoted by N¢p i, Ngisi, and Nig i, respectively, should satisfy the following

relationship:

tdcadline,i - tarr,i
Neni+ 2 - Nyisi + Nidei = < ,

Tslot )
VieN. (9.9)

Note that Ng;s; is doubled in Eq. (9.9) to account for the number of charging slots for the sake of

replenishing the discharged energy if R., and Ry;s are equal.
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(v) Local capacity of transformers and cables, for instance, might become barriers to the adoption
rate of PEVs. Our additional impact studies, which are not provided in this paper due to space
limitations, have not observed any local overloading events in the scenario of random charging for
the specific distribution network in this study. Therefore, local element capacity limits will not be
formulated as constraints in this paper, but might be easily taken into account for other heavily

loaded distribution networks.

9.4.4 Electricity market concerns

In the future PEVs may be grouped and coordinated by some aggregating agents, especially
when the V2G operation mode is enabled, due to the fact that a single PEV does not have adequate
capacity to exploit business opportunities in the electricity markets. The aggregating agent can
be either a utility, such as the distribution system operator (DSQ), or some third party for-profit
entities [19, 20, 21]. As previously mentioned, the aggregator as the superior controlling unit in this
study is served by the DMS, which is directly controlled by the DSO [3]. The DSO has the right
to schedule PEVs on the basis of its own constraints: mostly peak shaving to reduce the power
variation on the transmission grid and the variation in power purchases from the power producers,

but also other criteria, such as reducing power losses and asset congestions in the distribution grid.

It is worth noting that the objectives of the scheduling scheme currently proposed in this work
is from the technical point of view, while electricity markets and market-based financial benefits to
PEV owners or the aggregation unit are not taken into account. Therefore, our current approach is
valid in jurisdictions where no electricity markets are involved. In addition, as stated in [3] where a
hierarchical technical and market management structure was proposed, our approach is also valid
when the power grid is approaching its technical restrictions or the grid is operated in abnormal or
emergency conditions (e.g., contingencies and islanded operation), in which case the DMS headed
by the DSO will act over, and if necessary, override V2G/G2V decisions from market-oriented

aggregators with pure economic interests, if there are any.

In spite of this, the authors acknowledge that it is still important for our future work to integrate

electricity market features in the scheduling scheme facilitated by the aggregation unit. Some recent
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works have already studied the market model of the aggregator, for example, based on maximization
of financial profits from providing ancillary services (frequency regulation and spinning reserves)
[22] or energy trading-related profits [19]. However, these analyses were performed at the bulk power
level and ignored technical constraints at the distribution level. The authors in [19] concluded that
current market policies and mechanisms with regard to PEV deployment need to be revised so as
to provide sufficient incentives, especially for those third-party aggregating business, to take into
account the technical perspective of the power grid in order to prevent imposing detrimental impacts

on grid operations due to their for-profit V2G/G2V decisions.

Under current policies, the DSO is not allowed to be able to compete with other players in
the market due to its advantage of having access to the network details. Instead, as previously
mentioned and discussed in (3], the DSO sees the third party aggregator as an important actor in the
distribution grid operation. Prior to approving the for-profit aggregator to proceed to any market
negotiation, the DSO will perform an ex ante validation of V2G/G2V decisions (sell/buy bids)
proposed by the aggregation unit, and if necessary, the DSO will ask the aggregator to make proper
changes on the proposal until a safe technical feasibility is guaranteed (e.g., branch congestions,
voltage profiles, etc.) [20, 21]. The DSO might mandate the aggregator to make further changes on
its plan according to some other grid control purposes. This is how the technical and the market

perspectives are integrated.

Therefore, to integrate the electricity market perspective into our current scheduling scheme, the
aforementioned technical and market management structure could be modeled. The objectives will
differ from those proposed in this work, and instead the scheduling might be based on maximization
of the financial profits for the aggregator by optimizing energy and ancillary service scheduling, or
minimization of the charging costs for the PEV owner [21]. The technical aspects, i.e., network
constraints and some specific targets imposed by the DSO for a given feeder, such as peak shaving
and minimized power losses as formulated in Egs. (9.1) and (9.4), can be easily integrated into
the optimization formulation by adapting the objective functions to additional constraints. These
technical constraints, however, do not imply that the aggregator will have access to the network
details as the DSO does, but rather represent the aforementioned ex ante validation procedure by

the DSO, which ensures a safe grid operation. Another option to deal with the technical perspective
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might be based on transforming the technical constraints into equivalent monetary costs and keep

them also in the objective function, similar to the work in [23].

It is worth emphasizing that the main focus of this work is on co-simulating the information
interactions required to facilitate a specific PEV scheduling scheme and examining its performance
from both power systems and communications viewpoints. In our future work, hence, instead of
combining the technical and the market perspectives together in the scheduling formulation as
previously explained, it is also possible to co-simulate the interactions among all the involved entities
within the technical and market management framework, where the ex ante proposal/validation
process between the DSO and the for-profit aggregator will also be modeled by simulating the
information exchange between them, and to investigate the impacts of the scheduling decisions

from the for-profit aggregator on the distribution grid operations and constraints.

9.5 Co-simulation Results

This section provides co-simulation results for our proposed IntVGR scheduling algorithm. We
also consider a well-performing smart charging scheme recently proposed in [5] for benchmark

comparison.

9.5.1 Co-simulation configurations

The proposed IntVGR scheduling algorithm is tested in our recently developed co-simulation
environment, which is built using OMNeT++, while the power systems layer is modeled and load
flow analysis is performed in OpenDSS. The architecture of the co-simulation platform is explained
in details in our previous work [15]. We provide below a brief summary on the specific configurations
used in this paper regarding the distribution network, the FiWi communications infrastructure, and

the investigated scenarios.
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Distribution grid configurations

Our co-simulation model is configured according to the following settings for the power distri-

bution network:

— Distribution network topology: The distribution network is a modified IEEE 13-node radial

distribution feeder [24], as depicted in Fig. 9.3. It has 18 LV residential networks, each of
which consists of 19 customer households, representing 342 households in total.

PEVs: PEVs are modeled based on the specification of a commercial PEV model, Nissan
LEAF! (Table 9.1). Each PEV is associated with a specific home arrival time, home depar-
ture time, and daily driving distance based on realistic data extracted from the National
Household Travel Survey (NHTS) 2001 2.

Public parking garages: Two public parking garages are available at node 632 and 684, res-
pectively, where vehicle owners can park and charge their PEVs during work time.

RES: PV panels are assumed available at parking garages. Each PV panel is configured
to have an area of 500 m?, with a conversion efficiency of 12% and an inverter efficiency
of 95%3. Based on the sun irradiance level in Montréal4, the hourly distribution of the
generation capacity from PV panels can be determined, as shown in Fig. 9.4.

Residential base load: A base load profile is applied at each household to model its daily base
load consumption. The load shape is obtained from the RELOAD ® database for both summer
and winter. For each season, two additional load curves are generated by time shifting the
original load shape by +/- 1 hour to account for discrepancies in residential daily routines.
At each household and hour, the load randomly varies among the three aforementioned load
profiles based on a uniform distribution. The maximum power demand and power factor are

set to 2 kW and 0.95 [5], respectively, at each household.

- N =

. LEAF’s manual is available at http://www.nissanusa.com/leaf-electric-car.

. The NHTS dataset is available at http://nhts.ornl.gov.

. Efficiencies are given at http://www.solarbuzz.com/.

. Sun irradiance level data is available at http://www.climate.weatheroffice.qc.ca/.
5.

RELOAD Database Documentation and FEvaluation and Use in NEMS is available at http://wuw.

onlocationinc.com/LoadShapesReload2001. pdf.
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Tableau 9.1 — PEV Model Configuration

Model Nissan LEAF
Battery capacity 24 kWh
Maximum depletable capacity 80%
Electric drive efficiency 0.26 kWh/mile [25]
Charge/Discharge efficiency 90% [26]
Charging infrastructure Level 1 [27]
Power rating 1.44 kW (120VAC/12A)
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Figure 9.3 — Single line diagram of the 342-node distribution network topology.

FiWi-based communications infrastructure configurations

An EPON of 32 ONUs with a line rate of 1 Gbps is used for the fiber backhaul. The ONU nodes
are distributed uniformly to cover the entire distribution grid of 342 customer households. A wireless
mesh network based on IEEE 802.11g with a line rate of 54 Mbps is used to aggregate sensor data
for those customer households without a direct connection to an ONU. The wireless mesh network
forwards their packets through the closest ONU collocated with an MPP. The notification message
rate, Anotif, is set to 1 message per second. Due to space limitations, we do not evaluate the impact
of Apotis on our proposed IntVGR scheme. Nodal voltage and power consumption measurements

are assumed to be available directly without any sensing delay or error.
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Definition of investigated scenarios

Two penetration levels (PLs), i.e., 42% and 84%, are tested in the simulation. We introduce a
coefficient 7, which specifies the ratio of Pyesired t0 Porig- The smaller the value of 7 is, the lower
the peak demand level is desired and the longer the V2G period is extended. To be more specific,
Piesired = (342 x 2) - n in kW, where 342 x 2 corresponds to the system-level peak demand for
non-PEV loads. 7 is varied from 0.80 to 0.95.

The following simulation scenarios are considered:

— H-R: This scenario serves as the business-as-usual (BAU) scenario, in which case PEVs are
charged in a random and uncoordinated manner immediately upon arrival at home until
being fully replenished, and therefore, no ICTs are involved.

— H-S: A smart charging scheme recently proposed in [5] is applied to home scheduling, which
attempts to maintain the original base load peak demand level while minimizing the total
power losses. This scenario serves as a benchmark test case for efficacy validation of the pro-
posed IntVGR scheduling algorithm. The reason for taking this scheme as benchmark is that
its objective is also from the technical viewpoint of power system (network constraints) ins-
tead of cost-benefit analysis as proposed in some other studies, and it has been demonstrated
to successfully control the system peak demand level and regulate voltage deviations.

— W-R/H-S: Added to the aforementioned H-S scenario, public parking garages become avai-
lable and thus enable parked PEVs to get charged in an uncoordinated manner during work
hours.

— IntVGR(n, w/o RES): The proposed IntVGR algorithm is applied but no local RES gene-
ration unit is available.

— IntVGR(n, w/ RES): The proposed IntVGR is implemented with its full functionality.

Computation complexity

The proposed IntVGR algorithm may require a significant amount of calculations to find optimal

solutions, depending on the value of parameters involved in scheduling. To decrease the computation
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Figure 9.4 — Hourly distribution of the generation capacity from the local RES unit at the public
parking garage (workplace).

complexity, first of all, the considered time frame, 7, must be finite, and intuitively, 7 could be set
to 24 hours in order to schedule PEVs on a daily basis. Meanwhile, discretization of 7 into time
slots (Tsj0t) significantly reduces the number of required power flow analyses. Furthermore, in order
to cut down even more the number of calculations, we created a caching system in our co-simulator,
exposed in our previous work [15], which avoids rerunning the same power flow analysis two times.
In our numerical simulations, a Ty, of 15 minutes, which has also been suggested as a likely interval
* for PEV scheduling in [3], and a 7 set to 24 hours along with the aforementioned caching system

have not led to a large computation time.

9.5.2 Results for the performance of distribution grid

The following performance metrics are measured and examined: (i) Dpear denotes the peak
power demand in kW needed from the main source, (i) Lmqas denotes the maximum system losses
in kW, including both line losses and transformer losses, (i43) Vmin represents the minimum per unit
(p.u.) value of voltage at the node with the worst daily voltage profile, (iv) V2G4, denotes the
maximum power in kW fed back to the grid by aggregated PEVs, and (v) SOCfnq indicates the

average SOC in percentage upon PEV’s deadline.

Table 9.2 shows the results for the aforementioned scenarios based on a PL of 42% and a summer
base load profile. One of the main objectives of the proposed IntVGR algorithm is to smoothen the
overall demand profile by shaving the peak. Despite that the benchmark H-S scenario successfully
maintains the same peak level as Py (681.49 kW), our proposed IntVGR algorithm is able to
achieve much more. The performance in terms of peak shaving and valley filling for different charging

strategies is shown in Fig. 9.5. It can be observed that the H-R scenario increases Dp.qy, significantly
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and the W-R/H-R scenario enables public parking garages to share some of the charging burden
during periods of already high demand. The H-S scenario successfully avoids the situation where
PEV charging activities coincide with household peaks. In comparison, the IntVGR(0.90, w/0 RES)
scenario achieves a peak demand even lower than P,.;; by coordinating feasible PEVs to provide
V2G services during peak hours. Fig. 9.6 provides a closer look at the IntVGR algorithm between
G2V and V2G modes. Dy is further shaved as n decreases. With 1 equal to 0.80, Dpeqx is brought

down to 605.79 kW, decreased by 21% compared to that in the BAU scenario.

The second metric in Table 9.2, Lp,qz, is reduced by 30% from 22.65 kW in the IntVGR(0.80,
w/o RES) scenario compared to that in the BAU scenario. The distribution system operator is
concerned about power losses, which could be potentially compensated by increasing the electricity
tariffs at customer premises. Based on the deployment of ICTs, intolerable voltage deviations are
avoided and Vi, at all nodes is always maintained within the acceptable limit ([0.95, 1.05] p.u
under normal conditions), as shown in Fig. 9.7. Compared to the benchmark H-S scenario, the

proposed IntVGR algorithm achieves a better performance in voltage regulation.

It is worth noting that for some 7, Pgesireq cannot be always reached. For example, with 7 equal
to 0.80, Dpeqx is only shaved to 605.79 kW, or equivalently 85% of Dorig, and V2Gpme, increases
by only 4.32 kW, corresponding to three more PEVs, as 1 decreases from 0.85 to 0.80. This can
be explained by the fact that our proposed IntVGR algorithm also takes PEV owner’s need into
account, which is illustrated in Fig. 9.8. It can also be observed from Table 9.2 that SOC;nq is not
sacrificed but maintained at a fairly satisfying level (above 99.88%).

Tableau 9.2 — Co-simulation results for a PL of 42% and a summer base load profile.

w/o ICTs w/ ICTs
H-S IntVGR(n, w/o RES) IntVGR(n, w/ RES)

w/o W-R{w/ W-R|n=0.95|1n=0.90 | n=0.85 | n=0.80 { n=0.95 | n=0.90 | =0.85 | n==0.80
Dpeax [kw] 759.87 681.49 678.16 | 666.54 | 635.20 | 633.84 | 605.79 | 653.27 | 630.55 | 609.09 | 584.09
Lmaz [kw) 32.34 27.22 26.90 26.12 { 24.05 | 24.00 | 22.65 | 26.29 | 24.59 | 23.92 | 22.49
Vimin [py] 0.9443 0.9507 0.9531 | 0.9522 | 0.9548 | 0.9553 | 0.9558 | 0.9521 { 0.9528 | 0.9528 | 0.9552

V2Gmas [kw] 0 0 0 38.88 | 69.12 | 87.84 | 92.16 | 21.60 | 50.40 | 73.44 | 87.84

SO0Ctina {%]| 100.00 99.63 100.00 | 100.00 { 99.95 | 99.88 | 99.90 | 100.00 | 100.00 | 99.94 | 100.00

H-R
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Another objective of the proposed IntVGR algorithm is to take maximum utilization of low-cost
energy generated locally from RES units, considering the fact that most PEVs are parked for quite
a long period during the day and as such give sufficient flexibility of their charging time. As shown
in Fig. 9.9, in an uncoordinated and random manner, there is a garage charging peak at 9 a.m.
due to most PEVs arriving at work around that time, and thereby, some PEVs need to take power
from the grid as a result of not sufficient capacity from local RES units. The IntVGR(0.90, w/
RES) scenario, in contrast, is able to track the RES output profile by putting off those PEVs with
relatively longer parking duration to a later time when the RES output increases. For example at 9
a.m., only 38 out of 80 PEVs are enabled by the IntVGR algorithm to charge while the remaining
42 ones are delayed. Note that with the same 7, IntVGR (1, w/ RES) scenarios result in lower Dpeq
and V2Gpmqz than IntVGR(n, w/o RES) scenarios do, as can be observed in Table 9.2, which can
be explained by the fact that a surplus of RES output, if applicable, is fed back to the grid and to

some extent contributes in peak shaving.

The sensitivity to the PEV adoption rate of our proposed IntVGR algorithm is then tested with
a higher PL of 84%, the results of which are given in Table 9.3. Besides similar results to those
previously mentioned, we make some new observations. As the PL is high, a higher morning peak
exists as a result of PEVs charging at public parking garages (e.g., Dpeqk is 651.40 kW in IntVGR (1,
w/o RES) scenarios with 7 equal to 0.90, 0.85, and 0.80). Although the garage charging demand
is more than the amount that local RES units can provide, the IntVGR algorithm makes its best
effort in coordinating PEVs for utilization of local renewables and preventing the occurrence of the

aforementioned peak during morning hours, as depicted in Fig. 9.10.

As the PL rises, more efforts are required to aggregate PEVs to provide V2G services. We
note that as the PL is doubled from 42% to 84%, V2G 4z, however, is not doubled, which can
be explained by the fact that a higher PL results in a higher probability that PEVs have to be
interrupted from V2G mode and switched back to G2V mode within the V2G period for the sake
of reaching a satisfying SOC level by the desired deadline. As observed in Table 9.3, SOCfnq is

slightly worsened by only 1%.
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Figure 9.5 — The overall demand profile in different simulation scenarios based on a PEV penetration
level of 42% and a summer base load profile.
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Figure 9.6 — Operation of G2V and V2G modes in the IntVGR(0.90, w/o RES) scenario based on a
PEV penetration level of 42% and a summer base load profile.

We also validate the efficacy of our proposed algorithm with a winter base load profile. Similar
findings to Table 9.2 and 9.3 were obtained, but results are not given in this paper due to space

limitations.

To sum up, our proposed IntVGR algorithm has been demonstrated to successfully smoothen
the overall demand profile by peak shaving and valley filling, the peak-to-average ratio (PAR) of
which can be brought down to 1.28 with n equal to 0.90 and even lower as n further decreases. This
is much improved compared to a PAR of 1.50 for the BAU scenario and 1.38 for the benchmark
scenario, allowing the utility to run the power grid at decreased peak provisioning with higher
system efficiency, lower costs, and also reduced carbon emissions. It has also been proved effective
in coordinating PEV charging loads based on tracking the generation profile of local RES units.
Note that in simulations, we use a forecast output profile known in advance for local RES units.
To deal with unpredictable uncertainties/deviations involved in generation/load profiles, we have
proposed and examined in our previous work [14] a reactive coordination scheme, which is able to
adjust the scheduling results with respect to unknown variations, but this is not the main focus of

this paper.
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Tableau 9.3 — Co-simulation results for a PL of 84% and a summer base load profile.

w/o ICTs w/ ICTs
H-S IntVGR(m, w/o RES) IntVGR(n, w/ RES)

w/o W-R|w/ W-R|n=0.95|1=0.90 | n=0.85 | =0.80 | n=0.95 | n=0.90 | n=0.85 | n=0.80
Dpear kw] 850.08 683.29 679.13 | 667.46 | 651.40 | 651.40 | 651.40 | 668.71 | 641.59 | 624.28 | 595.51
Lmaz [kw] 38.89 27.21 26.88 26.17 | 24.26 | 23.40 | 20.48 | 25.86 | 24.24 | 23.19 | 20.53
Vimin [pu] 0.9397 0.9503 0.9531 | 0.9527 | 0.9536 | 0.9542 | 0.9533 | 0.9484 | 0.9518 | 0.9537 | 0.9544

V2Gmaz [kw] 0 0 0 40.32 | 83.53 | 119.52 | 138.24 | 48.96 | 90.72 | 122.40 | 151.20

SO0C¢ina [%] 99.87 98.82 99.93 99.92 | 99.87 | 99.66 | 99.24 | 99.72 | 99.57 | 99.30 | 98.88

H-R
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Figure 9.7 — Worst nodal voltage profile based on a PEV penetration level of 42% and a summer base
load profile.
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Figure 9.8 — Operation of G2V and V2G modes in the IntVGR(0.80, w/o RES) scenario based on a

PEV penetration level of 42% and a summer base load profile.

9.5.3 Interoperability with the supporting communications infrastructure

The performance of the communications infrastructure also plays a critical role for deployment
of the proposed scheduling algorithm. Two main performance metrics are examined, namely, channel
throughput and delay. Due to space limitations, we show selected results for the aforementioned

scenarios from a communications perspective.

For all the simulation scenarios, the bandwidth utilization is observed to vary significantly with
the PL and whether garage scheduling with RESs is deployed, as depicted in Fig. 9.11. During the

simulation interval from 26 to 42 seconds, corresponding to 6 to 10 a.m. on the virtual distribution
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Figure 9.9 — Workplace scheduling with RESs in the IntVGR(0.90, w/o RES) scenario based on a PEV
penetration level of 42% and a summer base load profile.

system layer (VDSL), bandwidth utilization is higher for scenarios with RESs scheduling enabled
and remains unchanged if PEVs are charged in an uncoordinated manner at public garages. Note
that 1 simulation second corresponds to 15 minutes on the VDSL and the interval up to 26 seconds
is basically used for simulation initialization and thus not shown in the figure. During peak hours,
starting from 70 seconds, the throughput significantly increases for both PLs as a large volume of
home G2V-V2G requests/responses as well as other messages such as SOC information packets are
exchanged between PEVs and the DMS. The channel throughput reaches the peak at around 114
seconds (4 a.m. on the VDSL). This is caused by the fact that the number of PEVs that are in
charging (G2V) mode reaches the maximum at 4 a.m. and thereby the number of SOC messages
exchanged between PEVs and the DMS also reaches the maximum amount, which is consistent with
the findings in Fig. 9.8 where G2V charging load reaches the maximum at 4 a.m.. When the PL is
doubled from 42% to 84%, the number of PEVs is doubled, which might explain the observation that
the channel throughput due to exchanging PEV-related messages is also roughly doubled at critical
time points. Note that the bandwidth taken up by information interactions other than PEV-related
messages, such as notification messages containg the sensor data for grid monitoring (loads, nodal
voltages, etc.), is approximately 1.3 Mbps, and it remains unchanged over time for both two PLs

as the number of household is fixed.

With regard to the second metric, as shown in Fig. 9.12, the upstream end-to-end delay measured
at the DMS is approximately 1 ms and, as expected, is slightly higher on average for a higher
PL, which is consistent with observations for the channel throughput. Note that the end-to-end
delay takes into account the transmission, propagation, and queuing delays. We do not evaluate

computation times. The delay reaches its highest level during 66 to 90 simulation seconds (4 p.m.
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Figure 9.10 — Workplace scheduling with RESs based on a PEV penetration level of 84% and a summer
base load profile, n = 0.90.
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Figure 9.11 — Upstream throughput measured at the DMS for different PLs.
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Figure 9.12 — Upstream end-to-end delay measured at the DMS for different PLs.

to 22 p.m. on the VDSL). This can be explained by the fact that most PEVs arrive at home during
this period and contend for the wireless network channel bandwidth to exchange their messages to
the DMS through an ONU, and therefore packet collision is more likely to occur as multiple PEVs

attempt to transmit their messages to an ONU simultaneously.

Note that 1-2 Mbps were required by the proposed algorithm with the aforementioned configu-
rations. Depending on the sensitivity required by the utility, Anotif can be changed. As our proposed

communications infrastructure has the potential of sharing its bandwidth with other applications,
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such as voice and video, quality-of-service issues could be noted. We addressed this problem in our

previous work [28], to which interested readers are referred for further details.

9.6 Conclusions

In this paper, our proposed IntVGR algorithm has been implemented in a co-simulation environ-
ment by exchanging real-time message and data between the DMS and PEVs over a converged FiWi
broadband access network. Its performance from both power systems and communications perspec-
tives has been examined. Results demonstrate its effectiveness in smoothening the overall demand
profile and controlling PEVs to make maximum utilization of local RES capacity. Grid constraints
as well as vehicle owners’s satisfaction are both taken into account. To deploy the proposed scheme
over a distribution grid consisting of 342 customer households, the utilized upstream bandwidth
is found to be 1-2 Mbps, which occupies a fairly low level of the EPON channel resources and a
low end-to-end delay of 1 ms is obtained. The multidisciplinary study performed in this paper can
be further extended to accommodate various smart grid applications and services in more complex

physical-cyber systems.
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In part I, the smart grid and potential communications technologies were first introduced, whe-
reby we focused on the potential of fiber-wireless (FiWi) access networks integrated with optical
and wireless sensors for cost-effective and reliable smart grid communications. More specifically, in
Chapter 3, we developed a probabilistic framework allowing to find the theoretical upper bound of
the machine-to-machine (M2M) traffic. This work was extended from the paper presented in this
chapter, whereby the probabilistic FiWi framework is generic and can be applied to any single-class

traffic applications.
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In this paper, we present the first analytical framework to quantify the performance of FiWi
network routing algorithms, validate previous simulations studies, and provide insighful guidelines
for the design of novel integrated optical-wireless routing algorithms for future FiWi access net-
works leveraging next-generation PONs, notably long-reach 10+ Gbps TDM/WDM PONs, and
emerging Gigabit-class WLAN technologies. The analytical framework is flexible and can be ap-
plied to any existing or new optical-wireless routing algorithm. Furthermore, it takes the different
characteristics of disparate optical and wireless networking technologies into account. Beside their
capacity mismatch and bit error rate differences, the framework also incorporates arbitrary frame
size distributions, traffic matrices, optical/ Wireless propagation delays, data rates, and fiber cuts.
We investigate the performance of minimum hop, minimum interference (wireless hop), minimum
delay, and our proposed OFRA routing algorithms. The obtained results show that OFRA yields the
highest maximum aggregate throughput for both conventional and long-reach wavelength-routing
WDM PONs under balanced and unbalanced traffic loads. For a higher loaded fiber backhaul, ho-
wever, OFRA gives priority to lightly loaded wireless links, leading to an increased mean delay at
small to medium wireless traffic loads. We also observe that using very high throughput WLAN
helps increase the maximum mean aggregate throughput significantly, while high-speed 10 Gb/s

WDM PON helps lower the mean delay especially at medium traffic loads.

160



IEEE/ACM Transactions on Networking, accepted for publication.

10.1 Abstract

Current Gigabit-class passive optical networks {(PONs) evolve into next-generation PONs, whe-
reby high-speed 10+ Gb/s time division multiplexing (TDM) and long-reach
wavelength-broadcasting/routing wavelength division multiplexing (WDM) PONs are promising
near-term candidates. On the other hand, next-generation wireless local area networks (WLANS)
based on frame aggregation techniques will leverage physical layer enhancements, giving rise to
Gigabit-class very high throughput (VHT) WLANSs. In this paper, we develop an analytical {ra-
mework for evaluating the capacity and delay performance of a wide range of routing algorithms
in converged fiber-wireless (FiWi) broadband access networks based on different next-generation
PONs and a Gigabit-class multi-radio multi-channel WLAN-mesh front-end. Our framework is very
flexible and incorporates arbitrary frame size distributions, traffic matrices, optical/wireless propa-
gation delays, data rates, and fiber faults. We verify the accuracy of our probabilistic analysis by
means of simulation for the wireless and wireless-optical-wireless operation modes of various FiWi
network architectures under peer-to-peer, upstream, uniform, and nonuniform traffic scenarios. The
results indicate that our proposed optimized FiWi routing algorithm (OFRA) outperforms mini-
mum (wireless) hop and delay routing in terms of throughput for balanced and unbalanced traffic

loads, at the expense of a slightly increased mean delay at small to medium traffic loads.

Keywords: Availability, fiber-wireless (FiWi) access networks, frame aggregation, integrated rou-

ting algorithms, next-generation PONs, VHT WLAN,

10.2 Introduction

Fiber-wireless (FiWi) access networks, also referred to as wireless-optical broadband access
networks (WOBANSs), combine the reliability, robustness, and high capacity of optical fiber networks
and the flexibility, ubiquity, and cost savings of wireless networks [1]. To deliver peak data rates up to
200 Mb/s per user and realize the vision of complete fixed-mobile convergence, it is crucial to replace
today’s legacy wireline and microwave backhaul technologies with integrated FiWi broadband access

networks [2].
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Significant progress has been made on the design of advanced FiWi network architectures as well
as access techniques and routing protocols/algorithms over the last few years [3]. Among others,
the beneficial impact of advanced hierarchical frame aggregation techniques on the end-to-end
throughput-delay performance of an integrated Ethernet passive optical network (EPON)/wireless
mesh network (WMN)-based FiWi network was demonstrated by means of simulation and expe-
riment for voice, video, and data traffic [4]. A linear programming based routing algorithm was
proposed in [5, 6] with the objective of maximizing the throughput of a FiWi network based on
a cascaded EPON and single-radio single-channel WMN. Extensive simulations were conducted to
study the throughput gain in FiWi networks under peer-to-peer traffic among wireless mesh clients
and compare the achievable throughput gain with conventional WMNs without any optical back-
haul. The presented simulation results show that FiWi and conventional WMN networks achieve
the same throughput when all traffic is destined to the Internet, i.e., no peer-to-peer traffic, since the
interference in the wireless front-end is the major bandwidth bottleneck. However, with increasing
peer-to-peer traffic the interferences in the wireless mesh front-end increase and the throughput
of WMNs decreases significantly, as opposed to their FiWi counterpart whose network throughput

decreases to a much lesser extent for increasing peer-to-peer traflic.

The design of routing algorithms for the wireless front-end only or for both the wireless and
optical domains of FiWi access networks has received a great deal of attention, resulting in a large
number of wireless, integrated optical-wireless, multipath, and energy-aware routing algorithms.
Important examples of wireless routing algorithms for FiWi access networks are the so-called delay-
aware routing algorithm (DARA) (7], delay-differentiated routing algorithm (DDRA) (8], capacity
and delay aware routing (CaDAR) [9], and risk-and-delay aware routing (RADAR) algorithm [10].
Recently proposed integrated routing algorithms for path computation across the optical-wireless
interface include the so-called availability-aware routing [11], multipath routing {12}, and energy-
aware routing algorithms [13]. Most of these previous studies formulated routing in FiWi access

networks as an optimization problem and obtained results mainly by means of simulation.

In this paper, we present to the best of our knowledge the first analytical framework that allows
to evaluate the capacity and delay performance of a wide range of FiWi network routing algorithms

and provides important design guidelines for novel FiWi network routing algorithms that leverage
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the different unique characteristics of disparate optical fiber and wireless technologies. Although a
few FiWi architectural studies exist on the integration of EPON with long-term evolution (LTE)
(e.g., [2]) or worldwide interoperability for microwave access (WiMAX) wireless front-end networks
(e.g., [14]), the vast majority of studies, including but not limited to those mentioned in the above
paragraph, considered FiWi access networks consisting of a conventional IEEE 802.3ah EPON fiber
backhaul network and an IEEE 802.11b/g wireless local area network (WLAN)-based wireless mesh
front-end network [15]. Our framework encompasses not only legacy EPON and WLAN networks,
but also emerging next-generation optical and wireless technologies such as long-reach and multi-
stage 10+ Gb/s time and/or wavelength division multiplexing (TDM/WDM) PONs as well as

Gigabit-class very high throughput (VHT) WLAN.

Our contributions are threefold. First, we develop a unified analytical framework that com-
prehensively accounts for both optical and wireless broadband access networking technologies. We
note that recent studies focused either on TDM/WDM PONS only, e.g., [16], or on WLANS only,
e.g., [17]. However, there is a need for a comprehensive analytical framework that gives insights into
the performance of bimodal FiWi access networks built from disparate yet complementary optical
and wireless technologies. Toward this end, our framework is flexibly designed such that it not only
takes the capacity mismatch and bit error rate differences between optical and wireless networks

into account, but also includes possible fiber cuts of optical (wired) infrastructures.

Second, our analysis emphasizes future and emerging next-generation PON and WLAN technolo-
gies, as opposed to many previous studies that assumed state-of-the-art solutions, e.g., conventional
IEEE 802.11a WLAN without frame aggregation [17]. Our analytical approach in part builds on pre-
vious studies and includes significant original analysis components to achieve accurate throughput-
delay modeling and cover the scope of FiWi networks. Specifically, we build on analytical models
of the distributed coordination function in WLANS, e.g., [18, 19}, and WLAN frame aggregation,
e.g., [20]. We develop an accurate delay model for multihop wireless front-ends under nonsaturated
and stable conditions for traffic loads from both optical and wireless network nodes, as detailed in

Section 10.7.
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Third, we verify our analysis by means of simulations and present extensive numerical results
to shed some light on the interplay between different next-generation optical and wireless access
networking technologies and configurations for a variety of traffic scenarios. We propose an optimi-
zed FiWi routing algorithm (OFRA) based on our developed analytical framework. The obtained
results show that OFRA outperforms previously proposed routing algorithms, such as DARA (8],
CaDAR [9], and RADAR [10]. They also illustrate that it is key to carefully select appropriate
paths across the fiber backhaul in order to minimize link traffic intensities and thus help stabilize

the entire FiWi access network.

To our best knowledge, the presented unified analytical framework is the first to allow capacity
and delay evaluations of a wide range of FiWi network routing algorithms, both previously proposed
and new ones. Our analytical framework covers not only legacy EPON and WLAN, but also next-

generation high-speed long-reach WDM PON and emerging Gigabit-class VHT WLAN technologies.

The remainder of the paper is structured as follows. In Section 10.3, we discuss related work
and recent progress on FiWi access networks. Section 10.4 describes FiWi access networks based
on next-generation PON and Gigabit-class WLAN technologies in greater detail. Section 10.5 out-
lines our network model as well as traffic and routing assumptions. The capacity and delay of the
constituent fiber backhaul and wireless front-end networks are analyzed in Sections 10.6 and 10.7,
respectively, while the stability and end-to-end delay of the entire FiWi access network are evalua-
ted in Section 10.8. Section 10.9 presents numerical and verifying simulation results. Section 10.10

concludes the paper.

10.3 Related Work

The recent survey of hybrid optical-wireless access networks [21] explains the key underlying
photonic and wireless access technologies and describes important FiWi access network architec-
tures. Energy-efficient FiWi network architectures as well as energy-efficient medium access control
(MAC) and routing protocols were reviewed in [22]. Recent efforts on energy-eflicient routing in

FiWi access networks focused on routing algorithms for cloud-integrated FiWi networks that of-
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Figure 10.1 - FiWi network architecture based on single- or multi-stage TDM or WDM PON and
multihop WMN.

fload the wireless mesh front-end and the optical-wireless gateways by placing cloud components,
such as storage and servers, closer to mobile end-users, while at the same time maintaining low
average packet delays [23, 24]. A delay-based admission control scheme for providing guaranteed
quality-of-service (QoS) in FiWi networks that deploy EPON as backhaul for connecting multiple
WiMAX base stations was studied in [25].

A promising approach to increase throughput, decrease delay, and achieve better load balancing
and resilience is the use of multipath routing schemes in the wireless mesh front-end of FiWi net-
works. However, due to different delays along multiple paths, packets may arrive at the destination
out of order, which deteriorates the performance of the Transmission Control Protocol (TCP). A
centralized scheduling algorithm at the optical line terminal (OLT) of an EPON that resequences
the in-transit packets of each flow to ensure in-order packet arrivals at the corresponding destination
was examined in [26]. In addition, [26] studied a dynamic bandwidth allocation (DBA) algorithm
that prioritizes flows that may trigger TCP’s fast retransmit and fast recovery, thereby further

improving TCP performance.

Given the increasing traffic amounts on FiWi networks, their survivability has become increa-
singly important [27, 28]. Cost-effective protection schemes against link and node failures in the
optical part of FiWi networks have been proposed and optimized in [29, 30, 31, 32]. The surviva-
bility of FiWi networks based on multi-stage PONSs, taking not only partial optical protection but
also protection through a wireless mesh network into account, was probabilistically analyzed in [33].

Deployment of both back-up fibers and radios was examined in [34].
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Recent research efforts have focused on the integration of performance-enhancing network coding
techniques to increase the throughput and decrease the delay of FiWi access networks for unicast

and multicast traffic [35, 36).

10.4 FiWi Access Networks

Most previous FiWi access network studies considered a cascaded architecture consisting of a
single-stage PON and a multihop WMN, as shown in Fig. 10.1. Typically, the PON is a conven-
tional IEEE 802.3ah compliant wavelength-broadcasting TDM EPON based on a wavelength split-
ter/combiner at the remote node (RN), using one time-shared wavelength channel for upstream
(ONUs to OLT) transmissions and another time-shared wavelength channel for downstream (OLT
to ONUs) transmissions, both operating at a data rate of 1 Gb /s. A subset of ONUs may be located
at the premises of residential or business subscribers, whereby each ONU provides fiber-to-the-
home/business (FTTH/B) services to a single or multiple attached wired subscribers. Some ONUs
have a mesh portal point (MPP) to interface with the WMN. The WMN consists of mesh access
points (MAPs) that provide wireless FiWi network access to stations (STAs). Mesh points (MPs)
relay the traffic between MPPs and MAPs through wireless transmissions. Most previous FiWi stu-
dies assumed a WMN based on IEEE 802.11a/b/g WLAN technologies, offering a maximum raw

data rate of 54 Mb/s at the physical layer.

Future FiWi access networks will leverage next-generation PON and WLAN technologies to
meet the ever increasing bandwidth requirements. A variety of next-generation PON technologies
are currently investigated to enable short-term evolutionary and long-term revolutionary upgrades
of coexistent Gigabit-class TDM PONs [37]. Promising solutions for PON evolution toward higher
bandwidth per user are (i) data rate upgrades to 10 Gb/s and higher, and (i¢) multi-wavelength
channel migration toward wavelength-routing or wavelength-broadcasting WDM PONs with or
without cascaded TDM PONs [38, 39]. Similarly, to alleviate the bandwidth bottleneck of the
wireless mesh front-end, future FiWi networks are expected to be based on next-generation IEEE

802.11n WLANS, which offer data rates of 100 Mb/s or higher at the MAC service access point, as
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Figure 10.2 — Next-generation PONs: (a) High-speed TDM PON, (b) wavelength-broadcasting WDM
PON, and (c) wavelength-routing multi-stage WDM PON.

well as emerging IEEE 802.11ac VHT WLAN technologies that achieve raw data rates up to 6900
Mb/s.
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10.4.1 Next-Generation PONs

As shown in Fig. 10.1, current TDM PONSs may evolve into next-generation single- or multi-stage
PONs of extended reach by exploiting high-speed TDM and/or multichannel WDM technologies
and replacing the splitter/combiner at the RN with a wavelength multiplexer/demultiplexer, giving

rise to the following three types of next-generation PONs:

High-speed TDM PON

Fig. 10.2(a) depicts a high-speed TDM PON, which maintains the network architecture of
cbnventional TDM PONSs except that both the time-shared upstream wavelength channel X, and
downstream wavelength channel \gown and attached OLT and TDM ONUs operate at data rates of

10 Gb/s or higher [40].

Wavelength-broadcasting WDM PON

A wavelength-broadcasting WDM PON has a splitter/combiner at the RN and deploys multiple
wavelength channels A = 1,..., A, as shown in Fig. 10.2(b). Each of these A wavelength channels
is broadcast to all connected WDM ONUs and is used for bidirectional transmission. Each WDM
ONU selects a wavelength with a tunable bandpass filter (e.g., fiber Bragg grating) and reuses the
downstream modulated signal coming from the OLT for upstream data transmission by means of

remodulation techniques, e.g., FSK for downstream and OOK for upstream [41].

Wavelength-routing multi-stage WDM PON

Fig. 10.2(c) shows a wavelength-routing WDM PON, where the conventional splitter/combiner
at the RN is replaced with a wavelength multiplexer/demultiplexer, e.g., arrayed-waveguide grating
(AWG), such that each of the A wavelength channels on the common feeder fiber is routed to a
different distribution fiber. A given wavelength channel may be dedicated to a single ONU (e.g.,

business subscriber) or be time shared by multiple ONUs (e.g., residential subscribers). In the latter
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case, the distribution fibers contain one or more additional stages, whereby each stage consists of
a wavelength-broadcasting splitter/combiner and each wavelength channel serves a different sector,
see Fig. 10.2(c). Note that due to the wavelength-routing characteristics of the wavelength mul-
tiplexer /demultiplexer, ONUs can be made colorless (i.e., wavelength-independent) by using, for
example, low-cost reflective semiconductor optical amplifiers (RSOAs) that are suitable for bidi-
rectional transmission via remodulation [38]. Wavelength-routing multi-stage WDM PONSs enable
next-generation PONs with an extended optical range of up to 100 km, thus giving rise to long-
reach WDM PONs at the expense of additional in-line optical amplifiers. Long-reach WDM PONs

promise major cost savings by consolidating optical access and metropolitan area networks [42].

10.4.2 Gigabit-Class WLAN

IEEE 802.11n specifies a number of PHY and MAC enhancements for next-generation WLANS.
Applying orthogonal frequency division multiplexing (OFDM) and multiple-input multiple-output
(MIMO) antennas in the PHY layer of IEEE 802.11n provides various capabilities, such as antenna
diversity (selection) and spatial multiplexing. Using multiple antennas also provides multipath ca-
pability and increases both throughput and transmission range. The enhanced PHY layer applies
two adaptive coding schemes: space time block coding (STBC) and low density parity check coding
(LDPC). IEEE 802.11n WLANS are able to co-exist with IEEE 802.11 legacy WLANS, though in
greenfield deployments it is possible to increase the channel bandwidth from 20 MHz to 40 MHz via
channel bonding, resulting in significantly increased raw data rates of up to 600 Mb/s at the PHY

layer.

A main MAC enhancement of 802.11n is frame aggregation, which comes in two flavors, as shown

in Figs. 10.3-10.4.

Aggregate MAC Service Data Unit (A-MSDU): Multiple MSDUs, each up to 2304 octets
long, are joined and encapsulated into a separate subframe, see Fig. 10.3. Specifically, multiple
MSDUs are packed into an A-MSDU, which is encapsulated into a PHY service data unit (PSDU).
All constituent MSDUs must have the same traffic identifier (TID) value (i.e., same QoS level) and

the resultant A-MSDU must not exceed the maximum size of 7935 octets. Each PSDU is prepended
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DA | SA | Length I MSDU IPadding]
N
\ //

A

™~
Ebframe 1 I Subframe 2 I I Subframe N }

max. 7935 octets

[PHY PreambIeI PHY HeaderI MAC Header I A-MSDU I FCS]

PSDU

Figure 10.3 — A-MSDU frame aggregation scheme.

Octets: 4 0-4095 0-3

[ MPDU Delimiter I MPDU IPadding ]
\\ -
N pd
.
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PSDU

Figure 10.4 — A-MPDU frame aggregation scheme.

with a PHY preamble and PHY header. Although the fragmentation of MSDUs with the same

destination address is allowed, A-MSDUs must not be fragmented.

Aggregate MAC Protocol Data Unit (A-MPDU): Multiple MPDUs, each up to 4095 octets

long, are joined and inserted in a separate subframe, see Fig. 10.4. Specifically, multiple MPDUs are

aggregated into one PSDU of a maximum size 65535 octets. Aggregation of multiple MPDUs with

different TID values into one PSDU is allowed by using multi-TID block acknowledgment (MTBA).

Both A-MSDU and A-MPDU require only a single PHY preamble and PHY header. In A-MSDU,

the PSDU includes a single MAC header and frame check sequence (FCS), as opposed to A-MPDU

where each MPDU contains its own MAC header and FCS. A-MPDU and A-MSDU can be used

separately or jointly.
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Future Gigabit-class WMNs may be upgraded with emerging IEEE 802.11ac VHT WLAN tech-
nologies that exploit further PHY enhancements to achieve raw data rates up to 6900 Mb/s and

provide an increased maximum A-MSDU/A-MPDU size of 11406/1048575 octets [43].

10.5 Network Model

10.5.1 Network Architecture

We consider a PON consisting of one OLT and O attached ONUs. The TDM PON carries one
upstream wavelength channel and a separate downstream wavelength channel. We suppose that
both the wavelength-broadcasting and the wavelength-routing multi-stage WDM PONs ca,fry A
bidirectional wavelength channels A = 1,...,A. In the wavelength-routing multi-stage WDM PON,
the O ONUs are divided into A sectors. We use A to index the wavelength channel as well as the
corresponding sector. In our model, sector A, A = 1,..., A, accommodates Oy ONUs. Specifically,

ONUs with indices o between Zf)‘;} O, and 23:1 O, belong to sector A, i.e., form the set of nodes

A-1 A
Sy = {O|ZOU<OS ZOU}. (10.1)
v=1 v=1

Thus, sector A = 1 comprises ONUs 0 € §; = {1,...,01}, sector A = 2 comprises ONUs o €
Sy = {01+ 1,...,01 + O3}, and so on, while we assign the index o = 0 to the OLT. The one-way
propagation delay between OLT and ONUs of sector A is ¥»® (in seconds) and the data rate of the
associated wavelength channel X is denoted by ¢*) (in bit/s). Hence, each sector of the wavelength-
routing multi-stage WDM PON is allowed to operate at a different data rate serving a subset of
ONUs located at a different distance from the OLT (e.g., business vs. residential service areas).
For ease of exposition, we assume that in the wavelength-broadcasting TDM and WDM PONSs all
wavelength channels operate at the same data rate ¢ (in bit/s) and that all ONUs have the one-way

propagation delay v (in seconds) from the OLT.

All or a subset of the O ONUs are equipped with an MPP to interface with the WMN. The

WDMN is composed of different zones z, whereby each zone operates on a distinct frequency such
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that the frequencies of neighboring zones do not overlap. Frequencies may be spatially reused in
nonadjacent zones. A subset of MPs are assumed to be equipped with multiple radios to enable
them to send and receive data in more than one zone and thereby serve as relay nodes between
adjacent zones. We denote each radio operating in a given relay MP in a given zone z by a unique
w. The remaining MPs as well as all MPPs, MAPs, and STAs are assumed to have only a single
radio w operating on the frequency of their corresponding zone. All wireless nodes are assumed to
be stationary; incorporating mobility is left for future research. Adopting the notation proposed
in [44], we let R, denote the set of multi-radio relay MPs and L, denote the set of single-radio MPs,
MPPs, MAPs, and STAs in zone z. Note that set R, is empty if there are only single-radio MPs in
zone z. Note that due to this set definition each multi-radio MP is designated by multiple w; one w
and corresponding set R, for each zone z in which it can send and receive. The WMN operates at

a data rate 7 (in bit/s).

In the WMN, we assume that the bit error rate (BER) of the wireless channel is p, > 0. On the
contrary, the BER of the PON is assumed to be negligible and is therefore set to zero. However,
individual fiber links may fail due to fiber cuts and become unavailable for routing traffic across the

PON, as described next in more detail. Throughout, we neglect nodal processing delays.

10.5.2 Traffic Model and Routing

We denote N for the set of FiWi network nodes that act as traffic sources and destinations.
Specifically, we consider A to contain the OLT, the O ONUs (whereby a given ONU models the set
of end users with wired access to the ONU), and a given number N of STAs. In our model, MPPs,
MPs, and MAPs forward in-transit traffic, without generating their own traffic. Hence, the number
of traffic sources/destinations is given by || = 1+ O+ N. Furthermore, we define the traffic matrix
S = (Sij), 4,7 € N, where S;; represents the number of frames per second that are generated at
FiWi network node i and destined to FiWi network node j (note that Sj; = 0 for i = j). We allow
for any arbitrary distribution F' of the frame length L (in bit) and denote L and ¢? for the mean
and variance of the length of a frame, respectively. The traffic generation is assumed to be ergodic

and stationary.
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Our capacity and delay analysis flexibly accommodates any routing algorithm. For each pair
of FiWi network source node i and destination node j, a particular considered routing algorithm
results in a specific traffic rate (in frames/s) T';; sent in the fiber domain and traffic rate T;; sent
in the wireless domain such that S;; = I'y; + f‘ij. A conventional ONU o without an additional
MPP cannot send in the wireless domain, i.e., foj = 0, and sends its entire generated traffic to
the OLT, i.e., Sp; = I'pj. On the other hand, an ONU o equipped with an MPP can send in the
wireless domain, i.e., f‘oj > 0. Note that we allow for multipath routing in both the fiber and wireless
domains, whereby traffic coming from or going to the OLT may be sent across a single or multiple
ONUs and their collocated MPPs. We consider throughout first-come-first-served service in each

network node.

10.6 Fiber Backhaul Network

10.6.1 Capacity Analysis

For the wavelength-routing multi-stage WDM PON, we define the normalized downstream traffic

rate (intensity) in sector A, A =1,...,A, as

L O
= (Z Too+ Y D qu) : (10.2)

0€S) g=1 0€S,

where the first term represents the traffic generated by the OLT for sector A and the second term
accounts for the traffic from all ONUs sent to sector A via the OLT. We define the upstream traffic
rate (in frames/s) of ONU o as

O

RY:=Tux+ Y Tog (10.3)
g=1

where the first term denotes traffic destined to the OLT and the second term represents the traffic

sent to other ONUs via the OLT. The normalized upstream traffic rate (intensity) of sector A is

E
u,A U
pr = _CO‘) E R,. (10.4)

0ES)
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For stability, the normalized downstream and upstream traffic rates have to satisfy

p** <1 and p** < 1 (10.5)

in each sector A, A = 1,...,A, of the wavelength-routing multi-stage WDM PON.

In the wavelength-broadcasting TDM PON (A = 1) and WDM PON (A > 1), we define the

upstream traffic intensity p“ and downstream traffic intensity p? as:

Toq (10.6)

Mo

f/ (o]
= e

o=1¢g=0

=}
Il

(10.7)

i>1 o

||Mo

The TDM and WDM PONSs are stable if p* < 1 and p¢ < 1.

10.6.2 Delay Analysis

In the wavelength-routing multi-stage WDM PON, the OLT sends a downstream frame to an
ONU in sector A by transmitting the frame on wavelength A, which is received by all ONUs in
the sector. We model all downstream transmissions in sector A to emanate from a single queue.
For Poisson frame traffic, the downstream queueing delay is thus modeled by an M/G/1 queue

characterized by the Pollaczek-Khintchine formula [45]

p A
giving the total downstream frame delay
d,A d,A L o))
D’=®Q))+g§+w . (10.9)

Weighing the downstream delays D% in the sectors A by the relative downstream traffic intensities

p*/ Zﬁ}:l p® in the sectors, gives the average downstream delay of the wavelength-routing multi-
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stage WDM PON

D4 = dr . pdA, (10.10)

||M>

ZA 1P

For the upstream delay, we model each wavelength channel A, A =1,..., A, as a single upstream
wavelength channel of a conventional EPON. Accordingly, from Eq. (39) in [46], we obtain for the

mean upstream delay of sector A

2 — p* L
wA _ 9. p u,A L
DA =2y T2+ @ (") + = (10.11)
and the average upstream delay of the wavelength-routing multi-stage WDM PON equals
A
D* = ——— > ot D™ (10.12)

Z/\ 1 P ,\:1

To improve the accuracy of our delay analysis, we take into account that traffic coming from an
ONU o in sector v and destined to ONU g in sector A is queued at the intermediate OLT before
being sent downstream to ONU g, i.e., the OLT acts like an insertion buffer between ONUs o and
g. Consequently, to compensate for the queueing delay at the OLT we apply the method proposed

in [47] by subtracting the correction term
B =3 (p0?), (10.13)

whereby for the setting that ¢(*) = ¢ for all channels A

Z > Tog (10.14)

0ESy gESH

denotes the rate of upstream traffic in sector v destined for sector A, from the above calculated
mean downstream delay. Thus, for sector A, A = 1,..., A, the corrected mean downstream delay
D% is given by

A = piA _ gdA (10.15)
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By replacing D%* with D%* in Eq. (10.10) we obtain a more accurate calculation of the average

downstream delay for the wavelength-routing multi-stage WDM PON, as examined in Section 10.9.

Next, we evaluate the average downstream and upstream delays for the wavelength-broadcasting
TDM PON (A = 1) and WDM PON (A > 1). With the aforementioned correction term the average

downstream and upstream delays are given by

L
i = () + Ly B (10.16)
c
and
L 2 — p*
D% =& (p%) + = + 2p—L _ B, (10.17)
c 1—p#
respectively, whereby
E O O
d U
= B" = —_— . .
B ® A_C;q;roq (10.18)

10.7 Wireless Front-End Network

So far, we have analyzed only the optical fiber backhaul of the FiWi network. Next, we focus on
the wireless front-end. More specifically, in Sections 10.7.1-10.7.4 we build on and adapt existing
models of distributed coordination [18, 19, 44] and frame aggregation [20] in WLANSs to formulate
the basic frame aggregate transmission and collision probabilities as well as time slot duration in the
distributed access system. We note that these existing models have primarily focused on accurately
representing the collision probabilities and system throughput; we found that directly adapting these
existing models gives delay characterizations that are reasonably accurate only for specific scenarios,
such as single-hop networking, but very coarse for multi-hop networking. In Sections 10.7.5-10.7.7
we develop a general multihop delay model that is simple, yet accurate by considering the complete
service time of a frame aggregate in the wireless front-end network carrying traffic streams from

and to both wireless and optical network nodes.
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10.7.1 Frame Traffic Modeling

As defined in Section 10.5.1, we denote the radio operating in a given STA or ONU equipped
with an MPP by a unique w. Moreover, we denote each radio operating in a given relay MP in a

unique zone z by a unique w. For ease of exposition, we refer to “radio w” henceforth as “node w.”

Similar to [44], we model time as being slotted and denote E,, for the mean duration of a time
slot at node w. The mean time slot duration E,, corresponds to the average time period required
for a successful frame transmission, a collided frame transmission, or an idle waiting slot at node w
and is evaluated in Section 10.7.4. We let ¢, denote the probability that there is a frame waiting

for transmission at node w in a time slot.

For an STA or ONU with collocated MPP w we denote o, for the traffic load that emanates

from node w, i.e.,

0w = Tui- (10.19)
Vi

For a relay MP we obtain for a given wireless mesh routing algorithm the frame arrival rate for each

of the MP’s radios w € R, associated with a different zone z:

0w =Y _Tij, (10.20)

Vi, j
whereby i and j denote any pair of STA or ONU with collocated MPP that send traffic on a path

via relay MP w, as computed by the given routing algorithm for the wireless mesh front-end of the

FiWi network.

For exponentially distributed inter-frame arrival times with mean 1 /o (which occur for a Pois-
son process with rate o,,), ¢ is related to the offered frame load at node w during mean time slot

duration E, via

1—gq, =e b ' (10.21)
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10.7.2 Frame Aggregate Error Probability

In this section, we first characterize the sizes of the frame aggregates and then the frame ag-
gregate error probability. For a prescribed distribution F(I) of the size (in bit) of a single frame,
e.g., the typical trimodal IP packet size distribution, the distribution A(!) of the size (in bit) of a

transmitted A-MSDU or A-MPDU can be obtained as the convolution of F' with itself, i.e.,
A = (F+xFx*...x« F)(1). (10.22)

The number of required convolutions equals the number of frames carried in the aggregate, which in
turn depends on the minimum frame size, including the MAC-layer overhead of the corresponding
frame aggregation scheme, and the maximum size of an A-MSDU/A-MPDU Aﬁ;l\fSDU/ A-MPDU (see
Figs. 10.3-10.4). From the distribution A(!) we obtain the average frame aggregate sizes E[A-MSDU]|
and E[A-MPDU]. Correspondingly, we divide the traffic rate fij (in frames/s) by the average number

of frames in an aggregate to obtain the traffic rate in frame aggregates per second.

Moreover, as ground work for Section 10.7.4 we obtain the average size of the longest A-MSDU,
E[A-MSDU*], and longest A-MPDU, E[A-MPDU"], involved in a collision with the simplifying

assumption of neglecting the collision probability of more than two packets [18] as

A-MSDU/A-MPDU
Amax

E[A-MSDU*/A-MPDU*| = /O (1- A@)?) da. (10.23)

The probability p. of an erroneously transmitted frame aggregate, referred to henceforth as “trans-
mission error”, can be evaluated in terms of bit error probability pp and size A of a transmitted
A-MSDU (with distribution A(1)) with [48, Eqn. (16)]; for A-MPDU, p. can be evaluated in terms

of py and the sizes L; of the aggregated frames with [48, Eqn. (18)].
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10.7.3 Probabilities for Frame Aggregate Collision and Successful Frame Ag-

gregate Transmission

Following [44], we note that the transmission of any transmitting node w € R, U £, in zone z
cannot collide if none of the other nodes v € R, U L,, v # w transmits, i.e., we obtain the collision
probability p.., as

I-pw= J] (1-m), (10.24)

vER UL,
v#w

where 7, denotes the transmission probability of WMN node v. Note that if the considered node
is a relay MP, Eq. (10.24) holds for each associated zone z (and corresponding radio w). We define
the probability of either a collision or transmission error p,,, in brief collision/transmission error
probability, as

1-p, = (1 _pc) : (1 _pc,w)- (10.25)

The transmission probability 7, for any node w € R, U £, can be evaluated as a function of the
frame waiting probability ¢, the frame collision/transmission error probability p., the minimum

contention window Wy, and the maximum backoff stage H by [44, Eqn. (1)], as explained in [19].

The probability that there is at least one transmission taking place in zone z in a given time
slot is given by

Pp.=1— J] (1-m). (10.26)

A successful frame aggregate transmission occurs if exactly one node w transmits (and all other

nodes v # w are silent), given that there is a transmission, i.e.,

1
Pyo= 3 o o JI a-m)}. (10.27)
tnz \ weR.UL, VER;ZUEZ
vFW

10.7.4 Duration of Single Frame Aggregate Transmission

We denote e for the duration of an empty time slot without any data transmission on the

wireless channel in zone z, which occurs with probability 1 — P, .. With probability P, , there is a
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transmission in a given time slot in zone z, which is successful with probability Ps , and unsuccessful

(resulting in a collision) with the complementary probability 1 — P ,.

We denote T, for the mean duration of a successful frame aggregate transmission and T, is
the mean duration of a frame aggregate transmission with collision in zone z. Note that Ts,,and T, ;
depend on the frame aggregation technique (A-MSDU or A-MPDU) and on the access mechanism
a (basic access denoted by a = basic or RT'S/CTS denoted by o = RT'S/CTS). For the basic access
mechanism, we define ©2%° = DIFS + PHY Header + SIFS + 6 + ACK/r 4+ 4, where ¢ denotes
the propagation delay and r the WMN data rate. For the RTS/CTS access mechanism, we define

JTS/CTS _ DIFS + RTS/r + SIFS + 6 + CTS/r + SIFS + 6 + PHY Header + SIFS + 6 + ACK /7 +6.
(Note that in IEEE 802.11n the parameters ACK, RTS, and CTS as well as the MAC Header and
FCS below are given in bits, while the other parameters are given in seconds.) Then, for a successful

frame aggregate transmission we have:

,

©% + (MAC Header +

E[A-MSDU] + FCS)/r for A-MSDU
T®, = (10.28)

s,z

©% + E[A-MPDU]/r  for A-MPDU.

Moreover, with ©22si¢ — PHY Header + DIFS + §, for a collided frame aggregate transmission we
have:

ebasic 1 (MAC Header +

, E[A-MSDU*| + FCS)/r  for A-MSDU,
Tcl?z.sm — (1029)

| ©b=ic 4+ E[A-MPDU*]/r for A-MPDU

as well as for both A-MSDU and A-MPDU,

TEIS/CTS = RTS/r + DIFS + 6. (10.30)
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Thus, we obtain the expected time slot duration E,, at node w in zone z of our network model

(corresponding to [18, Eq. (13)]) as

Eo= (1= Py)c+ P [PT2 + (1- P TS| (10.31)

Equations (10.21), (10.25), [44, Eqn. (1)], and (10.31) can be solved numerically for the unknown
variables q,, pu, Tw, and E,, for each given set of values for the known network model parameters.
We use the obtained numerical solutions to evaluate the mean delay at node w as analyzed in the

following Sections 10.7.5 and 10.7.6.

10.7.5 Service Time for Frame Aggregate

We proceed to evaluate the expected service (transmission) time for a frame aggregate, which
may require several transmission attempts, at a given node w. With the basic access mechanism, the
transmission of the frame aggregate occurs without a collision (5 = 0) or transmission error with
probability 1 — p,, (10.25), requiring one st"‘;SiC. With probability p/ (1 — p,), the frame aggregate
suffers j, 7 = 1,2,..., collisions or transmission errors, requiring j backoff procedures and re-

transmissions. Thus, the expected service time for basic access is

AgESie —

© . ) J omin(b,H) Wo—1 .

2Pl = pu) | TR+ Y e | + T (10.32)
Jj= b=1

For the RTS/CTS access mechanism, collisions can occur only for the RT'S or CTS frames (which
are short and have negligible probability of transmission errors), whereas transmission errors may
occur for the frame aggregates. Collisions require only retransmissions of the RTS frame, whereas
transmission errors require retransmissions of the entire frame aggregate. More specifically, only one
frame transmission (k = 1) is required if no transmission error occurs; this event has probability
1 — pe. This transmission without transmission error may involve j, 7 = 0,1,2,.. ., collisions of the

RTS/CTS frames. On the other hand, two frame transmissions (k = 2) are required if there is once
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a transmission error; this event has probability p.(1 — p.). This k = 2 scenario requires twice an
RTS/CTS reservation, which each time may experience 7,5 = 0, 1,2, ... collisions, as well as two full
frame transmission delays T ,. Generally, k, k= 1,2, ..., frame transmissions are required if k — 1
times there is a frame transmission error. Each of the k frame transmission attempts requires an
RTS/CTS reservation and a full frame transmission delay T ,. In summary, we evaluate the mean

service delay for a frame aggregate with RT'S/CTS access as

o0 o0
ARTSOTS = N b1 —pek | S 02,1 — pew)
k=1 1=0

J in(b,H
2m1n( JH) -1
(Z — Woe +jT§ES/CTS) + Ts,z} ] (10.33)
b=1

10.7.6 Delay at WMN Node

We first evaluate the overall service time A, from the time instant when a frame aggregate arrives
at the head of the queue at node w to the completion of its successful transmission. Subsequently,

with A,, characterizing the overall service time at node w, we evaluate the queueing delay DY,

The overall service time A, is given by the service time Ager,, required for transmitting a frame
aggregate and the sensing delay Ag,, , required for the reception of frame aggregates by node w

from other nodes, i.e.,

By = A%y + Asener (10.34)

As a first step towards modeling the sensing delay at a node v, we consider the service times Afer v,

at nodes vy # v and scale these service times linearly with the corresponding traffic intensities

0v,/(1/Aserv;) to obtain the sensing delay component

Dsen,u = Z ‘UU—IAO[ (1035)

l/Aa ser, vy *
Vvl;éu inz osenur
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As a second modeling step, we consider the service times plus sensing delay components scaled by

the respective traffic intensities to obtain the sensing delay

a
T ; Baery + Daen) (10.36)
o Vu%:;nz 1/(A(sler,y + Dsen,u) ser,v sen,v

employed in the evaluation of the overall service delay (10.34).

We approximate the queue at node w by an M/M/1 queue with mean arrival rate o, and mean

service time A,. This queue is stable if
Ow Ay < 1. (10.37)
The total delay (for queueing plus service) at node w is then given by

(10.38)

If node w is an ONU with a collocated MPP the accuracy of the queueing delay calculation is

improved by subtracting a correction term:

Hywi wi 'Z’

DY =D —®|{=>5j (10.39)

€ vig
for the wavelength-broadcasting TDM PON and WDM PON, or
DM =D¥ _ % LZS-- (10.40)
w w M) o 13 :
1’?]

for the wavelength-routing multi-stage WDM PON, whose sector A accommodates the ONU with
collocated MPP. Note that % 2_vi,j Sij ot C(L’\) >_vi,; Sij accounts for the traffic of all pairs of source
node ¢ and destination node j traversing ONU w from the fiber backhaul towards the wireless

front-end network.
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10.7.7 Delay on WMN Path

In order to obtain the delay in the wireless front-end of our FiWi network, we have to average

the sums of the nodal delays of all possible paths for all pairs of source node i and destination node

7:
, B _ _
D"=3" 4 > (or-By) |, (10.41)
07 iy Lij
27 »J Vw on path
from i to j
with the queueing delay correction terms
DA
B, = 1% (10.42)
Ay 1

whereby fij - A, is the traffic intensity at node w due to traffic flowing from source node i to

destination node j.

10.8 FiWi Network Stability and Delay

The entire FiWi access network is stable if and only if all of its optical and wireless subnetworks
are stable. If the optical backhaul consists of a wavelength-routing multi-stage WDM PON the
stability conditions in Eq. (10.5) must be satisfied. In the case of the wavelength-broadcasting
TDM and WDM PON, the optical backhaul is stable if both p* and p? defined in Egs. (10.6)
and (10.7), respectively, are smaller than one. The wireless mesh front-end is stable if the stability

condition in Eq. (10.37) is satisfied for each WMN node.

We obtain the mean end-to-end delay of the entire bimodal FiWi access network as

D = D%+ D* + D%\, (10.43)
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Tableau 10.1 — FiWi Network Parameters

Parameter Value
Min. contention window W 16
Max. backoff state H 6
Empty slot duration e 9 us
SIFS 16 us
DIFS 34 us
PHY Header 20 us
MAC Header 36 bytes
RTS 20 bytes
CTS 14 bytes
ACK 14 bytes
FCS 4 bytes

10.9 Numerical and Simulation Results

We set the parameters of the FiWi mesh front-end to the default values for next-generation
WLANS [49], see Table 10.1. We consider a distance of 1 km between any pair of adjacent WMN
nodes (which is well within the maximum distance of presently available outdoor wireless access

points), translating into a propagation delay of § = 1/3-107° s.

10.9.1 Model Verification
Configuration

In our initial verifying simulations, we consider the FiWi network configuration of Fig. 10.5.
The fiber backhaul is a TDM PON, or a wavelength-broadcasting/routing WDM PON with A = 2
bidirectional wavelength channels (A = 1, A = 2), each operating at ¢ = ¢ = 1 Gb/s (compliant
with IEEE 802.3ah). In the case of the wavelength-routing (WR) WDM PON, the two sectors are
defined as: A = 1: {ONU;,ONU,} and A = 2: {ONUs,ONU,}. All four ONUs are located 20 km
from the OLT (translating into a one-way propagation delay v = v = 0.1 ms) and are equipped
with an MPP. The WMN is composed of the aforementioned 4 MPPs plus 16 STAs and 4 MPs,
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which are distributed over 11 wireless zones, as shown in Fig. 10.5. For instance, the WMN zone
containing ONU; comprises 1 MPP, 2 STAs, and 1 MP. MPPs and STAs use a single radio, whereas
MPs use 3, 4, 4, 3 radios from left to right in Fig. 10.5. All WMN nodes apply the RT'S/CTS access
mechanism. The WMN operates at » = 300 Mb/s (compliant with IEEE 802.11n) with a bit error

rate of p, = 1076,

Fiber Backhaul

Wireless ;
Mesh R )
Network % ;

Figure 10.5 — FiWi network configuration for verifying simulations: 4 ONU/MPPs, 4 MPs, and 16
STAs distributed over 11 wireless zones (dashed circles).

Traffic and Routing Assumptions

We consider Poisson traffic with fixed-size frames of 1500 bytes (octets). We use A-MSDU for
frame aggregation, whereby each A-MSDU carries the maximum permissible payload of 5 frames, see
Fig. 10.3. Similar to [5], we consider two operation modes: (i) WMN-only mode which has no fiber
backhaul in place; (i) wireless-optical-wireless mode which deploys the FiWi network configuration
of Fig. 10.5. For both modes, we consider the minimum interference routing algorithm [6], which
selects the path with the minimum number of wireless hops. We compare different routing algorithms

in Section 10.9.2.
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Verifying Simulations

The simulation results presented in [5] indicate that the throughput performance of WMNs de-
teriorates much faster for increasing peer-to-peer traffic among STAs than that of FiWi networks,
while WMN and FiWi networks achieve the same throughput when all traffic is destined to the
Internet. For comparison with [5], we consider peer-to-peer (P2P) traffic, where each frame genera-
ted by a given STA is destined to any other of the remaining 15 STAs with equal probability 1/15,
and upstream traffic, where all frames generated by the STAs are destined to the OLT. Fig. 10.6
depicts the results of our probabilistic analysis for the mean delay as a function of the mean aggre-
gate throughput of a stand-alone WMN network and a TDM PON based FiWi network for P2P
and upstream traffic. The figure also shows verifying simulation results and their 95% confidence

intervals, whereby simulations were run 100 times for each considered traffic load L.

We observe from Fig. 10.6 that the mean delay of the WMN increases sharply as the mean
aggregate throughput asymptotically approaches its maximum data rate of 300 Mb/s. We also
confirm the findings of [5] that under P2P traffic the mean aggregate throughput can be increased
by using a TDM PON as fiber backhaul to offload the wireless mesh front-end at the expense of a
slightly increased mean delay due to the introduced upstream and downstream PON delay to and
from the OLT. As opposed to [5], however, Fig. 10.6 shows that the throughput-delay performance
of the considered FiWi network is further improved significantly under upstream traffic. These
different observations are due to the fact that in [5] the single-radio single-channel WMN based
on legacy IEEE 802.11a WLAN with a limited data rate of 54 Mb/s suffered from severe channel
congestion close to the MPPs, which is alleviated in the multi-radio multi-channel WMN based on

next-generation high-throughput WLAN technologies.

Next, we verify different FiWi network architectures and their constituent subnetworks for uni-
form and nonuniform traffic for minimum (wireless or optical) hop routing [5]. Fig. 10.7 depicts
the throughput-delay performance of a stand-alone WMN front-end, stand-alone TDM PON, and a
variety of integrated FiWi network architectures using different fiber backhaul solutions, including

conventional TDM PON, wavelength-broadcasting WDM PON (WDM PON), and wavelength-

1. Our simulator is based on OMNeT++ and uses the communication networks package inetmanet with extensions
for frame aggregation, wireless multihop routing, TDM/WDM PONs, and integrated WMN/PON routing.
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Figure 10.6 — Mean delay vs. mean aggregate throughput performance of WMN and TDM PON based
FiWi networks for peer-to-peer (P2P) and upstream traffic.
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Figure 10.7 — Mean delay vs. mean aggregate throughput performance of different FiWi network

architectures for uniform and nonuniform traffic.

routing WDM PON (WR PON). In the TDM PON only (WMN only) scenario under uniform
traffic, each ONU (STA) generates the same amount of traffic and each generated frame is des-
tined to any of the remaining ONUs (STAs) with equal probability. As expected, the WMN and
TDM PON saturate at roughly 300 Mb/s and 1 Gb/s, respectively, and the TDM PON is able
to support much higher data rates per source node (ONU) at lower delays than the WMN. Fur-

thermore, we observe from Fig. 10.7 that under uniform traffic conditions, where STAs and ONUs
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send unicast traffic randomly uniformly distributed among themselves, FiWi networks based on a
wavelength-broadcasting WDM PON or a WR PON give the same throughput-delay performance,
clearly outperforming their single-channel TDM PON based counterpart. However, there is a clear
difference between WDM PON and WR PON fiber backhauls when traffic becomes unbalanced. To
see this, let us consider a nonuniform traffic scenario, where ONU; and ONU, and their 4 asso-
ciated STAs (see Fig. 10.5) generate 30% more traffic than the remaining ONUs and STAs. Under
such a nonuniform traffic scenario, a FiWi network based on a wavelength-broadcasting WDM PON
performs better, as shown in Fig. 10.7. This is due to the fact that the WDM PON provides the
two heavily loaded ONU; and ONU; with access to both wavelength channels, as opposed to the

WR PON, thus resulting in an improved throughput-delay performance.

Overall, we note that the analysis and verifying simulation results presented in Figs. 10.6 and 10.7

match very well for a wide range of FiWi network architectures and traffic scenarios.

10.9.2 FiWi Routing Algorithms

Recall from Section 10.5.2 that our capacity and delay analysis flexibly accommodates any
routing algorithm and allows for multipath routing in both the fiber and wireless domains. In this
section, we study the impact of different routing algorithms on the throughput-delay performance
of next-generation FiWi access networks in greater detail. We examine the following single-path

routing algorithms:

Minimum hop routing: Conventional shortest path routing selects for each source-destination

node pair the path minimizing the required number of wireless and/or optical hops.

Minimum interference routing [6]: The path with the minimum wireless hop count is selected.
The rationale behind this algorithm is that the maximum throughput of wireless networks is typically
much lower compared to the throughput in optical networks. Thus, minimizing the wireless hop

count tends to increase the maximum FiWi network throughput.

Minimum delay routing: Similar to the previously proposed WMN routing algorithms DARA [7],

CaDAR [9], and RADAR [10], we apply a slightly extended minimum delay routing algorithm, which
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aims at selecting the path that minimizes the end-to-end delay of Eq. (10.43) across the entire
bimodal FiWi access network. The applied minimum delay routing algorithm is a greedy algorithm
and proceeds in two steps. In the initialization step, paths are set to the minimum hop routes. The
second step computes for each source-destination node pair the path with the minimum end-to-end

delay under given traffic demands.

Optimized FiWi routing algorithm (OFRA): We propose the optimized FiWi routing algo-
rithm (OFRA), which proceeds in two steps similar to minimum delay routing. After the initializa-
tion step to minimum hop routes, the second step of OFRA computes for each source-destination

node pair the path p with the minimization objective

min (Z (pn) + %%’,i(p")) ) (10.44)
YneEp

where p,, represents the long-run traffic intensity at a generic FiWi network node n, which may be
either an optical node belonging to the fiber backhaul or a wireless node belonging to the wireless
mesh front-end. Based on a combination of historic traffic patterns as well as traffic measurements
and estimations similar to [50, 51, 52], the traffic intensities p, used in OFRA can be periodically
updated with strategies similar to [9, 53]. These long-run traffic intensities vary typically slowly,

e.g., with a diurnal pattern, allowing essentially offline computation of the OFRA paths.

OFRA’s path length measure includes the maximum traffic intensity maxynep,(pn) along a path
p in order to penalize paths with a high traffic intensity at one or more FiWi network nodes. For
a given set of traffic lows, OFRA minimizes the traffic intensities, particularly the high ones, at
the FiWi network nodes. Decreasing the traffic intensities tends to allow for a higher number of

supported traflic flows and thus higher throughput.

To allow for a larger number of possible paths for the following numerical investigations of the
different considered routing algorithms, we double the FiWi network configuration of Fig. 10.5. We
consider a wavelength-routing (WR) WDM PON with a total of 8 ONU/MPPs, 8 MPs, and 32
STAs in 22 wireless zones, whereby ONU/MPPs 1-4 and ONU/MPPs 5-8 are served on wavelength

channel A =1 and A = 2, respectively. Furthermore, to evaluate different traffic loads in the optical
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Figure 10.8 — Mean delay vs. mean aggregate throughput performance of different FiWi routing
algorithms for a conventional wavelength-routing (WR) WDM PON of 20 km range and B = 1.

and wireless domains, we consider the following traffic matrix for the OLT, O ONUs, and N STAs:

0 1 ... O O+1 ... O+N
0 0 Ba Ba Ba « « «
1 Ba 0 Ba Ba o o o

Ba Ba 0 Boa o' o o

O Ba Ba Ba 0 a « « )
O+1 « « o a 0 a «
lo% « « a « 0 «a

O+N\ « o a o 1o o 0

where o > 0 denotes the mean traffic rate (in frames/second). The parameter B > 1 can be
used to test different traffic intensities in the PON, since the ONUs could be underutilized compa-
red to the WMN in the considered topology. Recall from Fig. 10.1 that ONUs may serve multiple

subscribers with wired ONU access, whose aggregate traffic leads to an increased load at ONUs.

For a conventional WR WDM PON with a typical optical fiber range of 20 km, Fig. 10.8

illustrates that OFRA yields the best throughput-delay performance for B = 1, i.e., every optical
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and wireless FiWi node generates the same amount of traffic. Minimum interference routing tends
to overload the wireless MPP interfaces as it does not count the fiber backhaul as a hop, resulting

in high delays.

The throughput-delay performance of the four considered FiWi routing algorithms largely de-
pends on the given traffic loads and length of the fiber backhaul. Fig. 10.9 depicts their throughput-
delay performance for (i) a conventional 20 km range and (ii) a 100 km long-reach WR WDM
PON, whereby in both configurations we set B = 100, i.e., the amount of generated traffic among
optical nodes (OLT and ONUs) is 100 times higher than that between node pairs involving at least
one wireless node (STA). More precisely, all the (increased) inter-ONU/OLT traffic is sent across
the WDM PON only, thus creating a higher loaded fiber backhaul. We observe from Fig. 10.9 that
in general all four routing algorithms achieve a higher maximum aggregate throughput due to the

increased traffic load carried on the fiber backhaul.

We observe that for a conventional 20 km range WR WDM PON with small to medium traffic
loads, OFRA gives slightly higher delays than the other considered routing algorithms. This ob-
servation is in contrast to Fig. 10.8, though in both figures OFRA yields the highest maximum
aggregate throughput. We have measured the traffic on the optical and wireless network interfaces
of each ONU/MPP. Our measurements show that at low to medium traffic loads with B = 100,
OFRA routes significantly less traffic across the WDM PON than the other routing algorithms, but
instead uses the less loaded wireless mesh front-end. This is due to the objective of OFRA to give
preference to links with lower traffic intensities. As a consequence, for B = 100, OFRA routes re-
latively more traffic over lightly loaded wireless links, even though this implies more wireless hops,
resulting in a slightly increased mean delay compared to the other routing algorithms at low to

medium loads.

Fig. 10.9 also shows the impact of the increased propagation delay in a long-reach WDM PON
with a fiber range of 100 km between OLT and ONUs. Aside from a generally increased mean delay,
we observe that minimum hop and minimum interference routing as well as OFRA provide compa-
rable delays at low to medium traffic loads, while the maximum achievable throughput differences

at high traffic loads are more pronounced than for the 20 km range. The favorable performance
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Figure 10.9 — Mean delay vs. mean aggregate throughput performance of different FiWi routing
algorithms for (i) a conventional 20 km range and (iz) a 100 km long-reach wavelength-routing (WR)
WDM PON and B = 100.

of OFRA at high traffic loads is potentially of high practical relevance since access networks are
the bottlenecks in many networking scenarios and thus experience relatively high loads while core

networks operate at low to medium loads.

Fig. 10.9 illustrates that minimum delay routing performs poorly in long-reach WDM PON
based FiWi access networks. Our measurements indicate that minimum delay routing utilizes the
huge bandwidth of the long-reach WDM PON much less than the other routing algorithms in order
to avoid the increased propagation delay. As a consequence, with minimum delay routing most
traffic is sent across the WMN, which offers significantly lower data rates than the fiber backhaul,

resulting in a congested wireless front-end and thereby an inferior throughput-delay performance.

10.9.3 Fiber Failures

To highlight the flexibility of our analysis, we note that it accommodates any type and number of
fiber failures. Fiber failures represent one of the major differences between optical (wired) fiber and
wireless networks and affect the availability of bimodal FiWi networks. In the event of one or more
distribution fiber cuts, the corresponding disconnected ONU/MPP(s) turn(s) into a conventional

wireless MP without offering gateway functions to the fiber backhaul any longer.
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Figure 10.10 — Impact of distribution fiber failures on throughput-delay performance of a 20 km range
wavelength-routing WDM PON using OFRA with B = 1.

Fig. 10.10 illustrates the detrimental impact of distribution fiber failures on the throughput-delay
performance of a 20 km range wavelength-routing WDM PON, which is typically left unprotected
due to the small number of cost-sharing subscribers and cost-sensitivity of access networks. We
also note that the analytical framework is able to account for other types of network failure, e.g.,
ONU/MPP failures. In this case, malfunctioning ONU/MPPs become unavailable for both optical

and wireless routing.

In principle, FiWi access networks can be made more robust against fiber failures through
various optical redundancy strategies, such as ONU dual homing, point-to-point interconnection
fibers between pairs of ONUs, fiber protection rings to interconnect a group of closely located ONUs
by a short-distance fiber ring, or meshed PON topologies [28]. These redundancy strategies in general
imply major architectural and ONU modifications of the FiWi access network of Fig. 10.1 under
consideration. To incorporate such topological PON modifications, the fiber part of the capacity

and delay analysis needed to be modified accordingly.
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Figure 10.11 — Throughput-delay performance of next-generation FiWi access networks based on high-
speed wavelength-routing WDM PON and VHT WLAN technologies using minimum hop routing with
B =1 (optical and wireless data rates , ¢!» and r, are given in Gb/s and Mb/s, respectively).

10.9.4 Very High Throughput WLAN

Our analysis is also applicable to the emerging IEEE standard 802.11ac for future VHT WLANs
with raw data rates up to 6900 Mb/s. In addition to a number of PHY layer enhancements, IEEE
802.11ac will increase the maximum A-MSDU size from 7935 to 11406 octets and the maximum A-
MPDU size from 65535 octets to 1048575 octets. Both enhancements can be readily accommodated

in our analysis by setting the parameters Ag;l\fSDU/ AMPDU o hd - accordingly.

Fig. 10.11 illustrates the FiWi network performance gain achieved with a wireless front-end
based on VHT WLAN instead of IEEE 802.11n WLAN with maximum data rate of 600 Mb/s, for
minimum hop routing, an optical range of 20 km, and B = 1. For a wavelength-routing WDM PON
operating at a wavelength channel data rate of 1 Gb/s, we observe from Fig. 10.11 that VHT WLAN
roughly triples the maximum mean aggregate throughput and clearly outperforms 600 Mb/s 802.11n
WLAN in terms of both throughput and delay. Furthermore, the figure shows that replacing the
1 Gb/s wavelength-routing WDM PON with its high-speed 10 Gb/s counterpart (compliant with
the IEEE 802.3av 10G-EPON standard) does not yield a higher maximum aggregate throughput,
but it does lower the mean delay especially at medium traffic loads before wireless links at the

optical-wireless interfaces get increasingly congested at higher traffic loads.
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10.10 Conclusions

A variety of routing algorithms have recently been proposed for integrated FiWi access networks
based on complementary EPON and WLAN-mesh networks. In this article, we presented the first
analytical framework to quantify the performance of FiWi network routing algorithms, validate pre-
vious simulation studies, and provide insightful guidelines for the design of novel integrated optical-
wireless routing algorithms for future FiWi access networks leveraging next-generation PONs, nota-
bly long-reach 10+ Gb/s TDM/WDM PONSs, and emerging Gigabit-class WLAN technologies. Our
analytical framework is very flexible and can be applied to any existing or new optical-wireless rou-
ting algorithm. Furthermore, it takes the different characteristics of disparate optical and wireless
networking technologies into account. Beside their capacity mismatch and bit error rate differences,
the framework also incorporates arbitrary frame size distributions, traffic matrices, optical /wireless
propagation delays, data rates, and fiber cuts. We investigated the performance of minimum hop,
minimum interference (wireless hop), minimum delay, and our proposed OFRA routing algorithms.
The obtained results showed that OFRA yields the highest maximum aggregate throughput for
both conventional and long-reach wavelength-routing WDM PONs under balanced and unbalanced
traffic loads. For a higher loaded fiber backhaul, however, OFRA gives priority to lightly loaded
wireless links, leading to an increased mean delay at small to medium wireless traffic loads. We also
observed that using VHT WLAN helps increase the maximum mean aggregate throughput signi-
ficantly, while high-speed 10 Gb/s WDM PON helps lower the mean delay especially at medium

traffic loads.
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In this chapter, we focus on the implications of the emerging Third Industrial Revolution (TIR)
economy, which goes well beyond current austerity measures, and has recently been officially en-
dorsed by the European Commission as the economic growth roadmap toward a competitive low
carbon society by 2050. This roadmap has been receiving an increasing amount of attention by
other key players, including the Government of China most recently. More specifically, a variety of
advanced techniques to render converged bimodal fiber-wireless (FiWi) broadband access networks

dependable are described, including optical coding based fiber fault monitoring techniques, locali-
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zed optical redundancy strategies, wireless extensions, and availability-aware routing algorithms, to

improve their reliability, availability, survivability, security, and safety.
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11.1 Abstract

According to the Organisation for Economic Co-operation and Development (OECD), broad-
band access networks enable the emergence of new business models, processes, inventions, as well
as improved goods and services. In fact, broadband access is viewed as a so-called general purpose
technology (GPT) that has the potential to fundamentally change how and where economic activity
is organized. In this paper, we focus on the implications of the emerging Third Industrial Revolution
(TIR) economy, which goes well beyond current austerity measures, and has recently been officially
endorsed by the European Commission as the economic growth roadmap toward a competitive low
carbon society by 2050. This roadmap has been receiving an increasing amount of attention by other
key players, e.g., the Government of China most recently. More specifically, we describe a variety of
advanced techniques to render converged bimodal fiber-wireless (FiWi) broadband access networks
dependable, including optical coding based fiber fault monitoring techniques, localized optical re-
dundancy strategies, wireless extensions, and availability-aware routing algorithms, to improve their
reliability, availability, survivability, security, and safety. Next, we elaborate on how the resultant
dependent FiWi access networks can be exploited to enhance the dependability of other critical
infrastructures of our society, most notably the future smart power grid and its envisioned electric

transportation, by means of probabilistic analysis, co-simulation, and experimental demonstration.

Keywords: Energy internet, fiber-wireless (FiWi) access networks, human-to-human (H2H) ser-
vices, internet of things (IoT), machine-to-machine (M2M) communications, multi-tier business

models, network survivability, smart grid.
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ACRONYMS AND ABBREVIATIONS

AMI Advanced Metering Infrastructure
A-MPDU Aggregate MAC Protocol Data Unit
A-MSDU Aggregate MAC Service Data Unit
AP Access Point

BER Bit Error Rate

BPL Broadband Power Line

CAPEX Capital Expenditures

co Central Office

DDoS Distributed Denial-of-Service

DER Distributed Energy Resource
DMS Distribution Management System
DSL Digital Subscriber Line

EPON Ethernet Passive Optical Network
FBG Fiber Bragg Grating

Fiwi Fiber-Wireless

Fi-WSN Fiber-Wireless Sensor Network
FTTB Fiber-To-The-Building

FTTH Fiber-To-The-Home

Gav Grid-To-Vehicle
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GPT

H2H

HAN

IoT

LAN

M2M

MAC

MAP

MP

MPP

NAN

NG-PON

ocC

OECD

OFDM

OLT

ONU

OPEX

OTDR

General Purpose Technology

Human-To-Human

Home Area Network

Internet of Things

Local Area Network

Machine-To-Machine

Medium Access Control

Mesh Access Point

Mesh Point

Mesh Portal Point

Neighborhood Area Network

Next-Generation Passive Optical Network

Optical Coding

Organisation for Economic Co-operation and Development

Orthogonal Frequency Division Multiplexing

Optical Line Terminal

Optical Network Unit

Operational Expenditures

Optical Time Domain Reflectometry
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PEV Plug-in Electric Vehicle

PLC Power Line Communications

PON Passive Optical Network

QoS Quality of service

RN Remote Node

SLA Service Level Agreement

SMS Short Message Service

STA Station

TDM Time Division Multiplexing

TIR Third Industrial Revolution

VeG Vehicle-To-Grid

VDSL Very High Bit-Rate Digital Subscriber Line
VHT Very High Throughput

WASA Wide-Area Situational Awareness

WDM Wavelength Division Multiplexing

WiMAX Worldwide Interoperability for Microwave Access
WLAN Wireless Local Area Network

WMN Wireless Mesh Network

WSN Wireless Sensor Network
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NOTATION

A Size of a transmitted A-MSDU

D Number of failure-free connections between pairs of ONUs

E, Mean duration of a time slot at WMN node w

H Maximum backoff stage of WMN nodes

L; Size of i-th frame in a transmitted A-MPDU

M Number of ONU-MPPs

N Number of ONUs

O Subset of ONUs optically connected to OLT after fiber fai-
lure(s)

Db Probability of bit error in WMN (BER)

Dew Probability of a collision at WMN node w

De Probability of erroneously transmitted frame aggregate in
WMN

Di Probability of fiber link failure in stage ¢

D Probability of either a collision or transmission error at
WMN node w

Qu Probability that a frame is waiting for transmission at WMN

node w in a time slot

Wy Minimum contention window of WMN nodes
4% Set of ONU-MPPs
Ow Frame arrival rate at WMN node w
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11.2 Introduction

Many vital building blocks, organizations, and activities of today’s society depend on the conti-
nued operation of various large, widespread, critical infrastructures, including telecommunications
networks, and transportation systems. In particular, energy generation and distribution systems play
a crucial role. Electrical power grids represent one of the most important critical infrastructures of
our society. Current power grids, with their aging infrastructure, become increasingly unreliable,
and are poorly suited to face increasingly frequent outages. Examples include the three-day blackout
due to trees falling on power lines in the Washington D.C. area in early July 2012, the lengthy power
blackout in the states of New York and New Jersey due to hurricane Sandy in October 2012, or

more recently the 34 minute power outage during the Super Bowl in 2013.

In coming years, power grids in the United States, Europe, and other regions worldwide are
expected to undergo major paradigm shifts. Today, Internet technology and renewable energies are
beginning to merge to create the infrastructure for the so-called Third Industrial Revolution (TIR)
economy, which goes well beyond current austerity measures, and has been officially endorsed by the
European Commission as an economic growth roadmap toward a competitive low carbon society
by 2050. TIR has already been implemented by several early-adopting countries such as Germany,
England, and Italy, as well as cities such as San Antonio, TX, USA, among others [1]. In the coming
era, millions of consumers will produce their own renewable energy, and share it with each other via

an integrated, seamless Energy Internet, similar to the way we create and share information online.

The future Energy Internet aims at not only addressing the aforementioned reliability issues of
current power grids but also offering several additional major benefits. The Energy Internet will be
instrumental in realizing the vision of the smart grid by incorporating sophisticated sensing, mo-
nitoring, information, and communications technologies to provide better power grid performance,
engage customers to play an interactive role, and support a wide range of additional services to
both utilities and consumers. Potential smart grid applications include substation and distribution
automation, advanced metering infrastructure (AMI), wide-area situational awareness (WASA),
home energy and demand response management, outage management, distributed generation and

renewables, and grid-to-vehicle (G2V) and vehicle-to-grid (V2G) electricity storage and charging
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applications for plug-in electric vehicles (PEVs) [2]. The authors also quantified the communications
requirements of the aforementioned smart grid applications in terms of latency, bandwidth, relia-
bility, and security; and concluded that a reliable, fast smart grid communications infrastructure is
necessary to enable real-time exchange of data among distributed power grid elements, e.g., power

generators, energy storage systems, and users.

A plethora of wired and wireless networking technologies exists to realize smart grid communi-
cations infrastructures [3]. It is important to note, however, that in general the goal of utilities is to
use only a small number of low-cost, simple, reliable, and future-proof smart grid communications
technologies that remain in place for decades after installation. It is also worthwhile to mention that
IEEE P2030, one of the first smart grid standards, does not specify any communications technology
of choice for the future smart grid gradually evolving between now and 2030, though it is favorable
to rely on the exceptionally low latency characteristics of fiber optic facilities, either owned or leased
by the smart grid operator, and wireless technologies, where fiber is available to some but not all

points in the system [4].

In this paper, we focus on the distribution and customer levels of today’s power grid given
that utilities do not have visibility into their power distribution networks, where the majority of
power outages occur, and where most of the opportunities for energy efficiency and integration
of renewable distributed energy resources (DERs), e.g., solar panels and wind turbines, can be
found [5]. Furthermore, we will pay particular attention to homes because the majority of the
generated electricity is currently consumed in homes. Moreover, PEVs will be charged mostly at
homes after business hours, and homes will host the largest number of renewable DERs [6]. Given
the huge number of homes, smart grid communications solutions must be scalable, and use access
technologies that meet a number of specific requirements. After providing a brief overview of a wide
range of available smart grid communications technologies, and discussing their respective pros and
cons, we elaborate on the evolution of current broadband access networks toward integrated bimodal
fiber-wireless (FiW3) access networks within the next 10-20 years in line with the emergence of the
smart grid by 2030, while copper remains the energy (but not necessarily data) transmission medium
of choice in future smart power grids. We describe various techniques to improve the availability and

survivability of bimodal FiWi access networks. More interestingly, and getting back to what we have
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briefly touched upon at the beginning of this section, we elaborate on how the resultant dependent
FiWi broadband access networks can be used to enable and enhance the dependability of other
critical infrastructures, most notably power grids. In fact, NSERC, Canada’s federal research agency,
postulates that broadband access networks become less an end in itself than a means to an end
by exploiting them not only for telecommunications per se but also across other relevant economic
sectors such as energy and transportation, as also envisioned by the Third Industrial Revolution.
In doing so, we unleash the full potential of broadband access networks, which according to the
Organisation for Economic Co-operation and Development (OECD) may be viewed as a so-called
general purpose technology (GPT) that enables the emergence of new business models, processes,
inventions, as well as improved goods and services; and empowers societies to fundamentally change

how and where economic activity is organized.

The remainder of the paper is structured as follows. Section 11.3 briefly describes the shortco-
mings of various wired and wireless candidate smart grid communications technologies, and then
outlines the migration of current broadband access networks toward FiWi access networks based on
next-generation optical and wireless technologies, including a detailed description of their limita-
tions in terms of availability and survivability. In Section 11.4, we elaborate on powerful means to
improve the dependability of FiWi access networks, and explain various advanced techniques such
as optical coding based fiber fault monitoring techniques, localized optical redundancy strategies,
wireless extensions, and availability-aware routing algorithms, in greater detail. Section 11.5 intro-
duces FiWi smart grid communications infrastructures, paying particular attention to the benefits
of emerging multi-tier business models, and presents analytical, co-simulation, and experimental re-
sults on both the communications and power system perspectives of the future smart grid towards

enhancing its dependability significantly. Section 11.6 concludes the paper.

11.3 FiWi Access Networks

A variety of readily available wired and wireless communications technologies exists to realize

smart grid communications infrastructures. In the following, we briefly overview previously pro-
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posed candidate technologies, and outline their respective shortcomings with regard to smart grid

communications requirements.

Clearly, an obvious choice may be the use of power line communications (PLC) technologies,
which leverage the existing electrical power grid infrastructure for communications. The emerging
ITU-T recommendation G.hnem is expected to exploit orthogonal frequency division multiplexing
(OFDM) based technologies to target smart grid applications such as smart metering, distributed
automation, in-home energy management, home automation, or PEV charging [7]. However, it is
well known that PLC suffers from a fundamental drawback: in the event of (increasingly frequent)
electrical power grid blackouts, PL.C based solutions inherently become unavailable; and this is when
they would be needed most for coordinating fast recovery and first response actions. ZigBee Smart
Energy was developed for communications between the home area network (HAN) and the home’s
gateway over a wireless sensor network (WSN) [6]. However, measurements have shown that WSNs
may suffer from high bit error rates when applied in harsh electric power system environments [§].
Cognitive radio might be useful for rural areas, but falls short for more densely populated areas [9].
Cellular networks and SMS text messages have been proposed for PEV charging, but the delays of 6
seconds or more reported in [10] render this solution unsuitable for real-time smart grid applications,

including power network fault detection.

Currently, there are many technologies for the last mile to connect home gateways to the smart
grid, all of them trying to play a role in the smart grid market, thus leaving utilities in an uncertain
situation [11]. Recall from above that in general the goal of utilities is to use only a small number
of low-cost, simple, reliable, and future-proof access technologies for holistic long-term solutions.
We have already outlined the shortcomings of some network technologies above. In addition, to
build their SmartGridCity (SGC), one of the most advanced smart grid pilot projects, Xcel Energy
ruled out several access technologies. Upon email inquiry, Xcel Energy informed us that, during
the initial design of the system, Xcel Energy looked at a number of alternatives to fiber optic
cable, including satellite, cable, wireless, and digital subscriber line (DSL). The most promising
looked to be utilizing a portion of the fiber backbone being built by Qwest in Boulder as part of
their DSL upgrade. The topologies, type of fiber, available dark fibers, and location of termination

points were reviewed against the needs of the SGC initiative. In addition, the Qwest build plan was
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Figure 11.1 — Broadband subscribers across OECD countries by technology: fixed wired access tech-
nologies used in 2013 [13].

compared to the SGC plan. While the fiber from Qwest could be suitable for SGC, the location
of the Qwest fiber termination points were not close enough to the SGC injection points to offer
any practical advantages; and further, the timing of the builds were not sufficiently aligned to
allow the two systems to leverage the same fiber routes. Other solutions such as satellite (high
latency, and inability to deal with underground), cable (proximity, meter attachment, and inability
to deal with underground or transformers), wireless (some potential latency issues, inability to deal
with underground, lack of cards for existing meter types, potential coverage issues, and potential
security issues), and DSL (lack of complete coverage, no ruggedized service offering) were considered
by Xcel Energy. Finally, taking the aforementioned constraints and shortcomings into account, Xcel
Energy decided to deploy their own fiber optic cable, and utilize broadband power line (BPL) to

the individual premises within the SGC project’s footprint.

Keeping in mind that utilities typically have developed their own roadmap to establish the
smart grid within the next 10-25 years, e.g., Toronto’s sustainable energy strategy [12], it is cru-
cial to understand how broadband access networks will evolve over the next couple of decades to
make the right investment decisions and technology choices for the long term. According to the
OECD Broadband Portal, back in 2010 the majority of fixed broadband subscribers deployed DSL
or cable modems, while only 9% of the 271 million subscribers were connected via fiber-to-the-
premises solutions, i.e., fiber-to-the-home (FTTH) or fiber-to-the-building (FT'TB), with local area

network (LAN) deployment in apartments. (For completeness, we note that the remaining 2% of
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subscribers were provided broadband access via satellite, WiMAX, or BPL.) However, this situation
is changing rapidly. For illustration, Fig. 11.1 shows the latest OECD data on fixed wired broad-
band subscriptions as of June 2013. Clearly, this figure illustrates that an increasing percentage of
broadband subscribers rely on fiber access technologies, at the expense of legacy DSL solutions.
This trend is expected to become even more pronounced over the next couple of decades. In the
short- to mid-term, current state-of-the-art very high bit-rate DSL (VDSL) may be superseded by
next-generation copper based solutions supported by deep fiber access networks getting increasin-
gly closer to subscribers. According to [14], however, there is no doubt that FTTH or FTTB will
eventually become the predominant fixed broadband technology of choice by 2035, paving the way
toward all-fiber wired infrastructures, as already witnessed in the Asia-Pacific region and some east
European countries that directly opted for FTTH or FTTB solutions to leapfrog legacy broadband
access technologies. It is worth mentioning that FTTH or FTTB networks are increasingly installed
by utilities and municipalities, rather than incumbents, by leveraging their existing duct, sewer,
and other infrastructure. An interesting example is the national Swiss Fibre Net of OPENAXS,
an association of currently 22 regional electricity utilities throughout Switzerland!. The goal of
Swiss Fibre Net is to create added value for consumers by having 30% FTTH or FITB connected

households by 2013, and 80% by 2020.

Typically, FITH or FTTB networks are realized via passive optical networks (PONs) due to
their well-known merits, e.g., low operational expenditures (OPEX), longevity, and future-proofness.
In addition, PONs provide the lowest energy consuming solution for broadband access, clearly
outperforming optical point-to-point access networks, hybrid fiber-copper based access technologies,
and wireless access solutions, e.g., WIMAX, in terms of energy per bit [15, 16]. This property assures
that PONs will play an important role in response to concerns about the greenhouse impact of the
Internet, especially given that access networks dominate the total power consumption of today’s
Internet {16]. More importantly, PONs are inherently highly reliable due to their completely passive

(i.e., unpowered) network infrastructure.

Conventional IEEE and ITU-T standardized Gigabit-class time division multiplexing (TDM)

PONSs currently evolve into next-generation PONs (NG-PONs). A variety of NG-PON technologies

1. Visit http://www.openaxs.ch for further information.
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have been investigated to enable short-term evolutionary and long-term revolutionary upgrades of
co-existent Gigabit-class TDM PONs, e.g., long-reach PON or OFDM PON [17]. However, the most
promising solutions for PON evolution toward higher bandwidth per user are () data rate upgrades
to 10 Gb/s and higher, and (i) multi-wavelength channel migration toward wavelength-routing or
wavelength-broadcasting wavelength division multiplexing (WDM) PONs, with or without cascaded
TDM PONSs {18, 19].

Despite their aforementioned desirable properties, and numerous currently ongoing PON (r)evolution
activities, state-of-the-art PONs as well as NG-PONs generally fall short of availability and survi-
vability.

— Auvailability- In power-splitting PONSs, e.g., conventional wavelength-broadcasting TDM
PONSs or multi-stage WDM PONSs containing splitters at one or more stages, it is difficult to
identify and localize faults within the optical infrastructure. To see this, note that well-known
maintenance techniques, most notably optical time domain reflectometry (OTDR) based
techniques for troubleshooting, work fine in wavelength-routing WDM PONs that deploy
a wavelength (de)multiplexer at the remote node (RN), whereby each wavelength channel
forms a logical point-to-point link whose individual backscattered signal enables both fault
detection and fault localization on the respective feeder fiber branching out from the RN.
OTDR becomes less effective for power-splitting PONs because a branch’s backscattering
signal can be partially or totally masked by other branch signals, thus making it difficult to
differentiate them. As a result, PON network operators may have to rely on disconnected
subscribers to call in and report on the fault, and then send technicians in the field to fix it.
Clearly, this approach satisfies the cost constraints of highly cost-sensitive access networks
that serve a relatively small number of cost-sharing subscribers, at the expense of slow fault
recovery times and therefore lowered availability.

— Survivability- For the very same cost reasons, PONs are typically unprotected, even though
network operators have the choice to deploy one of the four standardized types of protection
referred to as Type A, B, C, and D in ITU-T recommendation G.983.1. These protection
types improve the survivability of PONs in general against link and node failures by means

of redundancy, whereby protection Types B and C represent the most promising solutions to
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provide an acceptable trade-off between achievable survivability and required redundancy. In
most practical deployments, however, PONs are left unprotected due to the cost-sensitivity
of optical access networks. In current PONSs, the number of optical network units (ONUs),
the customer premises equipment of PON-connected buildings, is rather small (typically 16
to 64 ONUs per PON), thus limiting the local impact of failures to a rather small number of
subscribers. As a result, without protection, currently deployed PONs are fault-intolerant,
e.g., a single feeder fiber cut disconnects all ONUs from the central optical line terminal
(OLT).

There is a tacit consensus among researchers and practitioners in the PON community that
the fault-tolerant design and key dependability properties such as availability and survivability
will become increasingly important in emerging NG-PONs. More specifically, service and business
continuity guarantees are expected to play a more prominent role in future optical access networks
given that NG-PONs carry significantly increased traffic loads on multiple WDM channels, each
operating at 10 Gb/s or higher. Long-reach NG-PONs hold great promise to achieve major cost
savings by consolidating access and metropolitan area networks, and thereby serving much larger
areas covering hundreds or even thousands of ONUs. Nevertheless, it remains to be seen whether
these developments will justify the use of costly optical protection techniques given the cost sensiti-
vity of access networks and the number of cost-sharing subscribers. A more viable solution appears
to be to (i) rely on localized optical redundancy strategies based on (historical or estimated) fiber
failure probabilities, and (i7) exploit wireless extensions of carefully selected optical network nodes
to provide a less costly fiber-lean survivability approach for NG-PONs via converged FiWi access

networks.

FiWi access networks aim at combining the reliability, robustness, and high capacity of optical
fiber networks with the flexibility, ubiquity, and cost savings of wireless networks [20]. Fig. 11.2
depicts the architecture of a typical FiWi access network. The PON may be a conventional IEEE
802.3ah compliant wavelength-broadcasting TDM Ethernet PON (EPON) based on a wavelength
splitter-combiner at the RN, using one time-shared wavelength channel for upstream transmissions
(from the ONUs to the OLT), and another separate time-shared wavelength channel for downstream

transmissions (from the OLT to the ONUs), both operating at a data rate of 1 Gb/s. A subset of

217



IEEE Transactions on Reliability, accepted for publication.

Multiple subscribers
TDM or WDM

Single subscriber

oo o
Splitter/combiner ONU | MPP | - @
or . L
Wavelength multiplexer/demultiplexer - -

Figure 11.2 — FiWi access network architecture based on single- or multi-stage TDM or WDM PON
and multihop WMN using legacy or VHT WLAN technologies.
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ONUs may be located at the premises of residential or business subscribers, whereby each ONU
provides FTTH or FT'TB services to a single or multiple attached wired subscribers. For these
ONUs, it will be crucial to have appropriate PON monitoring and protection techniques in place to
provide a sufficient level of availability and survivability at reasonable costs. The remaining ONUs
may be equipped with a mesh portal point (MPP) to interface with the wireless mesh network
(WMN), which in turn consists of relay mesh points (MPs) and mesh access points (MAPs) to
provide stations (STAs) with wireless access to the FiWi network. The WMN can be used for
wireless protection of optically disconnected ONUs. Most previous FiWi studies assumed a WMN
based on IEEE 802.11a/b/g wireless local area network (WLAN) technologies, offering a maximum

raw data rate of 54 Mb/s at the physical layer.

Future FiWi access networks will leverage next-generation PON and WLAN technologies to
meet the ever increasing bandwidth requirements of new and emerging applications and services.
To alleviate the bandwidth bottleneck of wireless mesh front-end networks, future FiWi access
networks are expected to be based on next-generation IEEE 802.11n WLAN, which offers data
rates of 100 Mb/s or higher at the medium access control (MAC) service access point. Furthermore,
access network designs will exploit emerging IEEE 802.11ac very high throughput (VHT) WLAN
technologies, which achieve significantly increased raw data rates. More specifically, beside various
PHY layer enhancements, IEEE 802.11n next-generation WLAN provides two frame aggregation
techniques, Aggregate MAC Service Data Unit (A-MSDU) and Aggregate MAC Protocol Data Unit
(A-MPDU), as the main MAC enhancements. The WMN may be upgraded with emerging IEEE
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802.11ac VHT WLAN technologies that achieve raw data rates of up to 6900 Mb/s, and provide an
increased maximum A-MSDU/A-MPDU size [21].

11.4 FiWi Network Dependability Techniques

In this section, we elaborate on the aforementioned localized optical redundancy strategies and
wireless extensions in technically greater detail. We describe several techniques to render FiWi ac-
cess networks dependable. These techniques can be used separately or jointly to achieve different
levels of FiWi network dependability in a modular fashion for given cost constraints and perfor-
mance requirements, ranging from low-cost broadband access deployments to highly critical smart
grid communications infrastructures. In the following, we pay close attention to the fact that depen-
dability has many facets, and includes several important system properties, most notably reliability,

availability, survivability, security, and safety.

11.4.1 Reliability

Recall from above that PONs are inherently highly reliable due to their completely passive
network infrastructure. Conversely, wireless channels are much less reliable due to a variety of
severe physical transmission impairments, e.g., multipath fading or interference. For an improved
reliability of bimodal FiWi access networks, the design of éppropriate routing algorithms plays a
major role. For instance, routing algorithms that mitigate interferences in the wireless front-end
by selecting paths with a minimum number of wireless hops and offloading it by steering as much
traffic as possible across the fiber backhaul represent a promising solution, as investigated in more

depth shortly.

11.4.2 Availability

To enable both fiber fault detection and localization with minimum delay, and thereby help

improve the availability of NG-PONs, advanced monitoring techniques need to be designed. The
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receiver.

aforementioned ITU-T recommendation (.983.1 does not specify how to identify and localize faults
within the optical infrastructure, and defers the task to maintenance standards (ITU-T L series).
ITU-T L.53 (2003) was the first standard to specifically address the maintenance of PONs by
recommending the use of OTDR based techniques for troubleshooting. In-service monitoring of
NG-PONs’ fiber infrastructure without disturbing ongoing services is expected to become increa-
singly important to avoid the OPEX and large service restoration times of offline troubleshooting.
Accordingly, ITU-T recommendation L.66 was approved in 2007 to reserve the U-band (1625-1675
nm) for in-service maintenance of PONs, and to specify methods for implementation, e.g., OTDR.
OTDR works fine in single-stage WDM PONs that deploy a wavelength (de)multiplexer at the RN
such that each wavelength channel forms a logical point-to-point link. By using a tunable multi-
wavelength OTDR source at the OLT, this approach provides a centralized monitoring system that
enables both fault detection and fault localization in feeder as well as distribution fibers. However,
recall from above that OTDR becomes less effective for power-splitting PONs. In addition, the huge
loss by splitters leads to a significant drop in measured backscattered light from each branch, though
some manufacturers offer so-called PON-tuned OTDR solutions that allow for tests across splitters

with losses of up to 20 dB.

In [22], we reported on the requirements and challenges of modified OTDR solutions, and also
described alternative non-OTDR based PON monitoring techniques. A promising technique is op-
tical coding (OC) based PON monitoring, where passive out-of-band encoders (Enc) are placed at

the end of each PON distribution fiber to identify and monitor it, as shown in Fig. 11.3(a). The
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data, and monitoring signals occupy separate wavelength bands Ay, and A, respectively, consistent
with emerging standards. At the central office (CO), an optical source transmits out-of-band pulses
downstream, and a monitoring receiver processes the aggregate upstream reflected signals. Note
that the encoders both reflect and imprint a unique code specific to the PON distribution fiber on
the source pulses. While several encoders, e.g., fiber Bragg grating (FBG), and receivers have been
proposed, the most cost-effective, high-performance solution that has emerged is a combination of

periodic codes and an electronic receiver, as illustrated in Fig. 11.3(b) and (c).

11.4.3 Survivability

After detecting and localizing a fiber fault, partial optical or wireless protection techniques
are triggered for fault recovery, as explained in more detail in the following. Fig. 11.4 depicts the
generic tree-and-branch topology of a multi-stage NG-PON, which might be a long-reach PON with
or without WDM and high-speed TDM upgrades. Note that each of the N ONUs is allowed to be
at a different distance from the OLT, spanning a different number of stages. The generic topology
also includes the special case of conventional TDM PONSs, where each ONU is located at two stages
from the OLT, whereby stage 0 ranges from the OLT to the RN, and stage 1 fans out from the RN
to the ONUs. Without loss of generality, the RN is assumed to be a power splitter, but it might be
also a wavelength (de)multiplexer or any cascaded multi-stage configuration thereof. Furthermore,
we assume that each stage 4,1 = 0,1, ..., can be assigned a certain fiber failure probability p; based
on historical records or estimates. That is, each fiber link of stage 7 is assumed to fail with the same
probability p;, though p; may be different for each separate stage. We also assume that a subset of

0 < M < N selected ONUs may be interconnected via a wireless mesh front-end.

Next, let @ be the random subset of ONUs, which are connected to the OLT optically after
one or more fiber link failures have occurred. We denote W for the set of ONUs that have been
selected to be equipped with an MPP to interface with the front-end WMN, where [W| =M < N.
Generally speaking, W should be chosen as small as possible to satisfy given cost constraints, while

at the same time guaranteeing a high degree of survivability.
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Figure 11.4 — Generic multi-stage NG-PON topology with historical or estimated fiber failure proba-
bility p; assigned to each stage :.

The average number of failure-free connections among ONUs (i.e., pairs of ONUs connected by

optical or wireless links) can be defined as

D:=E {(g ]lOUW(i)) ((g ]10uw(j)> - 1)1‘ ; (11.1)

where 1ouw (i) denotes the indicator function of subset O UW for a given ONU 3 and is given by

_ L,ie (OUW)
Louw (i) = (11.2)
0,i¢ (OUW).

For further details on the computation of D, refer to [23]. In the following, we briefly highlight the
merits of partial optical and wireless protection towards improving the survivability of FiWi access
networks. For illustration, Fig. 11.5 shows the average number D of failure-free connections vs. the
number 0 < M < N of wirelessly upgraded ONUs with and without optical protection for a 5-stage
PON of N = 465 ONUs, whereby the M ONUs with the smallest probability of being (optically)
connected to the OLT are wirelessly upgraded with an MPP. With optical protection, the wirelessly
upgraded ONUs are additionally optically protected by means of back-up fibers such that their
optical connection to the OLT can be considered safe, whereby OP denotes the number of optically
protected ONUs. Under the assumption of an ascending fiber failure probability from OLT towards

ONUs, Fig. 11.5 clearly demonstrates that deploying partial optical protection in combination with
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Figure 11.5 — Average number D of failure-free connections vs. number M of wirelessly upgraded ONUs
for a five-stage NG-PON topology (N = 465) with and without partial optical protection.

using a wireless mesh front-end to re-route traffic affected by fiber failures increases D significantly,

while requiring only a small to medium number M of wirelessly upgraded ONUs.

In our somewhat simplistic discussion above, we have assumed that WMNs do not suffer from
any link failures, and therefore are always available. Clearly, wireless channels are much less reliable
than their optical fiber counterparts due to several severe transmission impairments. By capitalizing
on the aforementioned fiber fault detection, localization, and partial optical protection techniques,
NG-PONSs can be designed to meet high levels of availability. It is well understood that consequently
the availability of optical links and wireless links differ significantly from each other; and that
availability-aware routing should be applied not only to meet the specified availability, an important
parameter in many service level agreements (SLAs) between network operator and subscribers, but
also to increase the overall availability and survivability of FiWi access networks by making more use
of monitored and protected NG-PONs [24]. While NG-PONs are able to provide high availability and
survivability levels, the performance of wireless links depends on a variety of external parameters,

which in many cases can be only modelled statistically [25].

In the WMN, we capture the impact of various external parameters on the wireless channel
by its bit error rate (BER) p, > 0, while the BER of the NG-PON can be considered negligible,

and therefore is set to zero. However, individual fiber links may fail due to fiber cuts and become
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unavailable for routing traffic across the NG-PON. For a WMN using A-MSDU or A-MPDU, the

probability p. of an erroneously transmitted frame aggregate is given by [26]

1—(1—pp)A for A-MSDU,
Il (1= (1= pp)%)  for A-MPDU,

where A is the size of a transmitted A-MSDU, index ¢ runs from one to the total number of
aggregated frames, and L; is the size of the i-th frame in a transmitted A-MPDU. By using pe, the

probability of either a collision or transmission error, p,,, at WMN node w can be computed as
1—py={(1-pe) (1~ Ppew), (11.4)

whereby the collision probability p. ., is given by

1 — Pew = H (1 - Tu)- (115)
v#w
For any WMN node w, we have
1 72 - Wo g5(1 - p.)
Tw = — — 11.6
n ((1—qw)(1-pw)[l—(l—qw)wf’] 1—q, (116)
with
0= 2.Wo 9o Wo(q.Wo + 3w — 2)
1—(1—g,)"  2(1-qu)[l = (1~ gu)"°]
+(1 - Qw)
+Qw(W0 + 1)[]%.;(1 - Qw) - Qw(l _pw)z]
2(1 - qw)
2
pwqw WO 2)
+ ( ~(1-p,
20— a) (1) \I= (=g 7P
2W0[1 — Pw ‘pw(2pw)H_1]
. 1 11.
( 1-2p, 1 (11.7)

224



IEEE Transactions on Reliability, accepted for publication.

Minimum delay -+ ; '

16 - Minimum interference ---- /

Minimum hog
OFR

14 +

Mean Delay (ms)

0 n " | 1 L )
0 0.5 1 1.5 2 25 3
Mean Aggregate Throughput (Gbps)

Figure 11.6 — Mean delay vs. mean aggregate throughput performance of different FiWi routing
algorithms for (i) a conventional 20 km range, and (#i) a 100 km long-reach wavelength-routing WDM
PON.

where, for exponentially distributed inter-frame arrival times with mean 1/0,, the probability g,
that there is a frame waiting for transmission at WMN node w is related to its offered frame load

0w during mean slot duration E,, via

1—gq,=e w8 (11.8)

Furthermore, Wy is node w’s minimum contention window, Wp2# is the node’s maximum window

size, and H is the maximum backoff stage [27].

Building on these basic probabilities, we have recently developed an analytical framework for the
capacity and delay evaluation of routing algorithms for FiWi access networks based on NG-PON and
high-throughput WLAN technologies. We refer the interested reader for further details, including
verifying simulations, to [28], and continue to briefly describe some of the obtained major results.
Fig. 11.6 shows the throughput-delay performance of an IEEE 802.11n based WMN front-end with
a physical data rate of r = 300 Mb/s using either (i) a conventional 20 km range IEEE 802.3ah
TDM EPON, or (i) a 100 km long-reach wavelength-routing WDM PON with two bidirectional
wavelength channels, each operating at a data rate of ¢ = 1 Gb /s. We set the BER of the WMN to

pp = 1076, To illustrate the flexibility of our analytical framework and study the impact of different
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routing algorithms on the throughput-delay performance of next-generation FiWi access networks,
we consider the following four routing algorithms: (i) minimum delay routing similar to DARA [29],
(1) minimum (wireless) interference routing [30], (44¢) minimum (wireless or optical) hop routing,

and (iv) an optimized FiWi routing algorithm (OFRA), whose objective function

ming ( > (pn) + mam\mep(pn)) (11.9)
vncp
aims at finding the path p with the minimum traffic intensity p at intermediate optical and wireless
nodes n. Given that the capacity of optical access networks is typically higher than that of their
wireless counterparts, OFRA gives preference to steering traffic toward the fiber backhaul, and
offloading the wireless front-end. Fig. 11.6 clearly illustrates that minimum delay routing performs
poorly in terms of delay and throughput, and is ill-suited for long-reach WDM PON based FiWi
networks because it steers most traffic across the WMN to avoid the optical propagation delay. As a
result, the huge bandwidth of the long-reach WDM PON is heavily under-utilized while the wireless
front-end gets congested, translating into a deteriorated throughput-delay performance. Note that
OFRA is able to maximize the aggregate throughput of both conventional and especially long-reach
PONSs by routing more traffic across the more reliable fiber backhaul, and exploiting its high capacity
and availability. For the long-reach WDM PON, we observe that minimum hop and minimum
interference routing as well as OFRA provide comparable delays at low to medium traffic loads,
while the maximum achievable throughput differences at high traffic loads are more pronounced
than for the 20 km range. The favorable performance of OFRA at high traflic loads is potentially of
high practical relevance because access networks are the bottlenecks in many networking scenarios,
and thus experience relatively high loads while core networks operate at a low to medium bandwidth

utilization.

Under the assumption of minimum hop routing, Fig. 11.7 depicts the performance gain achieved
by using a wireless front-end based on VHT WLAN instead of state-of-the-art 802.11n WLAN,
whose maximum data rate is limited to 600 Mb/s. For a wavelength-routing WDM PON operating
at a wavelength channel data rate of 1 Gb/s, we observe from Fig. 11.7 that VHT WLAN roughly

triples the maximum mean aggregate throughput, and clearly outperforms 600 Mb/s 802.11n WLAN
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Figure 11.7 — Mean delay vs. mean aggregate throughput performance of next-generation FiWi access
networks based on high-speed wavelength-routing WDM PON and VHT WLAN technologies (c'*,

and r are given in Gb/s, and Mb/s, respectively).

in terms of both throughput and delay. Furthermore, the figure shows that replacing the 1 Gb/s
wavelength-routing WDM PON with its high-speed 10 Gb/s counterpart (both with an optical
range of 20 km) does not yield a higher maximum aggregate throughput, but it does help lower the

mean delay, especially at medium traffic loads before wireless links at the optical-wireless interfaces

get increasingly congested at higher traffic loads.

11.4.4 Security and Safety

For enhanced cyber security, the various PONs and WLANs may apply IEEE standard 802.1AE
and 802.11i, respectively, in conjunction with the aforementioned optical and wireless networking

standards. Furthermore, public key infrastructure technologies along with trusted computing ele-

ments, were shown to be effective to secure the smart grid and its underlying communications

infrastructures [31].

In terms of physical safety, FiWi access networks can be used to monitor the power grid and
detect anomalies that may pose a threat to the system, as well as technicians and end users, e.g.,
power outages, voltage fluctuations, or electric discharges. Toward this end, FiWi access networks

may be enriched by fiber optic and wireless sensors, giving rise to fiber-wireless sensor networks
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Figure 11.8 — Fiber-wireless sensor networks (Fi-WSNs) enable the monitoring of and interaction with
the electrical power grid.

(Fi-WSNs), as shown in Fig. 11.8. Embedding fiber optic and wireless sensors into FiWi access
networks enables them to interact with the electrical power grid via monitoring some of the key
parameters (temperature, pressure, sound, etc.) of its components, and trigger appropriate actions,

if needed.

11.5 FiWi Smart Grid Communications Networks Based on Multi-

Tier Business Models

At present, the major roadblocks toward a sustainable low carbon society based on highly
dependable critical infrastructures are less technological feasibility and maturity, but more the lack of

compelling business cases and regulatory frameworks. In fact, business models, arguably more than
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technological choices, play a key role in the roll-out of smart grid communications infrastructures.
According to [32], utilities along with municipalities are responsible for 22% of households passed
with FTTH or FTTB in Europe. These investments enable utilities or municipalities to (¢) leverage
their existing duct, sewer, and other infrastructure; (i7) leverage their ability to raise long-term
financing at fairly low interest rates; (iii) create a new source of revenue in the face of ongoing
liberalization of the energy sector, particularly in smart grid solutions; and (iv) provide services
completely independent from incumbents’ infrastructures for the first time. Furthermore, it was
recently shown in [33] that cooperation among different utilities in the roll-out phase may drive down
the CAPEX of FTTH and FTTB deployments by 17%. Innovative partnerships enable utilities and
other players to share smart grid communications infrastructure investments by transitioning from
the traditional vertical network integration model towards splitting the value chain into a three-tier
business model that consists of network infrastructure roll-out, network operation and maintenance,
and service provisioning [32]. One of the most promising examples of such a multi-tier business model
is the above mentioned Swiss Fibre Net of OPENAXS, where the power utilities are responsible for
the installation of the network infrastructure, as well as its operation and maintenance, but leave
its access open to all service providers (e.g., triple-play voice, video, and data service providers) on

a nondiscriminatory basis.

11.5.1 The Uber-FiWi Network

In [34], we have recently introduced our so-called Uber-FiWi network, a FiWi network infrastruc-
ture shared for both smart grid communications and broadband access. It represents a sustainable
FiWi smart grid communications infrastructure that is based on a reduced number of low-cost,
simple Ethernet technologies, covers all segments of the power distribution network, and allows for
evolutionary pay-as-you-grow fiber build-outs according to a utility’s given smart grid roadmap. As
shown in Fig. 11.9, homes connect to the smart grid communications infrastructure either via IEEE
802.3ah EPON with optional WDM upgrades or IEEE 802.16 WiMAX. Note that, unlike in 4G cel-
lular networks, WiMAX is expected to succeed with the smart grid [35], as witnessed by Cisco’s and

GE’s recent investments in WiMAX-based smart grid solutions. In suburban and rural areas with
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Figure 11.9 — The Uber-FiWi network architecture.

a small population density, we use WiMAX due to its lower operational and capital expenditures
(OPEX and CAPEX), compared to EPON. For densely populated or fiber-rich settings as well as
environments where fiber cuts are less likely (e.g., underground railway tunnels), we use EPON as
the preferred medium of choice. For increased reliability and reduced fiber infrastructure costs, the
EPON/WDM PON may be replaced with an Ethernet shared protection ring to interconnect ONUs
in a more fault-tolerant, fiber-lean manner. EPON and WiMAX networks are interconnected with
the distribution management system (DMS) through an optical Gigabit carrier Ethernet augmented

ring network, whose star subnetwork provides fault tolerance against multiple ring failures.

In addition, we deploy a WLAN-based mesh neighborhood area network (NAN) based on high-
throughput next-generation IEEE 802.11n/ac WLAN, including IEEE 802.11e quality-of-service
(QoS), and IEEE 802.11s mesh WLAN technologies. The proposed NAN allows an ONU installed
at a given customer’s premises to be shared by other nearby homes, thereby significantly reducing

the amount of required fiber infrastructure, increasing coverage, and enabling a smooth upgrade
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path. More interestingly, we exploit the NAN to realize a low-cost communications infrastructure for
local smart microgrids. To improve scalability and increase capacity, we will also selectively deploy
optical fiber links in small-size or greenfield NANs, as envisioned for the Rokkasho Village in Japan,
one of the worldwide leading smart microgrid demonstration projects. The use of optical fiber helps
enable trust relationships in smart microgrids by capitalizing on the fact that eavesdropping can be

more easily detected in optical fiber networks than in their wireless counterparts.

To monitor the status of next-generation power network distribution components, we place fi-
ber optic sensors at the required locations throughout the optical fiber infrastructure, and ZigBee
Smart Energy or emerging low-power WLAN based WSNs in the WiMAX and NAN networks. We
integrate low-cost passive fiber optic sensors for temperature, voltage, current, and sound into the
aforementioned EPON, WDM PON, and Ethernet shared protection ring of our proposed smart
grid communications infrastructure. They are remotely controlled in real-time using advanced in-
terrogation subsystems at the DMS of the power distribution network for effectively separating
the various measurements (temperature, voltage, current, sound) from the collected data, and to
synchronize the fiber optic sensors with the wireless sensors throughout the power distribution net-
work. Note that smart grid wide synchronization is not possible with currently deployed sensors,
whose collected information is usually stored in stand-alone servers. Synchronization will be of great
benefit to utilities to accurately measure the state of the power grid instead of estimating it, as is

the current practice [36].

11.5.2 Coexistence of H2H and M2M Traffic

In this section, we aim at providing deeper insights into the performance of the multi-tier
Uber-FiWi network that provides not only open-access triple-play service offerings, also known
as human-to-human (H2H) services, but also enables the support of some of the most important
potential smart grid applications, e.g., grid integration of renewable energy resources [37]. The
unpredictability of renewable energy sources, in conjunction with other emerging and future smart
grid applications that are random in nature (e.g., G2V/V2G), creates challenging problems in the

control and reliability of the power grid, which call for a multitude of geographically and temporally
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Figure 11.10 — Average end-to-end delay performance vs. data rate per sensor.

coordinated monitoring and control actions over time scales ranging from milliseconds to operational
planning horizon [38]. Towards this end, different wireless sensor applications based on ZigBee or low-
power WLAN technologies have been considered for the machine-to-machine (M2M) interconnection

of a wide variety of devices and appliances, giving rise to the so-called Internet of Things (IoT) [39],

of which the smart grid represents an important real-world example.

The analysis in [28] can be extended to investigate the coexistence of H2H and M2M traffic
over the Uber-FiWi network with the objective to quantify the maximum achievable wireless sensor
traffic rates without violating the given upper delay limits of conventional H2H traffic. Fig. 11.10
depicts the average end-to-end delay performance of H2H traffic (aggregate load fixed to 144 Mb/s)
and M2M sensor traffic vs. the data rate per sensor, including verifying simulations, for a 20 km
long TDM EPON with 8 ONUs, each equipped with a QoS-enabled access point (AP) serving 2
STAs and 2 sensors. We observe that the delay of M2M traffic remains low and flat for event- and
especially time-driven sensors, whereby event-driven sensors contend for channel access like any

other STA after detecting an event of importance such as a power outage. Conversely, time-driven
sensors periodically send their measurements to the DMS in dedicated (contention-free) TDM slots
without undergoing contention for the wireless channel. However, for increasing sensor data rates,
the delay of H2H traffic may cross a given upper delay limit, which is adaptive to meet different

H2H traffic requirements. For instance, for an upper delay limit of 2.5 ms, the measured sensor data
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Figure 11.11 - IEEE 13-node distribution power network with grid-connected PEVs.

rates of 6.1, 12.7, and 19.7 Mb/s (vertical arrows in Fig. 11.10) clearly show that higher permissible
sensor data rates can be achieved by using VHT WLAN based event- or even better time-driven
sensors instead of 802.11n based ones without violating the delay limit. The obtained results can be
used as a theoretical upper bound of coexisting M2M traflic for the design and realization of future

yet unforeseen smart grid applications.

11.5.3 Co-Simulation

A plethora of simulation tools exist for communications networks and power networks sepa-
rately. They can be used to study the communications and power system perspectives of IEEE
P2030 logically independently from each other. However, very few studies have been carried out
on co-simulation by combining both perspectives in a multidisciplinary manner. In [40], we have
recently developed a joint communications and power distribution network co-simulator based on
OMNeT++ and OpenDSS for enabling multidisciplinary smart grid experimentations and investi-
gating the impact of FiWi smart communications infrastructures, protocols, and algorithms on the

performance of the underlying electrical power grid.

For illustration, let us consider the example of PEV charging. Uncontrolled, random PEV char-
ging may cause local grid problems in terms of voltage deviations, increased system losses, and
network overloads, resulting in degraded power quality and operation efliciency. Fig. 11.11 shows

a modified IEEE 13-node test distribution power network that accommodates 342 residential cus-
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Figure 11.12 — Daily voltage deviations for uniform, and non-uniform PEV distributions at different
PEV penetration levels.

tomers with grid-connected PEVs, whose specifications are similar to those of the commercially

available electric Nissan LEAF 2012.

Fig. 11.12 shows the daily voltage profile at the node with maximum voltage deviation for
different PEV penetration levels without applying any FiWi smart grid communications infrastruc-
ture. Expectedly, for both uniform and non-uniform PEV distributions, the daily voltage fluctuation
becomes more severe as the penetration level increases. With uniform PEV distribution, as the pe-
netration level goes above 20%, the voltage magnitude at some hours decreases below the minimum
permissible level for normal conditions (0.95 per unit (p.u.), defined as the actual voltage magni-
tude divided by the rated voltage 120V). Below this limit, the quality of power supply is degraded.
Compared with uniform PEV distribution, non-uniform PEV distribution leads to a more severe
deviation in the local voltage profile. This result is due to the fact that PEVs are more concentrated

in some neighborhoods, resulting in more local voltage drops along distribution lines.

Clearly, it is important to avoid such a deviated voltage profile and the resultant deteriorated
power quality due to high or non-uniform PEV charging loads or both, which might cause potential
overloads that lead to damages in transformers and cables, and thus require reinforcement invest-
ment on utility assets. In [41], we have examined several centralized proactive scheduling algorithms

to be implemented at the DMS to coordinate PEV charging via our Uber-FiWi network. In addi-
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Figure 11.13 — PEV coordination performance of underlying IEEE 13-node distribution power network
(in terms of voltage profile and power consumption), and overlaid Uber-FiWi network (in terms of
delay and throughput).

tion, we proposed a voltage control protocol, which allows the DMS to quickly locate power network
nodes with low voltage, and temporarily disconnect PEVs until the voltage constraints are satisfied
again for all power distribution network nodes. Fig. 11.13 illustrates the performance of random
PEV charging, and our proposed PEV coordination schemes (referred to as first fit and SLM) for a
normal scenario, where the daily profile available at the DMS almost matches the actual residential
baseload profile (Fig. 11.13(a)). Note that the figure shows the performance of both the under-
lying IEEE 13-node distribution power network in terms of voltage profile and power consumption
(Fig. 11.13(b) and (c)), and the overlaid Uber-FiWi network in terms of delay and throughput
between PEVs and DMS (Fig. 11.13(d) and (e)). We note that both PEV coordination schemes are
able to maintain the voltage always above the acceptable limit, and to flatten the voltage profile and
power consumption by shifting PEV loadings to off-peak hours (overnight), and thereby avoiding
additional stress on the distribution grid during hours when the baseload demand is already high

(6pm-10pm).
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11.5.4 Experimental Smart Grid System

In [42], we have built an IEEE P2030 compliant Uber-FiWi network testbed to experimentally
investigate the effectiveness of a proposed adaptive admission control algorithm to manage latency
and reliability in the event of emulated power blackouts during a distributed security breach via a
distributed denial-of-service (DDoS) attack. Fig. 11.14 depicts the experimental set-up of our Uber-
FiWi network testbed. Two laptops using IEEE 802.11b/g are set up to emulate multiple MAPs:
the first laptop emulates a DDoS attack of 9 MAPs, each generating 50 packets per second, and
the second laptop (2 in Fig. 11.14) emulates normal MAPs, and an MAP (MAPg) experiencing
successive emulated blackouts. MAPg normally consumes between 1 and 9 kWh, whereas in the
event of a blackout it consumes 0 kWh. Thus, only the DDoS and blackout events are emulated,
while the rest of the testbed uses state-of-the-art wireless and fiber equipment. A Zyxel NWA570n
wireless access point (3 in Fig. 11.14), supporting IEEE 802.11b/g/n, represents an MP. The MPP
(4 in Fig. 11.14) is emulated by an IEEE 802.11b/g/n laptop. An EPON SUN-GE8100 (1 Gbps)
is used (6 in Fig. 11.14) with 5 kilometers of fiber between 4 ONUs (8 in Fig. 11.14) and the
optical coupler, and 15 kilometers between the coupler and the OLT (7 in Fig. 11.14). The MPP is
connected to an ONU port, and the DMS (5 in Fig. 11.14) is connected to an OLT port. All MAPs
send notification packets to its MPP through the MP node and the DMS is reached through the
EPON.

We developed an Ezperimental Smart Grid System (ESGS)?, which comprises several programs
written in Java to test our admission control process that dynamically adjusts the data rate of MAPg
to quickly report on monitored blackouts, and thereby enable the power distribution management
system to take swift recovery actions. In our experiment, we implement our admission control
algorithm at the MPP. P, hosts can send 10 packets per second, and P, hosts 1 packet per second.
The DMS is responsible for receiving notification packets, feeding the local database, and sending
control packets. The DMS sends change priority request packets to the MPP based on the following
conditions: (i) P, when the power consumed equals 0 (detected blackout), and (7i) P, otherwise.

We observe from Fig. 11.15 that the throughput of MAPy increases in the event of blackouts, even

2. The ESGS source code is freely available at http://zeitgeistlab.ca/doc/Smart_Grid_Communications_
over_UEber-FiWi_Networks.html.
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Figure 11.14 — The Uber-FiWi network testbed.

during a DDoS attack, which in turn helps decrease the latency between MAPg and the DMS, and

thus invoke quick fault recovery actions.

11.6 Conclusions

Internet technology and renewable energies are beginning to merge to create the Energy Internet
infrastructure for the TIR economy, and a future sustainable low carbon society. We elaborated on
the evolution path of current broadband access networks toward integrated bimodal FiWi access
networks within the next 10-20 years, whose planning horizon should be aligned with the emergence
of the smart grid by 2030 to make investment decisions and technology choices that achieve the
long-term smart grid roadmap goals, and meet the requirements of electric utilities. The presented

dependability enhancing techniques help improve the reliability, availability, survivability as well as
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Figure 11.15 — Throughput measurements for MAPy experiencing a power blackout with malicious
MAPs generating a DDoS attack.

(cyber) security and (physical) safety of both the FiWi smart grid communications infrastructures,
and underlying power distribution networks. The presented results on the coexistence of conven-
tional H2H triple-play and M2M sensor traffic can be used as a theoretical upper bound for the
design and realization of some of the described potential, as well as future yet unforeseen smart
grid applications. Furthermore, the presented co-simulation results provide invaluable insights into
the interaction of power distribution networks, and overlaid FiWi smart grid communications infra-
structures with regard to voltage profile, power consumption, delay, and throughput. The obtained
results help better understand the respective performance bottlenecks, and requirements of capacity
upgrades as well as design guidelines for more efficient smart grid communications protocols and

resource management algorithms.
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