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ABSTRACT

This executive summary provides an overview of this Master's Thesis focusing on the
integration of advanced telecommunication solutions into the power distribution grid. More
concretely, the deployment of broadband power line communications (BPL) over the low
voltage (LV) grid to face the current challenge that faces narrowband PLC (NB-PLC) — that
is the telecommunication solution that is currently used in the LV grid to collect the
information from the smart meters (SMs) — because this technology cannot provide the real-
time monitoring that is required nowadays not only by the consumers but also by the
emerging technologies whose presence is changing the paradigm of the power distribution
grid structure, operation, and supervision. This summary reviews the fundamentals of the
thesis highlighting its contributions and implications for the power distribution landscape.

Keywords: Power distribution grid, Power line communications (PLC), Broadband PLC
(BPL), Smart meters (SM), Street Fuse Box (SFB), Smart Grids, Low voltage network.

1. Introduction.

The energy sector is undergoing a transformative evolution, and the need for power
distribution grids to incorporate innovative telecommunication solutions is evident.
Iberdrola as a power distribution company had already been part of this transformation
carrying out pioneer initiatives such as the STAR Project that meant a revolution for the
power consumption measures that finally allowed improved metering precision, optimized
grid management, and consumer empowerment by providing consumption patterns
information that may influence in their demand. Thanks to this project, not only has Iberdrola
modernized its distribution network but also has gained advantage versus other competitors
that are not able to collect the accurate data that Iberdrola can now manage to anticipate
faults and provide better quality of service for its consumers. Therefore, this Project may
have the same relevance as the STAR Project had at the time of its deployment from 2010
to 2018. In line with this path that Iberdrola has set to continue investing in technology that
optimizes and digitalizes the grid. In this case, by deploying a network of BPL over the LV
grid that will mean a decrease of the latency with data transmission rate of above 400 Mbps
in contrast with the under 1 Mbps data rate that is characteristic of the current grid.

This thesis encourages the power distribution companies and sector to embrace evolution
and take the example of Iberdrola whose goal is to acquire a level of knowledge of the new
technologies and their deployment that allows the company to carry out these deployments
in the most efficient way to adapt as fast as possible to the dynamic requirements of the new
paradigm of distribution grid, the smart grid.

2. Definition of the project.



This Project involves different tasks and subprojects. However, it can be summarized as the
designing of the future topology for the LV distribution grid. This Project suggest a change
that pursues two main goals: first one is to bring the BPL network closer to the SMs. Before,
the BPL network was designed for the MV grid and only reached the secondary substations
(SS). However, this new approach wants BPL-LV to reach the end-users: until the street fuse
box (SFB) or the SM centralizations. The second principal goal is to reduce the number of
nodes that belong to each NB-PLC (PRIME) network. The objective is to transform the
current huge PRIME v1.3.6 networks that include hundreds of SMs to smaller and more
efficient PRIME v1.4 networks that include dozens of SM. This change of topology is
represented in Figure 1. This change has already started in some selected grids. More
concretely, there is a plan definition for deploying this new topology in 349 SS by 2024 and
it has been already done it in 25 of them.
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Figure 1: Deployment of the new LV grid.

After defining the changes that this Project suggest, it can be understand what are the
challenges that it involves. In the case of the BPL-LV network, it will be necessary to define



which of the low voltage lines (LVL) will be injected with BPL, and also which SFB will
need to include a BPL repeater. On the other hand, in the case of NB-PLC network, the new
features introduced by PRIME v1.4 also brings challenges. Not only will be necessary to
install base nodes of this telecommunication solution in each one of the selected SFB but
also, as this technology provides a wider frequency band to transmit data rather than the
previous PRIME version, PRIME v1.4 uses 8 different channels to communicate and
therefore, it is necessary to define an approach to allocate the communications for these
different channels that did not exist before.

3. Development of the project.

Following the needs mentioned in the previous section, the thesis will focus on the
specifications needed for the deployment of the two communication networks for the LV
distribution grid. To structure the development of the Project, it will be divided in two
essential phases related to each one of the telecommunication networks:

3.1. Definition of BPL-LV Network.

The initial phase required a detailed analysis of the variables involved in the deployment and
to study the relevance of them in this process. There were various sources of information
that helped in this phase. First of all, it is important to point out that the most relevant insights
were acquired from the already conducted field trials. The conclusions from these trials and
the suggestions from the BPL-LV suppliers have been the most influential parameters for
the following developments. After the comprehensive study of these conclusions, it was
necessary to understand the LV network and the equipment that is already part of the grid
and therefore may be transformed because of this deployment. For this phase, it was
necessary to use the geographic information system (GIS) that gathers Iberdrola’s electrical
and telecommunication inventory data. By working with this tool, it was possible to
understand the structure of the grid and the challenges that may be faced because of the
transformations that are suggested. These large databases have been analysed to extract the
principal insights and conclusions that will help to the design of a specification for the
deployment that fits the actual configuration of the grid.

After having collected all this information from various data and process it when necessary
to get useful conclusions, it was possible to design the detailed specifications that will
eventually allow the development of the actual tool that helps to automatize the deployment.
These aimed results focused on the definition of the BPL-LV network focus on three primary
outcomes: the selection of the lines that will need to be injected with BPL, the determination
of the injection solution that better fits each of the lines, and the precise allocation of
resources described in terms of the phases in which this Project is divided to better
understand the magnitude of the deployment and the equipment that will be required for each
one of the phases, helping the planification of the working team involved in the Project.

3.2. Definition of NB-PLC Network: PRIME v1.4.

As mentioned, one of the new features that is introduce with the use of PRIME v1.4 over its
previous version is that now the NB-PLC network can use 8 different channels to
communicate. This introduces new challenges as this new possibility is directly related with
the necessity to design an approach that helps to associate each PRIME network to a different
channel. This allocation is significant since an allocation that ensures that two adjacent



PRIME networks does not share the same or adjacent channels will avoid interferences that
may affect the communication.

The proposed approach for this challenge is based on the Welsh-Powell algorithm that not
only is based on the Four-Colour Theorem that establishes that 4 different colours (4
different channels in this case) are enough to ensure that two adjacent areas (networks) do
not share the same colour (channel) but also suggests an order or process to be followed to
establish an automatization for this channel allocation.

4. Results.

The principal results that have been obtained from the research carried out in this Project are
the following: an specification to standardize the BPL injection process, an specification to
establish the criteria to choose the injection solution that will be used for each selected low
voltage line, and a list of the involved electrical components in the development of this
Project as well as a list of equipment that need to be procured for the deployment. These lists
have been defined per phase of the Project, that is divided into 6 different ones, so the
overview of the concerned devices is accurate and actually helps to plan the strategy for the
deployment and purchase processes. In the following sections, the most relevant conclusions
extracted from this research will be summarized.

4.1. BPL-LV deployment criteria.

The first relevant criterion to define is to choose which SFB are the ones considered to be
part of the BPL-LV network. These are called target SFB (SFBT) and are all of them that
have at least 5 SM. So that:

SFB; = SFB/ZSM >5

This restriction will be the most significant to make decisions regarding the injection.
Therefore, target LVL (LVLt) will be referred to all the LVL to which a SFBris connected.

After these important definitions, the first verification that will be done before a BPL-LV
deployment is if the LVL share the same direction for at least 30 m. In these cases, the group
of LVL will be treated as a “cable bundle”. This differentiation is important due to the
existing restriction of avoiding the injection in more than 4 LVL per SS. When there are
cable bundles, the criterion is to inject that LVL whose SFBr is the furthest but within a
distance of 150 m. This length constraint is another very important condition to consider in
the deployment: in the cases where the distance between a SS and a SFBr is lower than 50
m, no injection is needed. However, when overpassing the limit of 150 m, this is called to
be “problematic” due to related problems of attenuation when the distances get longer. In
the event of a SFBr distanced more than 150 m from its SS and when there is no other SFBr
that shares the same line and that is located closer, it is necessary to make use of a common
— non target — SFB to install in it an additional BPL repeater that could ensure the
communication system.

4.2. BPL-LYV injection criteria.



The main parameter to consider when deciding the injection solution for the selected low
voltage lines is the type of SS that these lines belong to. The injections can be done through
two methods: using the AMI sensor that is commonly for supervision or with a Niled. The
second option is used if the first option is not possible and when the SS is not floodable. The
first option is the preferrable, and it is suitable always then the SS is standardized. When this
option is used, the supervision of the injected LVL is disabled and substituted by a “dummy
card” while the rest of lines continue to be supervised. The three cables coming out of the
coupler are connected with Nileds or with the AMI sensor to the three phases and of the low
voltage lines (LVLs).

Because of these criteria, it will be relevant to identify the type of SS and also to identify
those SS that are part of the planned deployment and that are floodable.

4.3. BPL-LV equipment requirements.

The preparation of the definitive list of required equipment needs a previous analysis of what
are the electrical components involved in the Project. This information is relevant as it will
determine the telecommunication devices that are needed. Because of this reason, Table 1
gathers all the elements that are planned to be modified during the deployment process.

Table 1: Count of electrical elements per phase. (" Prevaretion]

Phase Phase Phase Phase Phase Phase Phase
Total

0 1 2 3 4 5 6

349 25 53 54 55 54 54 54
4723 66 454 550 814 948 1070 821
429 6 4 S0 74 8 97 75

4 1 1 1 0 0 0 1

15 4 3 3 1 3 0 1
33 20 50 49 55 S0 54 %2
136 6 16 25 24 17 24 24
D 23 9 38 28 32 36 30 30

SS

Based on these values, now it is possible to design the list of equipment per phase that may
be later significant to plan the budget for the different phases. To design this list that is
summarized in Table 2, it is necessary to know the relation between the electrical
components and these devices. This relation can be verified in Figure 1.

There is one BPL headend per selected SS to take part of the deployment plan. Then, a BPL
repeater will repeat the sent signal by being installed in each one of the target SFB.
Additionally, there will be some BPL repeaters located in SFB that are not actually target
but that are necessary to be used to ensure a reliable communication. Furthermore, these
target SFB will also include a PRIME v1.4 base node that will establish the PRIME network
for the smart meters belonging to those target SFB.

Following with the equipment required in the SS for the BPL injection, there will be splitters
that are connected to the BPL headend and that will allow the injection in various LVLs.



There will be one (1) splitter 1:2 in those SS with 2 target LVLs, and two (2) in those SS
with 4 target LVLs. Also, there will be one (1) splitter 1:3 if there would be 3 target LVLs.
The injection will also require couplers to be connected to the injected LVLs. Following the
same reasoning, there will be one coupler per each selected LVL to be injected: two (2) if

there were 2 LVL, three (3) if there were 3 LBT, and four (4) if there were 4 selected LVL.

Lastly, as specified below, the injection will be done through an AMI sensor or a Niled
depending on the type of SS. According to the data of floodable and non-floodable SS from
Table 1, it was possible to define the number of dummy cards and Nileds required.

[Own preparation]

Table 2: List of equipment per phase.

Total Phase Phase Phase Phase Phase Phase | Phase
ot 0 1 2 3 4 5 6
349 25 53 54 55 54 54 54

BPL

Headend
LE1¢TL 5150 74 491 508 888  1.034 1167 896
Repeater
PRIME
v1.4 4723 66 454 550 814 948 1070 821
Base Node
Splitter
: 664 81 101 99 10 100 108 105
Spiitter SR 4 3 3 I 3 0 1
Coupler IR 211 207 223 200 216 213
Dummy SR 6 16 25 24 17 24 24
card
Niled 136 19 38 28 3 36 30 30

5. Conclusions.

This thesis has suggested approaches to develop a planning tool to deploy BPL over the LV
grid. The knowledge acquired from the analysis of the databases and the field trials insights
has allowed the obtention of the following results: a flow diagram of the BPL deployment
that evidences the criteria to consider in this process and presented as a sequence of
verifications that need to be done to complete the deployment, therefore serving as an
applicable automatization process. Additionally, a flow diagram of the BPL injection
solution that best suits each injection case. To complete these diagrams that serves to
standardize the deployment process, also a table of expected KPIs after the deployment
has been provided after analysing the measurement from the field trials. These specifications
will serve to design the BPL-LV deployment. On the other hand, regarding the deployment
of NB-PLC, an approach to allocate PRIME v1.4 channels has been defined so the
installed PRIME base nodes in the selected SFB avoid interferences between adjacent
PRIME networks. Finally, a list of required equipment for the deployment has been
designed to help the procurement process during the different phases of the deployment.

The presented specifications and results for an automated tool reflect the thesis' practical
impact, facilitating efficient deployment, while considering logistical and procurement
considerations. By leveraging insights from field trials and extensive databases, this Master's



Thesis has contribute to the advancement of an agile and adaptive power distribution
landscape.
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RESUMEN

Este resumen ejecutivo proporciona una vision global de este trabajo de fin de master que se
ha enfocado en la integracion de soluciones avanzadas de telecomunicaciones en la red de
distribucion. En concreto, en este Proyecto, se trata el despliegue de power line
communications (PLC) de banda ancha (BPL) en la red de distribucion de baja tension (BT).
El despliegue de BPL permitird solucionar los desafios que la red actual — PLC de banda
estrecha, que se encarga de la comunicacion de los dispositivos de medida inteligente o
Smart meters (SM) — no puede asumir. El principal problema al que se enfrenta actualmente
la red de telecomunicaciones de baja tension que se encarga de la obtencion de datos de los
contadores inteligentes es que no puede proporcionar informacién y control del consumo en
tiempo real al usuario. Este fenomeno presenta contradicciones en un momento en el que la
red de distribucion avanza hacia la Smart Grid y en la que las tecnologias emergentes
requieren esta supervision en tiempo real. Este resumen subrayard los puntos mas relevantes
del trabajo desarrollado y remarcara las principales aportaciones del mismo al desarrollo de
la nueva red de distribucion.

Palabras clave: Red de distribucion, Power Line Communications (PLC), PLC de banda
ancha (BPL), Caja General de Pro

teccion (CGP), Centro de Transformacion (CT), Smart Grids, Especificacion.

1. Introduccion.

El sector energético se encuentra en un momento de transformacion que inevitablemente
requiere la combinacion de las novedades introducidas en el ambito de las
telecomunicaciones a la red de distribucion. Estos avances son necesarios para hacer que la
red de distribucion se adapte a la integracion de las tecnologias emergentes que los usuarios
finales requieren (por ejemplo, vehiculos eléctricos, autoconsumo, etc.).

Iberdrola como empresa distribuidora de energia ha formado parte de esa evolucion y ha
llevado a cabo iniciativas revolucionarios como el proyecto STAR (2010 —2018) que supuso
un cambio significativo en la medida de los consumos y que finalmente permitié6 medidas
precisas y mas frecuentes que consiguieron mejorar la operacion y gestion de la red asi como
brindar poder a los usuarios para aprender de sus hdbitos de consumo para adaptarlos hacia
otros que supusieron un ahorro y una mayor estabilidad para la red. Gracias a este Proyecto,
Iberdrola no so6lo consiguié modernizar su red de distribucion, sino que le permitié ganar
ventaja con respecto a sus competidores ya que era capaz de tomar medidas sobre



informacion que otros no tenian y que a esta compaiiia le sirvid para anticiparse a fallos y
proporcionar una calidad de servicio a sus clientes tres veces mejor que anteriormente.

Siguiendo el hilo y logros obtenidos gracias a este proyecto de innovacion, el presente
proyecto persigue tener la misma relevancia en términos de mejora de eficiencia de la red.
Para ello, en este Proyecto se continua con la filosofia de la inversion en innovacion: en este
caso, para desplegar una red de PLC de banda ancha en la red de baja tensién que conseguira
reducir la latencia en la toma de medidas de los SM con velocidades de transmision por
encima de los 400 Mbps en contraste con los debajo de 1 Mbps que se consiguen con la red
actual de PLC de banda estrecha.

Por tanto, este trabajo quiere animar a las companias de distribucion de energia a que asuman
el camino de la evolucion e innovacion y tomen el ejemplo de Iberdrola, cuyo objetivo
principal es el de estar al dia de las novedades tecnologicas que puedan aportar eficiencia a
la red y cuyos despliegues en la red propia se realicen mediante procesos dindmicos en los
que exista un aprendizaje continuo que permita adaptarse lo mas rapidamente posible a las
nuevas funcionalidades que se espera de la red de distribucion, la Smart Grid.

2. Definicion del Proyecto.

Este Proyecto incluye diferentes tareas y subproyectos; sin embargo, se pueden resumir en
que el objetivo principal es disefiar la nueva topologia de la red de distribucion de BT. El
cambio propuesto busca dos objetivos: primero, expandir la red de BPL mas cerca de los
SMs. Anteriormente, las redes BPL servian para comunicar en la red de media tension y s6lo
alcanzaba hasta los centros de transformacion (CT); sin embargo, este nuevo enfoque busca
que la red BPL-BT llegue hasta los clientes finales: que comunique los CT con las cajas
generales de proteccion (CGP) o las centralizaciones de contadores. El segundo objetivo
principal es reducir el nimero de nodos que agrupan las redes de PLC de banda estrecha o
red de PRIME, que es el estandar usado para la comunicacion actual de los SM con los CT.
Actualmente, las redes de PRIME v1.3.6 abarcan cientos de SM mientras que se busca
minimizar estas redes hacia unas PRIME v1.4 que incluyan s6lo unas decenas de SM. Como
la lectura de estos contadores se hace de forma secuencial dentro de una misma red, una red
mas pequefia dara lugar a medidas mas rapidas y eficientes: las redes mas pequenas podran
leerse de forma paralela y en menor tiempo. Este cambio de topologia se ha representado en
la Fig. 1. Este cambio ya se ha llevado a cabo en la red aguas debajo de 25 CT y se planea
realizarlo en un total de 349 CT para finales de 2024.

Para la consecucion de este nuevo esquema de la red BT, se presentan diferentes desafios.
En el caso de lared de BPL-BT, sera necesario definir qué lineas de baja tension (LBT) seran
las inyectadas con BPL asi como la decision de qué CGPs necesitaran incluir un repetidor
de BPL. Por otro lado, en el caso de PLC de banda estrecha, las nuevas caracteristicas que
introduce la version PRIME v1.4 también traen desafios ya que no so6lo se necesita
especificar qué CGPs incluiran un nodo base de esta solucion de telecomunicaciones, sino
que la caracteristica de una banda de frecuencias mas ancha que en el caso de la version
anterior PRIME v1.3.6 hace que esta nueva alternativa ofrezca 8 canales de transmision
diferentes que necesitan de un criterio que defina cudl de estos canales debe usar cada red
de PRIME para comunicarse y que no existan interferencias entre ellos.
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Fig. 1: Actualizacion de la topologia de la red BT.

3. Desarrollo del Proyecto.

Basandose en las necesidades recién descritas, este trabajo se enfocard en disefar las
especificaciones que sirvan para el despliegue de las dos redes de telecomunicaciones para
la red de distribucion en BT. Para estructurar y describir el desarrollo del Proyecto, este se
ha dividido en dos fases principalmente que se relacionan con cada una de estas dos redes:



3.1. Definicion de la red de BPL-BT.

La primera fase ha requerido un andlisis detallado de las variables que estan involucradas en
el despliegue para determinar la influencia de cada una de ellas en este proceso. Para ello, se
ha acudido a diferentes fuentes de informacion: en primer lugar, es importante recalcar que
las conclusiones mas relevantes han sido obtenidas tras el estudio de las conclusiones
recogidas en diferentes momentos de los despliegues ya realizados como pruebas piloto.
Estas conclusiones junto con las recomendaciones ofrecidas por los propios proveedores de
BPL-BT han sido determinantes para la obtencion de los resultados de este Proyecto. Tras
este estudio de las conclusiones, ha sido necesaria la comprension de la configuracion de la
red BT para poder hacer las especificaciones mas precisas posibles y que se ajusten a las
instalaciones, tanto eléctricas como de telecomunicaciones, que ya hay desplegadas en
campo antes de este nuevo despliegue y que podrian ser modificadas para conseguir la nueva
topologia que se busque. Durante este proceso, ha sido especialmente importante el uso del
Sistema de Informacién Geografica (GIS) desarrollado por Iberdrola y que reune todo el
inventario y la informacion de los equipos desplegados en campo. La utilizacion de esta
herramienta ha hecho posible la comprension de la estructura de la red y la deteccion de
potenciales desafios que habria que enfrentar en este proceso de transformacion de la red.
Las conclusiones y aprendizajes obtenidos del andlisis de esta base de datos tan extensa, que
retne datos alfanuméricos y graficos, han sido esenciales para el posterior disefio de las
especificaciones técnicas que se adectien a una descripcion de despliegue que se adecte a la
configuracion real de la red.

Como se ha comentado, el andlisis de estaos datos y el estudio del proceso y de sus
requerimientos ha hecho posible desarrollar especificaciones que seran utilizadas finalmente
para desarrollar una herramienta que ayude a optimizar el proceso de despliegue. Estos
resultados se han enfocado en la definicion de la red BPL-BT y se destacan tres
principalmente: el criterio de seleccion de las lineas que deben ser inyectadas con BPL, el
razonamiento de seleccion de la solucion de inyeccion que mejor se adectia a cada caso y
cada linea y la asignacion de los recursos que serdn necesarios a lo largo de las distintas fases
definidas para el Proyecto (en este caso, 6 hasta finales de 2024) y que se han descrito de
esta forma para facilitar el trabajo de aprovisionamiento al equipo encargado.

3.2. Definicion de la red de PLC de banda estrecha: PRIME v1.4.

Como se ha explicado, una de las nuevas caracteristicas que introduce el uso PRIME v1.4
con respecto a la anterior version es que, ahora, la red de PLC de banda estrecha puede usar
8 canales de transmision diferentes; por tanto, esto hace necesaria una nueva tarea que no se
habia definido antes y que se trata de la asignacion de los canales (bandas de frecuencia) a
cada red de PRIME. Esta asignacion es relevante ya que tiene el potencial de evitar
interferencias entre canales adyacentes si se evita que redes contiguas compartan canales
contiguos. El enfoque que se ha propuesto en este trabajo para resolver este problema se basa
en el algoritmo “Welsh-Powell” que se inspira en el Teorema de los Cuatro Colores que
asegura que 4 colores diferentes (en este caso, 4 canales diferentes) son necesarios para
asegurar que dos areas (redes de PRIME) adyacentes no usen el mismo color (canal).
Ademas, este algoritmo propone un orden que seguir en esta asignacion de canales,
permitiendo asi la automatizacion de este proceso que definira la red de PLC de banda
estrecha.



4. Resultados.

Los resultados principales que se han obtenido son: una especificacion para estandarizar el
proceso de inyeccion de BPL, una especificacion para establecer los criterios para la eleccion
de la solucion de inyeccion que mejor se adectie a cada linea de baja tension y una lista del
equipo que se verd involucrado en este proyecto: de los elementos eléctricos que se veran
modificados y de los elementos de telecomunicaciones que se necesitan para el despliegue
propiamente dicho. A continuacion, se describen mas en detalle estos resultados.

a. Criterios para el despliegue de BPL-BT.

El primer criterio y que resulta esencial para el despliegue de BPL-BT es el de la definicion
de las CGPs que se consideran objetivo y que, por tanto, deberan transformarse para
adecuarse a la nueva topologia definida en la Fig. /. En este caso, se ha determinado que las
CGP objetivo (CGPo) son aquellas que cuentan con al menos 5 SM; es decir:

CGP, = CGP/ZSM >5

Esta restriccion sera imprescindible para seleccionar las CGPs que seran parte de la red de
BPL-BT y por tanto para la toma de decisiones respecto a las inyecciones. De la misma
forma, se consideraran lineas objetivo (LBTo) todas aquellas que tengan conectada al menos
una CGPo.

Tras esta definicion, la primera verificacion que se debera hacer serd si las LBT comparten
al menos 30 m de canalizacion. En los casos en los que la respuesta sea afirmativa, este grupo
de LBT sera tratado en conjunto como un manojo. Esta diferenciacion es importante sobre
todo debido a la restriccion que existe para evitar mas de 4 LBT inyectadas por CT. Cuando
existen manojos de cables, el criterio de inyeccion es hacerlo en la linea que contenga la
CGPo mas lejana que no supere los 150 m de distancia con respecto al CT. Esta restriccion
de longitud es otro de los criterios fundamentales a considerar en el despliegue: en los casos
en los que la distancia del CT a la CGPo sea menor a 50 m, la inyeccion en esa linea no es
necesaria ya que se considera que la sefal llega directamente desde el CT. Por otro lado,
cuando se supera dicho limite de los 150 m, se considera la CGPo como problematica ya que
esta distancia esta relacionada con problemas de atenuacion de la sefial. En el caso en el que
exista una CGPo a mas de 150 m y no exista un CGPo més cercana en la misma linea, el
criterio es hacer uso de una CGP comun — no objetivo — para instalar en ella un repetidor
BPL adicional que pueda asegurar que la comunicacion llegue al objetivo.

b. Criterios para la seleccion del tipo de inyeccion de BPL-BT.

Con respecto al criterio que tener en cuenta para elegir la mejor solucion para inyectar las
LBT seleccionadas, el parametro mas relevante es el tipo de CT que contenga dichas LBT.
Las inyecciones pueden usarse a través del sensor de supervision avanzada de las lineas
usando uno de los canales del aparato para introducir la inyeccion de BPL o mediante un
Niled que directamente “muerde” la LBTo para inyectarle BPL. De estas dos alternativas,
siempre es preferible la primera — para la que la tarjeta supervision avanzada debe ser retirada
y sustituida por una tarjeta dummy — y puede llevarse a cabo siempre que se trate de un CT
estandarizado; sin embargo, para los casos en los que el CT no lo esté y siempre y cuando
no sea un CT inundable, se usara la opcion del Niled. Como se ha representado en la Fig. I,
los tres cables que salen del acoplador se conectan mediante Niled o el sensor de supervision
a las tres fases de las LBTo.



Debido a estos criterios, sera importante definir e identificar el tipo de CT: si son
estandarizados y si tienen riesgo de inundacion.

c. Lista de equipo BPL-BT necesario para el despliegue.

El disefio de la lista de equipos requeridos para el despliegue necesita un analisis previo para
obtener el nimero de elementos eléctricos que se veran involucrados en dicho despliegue.
Esta informacion es significativa ya serd la que determine el nimero de los aparatos y
sistemas de telecomunicaciones que se necesitaran. El resultado de este estudio se ha
recogido en la Tabla 1.

Tabla 1: Recuento de elementos eléctricos involucrados por fase. [F'aboracion propiaj

Total Fase0) Fasel Fase2 Fase3 Fase4 Fase5 Fase6

349 25 53 5455 54 54 54
4723 66 454 550 814 948 1070 82
429 6 4 50 74 8 97 75
4 1 1 1 0 0 0 1

15 4 3 3 1 3 0 1

33 20 50 49 55 50 54 52
136 6 16 25 24 17 24 24
213 19 38 28 32 36 30 30

A partir de estos valores, ya es posible disefiar la lista de equipos necesarios en cada fase
que después se podra utilizar para planear un presupuesto asignado a cada una de estas fases.
Para realizar esta lista que se ha resumido en la 7abla 2, es necesario conocer la relacion
entre los elementos eléctricos y estos aparatos de comunicaciones. Esta relacion se explica
a continuacion y puede verificarse en la Fig. .

Hay una cabecera BPL en cada CT seleccionado para el plan de despliegue. Después, habra
un repetidor BPL en cada CGPo ademas de un repetidor BPL adicional en cada una de esas
CGP que no son objetivo pero que son necesarias para asegurar una conexion estable.
Ademas, en cada CGPo se instalara un nodo base de PRIME v1.4 para establecer la red de
PRIME para los SM que pertenecen a esas CGPo.

Siguiendo con los aparatos necesarios en los CT seleccionados: habra splitters que se
conectaran a la cabecera BPL y que permitird la inyeccion en las LBT seleccionadas. Habra
un (1) splitter 1:2 en los CT que tengan 2 LBT seleccionadas y dos (2) en los CT con 4 LBT
seleccionadas. Por otro lado, se necesitard un (1) splitter 1:3 en aquellos CT con 3 LBT
seleccionadas. Siguiendo la misma logica, habra un acoplador por cada LBT seleccionada:
dos (2) cuando haya 2 LBT, tres (3) cuando haya 3 LBT y cuatro (4) cuando haya 4 LBT
seleccionadas.

Por ultimo, como se ha comentado, la inyeccion se hard mediante el sensor de supervision
avanzada o mediante Niled dependiendo del tipo de CT. Segun la informaciéon de los CT
calificada en la Tabla I como "inundable” o “no inundable” se podra saber el numero de
tarjetas dummy y Nileds que se necesitaran.



Tabla 2: Lista de equipos necesarios por fase. [Faboracion provial

Total Fase0 Fasel Fase2 Fase3d Fased4d FaseS5S Faseé6

Cabecera
BPL 349 25 53 54 55 54 54 54
Repetidor gyt 74 491 598 888 1.034 1167 896
BPL
Nodo base
PRIME [PWpX 66 454 550 814 948 1.070 821
vl4
Sp;ftzter 664 81 101 99 10 100 108 105
Splitter
3 15 4 3 3 1 3 0 |
Acoplador [RIKFE] 94 211 207 223 209 216 213
1S 213 6 16 25 24 17 24 24
dummy
Niled 136 19 38 28 32 36 30 30

5. Conclusiones.

Este trabajo ha propuesto enfoques determinados para desarrollar una herramienta que sea
capaz de gestionar y automatizar el proceso de despliegue de la red de BPL en la red de BT.
A partir del conocimiento adquirido del andlisis de las bases de datos de la red y los equipos
eléctricos y de telecomunicaciones ya desplegados, junto con el estudio de las conclusiones
obtenidas a partir de las pruebas piloto ya desarrolladas, ha sido posible proporcionar los
siguientes resultados practicos a este proyecto de despliegue: un diagrama de flujo del
despliegue BPL-BT que especifica los criterios que se deben seguir en este proceso
presentandose como una especificacion de la secuencia de verificaciones que hay que llevar
a cabo para completar el despliegue. De esta forma, se ha propuesto un proceso automatizado
que servira para estandarizar el despliegue y para definir los pasos que la herramienta que se
desarrollara debe seguir. Ademas, se ha aportado un diagrama de flujo de la soluciéon de
inyeccion BPL que especifica qué alternativa de inyeccion se adapta mejor en cada uno de
los casos. Por tltimo para complementar estos diagramas, se ha proporcionado una tabla de
KPIs esperables tras el despliegue que servird para hacer comprobaciones del
funcionamiento del despliegue y que se han obtenido tras el analisis de los parametros
habitualmente medidos en las pruebas piloto realizadas.

Por otro lado, respecto al despliegue del PLC de banda estrecha, se ha proporcionado un
método para la seleccion de canales de PRIME v1.4 que van a permitir que los nodos
bases de los CGPs seleccionados se configuren para comunicar en unas bandas de
frecuencias que eviten interferencia con las redes de PRIME contiguas.

Por ultimo, se ha disefiado una lista de equipos necesarios para el despliegue que
contribuira en el proceso de aprovisionamiento ya que se ha realizado una estimacion de los
equipos que serdn necesarios en cada una de las fases del proyecto de despliegue basandose
en los objetivos de cada una de ellas.



Estas especificaciones disefiadas y el resto de los resultados descritos que sirven para dar
una perspectiva de proceso automatizado al despliegue de la red de BPL en BT refleja el
impacto practico que este trabajo tendra para facilitar el proceso de despliegue. A través de
un analisis en detalle de los datos obtenidos de las bases de datos (alfanuméricas y graficas)
y de los resultados de las pruebas piloto, este trabajo contribuye a la consecucion de una red
de distribucion dinamica y adaptativa.
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Chapter 1. INTRODUCTION

This chapter will serve as a starting point for this Master’s Thesis and it will begin with a
brief introduction to understand the context in which the Thesis will be carried out. After
realizing the circumstances, the importance to develop this Project will be explained and
related with that context. Once the motivation of the project is understood, the objectives to
be achieved and the scope of the project will be defined. This will be useful in the time of
the real implementation of the given solution, so it can be confirmed a list of goals that have
been met. Finally, the structure of this document will be described in order to have a big

picture of the Thesis before going deeper into it.

1.1. CONTEXT OF THE PROJECT

The energy sector is undergoing an intense transformation due to two main reasons. Firstly,
the Energy Transition that aims to reduce the negative impacts of the climate change that is
essential to ensure the sustainability of the life on Earth. Secondly, this revolution is aligned
with the digital transformation of the industry to which the energy sector cannot be detached
41, The focus on the electrification — that is required to contribute to the decarbonization —
and digitalization of the energy sector is not something from the future anymore but a
contemporary challenge that needs to be assumed. Not only because of the electrification
but also because of the requirement of further monitoring and control, modernization of the

electrical grid to remotely operate and control it is crucial.

To make these advances feasible, entities in the energy sector have been investing large
amount of both human and economical capital on projects aiming this progress. One of them
is Iberdrola' — and particularly i-DE, the electrical distribution company within the holding

company. i-DE was pioneer in innovation in the Spanish electrical system with the STAR

! Because of the engagement of Iberdrola in this Project, this document will refer to the technologies developed

and used by this company.
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Project that finished in 2018 after investing a total of 2.000 M€ to allow the deployment of
11 million smart meters and the upgrade of 99.000 distribution substations ). This Project
was developed on the initiative of the PRIME Alliance that was born in 2009 pointing

standardized solutions for smart grids functionalities.

Now, some of the mid-term objectives of i-DE related to the digitalization of the distribution
grid are to encourage the use of electrical vehicles that reduces the use of fossil fuels and the
increase of the observability and control of the grid to provide a high-quality service to their
customers offering real-time data supervision and control. Moreover, the next aim of the
distribution company is to become a Distribution System Operator (DSO). This will consider
bi-directional flow of electricity, high penetration of distributed generation (DG) and
electric vehicles (EV), proactive management of resources, flexibility, existence, and
management of prosumers (electricity consumer that also produces it [¢), demand
participation, etc. In other words, the future of the electric grid lies on making its functioning

observable, and its operation automated.

These upgrades in the electrical grid need to be achieved through the synergy of various
disciplines [ and specifically two of them: electrical and telecommunications engineering,
making the future of the energy sector and the shift of paradigm — smart grids — possible.
Based on this collaboration, this Project aims to design a planning tool for the deployment
of a telecommunications technology — Broadband Power Line Communication (BPL) — in
the low voltage (LV) electrical grid. BPL will make possible for distribution substations and
smart meters to communicate several times faster, enabling real-time features that are
required by the customers and are necessary to reach the objective of Iberdrola becoming a
DSO. The main advantages of this integration of technology to success in the development

of Smart Grids can be summarize in these three standpoints:

e Improved network efficiency and quality of service: the remote management and
supervision of the grids allow efficient monitoring and control of supply points. This
enables the early detection of potential faults, reducing these faults and their duration.
Besides that, an automated and digitized network can detect fraud and minimize losses,

what enhances the quality of service that can be offered to the customers.

12
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e Increase of the consumers connectivity: digitalization of the grid allows the
consumers to have real-time data and knowledge about their consumption patterns and
peak power demand. This information gives them greater decision-making capacity.

e Key player in the energy transition: Smart Grids play a crucial role in the
decarbonization and electrification of the economy as they facilitate the integration of
renewable energy generation, promote sustainable mobility, smart cities, and

decentralized consumption and self-consumption.

1.2. MOTIVATION OF THE PROJECT

The activity of an electricity distribution business — likewise the transmission activity — is
significantly regulated. Because of this feature, all the research and development (R&D)
investments required for innovation in companies such as i-DE needs to be accurately
justified to the corresponding Government Office so the investment — that is public — is
validated. This fact makes necessary to argue the motivation of the Project as an essential

first step before the beginning of the Project itself.

The motivation — and therefore justification — for this research to be developed is because
the current NB-PLC technology cannot provide the real-time monitoring that is
required nowadays not only by the customers but also by the new technologies that are
about to being integrated in the distribution grid and that needs of the improved features of
BPL. Nowadays it is possible to collect data from the smart meters (SMs) every 15 minutes.
However, it is not yet possible to receive this data in real time but in a report that can be

done once a day, week, or month and specifically to certain type of big consumers.

As it was explained in previous sections, the eventual goal of DNOs as i-DE is to become a
DSO, whose characteristics have been briefly described in 1.1. Context of the Project, and
whose graphical explanation is represented in Figure 2. Both DNO and DSO notions
include the concept of “operator” because they both are owners and responsible for the
maintenance of the elements such as power lines, transformers, substations, and other
equipment. Their major role is to ensure a reliable power supply. However, the main
difference between these two is that DSO has additional features such as the integration of

renewable energy production, other DG, EV, ... and naturally the pursued goal of this

13
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Project: real-time data collection and supervision. This is why the transition from DNO
to DSO is directly linked with the digitalization since it is necessary to provide accurate

remote measurements and real-time information.
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Figure 2: Transition from DNO to DSO.

Customers

Hate

UOISSIWSUE. |
) A

To achieve this target, BPL over LV (BPL-LV) needs to be further analyzed and tested
because it seems to meet the condition to become a potential solution for a new generation
of SM, real-time data management, and the access of an increasing number of customers.
This requirement of live supervision is not yet mandatory for Distribution Network
Operators (DNOs), but it will surely be soon. To proactively respond to this coming
requirement, i-DE aims to incorporate an improvement strategy that counts on BPL-LV and

a new version of PRIME (v1.4) to achieve:

e Broadband telecommunications closer to the smart meters: BPL over low voltage,
not only until the secondary substation (SS) but reaching up to the customers (until
the street fuse boxes (SFB) or the smart meters concentrators (SMC).

e Reduction of the PRIME networks from hundreds of SM to dozens of SM depending
on the same PRIME base node.
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1.3. OBJECTIVES OF THE PROJECT.

The eventual objective of this Project is to develop a tool that helps to the deployment of
broadband PLB (BPL) technology in the low voltage grid. This tool will be used at the time
of the deployment of this technology to provide something alike a standardized method to
proceed during that deployment. To sum up the main objectives of this Project that are

expected to be completed at its end are:

1. Analysis of the variables that have potential influence on the deployment of BPL that
need to be considered: selection of all of them and analysis of their impact.
2. Selection of the most relevant variables that have the most influence and that will be
significant in further development of the Project.
a. Definition of general parameters based on the previous analysis.
3. Design of future telecommunication network in low voltage for each CT:
a. Which low voltage sections needs to be injected with BPL considering the
previous mentioned variables (parallel lines, number of clients depending on the
CT, distance between lines with BLP, etc.).
b. Route of the lines with BPL.
¢. Optimum quantity of BPL equipment’s.
d. Which smart meters will be connected through PRIME v1.4.

e. Selection of PRIME v1.4 channels for each group of smart meters.

@ i

Analysis of the

Selection of the most
relevant variables

variables influencing
the BPL deployment

. . - Application of the
B 07 Regression models selected criteria
Feedback after Data cleanin Development of a
pilot testings g specification
Interpretation of Agreements with c : .
results from Grafana® specialized supervisors R enb A nivRraphics

Figure 3: Block diagram of the sequential objectives within this Project.
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1.4. METHODOLOGY AND RESOURCES

For each of the goals described in previous section, /.3. Objectives of the Project, different
procedures to achieve them will be needed. The first phase of this Project involves research
to understand the actual necessity to develop the BPL technology in BT — that has been
already explained in 1.2. 1.2. Motivation of the Project — so the methodology for this period
is the bibliographic research. After th