UNIVERSIDAD P CORDOBA

Investigacion sobre la Flexibilidad de la Demanda en
Redes Eléctricas Inteligentes: Control Directo de
Cargas

Research on Demand-Side Flexibility in Smart Grids:
Direct Load Control

Ph.D. Dissertation
By

Joaquin Garrido-Zafra

Supervisor
Antonio Moreno-Mufioz
Co-supervisor

Aurora Gil-de-Castro

Programa de Doctorado en Computacion Avanzada, Energia y Plasmas
Departamento de Ingenieria Electrénica y de Computadores

Universidad de Coérdoba

Cordoba, Spain
June 2022



TITULO: CR:es?aqch on Demand-Side Flexibility in Smart Grids: Direct Load
ontro

AUTOR: Joaquin Garrido Zafra

© Edita: UCOPress. 2022
Campus de Rabanales

Ctra. Nacional IV, Km. 396 A
14071 Cérdoba

https://www.uco.es/ucopress/index.php/es/
ucopress@uco.es







TITULO DE LA TESIS: Investigacion sobre la Flexibilidad de la Demanda
en Redes Eléctricas Inteligentes: Control Directo de Cargas

DOCTORANDO: Joaquin Garrido Zafra

INFORME RAZONADO DE LOS DIRECTORES DE LA TESIS

(se hara mencion a la evolucién y desarrollo de la tesis, asi como a trabajos y publicaciones derivados de la misma)
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Abstract

In recent decades, the European Union has made decisive efforts to maintain its global
leadership in renewable energies to meet climate change targets resulting from international
agreements. There is a deliberate intention to reduce the usage of non-renewable energy
sources and promote the exploitation of renewable generation at all levels as shown by
energy production data within the Eurozone.

The electricity sector illustrates a successful implementation of these energy policies:
The electricity coming from combustible fuels was at historical lows in 2018, accounting for
83.6 % of the electricity generated from this source in 2008. By contrast, the pool of
renewables reached almost 170 % of the 2008 production. Against this background, power
systems worldwide are undergoing deep-seated changes due to the increasing penetration of
these variable renewable energy sources and distributed energy resources that are
intermittent and stochastic in nature. Under these conditions, achieving a continuous balance
between generation and consumption becomes a challenge and may jeopardize the system
stability, which points out the need of making the power system flexible enough as a
response measure to this trend.

This Ph.D. thesis researches one of the principal mechanisms providing flexibility to
the power system: The demand-side management, seen from both the demand response and
the energy efficiency perspectives. Power quality issues as a non-negligible part of energy
efficiency are also addressed. To do so, several strategies have been deployed at a double
level. In the residential sector, a direct load control strategy for smart appliances has been
developed under a real-time pricing demand response scheme. This strategy seeks to
minimize the daily cost of energy in presence of diverse energy resources and appliances.
Furthermore, a spread spectrum technique has also been applied to mitigate the high-
frequency distortion derived from the usage of LED technology lighting systems instead of
traditional ones when energy efficiency needs to be improved. In the industrial sector, a load
scheduling strategy to control the AC-AC power electronic converter in charge of supporting
the electric-boosted glass melting furnaces has been developed. The benefit is two-fold:
While it contributes to demand flexibility by shaving the peaks found under conventional
control schemes, the power quality issues related to the emission of subharmonics are also
kept to a minimum.

Concerning the technologies, this Ph.D. thesis provides smart solutions, platforms, and
devices to carry out these strategies: From the application of the internet of things paradigm
to the development of the required electronics and the implementation of international
standards within the energy industry.

Keywords: Demand response, demand-side management, direct load control, internet of
things, power quality, power system flexibility, smart grids.






Resumen

En las ultimas décadas, la Unidn Europea ha realizado esfuerzos decisivos para mantener su
liderazgo mundial en energias renovables con el fin de cumplir los objetivos de cambio
climatico resultantes de los acuerdos internacionales. Muestra una intencion deliberada de
reducir el uso de fuentes de energia no renovable y promover la explotacion de la generacion
renovable a todos los niveles, como demuestran los datos de produccion de energia en la
eurozona.

El sector de la electricidad ilustra un caso de éxito de estas politicas energéticas: la
electricidad procedente de combustibles fdsiles estaba en minimos histéricos en 2018,
representando el 83,6 % de la electricidad generada a partir de esta fuente en 2008; en
cambio, el grupo de renovables alcanzo casi el 170 % de la produccién de 2008. En este
contexto, los sistemas eléctricos de todo el mundo estan experimentando profundos cambios
debido a la creciente penetracion de estas fuentes de energia renovable y de recursos
energéticos distribuidos que son de naturaleza variable, intermitente y estocastica. En estas
condiciones, lograr un equilibrio continuo entre generacion y consumo se convierte en un
reto y puede poner en peligro la estabilidad del sistema, lo que sefiala la necesidad de
flexibilizar el sistema eléctrico como medida de respuesta a esta tendencia.

Esta tesis doctoral investiga uno de los principales mecanismos que proporcionan
flexibilidad al sistema eléctrico: la gestion de la demanda vista tanto desde la perspectiva de
la respuesta a la demanda como de la eficiencia energética. También se abordan los
problemas de calidad de suministro entendidos como parte no despreciable de la eficiencia
energética. Para ello, se han desplegado varias estrategias a un doble nivel. En el sector
residencial, se ha desarrollado una estrategia basada en el control directo de cargas para los
electrodomésticos inteligentes siguiendo un esquema de respuesta a la demanda con precios
en tiempo real. Esta estrategia busca minimizar el coste diario de la energia en presencia de
diversos recursos energéticos y electrodomésticos. Ademas, también se ha aplicado una
técnica de espectro ensanchado para mitigar la distorsion de alta frecuencia derivada del uso
de sistemas de iluminacion con tecnologia LED, empleados para la mejora de la eficiencia
energética frente a las tecnologias convencionales. En el sector industrial, se ha desarrollado
una estrategia de planificacion de cargas para controlar el convertidor AC-AC de los hornos
de fundicién de vidrio con soporte eléctrico. El beneficio es doble: mientras que se
contribuye a la flexibilidad de la demanda al eliminar los picos encontrados en los esquemas
de control convencionales, también se reducen al minimo los problemas de calidad de
suministro relacionados con la emision de subarmonicos.

En cuanto a las tecnologias, esta tesis doctoral aporta soluciones, plataformas y
dispositivos inteligentes para llevar a cabo estas estrategias: desde la aplicacion del
paradigma del internet de las cosas hasta el desarrollo de la electrénica necesaria y la
implementacion de estandares internacionales dentro de la industria energética

Palabras clave: Calidad de suministro, control directo de cargas, flexibilidad del sistema
eléctrico, internet de las cosas, redes eléctricas inteligentes, respuesta a la demanda.
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Chapter 1

Introduction

1.1. The energy sector

In recent decades, the European Union (EU) has focused on remaining a global reference in
the field of renewable energies to meet climate change targets. In this regard, the
commitments resulting from the last 26" conference of the parties (COP26) based on the
Paris Agreement [1] to hold the increase in the global average temperature below 1.5 °C
above pre-industrial levels, are a clear example of this policy. To this end, the countries
involved, together with the EU, agreed upon several secondary objectives such as increasing
the ability to adapt to the adverse impacts of climate change, curbing greenhouse gas
emissions, and providing the necessary funding to support these measures. These actions
reinforce the ambition for Europe to remain a world power also in terms of the energy
transition.

This evolution is also reflected in the historical primary energy production data
collected by the statistical office of the EU, Eurostat [2]. Figure 1. 1 depicts the relative
evolution (concerning levels of 2008) of the primary energy production by fuel within the
EU-27 during the period 2008-2018 and a detailed distribution of primary energy sources in
2018 as a pie chart, trends are quite illustrative. The production of primary energy within the
EU was 634.8 million tons of oil equivalent (toe) in 2018, 1.1 % lower than in 2017:
Renewable energies and biofuels (34.2 %), nuclear (30.8 %), solid fossil fuels (18.3 %),
natural gas (9.3 %), oil and petroleum products (3.9 %), non-renewable wastes (2.1 %), as
well as oil shale, oil sands, and peat products (1.4 %).

250 2018
225 4 —— Total —— 0il shale & oil sands Zegiizjaebllses Oil & petroleum Natisiaas
1 Solid fossil fuels —— Natural gas fexcluding:blolucl) 9.3%  Qil shale & oil sand
8 200 9 Non-renewable 3.9% il shale & oil sands
=] Peat & peat Oil & petroleum ~ waste e —
T s — i i eat & peat
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Year 2.1%
a) b)

Figure 1. 1. a) Evolution of the primary energy production by fuel in EU-27 from 2008 to 2018, and b) primary
energy production in 2018.
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In general terms, the trend in primary energy production has been downward in recent
years, with a relatively strong fall in 2009, agreeing with the global financial and economic
crisis. This fall is mainly due to the descending trends of solid fossil fuels, natural gas, and
oil petroleum products, with 11.8, 5.3, and 2.1 % of reduction respectively in the period
2017-2018. However, this decline did not exclusively take place in the last year, the trend of
these energy sources is predominantly negative since 1990 but with minor increases. In fact,
the primary energy produced by solid fossil fuels, natural gas, and oil petroleum products
was 28.0, 46.4, and 35.5 % lower than in 2008. By contrast, the highest growth was reported
by renewable energies and biofuels, as well as non-renewable wastes, with 2.8 and 1.5 % of
variation respectively in 2017. The energy production from renewable sources has increased
significantly in recent decades [3] and accounted for the highest share in primary energy
production since 2015. Nuclear energy remains practically unchanged from the previous
year (0.1 % increase) but accounted for 85.4 % of the nuclear energy produced in 2008. QOil
shale and oil sand as well as peat products have had a more unstable trend over this decade.
In particular, the first ones, with maximums of 162.0 % (2013) and minimums of 74.14 %
(2012) compared to 2008. Although both energy sources have experienced an increase
compared to 2008 (23.1 and 40.4 % respectively), only peat products grew by 78.7 % for
2017 in contrast to oil shale and oil sand (-2.64 %).

1.2. The power grids

Power systems around the world are undergoing significant changes in response to several
key drivers: The increasing availability of low-cost variable renewable energy sources
(VRES), the deployment of distributed energy resources (DER), advances in digitalization,
and growing opportunities for electrification [4], since electricity is playing an ever-more
central role in the lives of citizens and expected to be the energy source on which people rely
for almost all their everyday needs such as mobility, cooking, lighting, heating, or cooling.
In terms of electricity generation, Figure 1. 2 illustrates the evolution of the net
production in the decade 2008-2018 relative to 2008 levels within the EU-27, as well as the
breakdown of the different energy sources at the end of this period using a pie chart. The
EU-27 reached 2802 TWh in 2018, 0.45 % lower than in 2017 and 1.3 % lower than in 2008
(the highest generation on record). Nearly a half of the generation (45.5 %) was covered by
combustible fuels such as natural gas, coal, and oil, and almost a quarter (25.8 %) came from
nuclear power plants. Concerning renewable energy sources (RES), the highest share of net
electricity generation in 2018 was from hydropower plants (13 %), followed by wind
turbines (11.3 %) and solar power (4.1 %). Furthermore, geothermal, and other sources
accounted for 0.22 and 0.18 % respectively. Net electricity generation has been growing
since there has been recorded data although, with the arrival of the global economic and
financial crisis in 2008-2009, this upward trend changed, and net electricity generation fell
to 2003 levels. In subsequent years, the net electricity generation has been stable, but still
lower than in 2008 (1.45 % lower in 2018). The electricity coming from combustible fuels
is at historical lows. It has followed a general downward trend since 2008, accounting for
the 83.6 % of the electricity generated from this source in 2008, which means a 16.4 % of
reduction. The electricity from nuclear power plants shows a similar behavior and has never
returned to 2008 levels (86.2 % in 2018). The production of solar plants and wind turbines
has reported the highest growth: From 0.26 and 3.92 % of the total production in 2008 to 4.1
and 11.3 % respectively in 2018. However, the electricity produced by hydropower plants
has remained stable in this period. Furthermore, the group of hydropower, wind and solar
plants reached in 2018 almost 170 % of the 2008 production, and the electricity generated
by wind turbines has approached levels like those of the hydropower plants. Geothermal and
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other electricity sources also illustrate a significant growth; however, they are still a minority
in the total breakdown. In summary, the relative weight of the RES in the EU’s electricity
has undergone strong growth in parallel with a large decrease in the significance of
combustible fuels as well as a moderate decline in the amount of nuclear energy utilization.
Concretely, the RES of electricity have increased their importance by almost 12 percentage
points in the period 2008 to 2018. By contrast, both the electricity coming from combustible
fuels and nuclear power plants registered a reduction of 8.1 and 3.8 percentage points over
the same period.
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Figure 1. 2. a) Evolution of the net electricity generation in EU-27 from 2008 to 2018, and b) net electricity
generation in 2018.

Finally, Figure 1. 3 shows the evolution of the final energy consumption by sector in
EU-27 over the previously considered period as well as a detailed breakdown of the different
sectors in 2018. The electricity available for final consumption within the EU-27 reached
2590 TWh in 2018, practically the same as in 2017. The distribution of electricity
consumption among the different sectors in 2018 is depicted by the pie chart and has evolved
roughly constant throughout the decade of study as can be seen from the figure: Industry
(36.5 %), transport (2.3 %), services (28.6 %), household (27.3 %), others (5.3 %). In fact,
the final consumption, and the consumption of the different sectors account for 98.7, 94.2,
104.0, 103.1, 101.6, and 91.54 respectively from the 2008 levels. The highest variation
occurred in electricity consumption of the industrial sector, as well as in the “others”
category.
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Figure 1. 3. a) Evolution of the final electricity consumption in EU-27 from 2008 to 2018, and b) final
electricity consumption in 2018.
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Moreover, it should be noted the generalized fall in 2009 due to the global economic
and financial crisis. The final electricity consumption decreased moderately by 5.0 %
concerning the levels of 2008 as well as the electricity demanded by almost all sectors:
Industry (-13.9 %), transport (-1.8 %), services (1.05 %), household (0.5 %), others (-1.3 %),
leading to the conclusion that this fall was mainly due to the industrial sector.

1.3. The Smart Grid

The classical power system was originally built to deliver the electrical energy generated by
central power plants to the relatively nearby end-users safely and reliably. For this purpose,
the voltage level is increased up to 60-750 kV at the source to be transmitted over high-
voltage transmission lines and then is gradually reduced to be delivered to consumers in a
two-stage distribution process: First, from substations to transformation centers at medium
voltage (5-20 kV) and finally from this point to the end-users at low-voltage (230-400 V)
[5][6]. Broadly speaking, the structure of the conventional grid can be summarized as
follows: Power stations that generate the electrical power, high-voltage transmission lines
that transport the power from suppliers to a cluster of consumers as well as medium and low-
voltage distribution lines that interconnect individual consumers. Notice that the energy flow
is thus unidirectional from power plants to end-users.

This architecture has remained practically unaltered since its conception as it has been
highly effective for decades in covering the initially stated needs of providing electrical
energy to end-users reliably and safety. However, this vision of the power system is being
forced to face new conditions and more demanding requirements in both the industrial and
residential sectors because of the current digital revolution as has already been mentioned at
the beginning of the previous section. Some of them are detailed below [7]:

e The increased energy demand owing to population growth and the proliferation of
new technologies such as the electric vehicle (EV).

e The need to increase the production and carriage capacity in the current power
plants as well as the reduction of the transmission and distribution energy losses and
illegal usage.

e The challenge of reducing the operating costs, while improving the management
of the existing transmission and distribution infrastructures.

e The rapid growth of distributed generation (DG) due to grid-connected DER and
VRES in presence of conventional power plants. These resources are mainly solar
photovoltaic (PV) panels and wind turbines.

e The need to replace equipment and deploy new technologies over existing
infrastructure. In most cases, the power devices employed in the transmission and
distribution systems are transformers, power switches, power breakers, utility
meters, and relays, and these components have their potential problems due to the
old technology in use. Moreover, the feedback or the capacity of collecting
information and measurements during these stages is still quite limited today.

Against this background, the power grid has evolved and must continue doing so to
overcome such barriers. This new paradigm of the power system has been called Smart Grid
(SG). Although there is no standard definition of the SG yet, the European Technology
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Platform (ETP) for SG provides the following definition in its documentation for the
strategic deployment of the European electricity networks of the future [8]: “A Smart Grid
is an electricity network that can intelligently integrate the actions of all users connected to
it - generator, consumers and those that do both — in order to efficiently deliver sustainable,
economic and secure electricity supplies”. Notice that now end-users take an active role and
can act as energy producers and consumers, becoming what is known as prosumers [9]. The
SG could be seen as a digital upgrade of both transmission and distribution grids, in which
the idea of a one-way flow of energy and information from suppliers to end-users turns into
a complex scheme of a bidirectional flow. Moreover, aspects such as scalability,
maintainability, security, and interoperability between devices are central to the SG concept
[10]. To this end, the SG must be undoubtedly linked to several concepts such as the
Information and communication technologies (ICT) to ensure the exhaustive coordination
of stakeholders, the use of RES, and the decentralization of them through the DG, the
deployment of smart meters or the advanced metering infrastructure (AMI) towards the
monitoring of the consumption and the creation of statistics, and the demand-side
management (DSM) to achieve a better balance between generation and consumption as will
be discussed later [11].

1.4. Power system flexibility

The concept of power system flexibility has been introduced recently by academics and
international organizations. Although a global definition has not been reached yet, as a
general rule, flexibility describes the capacity of the power grid to respond to changes in
demand or supply while preserving the stability of the system. Thus, from a technical
viewpoint, flexibility is essential to address the generation-demand imbalances, however,
other aspects need to be considered. A more complete definition is provided by the
International Energy Agency (IEA): “Flexibility is the ability of a power system to reliably
and cost-effectively manage the variability and uncertainty of demand and supply across all
relevant timescales”. Notice how flexibility extends to other dimensions such as time,
management, uncertainty, and cost [12]. These points are further detailed below:

e Time: Indicates how fast the system can be restored to a given state when it suffers
a deviation. Control actions are often classified into short-term, mid-term, and long-
term measures.

e Management measures or control procedures are performed by the power system
operator to deal with unexpected events. These corrective actions depend directly on
the time interval available to be applied.

e Uncertainty or absence of information about future evolution. The more uncertainty
characterizes the system, the more flexibility is required for its proper operation.

e Cost: Although the power system scheduler should always offer flexibility, this
concept implies an extra charge. Accordingly, a level of commitment must be found
between the amount of flexibility and its associated cost.

1.4.1. The need for flexibility

All power systems have a certain degree of flexibility aiming to continuously balance the
generation and consumption and ensure system stability. Concretely, this flexibility is
employed to maintain the foremost power grid parameters (i.e., voltage and frequency)
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within the safe range reported by international standards. although variability and
uncertainty have always been considered in power systems, these inherent flexibility
mechanisms have demonstrated to be insufficient to perform a successful system regulation
when dealing with the presence of large quantities of grid-connected VRES, as is being
experienced in recent years since VRES are now cheaper to acquire for electricity generation
due to the government funding and the absence of fuel costs. Mainly, these VRES refers to
solar, wind, or hydro resources. In this regard, achieving an acceptable balance between
generation and demand turns out to be a major challenge due to the intermittent and
stochastic dynamic that characterizes these energy sources. Therefore, given these reasons,
making the power planning and operation more flexible has become a global priority to
achieve the power system transformation in response to these novel trends. Moreover, the
current context brought by the covid-19 pandemic has revealed that a flexible and well-
functioning power system is crucial to maintaining the operation of critical infrastructures
such as those in the healthcare sector [13].

1.4.2. Sources of flexibility

Regulators and system operators recognize that flexibility in all power systems must be
addressed by ensuring the following elements [14-17]:

1.4.2.1. Flexible generation

Flexibility is often offered by power plants with fast start-up and shut-down operation and
high-power ramp capabilities. Moreover, one of the main features of these flexible sources
Is an efficient operation at a lower minimum level in periods with high penetration of VRES
or even the ability to perform deep turndowns. In this regard, it is crucial to ensure a
minimum marginal cost so that these power plants can compete in the market as a source of
flexibility. Some of these plants include hydro plants, conventional gas-fired, coal-fired, and
fuel-fired power plants, as well as dispatchable renewable power plants (i.e., biomass,
geothermal plants, etc). Currently, conventional power plants are the predominant source of
flexibility in modern power systems. DG can also perform a fast response to power
mismatches to provide local flexibility by modulating their production.

1.4.2.2. Flexible transmission and grid interconnection

Transmission networks are responsible for this kind of flexibility. Among other features,
transmission networks must restrict their bottlenecks and have enough capacity to take
advantage of a wide range of resources that help to achieve the generation-demand balance.
These resources include the use of smart network technologies that better optimize the
energy transmission and the interconnection between neighboring power systems.
Furthermore, grid interconnection opens the door for electricity trade which could be highly
advantageous for power systems extended over multiple time zones. Consequently, their
peak-load intervals take place at different times, and their RES with a strong dependency on
the time, such as the photovoltaic plants, also reach their maximum production at different
times. Therefore, a coordinated strategy can contribute to smoothing out peak demand
periods and make use of the energy surpluses.

1.4.2.3. Control over VRES

Uncertainty and variability are part of the VRES’s nature and often limit the amount of
flexibility that can be provided or sometimes even contribute to the opposite. Therefore,
greater control over the generation of these resources can help alleviate the situation. A
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scenario with congestion of the transmission lines or when the produced power exceeds the
required system demand may be the best example to understand this issue. In such a case,
flexibility can be offered via the renewable generation curtailment although this action is the
least preferred choice, as it can lead to a suboptimal operation from both viewpoints:
Owner’s revenues and loss of renewable energy.

1.4.2.4. Energy storage facilities

The spread of storage systems throughout the power grid is undoubtedly another source of
flexibility and is especially relevant when considering a context with high penetration of
generation coming from VRES. These storage infrastructures can help the power system to
absorb the energy surpluses or inject the required energy to solve a momentary mismatch
between supply and demand. Currently, pumped hydro energy storage accounts for the
highest amount of total storage capacity worldwide. Nevertheless, other technologies such
as batteries, ultracapacitors, flywheels, and compressed air are also becoming popular.

1.4.2.5. Demand-side management

DSM is a portfolio of measures to improve the energy system on the side of consumption
and evolved during the 1970s because of economic, political, social, technological, and
resource supply factors [18]. The US Department of Energy (DoE) provides the following
definition of DSM [19]: “DSM is the planning, implementation and monitoring activities of
electric utilities that are designed to encourage consumers to modify their level and pattern
of electricity usage”. DSM includes both energy efficiency (EE) and demand response (DR)
measures as can be depicted in Figure 1. 4. These measures range from improving the EE by
using less energy while providing the same or even better level of service to the consumers
to the implementation of DR techniques such as the use of smart energy tariffs with
incentives for certain consumption patterns or sophisticated real-time control of DER. More
specifically, EE includes both the use of high-efficiency equipment and energy conservation
strategies while DR is divided into explicit and implicit measures.

Demand-side
management
(DSM)

I

Demand
response (DR)

Energy
efficiency (EE)

A A

A 4 A 4 \ 4
|H‘gh ‘c’,ff“”e‘lcyl Energy | Explicit DR I l Implicit DR l
e(]“lplnellt conservation

Figure 1. 4. Classification of demand-side management measures.

Regarding the concept of DR, the US DoE also defines it as [20] “Changes in electric
usage by end-use customers from their normal consumption patterns in response to changes
in the price of electricity over time, or to incentive payments designed to induce lower
electricity use at the time of high wholesale market prices or when system reliability is
jeopardized”. DR has already proven to be a resource that the grid operator can use to provide
system reliability, stability, and security services. As shown in Figure 1. 4, DR services are
normally classified into two groups attending to the mechanism used to promote the
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response: Explicit and implicit DR. Explicit DR is a committed and dispatchable DR action
traded on the energy market and is usually provided by an independent aggregator, virtual
power plants (VPP) or a supplier. In this case, consumers receive an incentive to change
their consumption in certain scenarios such as the grid congestion or balance problems
among others. This is referred to as incentive-driven DR. The following programs can be
found within this category:

e Demand bidding/buyback programs (DB): The utility pays an incentive to reduce
electric load when notified of a DR event day. Customers submit load reduction bids
for an event, which can be called on a day-ahead or day-of basis. For any event, the
customer may elect to submit or not submit a bid. Incentive payments are valued and
coordinated with the day-ahead energy market.

e Direct Load Control (DLC): Allows the aggregator control over certain equipment,
e.g. switching-off noncritical loads or modifying devices’ setpoint to reduce net
electrical load. In general, DLC rates are based on system reliability and can therefore
be applied within minutes without waiting for a customer response.

e Emergency demand response programs (ERDP): Customers receive incentive
payments for load reductions when needed to ensure reliability. Program events are
often declared between 30 min and 2 hours after power delivery.

e Interruptible/curtailable (1/C): Customers receive a discounted rate for agreeing to
reduce the load on request.

e Ancillary services market programs (ASM): Customers receive payments from a
grid operator for committing to restrict load when needed to support the operation of
the electric grid (i.e., auxiliary services). A customer load commitment is required
ahead of time. If their bids are accepted, they must often be ready to provide load
reduction within one hour of being notified.

e Capacity market programs (CMP): CMP involves load reduction commitments
months in advance. Customers offer load curtailments as system capacity to replace
conventional generation or delivery resources. Customers typically receive day-of
notice of events (less than two hours) and face penalties for failure to curtail when
called upon to do so. Incentives usually consist of up-front reservation payments.

Concerning implicit DR, some of the most common DR products are summarized
below. Under this scheme, consumers agree to be exposed to hourly or shorter-term tariffs
in which the price of the electricity varies depending on production costs. Therefore,
consumers adapt their consumption (through automation or personal choice) to save on the
electricity bill. Implicit DR is also known as priced-based DR.

e Time-of-use (TOU): A rate with different unit prices for usage during different
blocks of time, for a 24-hour day. Daily pricing blocks include an on-peak, partial-
peak, and off-peak price for non-holiday weekdays, being the on-peak price the
highest, and the off-peak price the lowest. These tariffs include diurnal and seasonal
variations in electricity cost but are fixed several months before. It can be integrated
within the operations planning stage.
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e Real-Time Pricing (RTP): A retail rate in which the price fluctuates hourly
reflecting changes in the wholesale price of electricity. These are typically known to
customers on a day-ahead or hour-ahead basis.

e Critical Peak Pricing (CPP): Hybrid of the TOU and RTP. The basic rate structure
is TOU. However, the normal peak price is replaced with a much higher CPP event
price under specified trigger conditions (e.g., when system reliability is
compromised, or supply prices are very high). It is called on the day of economic
dispatch.

Finally, Figure 1. 5 summarizes the load commitment timescales over which these DR
schemes operate.
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Figure 1. 5. Demand response programs timescale.

1.4.2.6. Other sources of flexibility

Other flexibility resources include ancillary services. The power grid requires ancillary
services to ensure reliability and support its main function of delivering electrical energy to
consumers. These services are power generator control capacity services employed by
system operators as a flexibility mechanism to preserve the instantaneous and continuous
balance between generation and consumption. Although most balance requirements are
being covered by regulation, spinning, and non-spinning reserve ancillary services, new
ancillary services such as load following, frequency response reserve or inertia response are
also proliferating.

Moreover, on a smaller scale, the utilization of EV and multi-mode operation of
combined cycle units have also been revealed as another source of flexibility by providing a
particular case of energy storage system or recovering exhaust heat from thermal units to
drive a steam turbine and generate more electricity, respectively.

Finally, this thesis seeks to improve the power system flexibility as will be discussed
later in each chapter. To do so, it mainly makes use of DSM in both dimensions DR and EE
besides control over VRES and energy storage facilities.
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1.5. Power quality, reliability, and resilience

The main goal of modern power systems is to deliver the required electrical energy to its
customers as economically as possible with an acceptable level of reliability. Nowadays, the
working and social habits of modern society have led end-users to expect the supply to be
continuously available on demand. However, it is not possible to achieve a risk-free power
system. In this context, engineers and power system managers try to maintain reliability as
high as possible within their socio-economic constraints [21].

In most countries, the electricity sector is currently a deregulated and competitive
environment where accurate information on system performance must be provided to ensure
adequate service to customer needs. To this end, a series of indices have been proposed under
the concept of reliability. In the electric power industry, reliability reflects the ability to
supply electricity in the amount demanded by users. Specifically, reliability has to do with
total electrical interruptions (outages), that is, the complete loss of voltage. These reliability
indices include measurements such as the number of interruptions and how long they last,
the customers affected, and the power interrupted. There are a wide variety of indices to
measure reliability, but the most common is the system average interruption duration index
(SAIDI), system average interruption frequency index (SAIFI), and customers average
interruption duration index (CAIDI) as defined in IEEE Standard 1366 [22]. SAIDI and
SAIFI values include sustained interruptions, which are defined as outages that last at least
5 minutes (although this is not uniform and may vary).

Another concept related to reliability is that of power quality (PQ), although they are
two different issues. While the simplest idea of reliability is whether the power is available
as it is needed, PQ can be defined as the degree to which current and voltage maintain their
waveforms adjusted to a perfect sine wave with constant amplitude and frequency at a given
point of the power system. An additional requirement of the current quality is that it must be
in phase with the voltage waveform. Therefore, PQ is the combination of voltage and current
quality [23]. As will be detailed further in the following section, a wide variety of
electromagnetic disturbances are collected under this term and all of them can affect a critical
installation to the extent that it depends on the sensitivity of each and particular load.

Finally, the concept of resilience is currently attracting a lot of interest. The topic has
become one of the most studied issues in the energy industry since Hurricane Katrina
dramatically exposed the vulnerability of the power grid in Louisiana in 2005. The frequency
of extreme weather events such as hurricanes, tsunamis, ice storms, and other natural
disasters as well as man-made cyber and physical attacks have increased in recent years and
affect an increasing number of human and environmental victims worldwide [24]. This term
comes from the Latin root "resilire”, which means “the ability to spring back or rebound”. If
disruptive events can occur regularly, for a system, resilience would be the ability to
anticipate, compensate, adapt, and recover from a potentially damaging event [25].

1.5.1. Power quality disturbances

In recent years, the increasing number of electronic equipment connected to the power grid
that can generate electromagnetic disturbances or be affected by them has caused the
community to become interested in the measurement and classification of these disturbances
as a first step to subsequently decide on the appropriate strategy to address their mitigation.
In this regard, prestigious international organizations such as the International
Electrotechnical Commission (IEC) and the Institute of Electrical and Electronics Engineers
(IEEE) have made decisive efforts by providing relevant standards and regulations related
to PQ issues from several viewpoints. Although this section is mainly focused on standards
that address the classification of the principal electromagnetic phenomena causing PQ
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disturbances within the power system, many others intended for specifying measurement
techniques or limits for these disturbances are also included to bring a more detailed insight
and introduce the required background for the understanding of the remaining chapters.
Accordingly, the IEEE std 1159 “Recommended practice for monitoring electric power
quality” [26] and IEC 61000-2-5 “Electromagnetic compatibility (EMC) - Part 2-5:
Environment — Description and classification of electromagnetic environments” [27] have
been considered as the reference in this section. These standards offer classifications with
different approaches and terminology (e.g., the term sag is used in the PQ community as a
synonym of the IEC term dip) as illustrated in Table 1. 1 and Table 1. 2.

Table 1. 1. Principal PQ disturbances as classified by IEC.

Categories PQ disturbances

Conduced low-frequency phenomena Harmonics of the fundamental power frequency
Voltage amplitude and frequency changes (e.qg.,
Dips, interruptions, imbalances, power frequency
variations)

Common-mode voltages

Signaling voltages in power supply networks
(Power line carrier)

Islanding supply networks
Induced low-frequency voltages
DC voltage in AC networks

Radiated low-frequency phenomena Magnetic and electric fields

Conduced high-frequency phenomena Induced continuous-wave voltages or currents
Unidirectional transients

Oscillatory transients

Radiated high-frequency phenomena Continuous oscillatory disturbances
Modulated disturbances
Pulsed disturbances

Electrostatic discharge phenomena (ESD) ESD currents
Fields produced by ESD currents

Nuclear electromagnetic pulse (NEMP) -
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Table 1. 2. Categories and typical characteristics of power system electromagnetic phenomena (IEEE std

1159-2019).
. Typical spectral Typical Typical
Categories content duration voltage
magnitude
Transients
Impulsive
Nanoseconds 5 ns rise <50ns
Microseconds 1 p rise 50 ns—1ms
Milliseconds 0.1 msrise >1ms
Oscillatory
L‘OW < 5kHz 03-50ms  0-4pu@)
requency
Medium 5 -500 kHz 20 pis 0-8pu
requency
High
frequency 0.5-5MHz 5 us 0-4pu
Short-duration
RMS
variations
Instantaneous
Sag 0.5-30cycles 0.1-0.9pu
Swell 0.5-30cycles 1.1-18pu
Momentary
Interruption 0.5cycles—3s <0.1pu
Sag 30cycles—3s 0.1-09pu
Swell 30cycles—3s 1.1-14pu
Temporary
Interruption 35— 1min <0.1lpu
Sag 3s—1min 0.1-0.9pu
Swell 3s—1min 1.1-14pu
Long-duration
RMS
variations
Sustained interruptions > 1min Opu
Undervoltages > 1min 0.8-0.9 pu
Overvoltages > 1min 11-12pu
Current overload > 1min
Imbalance
Voltage Steady state 05-2%
Current Steady state 1-30%
Waveform
distortion
DC offset Steady state 0-0.1%
Harmonics 0-9kHz Steady state 0-20%
Interharmonics 0-9kHz Steady state 0-2%
Notching Steady state
Noise Broadband Steady state 0-1%
. . 01 -7%
Voltage fluctuations <25 Hz Intermittent 0.2-2P, )
Power frequency variations <10s +0.1Hz

2 Per unit (pu)
b Flicker severity index as defined in IEC 61000-4-15:2010 and IEEE Std 1453.

As can be derived from these classifications, the IEEE adopts a quantitative approach
as opposed to the qualitative one assumed by the IEC. Therefore, the IEEE Std 1159 is more
specific in terms of delimitation of different electromagnetic phenomena, as it provides clear
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numerical limits or ranges (e.g., specific magnitudes, frequency ranges, or time durations)
against labels such as “low-frequency” and “high-frequency” given by the IEC for the
particular case of this PQ parameter. At the same time, the IEC classification also employs
the categories “conduced” and “radiated” to describe the nature of electromagnetic
phenomena. Given all these reasons, the main body of this section follows the structure
proposed by the IEEE. Electromagnetic phenomena and their characteristics are discussed
in the following lines.

1.4.3.1 Transients

Transients give the name to a phenomenon that is undesirable and momentary in nature and
can be classified into two categories: Impulsive and oscillatory transients depending on the
waveshape of a current or voltage transient. IEEE Std C62.41.1-2002 [28] deals with
defining standard impulsive and oscillatory transient test waves to test electrical equipment.

e Impulsive transients: Impulsive transients are sudden, nonpower frequency change
from the nominal condition voltage, current, or both, that is unidirectional in polarity.
The most common cause of impulsive transients is lightning and are often damped
quickly by impedance circuit elements due to the high frequencies involved. There
can be a significant difference in the transient characteristics from one location to
another within the power system. Impulsive transients are often characterized by their
peak value, rise, and decay, or duration times.

e Oscillatory transients: Oscillatory transients are sudden, nonpower frequency
change in the steady-state condition of voltage, current, or both, that includes both
positive and negative polarity values. An oscillatory transient consists of a voltage or
current whose instantaneous value changes polarity rapidly and often decays within
a fundamental-frequency cycle. The subclasses are high, medium, and low frequency
and have been chosen to correspond with typical types of oscillatory transients within
the power system. High-frequency oscillatory transients (> 500 kHz) are normally
provoked by switching events or can be the response of one point of the system to an
impulsive transient. When the frequency of the primary frequency component of an
oscillatory transient is within the range of 5 — 500 kHz, the category used is medium
frequency. Back-to-back capacitor energization can give rise to this electromagnetic
phenomenon. Finally, low-frequency oscillatory transients (< 5 kHz and duration
between 0.3 and 50 milliseconds) are normally found in sub-transmission and
distribution lines and can be the result of many types of events (e.g., capacitor, ferro
resonance, or transformers energization).

1.4.3.2 Short-duration RMS variation

These PQ disturbances are related to or usually provoked by fault conditions, power supply
of large loads with high initial currents, or intermittent loss of connection in power
conductors. It consists of a variation of the root mean square (RMS) value of the voltage or
current from the nominal during a time greater than 0.5 cycles of the power frequency but
less than or equal to 1 minute. When the affected variable is voltage, it can be further
described using a modifier indicating the magnitude of the voltage variation (e.g., sag, swell,
interruption) and possibly a modifier indicating the duration of the variation (e.g.,
instantaneous, momentary, temporary). These modifiers regarding the voltage are detailed
as follows:
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e Instantaneous: A type of short-duration RMS voltage variation with a duration
between 0.5 cycles and 30 cycles of the power frequency.

e Momentary: A type of short-duration RMS voltage variation with a duration
between 0.5 cycles of the power frequency and 3 seconds.

e Temporary: A type of short-duration RMS voltage variation with a duration
between 3 seconds and 1 minute.

e Interruption: It is considered a complete loss of voltage and refers to an RMS
voltage variation in which the RMS of the voltage on one or more phases falls below
0.1 pu for a time period of less than 1 minute. Power systems faults, equipment
failures or control malfunctions can result in an interruption.

e Sag: A type of short-duration RMS voltage variation where the RMS of the voltage
on one or more phases is within the range 0.1 — 0.9 pu. Voltage sags are often related
to system faults but are also provoked by large load changes when the power
consumption increases.

o Swell: A type of short-duration RMS voltage variation where the RMS of the voltage
on one or more phase wires is above 1.1 pu from durations from 0.5 cycles to 1
minute. Typical magnitudes are between 1.1 and 1.2 pu. Voltage swells are much
less frequent than voltage sags and can be caused by switching off a large load,
switching on a large capacitor bank or when a single line-to-ground fault occurs,
resulting in a temporary voltage rise on the unfaulted phases.

Several standards or recommended practices guidelines commonly used to describe
the interconnection between generators or DERs and the utility such as IEEE Std 1547 [29],
IEC 61727 [30], IEEE Std 929 [31], and VDE 0126-1-1 [32] provide limits in terms of
magnitude-duration curves for these types of voltage variation as will be further discussed
in the following chapters.

1.4.3.3 Long-duration RMS variation

These PQ disturbances represent a variation of the voltage or current RMS value from the
nominal for a time period greater than 1 minute. The causes are usually the load variations
on the system and system switching operations rather than system faults. Similar to the short-
duration RMS variation, it can be further described using a modifier indicating the
magnitude of the voltage variation. In this sense, three subcategories are possible:
Overvoltage, undervoltage, and sustained interruption.

e Overvoltage: An overvoltage involves an RMS increase in the voltage greater than
1.1 pu for a period of time exceeding 1 minute. Typical values in power systems are
within the range 1.1 — 1.2 pu. Overvoltages can also be the consequence of switching
off a large load or of a variation in the reactive power of the system when a large
capacitor bank is connected. A wrong connection of the transformer taps can also
provoke a system overvoltage.

e Undervoltage: A system undervoltage occurs when the RMS value of either voltage
or current falls below 0.9 pu with the same time condition as system overvoltages.
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Concerning the causes, undervoltages are produced by the opposite events to
overvoltages. Overloaded circuits can also produce system undervoltages.

Sustained interruptions: A sustained interruption is defined as the decrease of the
voltage to less than 10 % of nominal for a period of time exceeding 1 minute. VVoltage
interruptions longer than 1 minute are often permanent in nature and require manual
intervention for restoration.

1.4.3.4 Imbalance

In a three-phase system, imbalance (or unbalance) is defined as the ratio of the magnitude of
the negative sequence component to the magnitude of the positive sequence component,
expressed as a percentage. This definition can be applied for either voltage or current. The
voltage imbalance is often around 5 % in normal three-phase power systems. Current
imbalance can be significantly higher when single-phase loads are present in the system.

1.4.3.5 Waveform distortion

Waveform distortion involves a steady-state deviation from the theoretical power frequency
sinusoid principally characterized by the spectral content of the deviation. There are five
primary types of waveform distortion under this category:

DC offset: The existence of direct current (DC) voltages or currents in an alternating
current (AC) power system can be the result of geomagnetic disturbances or due to
the consequence of half-wave rectification that many devices include in their
electronics. The presence of DC components in AC networks can lead to an increase
in transformer saturation, among other adverse effects.

Harmonics: Sinusoidal voltages or currents having frequencies that are integer
multiple of the frequency at which the supply system is designed to operate (termed
the fundamental frequency; usually 50 or 60 Hz) are called harmonics. Harmonics
contribute to the waveform distortion in combination with the fundamental voltage
or current and their presence is mainly due to the nonlinear nature of devices and
loads connected to the power system. Electronic-based equipment (e.g., Pulse-width
modulation converters, switching power supplies, or rectifiers) is often responsible
for this harmonic distortion that is currently a growing concern for many power
system stakeholders. IEC 61000-4-7 [33] defines a harmonics measurement
technique and IEC 61000-3-2 [34] establishes limits for individual harmonics.
Moreover, in order to characterize the harmonic distortion in a single quantity,
various indices such as the total harmonic distortion (THD) or total demand
distortion (TDD) have been proposed in IEC 61000-4-7 and IEEE Std 519 [35].
These standards and some others also provide limits for these indices in both the
current (IEEE Std 519) and the voltage (IEEE Std 519 and EN 50160 [36])
magnitudes. Most standards agree on establishing ranges within the frequency
spectrum since the frequency components behave quite differently depending on the
frequency range to which they belong. The low-frequency range often referred as
frequency harmonic range or simply harmonics covers from DC to 3 kHz (IEEE Std
519) or 9 kHz (IEC 61000) for both the current and the voltage signals while higher
frequencies, particularly the range 2 — 150 kHz, are still under discussion. In fact, the
concern about conduced emissions that were originally focused on the range 450 kHz
— 30 MHz was extended down to 2 kHz later. This frequency range (2 — 150 kHz)
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known as supraharmonics in the literature is giving rise to much research at different
locations, but the knowledge is currently limited [37]. In this regard, the growing
number of supraharmonics-related issues reported by researchers urges working
groups to consider supraharmonics as a PQ problem. There are considerable on-
going activities within IEC (both SC 77A and SC 205A), CENELEC, and IEEE to
develop standards covering this frequency range. By now, there are several methods
for supraharmonics measurement and acquisition proposed by IEC SC 77 and
included as informative annexes in IEC 61000-4-30 [38] and IEC 61000-4-7: Annex
C of IEC 61000-4-30 for voltage measurements and annex B of IEC 61000-4-7 for
voltage and current measurements in the ranges 2 — 150 kHz and 2 — 9 kHz
respectively.

e Interharmonics: These are voltages or currents in whose spectral content there are
frequency components that are not integer multiple of the fundamental frequency.
Interharmonics can be found at certain frequencies or as a wideband spectrum at any
point of the network. The principal origins of this waveform distortion are pulse-
width modulated converters, cycloconverters, static frequency converters, integral
cycle control (ICC) and induction furnaces as well as arcing devices, especially those
whose control is not synchronized with the power system frequency. Power line
carrier signals can also be considered interharmonics. Although the effects of
interharmonics are not well known yet, they have been shown to cause flicker or low-
frequency torsional oscillations in motors, among others. IEC 61000-4-7 also defined
the measurement technique for interharmonics. Finally, it is noteworthy to mention
a particular case of interharmonics called subharmonics. These components belong
to a special class of interharmonics where frequency components in voltage or
current waveforms have a harmonic order lower than one [39].

e Notching: Notching is a periodic voltage disturbance characterized by a high-
frequency spectral content and is caused when the current commutates from one
phase to another (momentary short circuit between two phases) during the normal
operation of power electronics converters. The severity of the phenomenon at any
point of the power system is given by the source inductance and the isolating
inductance between the converter, the magnitude of the current, and the point being
monitored. This PQ disturbance can sometimes provoke frequency or timing errors
on power electronics circuits that use zero crossings for synchronization purposes
since the voltage notch can produce additional zero crossings (e.g., Thyristor-based
converters). Notching is further described in IEEE std 519. A variant termed “voltage
notching ringing” can also appear when a system resonance results in a ringing
response at each of the commutation notches. In such a case, the disturbance can be
mitigated by using harmonic filters or capacitor banks to change the system
resonance conditions.

¢ Noise: Noise consists of any undesirable disturbance with broadband spectral content
(typically below 200 kHz), either voltage or current, that cannot be classified as
harmonic distortion or transient. In power systems, noise can be caused by power
electronics devices, control circuits, loads with solid-state rectifiers, and arcing
equipment. The magnitude of the noise does not normally exceed 1 % of the voltage
magnitude and can usually be mitigated by using isolation transformers, line
conditioners, filters, or proper grounding circuits.
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1.4.3.6 Voltage fluctuation

Voltage fluctuations involve systematic variations of the voltage envelope or a series of
random voltage changes, the magnitude of which are typically within the range 0.95 — 1.05
pu. Voltage fluctuations can be caused by equipment that exhibits a rapid variation of the
load current magnitude or reactive power. For further details, IEC 61000-3-3 [40] defines
several voltage fluctuations and IEEE std 1453 [41] incorporates the IEC methodology for
these measurements.

When voltage fluctuations occur in lighting systems, humans can perceive the changes
in the lamp illumination intensity, and the phenomenon is referred to as flicker. However,
both terms must not be confused. Voltage fluctuations cause flickers. Therefore, voltage
fluctuation describes the electromagnetic disturbance, while flicker describes the impact of
this on the lighting intensity.

1.4.3.7 Power frequency variations

Power frequency variations reflect the deviation of the power system’s fundamental
frequency from its specified nominal value (e.g., 50, 60 Hz). The steady-state power system
frequency is directly influenced by the rotational speed of the generators in the power
system. The frequency depends on the balance between the capacity of the available
generation and the consumption at any given instant. Therefore, small mismatches between
these variables will cause small instantaneous frequency deviations and the magnitude and
duration of these PQ disturbances will depend on the load characteristics and the dynamics
of the generation system’s response to load changes. Power frequency deviations are often
caused by faults in the bulk power transmission system, a large block of loads being
disconnected, or a large source of generation changing to islanded mode.

It should be noted that large frequency variations are rare on modern interconnected
power systems; However, weak systems such as islanded microgrids are more likely to
report these disturbances due to their relatively low inertia and capacity.

Concerning the limits to identify these variations, the standard EN 50160 establishes
the thresholds for both interconnected and islanded power systems with 50 Hz nominal
frequency. The average value of the frequency measured every 10 seconds must be within
the range 49.5 — 50.5 Hz and 47 — 52 Hz during the 99.5 % of the year and 100 % of the time
respectively for interconnected power systems. These ranges are more relaxed for islanded
power systems: 49 — 51 Hz and 42.5 — 57.5 Hz for 95 % of the week and 100 % of the time.

Finally, it is noteworthy to mention that this Ph.D. thesis pays particular attention to
long and short-duration RMS variations, waveform distortion (harmonics and
interharmonics), and power frequency variations, as discussed throughout the chapters.

1.5.2. Economic implications and issues of poor power quality

While it is easy to understand how unreliability can affect all customers, the effects of poor
PQ, on the other hand, are more difficult to recognize. Pure waveform deviations can create
everything from a barely noticeable annoyance for the residential customer to a major
disruption to the processes of industrial or commercial customers. As operations based on
electronic technology become more common, high PQ requirements become more
important, particularly for mission-critical facilities.

The power system reliability literature regarding the economic consequences of an
energy supply outage and how they are calculated today represents a mature discipline [42].
The renowned survey [43] found that by 2015 the power outages had cost the US economy
some $59 billion, an increase of more than 68% since its previous study in 2004. Commercial
and industrial businesses account for more than 97% of these costs. Particularly, and
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according to MeriTalk [44], 40% of global health organizations experience an unplanned
outage in the year. The average cost is $ 432,000 per incident, where diagnostic imaging
systems are among the main affected. To get a closer look the recently published paper [45]
presents the direct economic impact of power outages in inpatient and outpatient health care
facilities across the United States and the District of Columbia. A combination of traditional
metrics has been adopted, including the calculation of the Value of Lost Load (VoLL),
achieving the appropriate granularity.

Outages due to catastrophic events are not usually included in reported index numbers.
These include ice storms, hurricanes, earthquakes, and floods. Many analysts agree that the
per-customer economic costs of these long, severe, and extended outages are far greater than
the above and that those larger costs have not yet been well reported or well estimated [46].

On the other hand, there are fewer surveys on the cost of poor energy quality, and not
entirely comprehensive. The largest survey was carried out in the EU across sixteen industry
sectors [47] and found that the total cost of losses related to poor PQ exceeds €150 billion,
where the industry representing over 90%. The survey also identified that voltage dips and
interruptions were liable for around 55% of losses and mainly affected electronic equipment,
which is now so widespread in the industrial and service sectors. The detailed impact of PQ
disturbances facing countries is classified in the following Figure 1. 6. It also shows that the
amount of voltage sags detected is about twice as high as long interruptions.

Short interruptions
8.8%

23.6%

Long interruptions
12.5%

Harmonics 10.7%

5.4%

Transients and surges
29.0%

Figure 1. 6. Impact of power quality disturbances.

In the industrial sector, the most important losses occur in manufacturers with
continuous processes. In contrast, the average number of disturbances is lower in the service
sector. These costs are probably underestimated since it is often difficult to distinguish the
root cause of the electrical problems that arise in the office environment. In addition, the
survey did not include data centers, which may be the most critical infrastructure in this
sector. It should be noted that the highest losses occur in hospitals, which, due to their
idiosyncrasy, have a slightly higher PQ cost than others within the service sector. The
companies in this study invest € 297.5 million annually in mitigation solutions for various
PQ issues. The results of the survey are synthesized in Table 1. 3.
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Table 1. 3. Average costs by type of poor PQ event from the survey results.

PQ event
Average cost (€)

12000-18000
90000

Surge or transient
Long interruption

Short interruption (service sector)
Short interruption (Industry)

Voltage sag

18000-36000
7000-14000
2000-4000

Another well-known study [48] based on information provided by 985 United States
companies, concluded that for PQ disturbances other than sags, the cost per year to the US
digital economy and industrial companies is $6.7 billion. Overall, the data suggest that while
the US economy (across all business sectors) is losing between $104 billion and $164 billion
per year due to outages, PQ disturbances alone account for $15-24 billion per year.

A very recent paper includes the latest information on the impact of PQ issues in the
UK [49]. This study explores the various challenges and gaps in British electricity
distribution. No specific comprehensive and large-scale studies have been carried out in the
world in recent years. This doctoral thesis [50] presents an extensive summary of all the
surveys carried out worldwide from the end of the 20th century to the decade 2010 and their
main conclusions. In next table is presented the summary of the direct cost per event.
Reported damages due to long interruptions are also included only as a reference. The results
of these surveys can still be extrapolated to most current cases.

Table 1. 4. Direct cost per voltage sag.

Section Division Activities financial loss Currency
General Large industrial and 7694 Uss$
commercial (US)
Paper and paper products Paper manufacturing 30000 uss$
(US)
Chemical and Chemical Chemical industry (US) 50000 uss$
products
Non-metallic mineral Glass industry (EU) 250000 €
products
Non-metallic mineral Glass plant (US) 200000 Uss$
Manufacturing proQucts
Basic metals Steel works (EU) 350000 €
Basic metals Steel works (UK) 250000 uss$
Computer, electronic Semiconductor (US, 2500000 US$
and optical products EU and Far East)
Computer, electronic Semiconductor (EU) 3800000 €
and optical products
Machinery and equipment Equipment 100000 us$
manufacturing (US)
Motor vehicles, Automobile industry 75000 uss$
trailers (Us)
Telecommunications Telecommunications 30000 €
(EV)
Information and Information service US computer center (US) 600000 Us$
communication activities
Information service Computer center (EU) 750000 €
activities
Financial and Activities auxiliary to Credit card processing 250000 uUs$
insurance financial services and (USs)
activities insurance activities
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1.6. Internet of Things

The concept Internet of Things (1oT) was originally introduced in 1999 by the pioneer of
British technology, Kevin Ashton [51]. Everyday objects become smarter by including
internet connectivity and ubiquitous sensors and given the progress of the fourth industrial
revolution (or industry 4.0), these objects will end up connected sooner or later. Although
the digital transformation of an industrial system is already a major achievement, the loT
will bring about a revolution in society. Undoubtedly, the idea of industry 4.0 involves
embracing the loT paradigm [52] which means that the network is extended to the real world
covering all kinds of daily objects. The main areas of I0T investments (industries and use
cases) include manufacturing operations, transportation, SG, smart buildings, and,
increasingly, consumer 10T, smart home automation, and retail. The unprecedented boom of
I0T has been fueled by several market enablers:

e Decrease sensors and electronic components costs. In the last 15 years, the average
cost has decreased by more than 40%.

e Increase of Edge Computing. Centralized computing represents a limitation for l1oT
since it increases the amount of data transferred and the related costs. Edge
computing allows processing exactly where and when it is required.

e Global hyper-connectivity allows processing in near real-time the information
collected by the myriad of deployed IoT sensors.

The underlying aim is not just to create data, but also to extract valuable insights from
the data generated by these devices. In this regard, communication technologies play a
central role and should enable a dynamic and secure deployment of 10T so that this large
amount of generated data can be properly managed. While challenging, the next generation
of 5G and new 10T connectivity will speed up the ability to collect data and upload it to the
cloud, which means massive exploitation of these technologies [53]. At the end of 2018,
there were an estimated 22 billion connected 10T devices in use around the world and, this
number will rise to 38.6 billion by 2025. Moreover, forecasts suggest that by 2030 around
50 billion of these devices will be in use worldwide, creating a web of interconnected devices
[54].

IoT paves the way not only for the transformation of products, which can be
customized in quasi-real-time but also for service models. From an industrial point of view,
the adoption of IoT and interconnected services should be based on the following basic
design principles [55]:

e Interoperability: All material and human resources within industry 4.0 should offer
the ability to be interconnected using 10T and its applications.

e Virtualization: Buildings or industrial facilities should have a virtual copy
representing all the information collected by sensors or systems as well as simulation
models.

e Decentralization: Objects located at the industrial facilities should have autonomous
decision-making capabilities.
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¢ Real-time capabilities through data acquisition, analysis, and decision-making by
incorporating the required artificial intelligence.

e Service-oriented by offering an extensive portfolio of services to enable the
interaction and creation of new applications and, therefore, a higher value-added
process.

e Modularity: Systems should be as flexible and scalable as possible within the smart
industry.

The implementation of these basic principles makes tailor-made manufacturing
production possible, as well as automatic diagnosis, adjustment, and optimization of the
process, and what is more, this is also essential to support workers in their activities and
improve their working conditions [56].

1.7. Objectives

The basic aim of this Ph.D. thesis is the research the main mechanisms to promote the
demand flexibility within the SG by providing smart solutions, platforms and devices that
operate in coordination with each other under energy optimization criteria as well as PQ and
reliability. Several secondary objectives are proposed to achieve this purpose:

1. To study the energy nature of the power electronics converters (PEC) in terms of
energy consumption and PQ, with special emphasis on non-conventional waveform
distortion phenomena such as subharmonics and supraharmonics.

2. To develop and apply techniques or criteria based on the main findings of the
previous study to ensure an optimal PQ as well as analyze and validate their
effectiveness.

3. To develop a platform including the appropriate tools for energy management and
DLC.

4. To investigate the potential of thermostatically controlled loads (TCL) in terms of
demand flexibility

5. Todevelop an 0T device for DLC, test its functionality and validate its behavior in
a real scenario.

6. To deploy an IoT platform for data storage and communications between these
nodes.

1.8. Methodology

Given all the abovementioned objectives, the methodology employed in this Ph.D.
dissertation to accomplish them is given in this section in terms of activities. Each activity
indicates the objective(s) to which it is related.

1. Analysis of the state-of-art PQ of the main PEC. This activity is intended to achieve
objectives 1 and 2.
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10.

Analysis of the state-of-art in energy optimization problems as well as the modeling
of DER and TCL. This activity is intended to achieve objectives 3 and 4.

Formulation of the energy optimization problem to be included in the platform
considering the behavior of the TCL. This activity is intended to achieve objectives
3and 4.

Design and implementation of the required electronics and firmware to enable data
acquisition and processing. This activity is intended to achieve objective 5.

Design and implementation of the required electronics and firmware to enable the
control and communication layer of the 10T device. This activity is intended to
achieve objective 5.

Planning and definition of real scenarios for advanced applications of 10T devices.
This activity is intended to achieve objective 5.

Design of the test conditions to evaluate the performance of the system under certain
events such as PQ disturbances or faults. This activity is intended to achieve
objective 5.

Analysis of the state-of-art communication technologies and protocols, as well as
data storage and cloud computing systems that could be employed in residential and
industrial environments. This activity is intended to achieve objective 6.

Analysis and discussion of the improvements brought about by the adopted solutions
and techniques. This activity is intended to achieve objectives 2, 4, 5, and 6.

Identification of possible improvements and future works. This activity is intended
to achieve objectives 2, 3, 5, and 6.

1.9. Contributions

The main contributions of this Ph.D. thesis are detailed below:

Implementation and validation of the spread spectrum techniques (SST) as an
effective solution to mitigate supraharmonic components of the current in a power
factor correction (PFC) boost converter prototype for lighting systems. Concretely,
a couple of random pulse-position modulations was employed. (Chapter 2)

Development of a research test bench flexible enough to incorporate different tools
of different origins such as weather forecasting application programming interfaces
(API), DR providers from the utility, and mathematical optimization features based
on the LabVIEW systems design platform and development environment for a visual
programming language (Chapter 3).

Development of an EMS that makes use of a mixed-integer linear programming
(MILP) problem for the management of residential loads and flexibility resources,
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such as solar PV generation and battery storage system, under the criterion of
minimizing the day ahead cost of electricity (Chapter 3).

Formulation of a load scheduling strategy in terms of an optimization problem to
control the AC-AC PEC responsible for supporting the electric-boosted glass melting
furnaces. The benefit is two-fold: On one hand, this strategy contributes to demand
flexibility by reducing certain demand peaks found under conventional control
schemes. As a result, the associated financial penalties are significantly reduced. On
the other hand, this strategy also minimizes the waveform distortion due to
subharmonics (Chapter 4).

Integration of the optimal accumulator-based scheme for AC cycle distribution
within the modulation period in the previous strategy, so that the temperature ripple
of each electrode can be modulated by a selected percentage (Chapter 4).

Deployment of a novel infrastructure to automate the response of energy resources
to certain DR signals or PQ events while providing a standard solution and a
dedicated platform (Chapter 5).

Development of a novel grid-interactive appliance controller (GIAC) based on the
combination of the IoT PQ sensor and the implementation of the standard OpenADR.
In particular, the main contribution has been the functionality extension regarding
similar devices in the literature: Integration of 10T connectivity, enlargement of the
monitored PQ parameters, concerning the main international standards, and
standardization of the communication required to perform the DR actions among
other features (Chapter 5).

1.10.Structure of the thesis

This section presents the organization of the document. As was mentioned above, this thesis
is presented as a collection of papers, therefore, the main body is composed of several articles
which have been previously published or accepted for publication in JCR-indexed
international journals. The following lines provide a brief description of each chapter with
the objectives addressed:

Chapter 2 contains the paper published in Elsevier’s Electric Power System
Research Journal (Q2). This article provides a survey of the main PEC topologies
typically employed in lighting applications according to the power delivered and
points out the PQ problem related to high-frequency emissions in LED drivers. In
this regard, a couple of techniques to reduce the presence of supraharmonics in the
current spectrum using the SST are implemented. Concretely, the random pulse-
position modulation is applied in a PFC boost converter using a LED lamp as a load,
and the results are compared to the conventional PWM to be validated. The digital
implementation of the control is also detailed. Objectives 1 and 2 are closely related
to this publication.

Chapter 3 includes the article published in MDPI’s Energies Journal (Q3). This
publication addresses the development of a DLC testbench for smart appliances (SA)
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providing a brief state-of-the-art review of home energy management systems
(HEMS) and SA to put this research in context. More in-depth, this paper describes
the integration of the required tools to make such a testbench possible and formulates
the MILP problem employed by the platform to perform the SA scheduling process
and decide the energy resources behavior. The electric water heater (EWH) is
included as a TCL contributing to the demand flexibility. Finally, two case studies
are presented. Objectives 3 and 4 are closely related to this publication.

Chapter 4 presents the paper published in IEEE Transactions on Industry
Applications (Q1) in 2020. This paper studies the consumption and frequency
emissions (subharmonics) present in AC-AC PEC controlled by the integral cycle
control (ICC) in electric-boosted glass melting furnaces. Furthermore, a load
scheduling strategy for the energy management of these converters involved in this
energy-intensive industry is developed. The strategy aims to minimize the energy of
subharmonic components and is formulated as a mixed-binary quadratic
programming (MBQP) problem with constraints related to thermal behavior. Finally,
several case studies are presented, and the strategy is validated by comparing the
theoretical results with the actual performance of a small laboratory-scale prototype.
Obijectives 1, 2, and 4 are closely related to this publication.

Chapter 5 contains the paper published in IEEE Transactions on Industry
Applications (Q1) in 2022. It provides a brief review of the main loT protocols and
addresses both the development of the 10T sensor/actuator for DLC, referred to as
grid-interactive appliance controller (GIAC), and the deployment of the 10T platform
to enable the communications, collection and store the data. Moreover, the
integration of the standard OpenADR to simplify and automate the DR events is
detailed. Finally, several case studies including the most common PQ disturbances
according to the standards are reported to validate both the grid-interactive appliance
controller and the 10T platform developed. Objectives 3, 5, and 6 are closely related
to this publication.

Chapter 6 puts forward the main conclusions of the Ph.D. thesis.

Chapter 7 outlines the future works that can be realized within the framework
created by this Ph.D. thesis.
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Abstract

There is an outstanding concern from the international standard-setting community about
harmonics distortion in the frequency range 2-150 kHz, referred to as supraharmonics.
Power electronics has established as a ubiquitous technology, which plays a linchpin role
in almost any electrical systems. The classical deterministic pulse-width modulation
strategy, entailing at reducing low-frequency harmonics emission (< 2 kHz) in power
converters, in a sense, bring them to move at the switching frequency and its multiple, in the
kilohertz range. The amplitude of spectral components is the main concern when studying
electromagnetic interference from active power factor correction stages, included in state-
of-the-art LED drivers. Supraharmonics are nowadays the origin of numerous problems in
electrical networks. The standardization bodies are presently updating the compatibility
limits in the frequency range from 2 to 150 kHz. Supraharmonics behave differently from
(lower frequency) harmonics, as reported in the literature. Fortunately, as will be
demonstrated in this paper, it is possible to undertake this issue, from the very beginning, by
leveraging technologies like random pulse-width modulation. An experimental system based
on digitally controlled LED driver has been set up to evaluate the different methods. The
algorithms have been implemented on a compactRIO controller incorporating an FPGA and
a realtime processor.
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2.1. Introduction

Worldwide energy consumption has risen 30% in the last 25 years. Increasing energy costs
have become a significant concern and are expected to continue to increase in the foreseeable
future. Businesses, institutions, and consumers will be searching for more efficient products
and solutions. Residential and commercial building electricity consumption accounts for
almost 60% of total IEA (International Energy Agency) electricity demand. In Europe,
transport and industry are major energy consumers, but buildings account for around 41%
of all energy consumption. The Public Lighting Systems in our cities is a basic and vital
service for city councils and other public administration. On the one hand, citizens demand
high-quality service in accordance with our high development society. On the other hand, a
lighting installation is an important energy consumption source. Concretely, lighting is
responsible for approximately 15% of the global electricity consumption and about 5% of
greenhouse gas emissions [1].

In the quest for sustainability, the light-emitting diode or LED light has entailed an
energy revolution, involving energy savings of up to 80% compared to incandescent lamps
[2]. The transition to LED light is transforming the lighting industry, which has seen a faster
than expected drop-off in the price of this disruptive technology. LED lighting not only
delivers high efficiency but a high level of brightness, long lifespan and high reliability.
Consequently, LED lamps are used in most applications, both indoors and outdoors. Market
forecasts estimate extraordinary and continuous growth of LED market throughout the
present decade, with LED becoming the dominant lighting technology in terms of the
aggregate number of installed units, with a share reaching almost 70% of the global lighting
market in 2020 [3].

Since LED lighting represents an energy-efficient technology, the issue of total power
factor (TPF) is unavoidable. But the market expects not only for the higher TPF but also for
a better performance from the electromagnetic compatibility (EMC) point of view. With the
general adoption of self-commutated power electronic converters (PEC) in these electronic
devices, generation of harmonics has been shifted from the hertz to the kilohertz frequency
band. These high-frequency components, the so-called ‘supraharmonic’ (frequency range:
2-150 kHz), are characteristic in the pulse-width modulation (PWM) operation of PEC
employed in the LED driver. The amplitude of spectral components, caused by fixed
frequency PWM, is the main issue when facing electromagnetic interference (EMI).

Supraharmonic behaves differently from (lower frequency) harmonics and
interharmonics. An increase in the number of malfunctions and non-intentional equipment
behavior due to the presence of Supraharmonics has been reported during the last years, for
example, with power line communication, brown goods, biomedical devices, smart meter,
ground leakage current switches, and overload of electrolytic capacitors [4]. EMC standards
had almost forgotten this frequency range until recently, resulting in lack of requirements
[5]. However, standards’ revisions with new compatibility levels for supraharmonic
disturbances are on their way [6].

There are different filtering devices for reduction of these undesirable interferences.
There are different filtering devices for reduction of these undesirable interferences.
Recently novel passive mitigation technologies like a variable capacitance filter have been
proposed [7]. Nevertheless, more circuit board space is needed for them, and obviously cost
increases, so avoiding the harmful emission is preferable. As will be illustrated in this paper,
among the methodologies to deal with this problem, the random PWM (RPWM) represents
an outstanding option. Particularly a new improvement in the Random Pulse Position
Modulation (RPPM) will be presented with excellent performance.
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The organization of the rest of the paper is as follows. Section 2 is devoted to power
quality, mainly in the supraharmonic topic. Section 3 presents a survey of LED drivers.
Section 4 addresses the RPWM techniques while Section 5 is devoted to results. And finally,
Section 6 contains the conclusions.

2.2. Power quality in lighting systems review

There is growing concern about the quality of electricity. One of the main reasons is because
new generation of loads are more sensitive to variations in energy quality than in the past
[8]. Power quality is not a new term, however still nowadays there are attempts to deal with
it. It is an umbrella concept considering many types of power system disturbances. It
indistinctly refers to both current and voltage. While the quality of the current usually
characterizes the emission of equipment and installations, the quality of the voltage describes
how equipment connected to a certain point in the distribution grid is affected by other
equipment emissions. Customer equipment affects the voltage quality, and the latter also
affects customers, therefore, to find the responsible in a power quality concern is difficult.
Both definitions have in common that they are related to the non-sinusoidal waveform of the
voltage or current, leading to a distortion. Therefore, this waveform distortion is defined as
a steady-state deviation from an ideal sine wave of power frequency principally
characterized by the spectral content of the deviation.

With the introduction of LED lamps in the market, numerous papers have been written
about power quality, considering the possible increase in the voltage distortion in distribution
networks due to the widespread use of that technology. The harmonic generation from LED
lamps has been deeply studied at a lab level [9,10], and also over real measurements [11,12].
However, there are still not so many papers on studying the supraharmonic emission of LED
lamps [13,14].

It has been shown in [4-6] that LED lamps currently on the market show a large variety
of supraharmonic emission. There is no emission limit in that range that applies to LED
lamps, so every manufacturer uses their own driver topology. Therefore, it is not possible to
use standard supraharmonic models for LED lamps, as nowadays each device appears to be
unique. Even worst, in this frequency range, a small change in any electrical component
between drivers has a big influence on it.

150 150

100 100
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0.5 1 1.5
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Figure 2. 1. Group Il. STFT (left) and FFT (right) of the current.

In [15] according to measurements over 73 LED lamps for indoor lighting, overall,
three groups can be observed according to the high frequency emission. From those groups,
group Il is formed by lamps with a high frequency spectrum mainly characterized by the
switching frequency of the driver and its harmonics. Figure 2. 1 shows the current short-time
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Fourier transform (STFT) and the fast Fourier transform (FFT) of a LED lamp from group
I1. Broadband components are seen from 35 to 55 kHz, as well as recurrent oscillations are
seen below 9 kHz. This paper is proposing a new technique to mitigate the switching
component of lamps from group I1.

The index that characterizes the distortion in the low frequency is the Total Harmonic
Distortion (THD), representing the relative signal energy present at nonfundamental
frequencies, as defined in IEC 61000-4-7 [16]. In the supraharmonic range, only the 200 Hz
grouping method is recommended at IEC 61000-4-7, but no indices are standardized.
However, several indices have been proposed to characterize the emission within this range
based in time-domain analysis and in the frequency-domain [17].

The displacement power factor (dPF) is the cosine of the angle difference between the
fundamental components of the voltage and current (at 50/60 Hz). The TPF, however,
includes the harmonic part of the active and apparent power, as appears defined in IEEE
1459-2000 [18]. The TPF is the product of the distortion factor (DF), own to the harmonic’s
presence, and the dPF, where the latter considers only the fundamental of the current and
distortion factors in the harmonics.

As nonlinear loads, LED lamps produce highly distorted currents. Depending on the
technology used in the rectification stage, the current waveform of the LED driver will be
distorted. The different rectifier topologies can be divided into non-power factor correction
(nPFC), passive power factor correction (pPFC), and active power factor correction (aPFC).
The nPFC topologies emit the highest harmonic currents with (Total Harmonic Distortion of
the current) THD; values usually significantly higher than 100% and the current fundamental
has a capacitive characteristic with TPF lower than 0.7 (Figure 2. 2).
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Figure 2. 2. Voltage and current waveforms. Figure to the left is a LED lamp equiped with aPFC, and figure
to the right without PFC.

Topologies based on pPFC have mostly a moderate low frequency current distortion
(30-90%) and a power factor higher than 0.7. The aPFC is usually based on higher switching
frequency devices. This results in an almost sinusoidal current with THDi usually below
10% and TPF close to one, however they emit supraharmonic, that are injected into the grid.

2.2.1. Current situation of Supraharmonics

Concerns about conducted emissions were originally in the range of 450 kHz—30 MHz. With
enough foresight, that range was extended down to 150 kHz, and afterward further to 2 kHz.
PQ harmonics traditionally range from frequencies just above DC to 3 kHz (in IEEE-519)
or 9 kHz (in IEC). There are considerable on-going activities within IEC (both SC 77A and
SC 205A), CENELEC and IEEE to develop standards, e.g., compatibility levels, limits and
adequate test methods, covering this frequency range in voltage. However, setting current
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limits on the total installation (as in IEEE Std. 519) and setting current limits on individual
devices (as in IEC 61000-3-2) would be very difficult, as emission in the supraharmonic
range behaves differently to that at low frequency. An updated summary of standardization
in this supraharmonic range is done in [6].

In recent years, researchers have endeavored to explain the origin and mechanism of
interaction within this frequency range. Supraharmonics are composed of various frequency
components that can be grouped into three categories (considering one cycle of power
system frequency) [19]: constant, varying (in time and/or frequency) or transient, where the
second one is by far most common. The remnants of the switching frequency of the active
converter (usually at tens of kHz), are visible in most of low-voltage end-user equipment
such as fluorescent light [19] and LED lamps [20, 21], and overall, at mostly every household
appliance [22, 23]. Moreover, they have also been recently reported with the introduction of
EV chargers [24], and renewable energies (solar photovoltaic -PV- installations and wind
turbines [25]).

The current drawn by each device contains primary and secondary emission [26]
within the supraharmonic range. The primary emission is the emission caused by the device
itself. The secondary emission is the emission seen by a device coming from nearby devices.
This paper is focused in reducing the primary emission of LED lamps. Supraharmonics can
highly affect neighboring devices because its propagation is different to that of harmonics.
When connecting end user equipment, the resulting harmonic distortion in the low frequency
is very much dependent on the cancellation as depends on aggregation and attenuation
factors [10-27]. However, the propagation of Supraharmonics is different mainly due to the
secondary emission seen by devices. In this frequency range, the emission from devices
mainly spreads to neighboring devices and not to the grid [28-30]. Several examples are
reported of the spread of supraharmonics to neighboring devices, as in [13] where the
interaction through harmonics, interharmonics, supraharmonics, and light flicker, between
PV inverters and LED lamps in low-voltage installations are investigated through different
approaches, also in [21] where the same LED lamps were connected at different points, and
the secondary emission of the different locations were seen at the terminal of those LED
lamps. Moreover, in [31] the current to an electric vehicle is measured for different
connection of other devices (LED lamp, microwave oven, TV) showing the presence of
primary and secondary emission. That paper shows that the presence of neighboring device
can have a strong influence on the emission.

There are reported cases of interference with different types of lamps under certain
conditions, especially in the frequency range above 2 kHz [4,32,33] where power line
communication is the most common source of high disturbance levels. There are other
reported cases of Supraharmonics in [34], where the problem with the light is that its control
functions (dimming, corridor and attendance control) are not always working properly. The
lamps remain in low dimming mode and light intensity cannot be increased. Also, in [30] is
reported malfunctions or impairments of household devices due to supraharmonics, as well
as a reduction in lifetime of the devices. Another aspect that is recently studied is the flicker
impact in LED lamps due to the high frequency emission [35].

2.3. Survey of LED drivers topologies

High-brightness LED lamps are driven by different PEC. Commercial LED driver options
range from merely a filtered rectifier, to advanced multi-stage PEC. Between both sides lies
different topologies, that can be classified as follows:

The simplest and cheapest approach is to employ a passive LED driver. Without active
regulation, this passive driver must adopt some passive current-limiting element, such a
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resistor, between the AC line and the selected LED device [36]. Alternatively, a linear
regulation can be included, thereby the current supplied to the LED matrix will be constant
and independent from the input voltage. Therefore, this circuit cannot provide a satisfactory
TPF.

One stage drivers (low-power design, <20 W) include applications such as bulbs and
down lights. The simplest one is the non-isolated PWM buck PEC stage for the LED current
control, following the rectifier. pPFC stage can be implemented by including the “three
diodes valley fill topology” circuit [37]. When the output voltage is higher than the input
one, the boost PEC must be employed. If the output voltage can be higher or lower than the
input voltage, the appropriated topologies are the buck-boost, SEPIC or Cuk [38]. Both
stages have independent controlled switches and its command circuits, which increases the
driver components number. These schemes are not suitable for power over 20 W because of
inherently poor PF and EMC issues. Additionally, some high inrush currents may appear
and may be needed to deal with them. Finally, these are not recommended for 100-240 VAC
(universal input) voltage.

The single-stage flyback converter (mid-power designs, 20-50 W) are a slightly more
complicated galvanic isolated PEC. This is employed when there is a regulation requirement
or application design specification. This driver can deliver at the same time an optimal TPF
value and a regulation of the output current, within wide load range; hence, it has drawn
more and more attention in recent years [39]. The biggest drawback is distortion of the AC
line input current, mainly the supraharmonic emission.

Multistage converter (see Figure 2. 3) appears as a solution (high-power designs, 50—
400 W) to lower the output current ripple without including a large filter capacitor [38,40].
In some LED street lighting applications, the solution is to add an additional second stage.
This alternative increases the cost in 15-20% but provides the advantages of an excellent
TPF value within wide load range, controllability, and reliability, at the expense of losing 2—
3% in its efficiency. The harmonic emission of the above classified solutions has been
studied in [41].

Boost converter Flyback converter DC/DC

J; - N = T Converter
Rectifier J: LL s
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P X g L A = i

O—&-
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Figure 2. 3. A three-stage converter LED driver.
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2.4. RPWM techniques

The conventional (PWM) and alternative techniques (hysteresis control) aimed to reduce
emissions below 2 kHz. However, this leads to emission at the PWM switching frequency
and its multiples (10 kHz—30 MHz). Therefore, self-switching converters are an important
source of supraharmonics. Although there are many mitigation techniques, such as EMI
filtering and shielding, and they really are a solution, the emission is anyhow present; so, a
method of avoiding somehow their presence itself would be desirable.

Spread spectrum techniques (SST) simply mean distributing the energy of a given
signal across a wide frequency band, thereby reducing peak energy. These usually involve
the introduction of a random (or at least pseudo-random) quantity. If the switching algorithm
IS non-deterministic, then its frequency spectrum will be continuous due to the
nonperiodicity of the signal. As a result, the average spectral power density of broadband
emission can be drastically limited. This method could be used to overcome the interference
caused by supraharmonics in a conventional PWM self-commutated PEC stage. In addition,
low frequency emission is minimal.

The main characteristics of the different switching strategies are summarized in Table
2.1[42], with the aid of Figure 2. 4 where T; is the duration of the ith cycle; «; is the duration
of the on-state within this cycle and ¢; is the delay time of this on-pulse from the beginning
of the switching cycle; the duty cycle D; is equal to a;/T;.

A o>
PWM
&
E t
| >
«— [ —
Figure 2. 4. Characteristics of a randomized switching signal.
Table 2. 1. Classification of the different random switching methods.
Modulation T, a; &; D; = “i/Ti
PWM Fixed Fixed Zero Fixed
Random pulse-position _. . .
modulation (RPPM) Fixed Fixed Random Fixed
Random PWM (RPWM) Fixed Random Zero Random
Random carrier  frequency
modulation fixed duty Random Random Zero Fixed
(RCFMFD)
Random carrier  frequency
modulation variable duty Random Fixed Zero Random
(RCFMVD)

Among the different techniques that can be proposed to include randomization, the
first approach is to incorporate it into the carrier frequency. This is a very efficient option
because it ensures that the switching frequency does not adjust to a constant value, so that
the spectral component in the original switching frequency decreases the resulting spectra.

35



2. Supraharmonic emission from LED lamps: A reduction proposal based on random PWM

This is achieved by slowly modulating the carrier signal between two limits (£10%)
of the fundamental switching frequency, randomly. Table 2. 1 therefore presents two
alternatives: random carrier frequency modulation fixed duty (RCFMFD) and random
carrier frequency modulation variable duty. So far, RCFMFD is the only random approach
available for commercial integrated circuits.

The key element here is the voltage-controlled oscillator, requiring a random voltage
input different at each switching period. Analogical implementation of such a function is
achieved by specific integrated circuits [43]. However, the random sampling rate imposes a
restriction on the minimum sampling period. For PEC operating with digital feedback
controller, the length of the code algorithms cannot allow the switching frequency to be high
enough to achieve good spectral dispersion.

Table 2. 1 shows the random techniques with constant sampling frequency: RPWM
and RPPM. In both cases the fixed frequency operation allows less design complexity,
optimal use of processing capability, as well as greater stability. In RPWM the randomness
allows the pulse width to be varied, while its average remains equal to the required duty
cycle. This algorithm can be processed very quickly, as is required in high- frequency
switching. However, the main harmonics of the PWM switching frequency continue to be
present in the obtained power spectra. To overcome this situation, in this paper is proposed
the RPPM. Unlike before, here what is randomized is the position of the pulse within each
switching period, which is done by including a delay time.

2.5. Material and methods

In order to investigate the effectiveness of the different randomness techniques, a single
stage LED driver prototype has been built. Concretely each control strategy has been tested
in the aPFC boost converter. In this experiment, this converter was used as an 11 W LED
driver, operating at constant switching frequency of 25 kHz and a supply voltage of 230
VRMS.

The digital implementation has been done using the National Instruments
CompactRIO platform. The CompactRIO technology is very suitable for laboratory tests
with fast prototyping working in real-time (Figure 2. 5) LabVIEW software and a
CompactRI10 embedded (cRIO 9063) controller have been used to develop a FPGA-based
prototype. This cRIO 9063 includes a FPGA from the Zyng®-7000 family. This family is
based on the Xilinx All Programmable System-on-chip (SoC) architecture. These chips
integrate a feature-rich dual-core ARM® Cortex™ and include on-chip memory, external
memory interfaces, and a rich set of peripheral connectivity interfaces.

The main advantage of the FPGA Module is the parallel execution of block diagram
operations in a FPGA VI. Portions of the block diagram that do not depend on other portions
are parallel executed on the FPGA device. Another advantage is that uses LabVIEW Real-
Time, which is configurable, and is running at a priority level above time critical or between
time critical and timed structures. To the aim of this paper, a FPGA VI has been designed
for the FPGA device to work independently of the rest of the system. This will allow IP
Blocks to be easily integrated into SoC for designs that require control devices with very
small dimensions.

Synchronization and accurate control of the current and voltage control loops are
required. This accuracy was achieved with three analogue channels with differential inputs
and with simultaneous capture capability. A loop has been included in the FPGA to capture
the three channels (supply current, output voltage and rectified voltage) every 10 us, which
is equivalent to a sampling frequency 100 kS/s. The maximum speed for the architecture in
the FPGA is 25 ns.
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For the current measurements done in this frequency range, a Pearson current probe
model 411 was used. This current probe has a transfer of 100 mV/A, the lower 3 dB cut-off
at 5 Hz and the high cutoff at 20 MHz makes it suitable for measurements in the 2-150 kHz.
The instrument used was a Tektronix MDO3024 oscilloscope and recorder, with 1 MS/s
sampling frequency. The 12-bit resolution of the instrument is enough to analyse the data.

Yokogawa DL50E
oscilloscope-data
logger

Pearson current
monitor model
(20 MHz bandwidth)

'|PFC boost converter|(
prototype

Figure 2. 5. Test scenario and the equipment used.

The PFC consists of a classical multi-loop cascaded control that includes an inner
current loop and an outer voltage loop, both based on the well-known proportional-integral
(PI) controller. These controllers work with a sampling rate of 100 kS/s and they have been
tuned for a phase margin of 35° and 45° respectively. In addition, to avoid disturbing the
inductor current, a Hall effect sensor was used instead of a shunt resistor. As shown in Figure
2. 6, the digital implementation is also responsible for generating the pseudorandom binary
sequence (PRBS), the carriers’ waves of conventional PWM and the random techniques and,
finally, the switching signal. Each one of these tasks is performed through different blocks
that operate at different clock rates and the communication between them was possible due
to the implementation of several shared registers or look-up tables located in the FPGA.

............................................................................................................

Vref (2) Pl (z) ° Ge (2) ]——»[ Gv (2) ]—>
LUT Carriers
generator producer

’

Sesssssssssssssssdesssanfals
Veecece? ‘ececccsccccsccses

Figure 2. 6. Block diagram of the FPGA implementation.
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2.5.1. PRBS generator

To generate a PRBS, 16 bits shift register has been created in which the re-entrant least
significant bit is calculated by means of XOR logic gate combinational circuit where the
operands are the last value of bits zero, two, eleven and fifteen. For that, it has been used a
while loop adding an unsigned integer shift register (see Figure 2. 7). First shift register value
has been initialized with the binary pattern “0001011010111001”. The initial value must not
converge in a lock situation as the register content takes the value “0” otherwise, this wrong
behaviour would set the value of PRBS to “0” and the proposed techniques will no longer
be random. Another critical parameter is the clock frequency from the PRBS block, which
must be at least equal to the switching frequency to generate a new value for each carrier
wave period. Experimentally, a considerably higher frequency has been selected, e.g. 400
kHz.

»

PRBS QOutput to
shared register
Dl
Do Qo --- D Q2 ---—Du1 Qu --- Dis Qus
[ > [ > [ >
Clk |_

Figure 2. 7. Pseudo-random shift registers to generate PRBS.

The digital implementation of this shift register has been developed using two typical
LabVIEW’s structures: A while loop and a flat sequence. The latter has three phases or
frames to enforce the order of the operations in the sequence. Consequently, there is a high
degree of synchronization between each one of the following operations: First, the ticks
counter is called to initialize the loop frequency, secondly the re-entrant bit is found and
finally, the last frame rotates (with carry) the content of the shift register, where the carry
value is the least significant bit (LSB) before calculated. Is also writes a shared register that
will be used as source of randomness.

2.5.2. Look-up tables generator

The predefined waveforms of the implemented techniques are stored in a block with a fixed
number of floating-point memory locations (SGL type data in LabVIEW). The number of
samples is given by (2. 1), where f;,, is the frequency of the carrier wave, f; the frequency
of the while loop that generates each carrier sample on the FPGA and the brackets represent
the rounding to the nearest even number. Furthermore, for the proposed approach, N must
be divisible by 2 just once.

=]l 2.1)

fsw

In this paper, each carrier wave has been generated at fixed frequency of 4 MHz using
1024 memory position as maximum, therefore the minimum switching frequency is
approximately 3.9 kHz. However, the maximum switching frequency depends on the
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allowed resolution to which the waveforms are built. The converter can perfectly operate at
around 80 kHz, although a common switching frequency for LED driver applications is 25
kHz. With respect to the amplitude resolution, the parameter d is important to be defined
since each sample of this carriers’ waves is calculated by adding or subtracting this value
from the immediately previous sample. For the proposed techniques described in the
following section, this parameter can be determined through the equations (2. 2) and (2. 3)
accordingly, where A is the peak amplitude and selected to 100.

24

SrpPMa = N (2.2)

4A

SrpPMb = N—2 (2.3)

To build each random carrier wave, a finite state machine has been used (see Figure 2.
8). This algorithm consists of three states: The first one reads the switching frequency
selected for the first time, the second state generates or updates the waveforms for each
technique and writes them in memory blocks where they will be indexed to produce the
carriers’ waves, and finally, the last state waits for the switching frequency to change to
update these waveforms.

Has the frequency
reference changed?

No

Generate waveforms \
Conventional RPPMa RPPMb

LA MAK

Figure 2. 8. States diagram of the finite state machine that generates each waveform.

Yes

F §

Read
frequency

Update
frequency
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2.5.3. RPPM methods

Two strategies have been experimented to achieve RPPM, namely RPPMa, previously
employed in inverters with fairly good results [44]; and RPPMb as the novel approach here,
respectively. The proposed random carrier for RPPMa, as shown in Figure 2. 9 a), is obtained
by randomly combining two triangular carriers, both same fixed frequency, but in opposite
phase. The carrier wave has been generated by indexing the above look-up table. It is not
necessary to generate two opposite phase triangular carriers and select one of them to form
the random waveform. On the contrary, this sequence can be generated through the values
of a look-up table, where one of these carriers is stored, and their opposites, which have been
calculated through equation (2. 4), where C are the look-up table values. This operation has
been performed in LabVIEW with a case structure.

C'=A-C (2. 4)

The random enables any of the two triangular carriers, which are decided by the “low”
or “high” state of the PRBS; finally producing the resultant pseudo-random frequency carrier
wave.
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Regarding the RPPMb carrier wave, as shown in Figure 2. 9 b), the original period has
been divided in two, so the carrier is built with the combination of the two opposite triangular
carriers where the order of these ones depends on the state of PRBS. Consequently, each
period of this carrier is composed by triangular carriers in opposite phase. To build this
carrier, only one period has been stored and the other has been obtained in the same way as
the RPPMa carrier.

It is important to emphasize that the average value from the inductor current and output
voltage does not change since the volt-second balance of the triggering signal when the
converter operates with the proposed techniques has the same value than when the
conventional PWM is used. Therefore, there is not any difference between these two
techniques as average values is concerned. However, the RPPM can reduce the high
frequency dominant harmonics.

PRBS =1~ PRBS =0~
RPPMa 1fs
carrier ~ B
ORPPMG {
i o
|
1fsw a)
PRBS =17 1fs PRBS =0~
RPPMb o
carrier Orepaty [__
p
!
1 fsw
b)

Figure 2. 9. Discrete carrier waves: a) RPPMa and b) RPPMb.

2.6. Results and discussion

In Figure 2. 10, the oscilloscope shows the spectrum of the experimental input current
(0 — 125 kHz) for the implemented modulation techniques. Notice that the low-frequency
spectrum is characterized by low distortion due to the employed aPFC topology and remains
substantially unchanged when the different modulation techniques are applied as expected.
However, the interest of this research is focused on the frequency range 2 — 150 kHz, as
stated before. In this regard, both RPPMa and RPPMb techniques achieve a better energy
distribution across the frequency spectrum than the conventional PWM, as proven the results
described below. Furthermore, RPPMDb fully mitigates these supraharmonic components and
therefore provides better results than RPPMa.
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Figure 2. 10. Frequency spectrum of the experimental input current when: a) conventional PWM, b) RPPMa,

and ¢) RPPMb is employed.
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As shown in Figure 2. 10 a), when the LED driver operates under conventional PWM
technique, two high frequency narrowband components appear: one at switching frequency
(25 kHz) with an amplitude of 2.1 mA (0.21% of fundamental component) and the other, at
double the switching frequency (50 kHz) with an amplitude of 116 pA.

When implementing the RPPMa technique on the same driver (see Figure 2. 10 b)),
the current spectrum shows a broadband component of 1.28 mA at 12.5 kHz due to the spread
spectrum method. However, the reduction at switching frequency reaches 94%, which is
very significant (150 pA).

As detailed in Figure 2. 10 c), the great advantage from RPPMb technique is that
achieves to fully mitigate the component at 25 kHz, also decreasing up to 300 pA (76.5 %
of reduction) the broadband component at 12.5 kHz that appears with RPPMa. Thereby, this
technique obtains the best result in the supply current spectrum.

2.7. Conclusions

Harmonic emission generated by PEC is one of the key problems when integrating them in
the power grid. Traditional grid-commutated PEC caused undesirable high levels of
harmonic content (< 2 kHz) and low TPF when connected to the power grid. In self-
commutated PEC, through PWM with high switching frequencies (in the kHz range), the
desired output voltage can be obtained, reducing or eliminating these discrete low order
harmonics. However, this significantly increases harmonic emission spectrum towards
higher frequencies (from 2 kHz to 150 kHz). While the low-frequency harmonics are still an
important issue, the number of self-commutated PEC with significant Supraharmonics
emission increases very fast. Consequently, the present massive integration of energy-
efficient devices like LED lighting into the distribution networks provides new challenges
to the different stakeholders.

These supraharmonics behave differently from (lower frequency) harmonics and
interharmonics. Numerous problems on power systems are presently observed. The work on
this frequency range has just started and more research is needed to find suitable ways for
quantifying these frequency range emissions. Moreover, the spread of emissions and the
impact on other neighbouring devices are another topic of research. CIGRE, IEC and other
international working groups are currently reviewing the emission limits in the frequency
range 2-150 kHz. The LED manufacturer should consider the EMI/EMC related impact
since the early stage of design. Mitigation solutions, such as EMI filters, would not be as
necessary if it is possible to reduce the emission itself, from the source, and at a low
computational cost, when technologies such as the random switching pattern presented here
are properly integrated.
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Abstract

The effort to continuously improve and innovate smart appliances (SA) energy management
requires an experimental research and development environment which integrates widely
differing tools and resources seamlessly. To this end, this paper proposes a novel Direct
Load Control (DLC) testbed, aiming to conveniently support the research community, as
well as analyzing and comparing their designs in a laboratory environment. Based on the
LabVIEW computing platform, this original testbed enables access to knowledge of major
components such as online weather forecasting information, distributed energy resources
(e.g. energy storage, solar photovoltaic), dynamic electricity tariff from utilities and demand
response (DR) providers together with different mathematical optimization features given
by General Algebraic Modeling System (GAMS) This intercommunication is possible thanks
to the different applications programming interfaces (API) incorporated into the system and
to intermediate agents specially developed for this case. Different basic case studies have
been presented to envision the possibilities of this system in the future and more complex
scenarios, to actively support the DLC strategies. These measures will offer enough
flexibility to minimize the impact on user comfort combined with support for multiple DR
programs. Thus, given the successful results, this platform can lead to a solution towards
more efficient use of energy in the residential environment.
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3.1. Introduction

Much has been written about the new role consumers can play in future smart grid (SG).
Driven by the massive integration of renewable energy resources, the SG is evolving swiftly,
causing changes in how electricity is produced, managed, marketed, and consumed. If for a
while, the SG paradigm meant merely accepting a bi-directional flow of electricity and
information, it must continue to evolve to adapt to the current demands of the digital
consumer. In the years to come, the computational exploitation of the enormous amounts of
information provided by the Internet of Things (loT) sensors, incorporated at all layers of
the SG, will become the main engine of its evolution towards the digital energy network,
focused on customer service. This is what has been called "data-driven energy” [1]. A large
amount of energy data will support collective decision making, opening the way to more
responsive utilities and more engaged consumers. This will undoubtedly impact the
evolution of household appliances. In fact, SAs are already showing their potential for data-
driven energy [2].

The growing use of energy by domestic appliances shows no signs of slowing,
reaching 2900 TWh in 2017. The use of electricity by these loads continues to grow by
almost 2% per year, a steady trend since 2010 [3]. Although the electricity demand for major
appliances has slightly decreased since 2007, mainly due to improvements in their energy
efficiency, the rapid proliferation of small appliances and brown goods has absorbed these
savings. The energy consumption due to these small loads has grown twice as fast as that of
large appliances in the last decade. In addition, only one-third of domestic appliances
consumption is under regulatory protection, particularly in emerging markets. This may
become even more relevant in the near future as the demand for electricity in buildings
increases due to the impact of the charging infrastructure for electric vehicles. While it is
true that there is a need to increase the rigor of existing policies by extending regulatory
coverage to a broader range of devices, on the other hand, user awareness may be the key
factor. However, to achieve this, consumers should be rewarded to some extent when
changing their behavior. The availability of information and communication technologies
(ICT) on SG can be decisive in meeting this commitment through the widespread adoption
of DR strategies.

In other areas, such as power electronics, it is common to find a complete chain of
modeling, development, testing, optimization, virtual validation, and rapid prototyping
commercial tools that integrate seamlessly into a convenient testing and development
environment such as these tools of Typhoon (Typhon, Somerville, USA) [4] and dSPACE
(dSPACE, Paderborn, Germany) [5]. It is possible to find testbed proposals for different
applications in SG, like our previous one [6]. In the newly released paper [7], a distributed
framework for real-time management and co-simulation of DR in SG is presented. This
solution provides a near real-time co-simulation platform to validate new DR-policies
exploiting 10T approach performing software-in-the-loop. In the recent papers, authors
propose an interesting testbed for distributed DR based on a microgrid (MG) modeled on the
PSIM software (Powersim, Rockville, USA) to provide frequency regulation [8] and control
over other grid parameters in general [9]. In the model, the nodes of virtual I0T devices are
created according to the collective characteristics of their real twins, connected to the system.
Network conditions can be reproduced when testing new DR algorithms to provide, e.g.
frequency regulation reserve services.

Similarly, in order to support the field of DLC research in this emerging application
area of SA, it is necessary to provide new testbeds for lab experimentation. Therefore, the
main contribution of this work is the development of a research test bench flexible enough
to incorporate different tools of different origins such as weather forecasting APIs, DR
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providers from the utility and mathematical optimization features built on the basis of the
LabVIEW systems (2015, National Instruments, Austin, USA) design platform and
development environment for a visual programming language. It can benefit from user-
friendly and intuitive software as well as hardware such as powerful real-time processors,
user-programmable field-programmable gate array (FPGA), and full 1/O interfaces.
However, although it also offers libraries of dedicated functions, it has been necessary to
specifically develop a sophisticated software (that did not exist) that supports the seamless
link between the tools, since their individual parts are precisely aligned with each other. In
this sense, the proposed testbed is a novelty since most of the papers available in the literature
are focused on the development of complex mathematical models without considering the
integration of these tools that are so important to implement a realistic platform and thus
emulate scenarios and test cases as real as possible. Furthermore, this work is a step forward
from previous research, as it includes several tools that have never been integrated before.

The organization of the paper as follows. Section 2, and 3 presents the background of
the research. Then, Section 4 describes the experimental platform and also examines the
control and optimization strategies, considering practical limitations and safety constraints
in detail. In Section 5, the case study is discussed. Finally, the conclusions and future work
are reported in Section 6.

3.2. Home energy management systems. State of the art.

The combination of the SG paradigm with 10T technologies and the will of consumers to
actively participate in their energy control has enhanced the home energy management
system (HEMS) concept. These are systems capable of monitoring home consumption at
different levels and implementing automation or control mechanisms.

They have evolved at an unstoppable pace in the last years. By 2013, most systems
only offered home monitoring, either local or remote and rarely some manual control over
switches or dimmable loads [10]. Currently, on the contrary, a wide variety of control
systems are available ranging from the simple automatic scheduling of applications to the
optimization of energy resources, through advanced algorithms that consider the state of
numerous external variables such as energy prices or weather conditions. What is more, they
are even able to learn from users thanks to the incorporation of artificial intelligence [11].

Because of this evolution and the large range of devices and algorithms that are being
integrated into the HEMS, the number of works in the literature is extensive and
unapproachable for a paper whose purpose is not that. However, for example, the authors in
[12] define a classification according to the level of complexity of these systems. This will
help to situate the present work and the challenges addressed. The levels from the lowest to
the highest complexity are Monitoring, Logging, Alarm, Energy Management, and DR.

Nowadays, the first three levels can be regarded as a prerequisite. Every HEMS must
carry out home monitoring at different aggregation levels. The basic level is the total
household consumption, generally measured by technologies such as Smart Meters, widely
deployed across Europe [13]. Nevertheless, the energy footprint of individual elements can
be recorded by means of load submetering or non-intrusive load monitoring (NILM)
algorithms, which use machine learning to distinguish individual appliances from the total
consumption [14].

The capture of measures can be performed with different granularity and be stored in
different supports. In this way, all or part of the data is stored in the cloud, from where it is
possible to obtain descriptors or apply machine learning algorithms. This also allows for the
possibility of generating alarms at different levels, so fast events that require immediate
attention can be generated and then processed in the so-called Edge, while more complex

49



3. A novel direct load control testbed for smart appliances

alarm mechanisms can be implemented in higher layers after preprocessing and analysis of
historical data.

The aforementioned elements are essential for the creation of reliable controls at the
next levels named: energy management and DR. The first focuses on the control of a
combination of distributed resources to guarantee a continuous power supply, whereas the
second goes a step further and manages the individual consumer appliances.

Among the recent publications, the most used optimization techniques are mixed-
integer linear-programming [15], and variation of those [16], as well as population-based
algorithms [17]. It is also common to find works that propose multi-objective algorithms to
reach a trade-off between the energy savings that can be achieved and the benefits from
possible incentives [18].

Nevertheless, as is evident from the most recent publications, the use of Internet
technologies as a solution to optimization problems is becoming more and more common
[19], as they tackle issues such as the diversity of household appliances, the simultaneous
pursuit of several objectives in parallel, and the uncertainty in predicting conditions such as
occupancy levels, energy consumption or weather conditions [20].

3.3. Smart appliances overview

What is a SA? There is more than one definition, but popularly a SA is recognized because
it has some degree of embedded processing and wireless connectivity. Sometimes called a
Net appliance, an Internet appliance or an information appliance, it can be as simple as an
application that warns you whenever your refrigerator has a door opened, or as complex as
remotely controlling your oven from your smartphone or via a voice assistant. However, in
the framework of the SG, the term “smart” focuses on those systems (with communications-
enabled) which are able to modulate their electricity consumption in response to external
signals such as price information [21], local measurements [22] or direct control commands
[23]. In other words, those appliances that can support grid flexibility because they have
been configured to respond to DR requests.

In a recent survey [24], 28% of people find SA very attractive, but people are more
reluctant to buy them because of price concerns, so 49% of people say this is a barrier to
buying. Other barriers include dynamic pricing, lack of interoperability and legal framework
as reported by the European parliament [25] and the world economic forum [26]. First, the
lack of a dynamic pricing model to the clear majority of customers is an obstacle. Users will
not be willing to change their habits if they cannot perceive that this intelligent functionality
can bring them substantial financial savings. Second, the high purchase premiums and long
replacement cycles of these devices are prolonging their mass adoption. Thirdly, to enable
the communication between SAs that use different protocols and standards, and to ensure
interoperability, the communication interface must be supported by a data model that
conforms to a harmonized reference ontology. A semantic platform called OpenFridge has
recently been proposed in [27] that has been deployed and evaluated with real-life users
distributed globally. But the candidate for such a reference ontology will almost certainly be
the Smart Appliances REFerence ontology (SAREF) [28]. SAREF4ENER [29] is the
SAREF extension to be able to fully support DR for the energy domain.

Finally, the lack of a clear legal structure around customer data limits growth in this
area. This could include the appliance energy use pattern meaning when, how much and how
Is energy being consumed. These data could even be monetized. For example, appliance
manufacturers might be willing to pay an energy supplier a fee for these data, as they can be
of great value in terms of customer service, product support, as well as maintenance. In the
case of aggregation [30], how this data could be shared among customers to allow, e.g. for
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their energy efficiency comparison. An aggregator can operate on behalf of a group of
consumers, having access to data and possible remote adjustment over consumers'
appliances. If the security of connected devices used in aggregation is not safeguarded,
consumers could be exposed to several risks like data theft or request of appliance
ransomware. Security flaws and data privacy issues are main concerns of the users, and only
a few regions have well-defined rules about who can access, own, and share utility customer
data.

However, the prospects for SA are bright. The global market for SA is projected to
reach $38.35 billion by 2020, with a compound annual growth rate (CAGR) of 16.6% over
the projected period 2015-2020. loT-enabled devices (currently low, about 5% of white
goods) are expected to grow dramatically, and the number of sensors is expected to increase
six-fold by 2020. So, according to the International Energy Agency, by 2040 almost 1 billion
households and 11 billion SA could participate in interconnected electricity systems.

Typically, DR policies can be classified between load-shifting strategies, which move
the load from on-peak or event hours when demand and rates are the highest, to off-peak
hours when rates are lower, and load-shedding strategies, which directly reduce or avoid
energy use during on-peak hours altogether. Consequently, in the residential sector, the loads
can be divided into non-shiftable, time-shiftable and energy “sheddable”. The time-shiftable
loads are the appliances whose operation can be moved from peak to off-peak times with the
minimal loss of comfort for the inhabitant. This is the category of ‘wet' appliances, e.g.
dishwashers (DW), washing machines (WM), and tumble dryers (TD). These appliances
account for a significant proportion of household energy consumption. Alternatively, non-
shiftable loads, such as lighting and brown appliances, cannot delay their operation [31]. At
present, there is no deployed infrastructure that allows remote activation of these appliances.
However, their behavior has been deeply studied and it is now possible to understand the
potential of the DR in supporting the operation of the network [32].

Among household appliances, a special category is the thermostatically-controlled
loads (TCL) (e.qg., electric water heaters (EWH), HVAC systems, refrigerators, and freezers)
as their thermal inertia allows for flexible load patterns (both shifting and shedding) while
meeting their service requirement. Therefore, compared to other SA, TCL exhibit
predictable behavior from the DR point of view, and even more when aggregated in large
population clusters [33]. In recent work, a stochastic model has been presented for the
generation of high temporal resolution synthetic profiles of the consumption of these
domestic appliances [34]. However, its potential for flexibility remains virtually unknown.
[35] presents the recent projects that are facilitating the transition from research to
development. In general terms, and due to their inherent characteristics, there are two types
of TCL, with different operating principles. First, resistive loads (i.e., heat generation
equipment) and, second, compressor-driven loads (i.e., heat pumping equipment). Although
this paper is particularly dealing with resistive loads, greater demand elasticities could be
achieved if the control strategy achieved were extended to the rest of the residential TCL.

3.4. Structure of the smart appliance control testbed

The proposed control platform is composed of four main blocks that collect data and
exchange information between each other aiming to implement the abovementioned DR
policies through DLC. The platform architecture is shown in Figure 3. 1, where LabVIEW
works as the core application by handling the data provided by the outer blocks. This central
block also has the highest priority from the call handling point of view, that is, LabVIEW
follows the classical scheme where the main application deals with the so-called subV1 to
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allow modular designs. At the same time, this subVIs will be the interfaces with the rest of
the blocks.

The block on the right side is related to the API that provides the testbed with both
weather information (Ambient temperature and photovoltaic (PV) production forecast) and
the price of the energy.

Finally, these DR policies must be mathematically translated into an optimization
model which includes several constraints related to the people’s habits, the availability of
energy from different sources and the household appliances features among others. The
model should also offer a certain degree of flexibility with respect to the number of invokes
and formulation changes. All these reasons have contributed to opt for General Algebraic
Modeling System (GAMS) as the software used to solve the proposed model. Furthermore,
another component including the functions given by the GAMS API is used to integrate this
software into LabVIEW using a dynamic link library (DLL). The following sections will
describe these previous blocks and their interactions in more detail.

Visual studio Application Programming
solution C++ LabVIEW _Interfaces (API)
! GAMI?;:'“'/::T:“ LabVIEW subVi LabVIEW subVI
= -dil) i Local DLL call routine API call routine
; <:> (calIDLL.vi) (getAPIData.vi) E
E “- h.dd I
H H CALL GAMS CALL API &
L S A ! MODEL GET DATA Energy prices
\ ) (ESIOS)
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LabVIEW main VI LabVIEW subVI "
- TR E—— y
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Figure 3. 1. Smart appliances control testbed overview.

3.4.1. LabVIEW

LabVIEW has been the tool used to integrate and manage all blocks of the platform.
Concretely, the developed LabVIEW application consists of two threads commonly known
as while loops located in the block diagram. The first one implements the whole
infrastructure necessary to parametrize and call the GAMS model and comprises the data
collection from the API solcast [36], dark sky [37] and Spanish system operator information
system (E-SIOS) [38], which is the information system of the Spanish electricity group Red
Eléctrica de Espafia (REE), using the subVI getAPIData.vi that implements an hypertext
transfer protocol (HTTP) client. This loop also entails the data standardization with respect
to the sampling times by means of dataConv.vi, the model call through callDLL.vi as will
be described in the following section and the display of the results. However, the second
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loop just converts the raw information of the scheduled SA (name, operation mode, and time)
into a recognizable information by the model through getSAData.vi.

The graphic user interface (GUI) or front panel is shown in Figure 3. 2 and has three
main parts, namely, the SA scheduler (part A) including at the top the EWH section where
the parameters that model this appliance (Minimum and maximum temperatures, tank
capacity, nominal power, initial temperature, loss factor, inlet water temperature, and the
hourly hot water consumption) are set up. The rest of SA under analysis in this study (WM,
DW, and TD) are modeled according to their average power consumption and are scheduled
at the bottom of part A where both the time and mode of operation as well as the cycle time
can be selected. Two modes of operations have been evaluated: The fixed mode is used to
launch the SA at a fixed time while the variable mode enables a certain degree of flexibility
since the SA is scheduled over a time interval. As a result, the platform is forced to decide
the start time within this interval once the model is solved. This part also includes
information (Name, operation mode and time) about the scheduled SA.
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Figure 3. 2. LabVIEW graphic user interface.

At the top of the part B are the parameters that model the energy storage system (ESS)
such as the initial state of charge (SOC), capacity, minimum, and maximum SOC allowed
as well as maximum power flow and a maximum ratio of change. At the middle, some
features of the nanogrid under study can be found: Geographical coordinates (Longitude and
latitude), tilt angle, power and efficiency in the case of the PV system or maximum power
and tariff type with respect to the grid connection. The last section in part B includes the
local directories required by GAMS, on the left half, and the personal keys that API
administrator provides to establish a secure connection, on the right half.

Finally, part C shows the results of the optimization process divided into three graphs.
From top to bottom, the first graph plots the hourly price of the energy according to the
selected tariff, the optimal power consumption from the grid and thus the cost once these
two previous ones are known. The second graph shows profiles such as the SOC and power
taken from the batteries, the PV production and the amount of such power that would be
injected into the nanogrid, the power usage of the SA and the consumption to be considered
non-shiftable. The last graph describes the whole state of the EWH depicting its power
consumption as well as the water and ambient temperatures.
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3. A novel direct load control testbed for smart appliances

3.4.2. Linking GAMS and LabVIEW

This section describes the communication between GAMS and LabVIEW. Some papers
show the integration of GAMS into Matlab [39] or other software like LabVIEW through
Matlab as an intermediary interface [40]. In this sense, the novelty of this work is the direct
coupling of both tools without using any intermediate software. On the one hand, the inner
communication between the GAMS model and its GAMS Data Exchange (GDX) file has
been included under the subsection GAMS as appears in Figure 3. 1. This file is often used
to store the parameters with which the model is called, as well as the model results, however,
such interaction does not take place directly but will have to be handled by means of the
appropriated classes and methods that the GAMS object-oriented API [41] provides resulting
in the seamless integration of GAMS into any application such as LabVIEW in this case.
This architecture employs the C++ API in a DLL format which is the interface that makes
the linkage possible. The flowchart is shown in Figure 3. 3. First, system and working
directories have been set; the system directory refers the path where all GAMS installation
files are located while the working directory refers to the path where the GAMS models and
GDX files will be stored (also shown in part B of Figure 3. 2). The second stage aims to
create a database object where the parameters used in the model will be stored, but this will
be carried out in the third stage. The model execution options, such as the names of the
database object and the exchange file to be used are subsequently specified. The last stages
are in charge of executing the model, returning the optimal values of the decision variables.

(pLLC++ )
v

GAMSWorkspace ( Set system and ) - A 4 —
GAMSWorkspacelnfo working Set the execution GAMSOptions

\ directoriecs ) | options )

v v
GAMSDatabase ([ Createan ) | (T Run GAMS GAMSJob @
GDX mstance of M
odel @
<>

B

GAMSDatabase T

class v
I ~ ~ .
Get results from GAMSVariable

GDX

AaQ (Add domains and ) .
+ GAMSSet C the GDX file
GAMSParameter parameters to this —
GAMSDatabase v

\ object End

Figure 3. 3. Dynamic-link library flowchart for linking both environments.

3.4.3. An optimization model for demand side management

While most of the proposed models address this issue as a task scheduling problem using
heuristics algorithm to make decisions on shifting, shedding or even disconnecting the load,
this paper proposes a novel mixed-integer linear programming (MILP) model that uses the
price-based DR programs to optimize the power consumption using the potential flexibility
that TCL provides to the demand. The proposed model involves a smart home as shown in
Figure 3. 4 with its own ESS, distributed energy resources (DER) based on PV panels as
well as a scenario with SA managed through the DLC strategy.
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Figure 3. 4. Smart home topology employed in the case study.

In terms of mathematical formulation, equation (3. 1) refers to the objective function
f (in €) where F,(t) (in KW, as all the powers henceforth) and Pr(t) (in €/kWh) are the
power consumption from the grid and the price of the energy respectively at time slot t €
[1,2,...T]. The rest of the equations are constraints related to the power balance, the user
preferences and the energy availability from the sources. Equation (3. 2) denotes the global
power balance at each time slot ¢ with P, (t), the power taken from the PV panels P,,(t) as
well as the power given by the energy storage system P, (t) on the generation side. On the
demand side is the non-shiftable power B,;(t), which involves the stand-by consumption
coming from non-dimmable devices, such as lighting, low power DC adapters used to supply
small devices and also the consumption from the SA scheduled in fixed mode, P,(t) is the
power consumption of the common-use SA such as the WM, DW and TD scheduled in
variable mode and the consumption of the EWH expressed as the product of its nhominal
power P,,, and the binary variable x,,, (t) that indicates its state each time slot.

Equations (3. 3), (3. 4) and (3. 5) set the limits for P,(t), P,,(t) and Pss(t)
respectively, where P;"%* denotes the maximum power that can be taken from the grid and
PJ74% the maximum power that can be injected into or extracted from the ESS. Moreover,
the ratio of change of this variable has also been constrained in equation (3. 8) through the
parameter dPJ&* (in KW/h) to ensure a lifetime of the batteries as long as possible. Finally,

ﬁ,U(Ppp,,k,npv, a, A, t) refers to the function that implements solcast to provide the PV

production each time slot t and thus has been taken as the maximum power available to be
injected into the system from the PV panels. Parameters such as the installed peak power

Pp”,,k, the efficiency n,,,, the tilt angle a or the location, through the latitude A and longitude
¢ will be required by this APl in each HTTP request.

Equations (3. 6) and (3. 7) describe the dynamic of the ESS by means of a simple kWh
counter to compute the current state of charge SOC(t) (in %) based on the previous one
S0C(t — 1) and P, (t) and setting the SOC(t) limits between SOC,,;, and SOC,, 4, not to
allow deep charges and discharges which is also a condition to ensure a long lifetime of the

system.
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The SA scheduling process using the variable mode is modeled by equations (3. 9) and
(3. 10) and has been conceived as a decision-maker who chooses the optimal SA operation
from among the possible ones that could be generated between the selected start and end
times, by shifting the original consumption one-time slot. In this context, let us define j as
the index that refers to each SA to be scheduled and k; the index associated with each shifted

consumption that may be generated for each j, being N; the number of SA and N,ﬁ the number
of possible consumption profiles. This family of shifted consumptions builds each matrix
I}(kj, t) which has as many rows as possible scenarios and as many columns as considered
time slots T. Moreover, for the decision-making process, all the shifted consumptions have
been associated with a binary variable x; (k;) and thus, the optimal scenario will be indicated
once the model is solved by means of the state of these decision variables. Finally, to ensure
just one shifted consumption operates, equation (3. 10) forces the sum so that just one binary
variable is equal to 1.

The EWH has been considered as a special SA due to its thermal inertia and therefore
has its own power balance equation as it is apparent from (3. 11). From left to right, this
balance involves the energy stored inside the EWH tank characterized by the current and
previous average water temperature T, (t) and T,,, (t — 1) (in °C, as the rest of temperatures
hereafter), the tank capacity C,,;, (in m3) and the parameters that model essential features of
the supply water like its density p (in kg/m3) and its specific heat C,, (in kJ/kg°C). The
following terms are the thermal losses taking place in the tank walls given by the loss factor
9wn (in KW/°C) and the ambient temperature profile T,,,; (t) besides the energy provided
by the water entering the tank as a consequence of the usage events and defined by means
of the hot water consumption D, (t) (in m3/s) and the temperature of this water, T,e¢-
Finally, the discrete energy due to the heater element can be found. Once the EWH dynamic
has been well-defined, the model for this appliance is fully completed with equation (3. 12)
where the upper and lower limit of T,,,;, (t) are constrained according to the normal operation

temperatures T4 and T4~

T
24
Min f = 72 P, (t) Pr(t) 3.1)
t=1
Subject to:
Rg(t) + va(t) + Pess(t) = Pns(t) + Psa(t) + xwh(t)inh (3' 2)
0 < PBy(t) < P 3.3)
0 < Ppy(®) < foo (PR 11 4, b, £) (3. 4)
_Perglsax < Pess ®) < Perglsax (3' 5)
24\ P, (t
SOC(t) = SOC(t —1) — 100 (_)L() (3.6)
T CESS
SOC™In < SOC(t) < SOC™ex 3.7
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Poss(t) — Pess(t— 1) (3.8)

max max
_dPess < < dPess

- 24/T

. Jj
Nj N

3.9
Pa® =" 50) 5k ) &9

j=1kj=1

Jj
N

kj=1

Twh (t) - Twh (t - 1)

th,D p = 9wh [Tamb (t) - Twh(t - 1)]
86400, (3.11)
+th (t)pcp [Tinlet - Twh (t - 1)] + xwh(t)inh
Ta™ < Tyn(t) < Ty (3. 12)

3.5. Case study

This section aims to evidence the effectiveness of the above-described DLC platform by
testing it under cases which consist of minimizing the cost of the energy imported from the
grid over a 24-hour time horizon, as was stated in the previous section, with a time resolution
of 5 minutes, so that, T = 288. Concretely, two case studies based on the available electricity
tariffs in the Spanish market are considered. One case is based on time discrimination in two
periods (off-peak and peak) also known as tariff DHA, and another is a case using the default
tariff or tariff A (without time discrimination). Both cases use the SA consumption models
shown in Figure 3. 5 and based on 120 minutes working cycle divided into 8 slots of 15
minutes provided by [42]. Additionally, to give the case study a more realistic approach, the
component of the non-shiftable power that represents the standby consumption was obtained
by acquiring the active power in one of the laboratory circuits for a 24-hour workday.

Under this framework, a typical dwelling including a small scale ESS and PV
installation has been chosen as the topology of this case study (see Figure 3. 4). More in
detail, the PV system is modeled by a nominal power of 2 kW, an efficiency of 90% and
mounted with a tilt angle of 30°. With respect to the location, southern Spain has been
considered for both cases, concretely at 37.88° and —4.79° of latitude and longitude
respectively. On the other hand, the ESS has a capacity of 6 kWh, a maximum
charge/discharge power of 2 kW with a ratio of change limited to 0.5 kW/h and where the
SOC can fluctuate in the range 35%-65%, the initial SOC was fixed to 50%. The EWH
considered is the type which can be found in the residential environment, vertically mounted
and cylindrical, with a capacity of 0.1 m3 as well as a nominal power of 2 kW. Its loss factor
has been set to 2.10—3 kW/°C and the inlet water temperature to 21 °C [43], while the water
temperature inside the tank has been constrained in the range 60-85 °C with an initial
condition of 65 °C. In addition, an example of hot water consumption considering the water
drawn from the EWH tank due to household use such as hand washing, showering, and
dishwashing among others and based on [44] has been used. Finally, the capacity of the main
grid has been fixed to 4.6 kW since it is a common value in Spain. Table 3. 1 summarizes
the main parameters of the model as well as its values.
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Figure 3. 5. Smart appliances models employed in the optimization: a) Washing machine demand, b)

dishwasher demand, and c) tumble drier demand.

Table 3. 1. Main parameters of the model.

Subsystem Parameter Value Subsystem Parameter Value

Main grid Pmax 4.6 KW Cuwn 0.1md
Prax 2 kw Gwh 2:107° kw/°C
Coss 6 kWh Tintet 21°C

ESS dPess™ 0.5 kW/h min 60 °C
socm™n 35% ax 85°C
socmax 65% EWH T, (0) 65 °C
50€(0) 50% Pown 2 kw
PPy 2 kw Cp 4.18 kilkg- °C
Npw 90% p 988 kg/m?3

PV a 30°
A 37.88°
0] —4.79°
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3.5. Case study

Figure 3. 6 introduces the first case in which tariff A with both scheduling mode
(variable and fixed) have been used, depicting a 24-hour horizon. Particularly, in this case,
the scheduling configuration for the SA has been set as follows: Washing machine scheduled
from 09:00 to 14:00, tumble dryer scheduled from 16:00 to 21:00 and dishwasher fixed at
14:00.

Note from Figure 3. 6 a) the result of the scheduling process and the times at which
the SA start their operation cycles. As it is apparent from P, (t), which is the decoupled
consumption of all the SA scheduled in either fixed or variable mode, the washing machine
starts almost at midday (at 11:45), around the peak of the prices although a large amount of
this demand is covered by the PV system. The dishwasher at 14:00 (as was stated) and
tumble drier is shifted until 18:00 where the second valley of the price can be found. This
behavior shows a clear strategy of searching for the lowest price or the highest PV production
to launch these SA. In view of the results, all the initial constraints related to the scheduling
period are clearly satisfied.

The non-shiftable consumption is denoted by the red line of the same figure including
the fixed consumption of the dishwasher at 14:00 and the experimentally measured example
in which the period of highest activity falls in the range 09:00-18:00 according to the
laboratory timetables. The green line shows the power injected into the system from the PV
panels, which represents 9.78 kWh, and has not the same value that the PV production shown
in orange (10.65 kWh) and provided by solcast. In this case, the system does not use all the
energy to achieve the most economical way, however, the amount of this one taken from the
main grid is greater than if the PV energy were fully employed.

Figure 3. 6 b) depicts the EWH behavior using the above-mentioned hot water demand
(expressed in L/h instead of m3/s for easier comprehension) and the hourly temperature
profile provided by dark sky (see purple and blue lines respectively). The EWH consumption
shown in orange evolves in the range 0-2 kW due to it's on/off operation. Before 12:00, the
water temperature is more or less constant and the power consumption behaves in agreement
to the water consumption so that a water demand variation causes a proportional energy
consumption, which means this energy is mainly used to warm the inlet water. In fact, the
highest energy consumption in this interval takes place at the peak of water demand. On the
contrary, at midday, the water consumption is not significative and thus, this energy is
intended to increase the water temperature inside the tank from 60 °C to 83 °C, considering
multiple favorable conditions such as the greater availability of energy coming from the PV
system, the high ambient temperature as well as the amount of charge already stored in the
ESS. This temperature increment enables to face the future water drawn acts, which is a
desirable strategy in response to DR events as it is the presence of high market prices in this
interval. Later, the temperature slowly falls up to 60 °C at 20:00 due to the water consumption
and remains constant the rest of the day.

The ESS shows a clear policy based on the energy price (red line in Figure 3. 6 d) and
PV production. The initial SOC was set to 50% and quickly decreases to supply the non-
shiftable power until 02:00 reaching almost 39% in a high-priced environment. Afterward,
the off-peak of the prices can be found and P.¢,(t) go up as fast as possible (due to the slope
of P, (t) matches to dPI1%*) to retrieve some charge previously lost, which is equivalent to
shift the amount of energy that belongs to B, (t), from the beginning of the day to the off-
peak interval. During this interval P, (t) is supplied by means of the main grid. At 04:30 the
SOC drops again to repeat the same process with B,.(t) and reaches the minimum value
allowed (35%) at 08:00. Once here, the PV system begins to inject power that goes directly
to the ESS resulting in a charging process that carries the SOC from 35% to 65% to address
the SA consumption with the help of P,,(t) during the most expensive interval (12:00-
15:00). The rest of time follows the same principle as explained above: Charge process in
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3. A novel direct load control testbed for smart appliances

presence of the second off-peak of the price (15:00-17:30) and subsequent discharge to
supply both the tumble drier and the non-shiftable power (17:30-00:00).

— Ppv(t) — Pns(t)
~— Psa(t) — fpv(t) 1

3

L
]

N
]

Power (kW)
T

. JJ i
0 — J ik
T I 1 'I T I 1 '| T I 1 I T 'I T [ 1 T I 1 | 1
0o 2 4 6 8 10 12 14 16 18 20 22 24
Time (h)
a)
T __ 120 3
RS | [ Xwh(t)*Pnwh — Twh(t) — Tamb(t) — th(t)) I
88 % _wa\\Nw,_ ’ §
o g ] LT
20 g
©T 40 10
= ] i
§ 2
|_ 0 T I T I T I T I Ll I T I T I T I T I T I T I I 0
0o 2 4 6 8 10 12 14 16 18 20 22 24
Time (h)
b)
70
X
3 g
= @
o) 50 G
= kS
o 40 ©
8
w
_2 T I L] I 1 I Ll I L] I I I L] I T I I I L] I I I L 30
012 =
2
3 0115 G
= 8
= 011 8
2 s
o]
o 0105 &
[}
j
01 W
Time (h)
d)

Figure 3. 6. Optimization results using tariff A: a) Power injected by the PV system, smart appliances
consumption, non-shiftable consumption, and PV production, b) Electric water heater performance:
Consumption, ambient and water temperature as well as hot water demand, ¢) energy storage system
performance: Power and state of charge, and d) total consumption from the utility and energy prices.
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The total energy exported and imported by the system was 3.89 and 3.00 kWh
respectively. Another important detail is the effect of dP;s™* over P, (t): Previous tests were
done with a more relaxed value prove that a larger amount of the EWH energy can be
absorbed by ESS as this would enable better tracking of demands with higher ratios of
change. Finally, in Figure 3. 6 d) the hourly prices and the main grid consumption can be
found. The foregoing description of this case is also reflected in P, (t) and makes it possible

the main objective of avoiding and capitalizing the peak and off-peak of Pr(t) respectively.
The daily price for this case was 1.80 € with a total demand of energy that almost achieves
16.10 kWh.

For the following case, the configuration for the SA has been set as follows: Washing
machine fixed at 10:00, tumble dryer scheduled from 12:00 to 20:00 and dishwasher
scheduled from 14:00 to 19:00.

Figure 3. 7 a) (blue line) shows how the model has decided to launch the dishwasher
and tumble drier at the lower limit of the scheduling period which allows the system benefits
from the PV production (depicted in orange and kept constant from the previous case) and
the ESS that also supplies part of this consumption, especially after 13:00, where the prices
are much higher than in the previous half. The washing machine operates at 10:00 as
expected. The PV production is not fully intended to be injected into the system (just 9.96
of 10.65 kWh) as is evidenced by B,,(t), in green, and which also took place in the case
above. With respect to the non-shiftable demand, the previous part corresponding to the
stand-by consumption has been used, including the demand of the washing machine at 10:00.

Both the ESS and EWH have similar behaviors with respect to the previous case but
with some exceptions. Figure 3. 7 b) shows the performance of the EWH under the same
assumptions as of the first case (water demand, ambient temperature, water temperature
limits, and initial conditions) although the temperature increment begins one hour earlier and
is more progressive. Furthermore, the temperature rises at one of the peaks of the water
demand while the water was warmed up before this maximum in the first case. The ESS also
performs similar, which evidences the PV production has a higher weight in its behavior
than the energy price. Moreover, with respect to Pr(t), it is more important the shape of the
function, concretely the maxima and minima location, than the absolute values. The energy
exported and imported in this case reaches 3.45 and 2.55 kWh. Finally, Figure 3. 7 d)
introduces the prices, that splits the day in two well-defined half, and the consumption from
the main grid where the most consumption is located in the cheapest region as desired and
entails an amount of 15.75 kwWh (11.8 kWh from 23:00 to 13:00 compared to 3.95 kWh the
rest of time). The daily price was 1.30 €.

Once these previous cases have been presented, Table 3. 2 summarizes the results.
Obviously, case 2 achieves a better performance with respect to the objective function and
thus, tariff DHA enables to more efficient utilization of elements such as DER and ESS in
presence of thermal loads that contribute to the flexibility of the system as in this case the
EWH.

Table 3. 2. Result summary.

ESS PV Main Grid
Imported Exported Injected Energy Energy Obijective
Case energy energy energy production imported function:
(kWh) (kWh) (kWh) (kWh) (kWh) Price (€)
Case 1: Tariff A 3.00 3.89 9.78 10.65 16.10 1.80
Case 2: Tariff DHA  2.55 3.45 9.96 10.65 15.75 1.30
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Figure 3. 7. Optimization results using tariff DHA: a) Power injected by the PV system, smart appliances
consumption, non-shiftable consumption, and PV production, b) Electric water heater performance:
Consumption, ambient and water temperature as well as hot water demand, c) ESS performance: Power and
state of charge and d) total consumption from the utility and energy prices.
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3.6. Conclusions and future work

In the current context of increasing energy use in the residential environment, where most
consumption comes from the SA use, the employment of DR policies is essential to deal
with this type of loads through a DLC paradigm with the goal of reaching higher efficient
management of the energy resources. This paper has proposed an original architecture that
supports research and development and integrates tools that are very diverse and
complementary aiming to develop a platform that brings together the best features of all of
them, such as the high mathematical performance of GAMS, the accuracy of the weather
forecasting applications as well as the flexibility of LabVIEW as the linking tool. Later both
cases studies have been carried out to prove the high capabilities of the testbed with
successful results, placing the adopted solution as an attractive alternative towards a higher
energy performance dwelling ambient.

Finally, as future work, the authors leave the real-time control of the DER, ESS, and
loads in the primary and secondary control of a real MG. In this context, the developed
platform would perform as a day-ahead demand scheduler in the tertiary control although
additional communication channels would need to be deployed to enable the interface with
the lower hierarchical level. Furthermore, the mathematical model written in GAMS and
thus the developed DLL would also have to be adapted to the MG needs, however, due to
the reconfigurable nature of the system, this would not take more than a few minutes. Hence,
this platform could be migrated to be used in a real microgrid expecting the same
performance, but these considerations must be deemed.
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Abstract

In glass furnace boosting, particularly in the tin bath and annealing Lehr heating systems,
an AC-AC power converter is normally employed by the industry. This Triac-based
converter driven by integral cycle control (ICC) is employed to provide highly accurate
power to the resistive heating elements distributed into the furnace. The advantages of ICC
include low inrush current and increased reliability; although its impact on power quality
(PQ), due to the subharmonic distortion produced, is significant. While different strategies
for energy demand management have been implemented to date, they have not adequately
addressed this PQ issue. Thus, the goal of this research is to establish an optimal electrical
load scheduling strategy considering criteria about PQ and thermal behavior through a
mixed-binary quadratic programming (MBQP) problem which exploits the ICC advantages
avoiding PQ degradation.
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4.1. Introduction

The glass industry is a well-established industry that manufactures a wide variety of
products, including food and beverage containers, fiberglass insulation, windows for cars
and buildings, video screens, kitchen utensils, and light bulbs. Glass production can be
divided into six primary sectors: container glass, flat glass, domestic glass, special glass,
continuous filament fiberglass, and insulating glass wool. Although the diversity of glass
products, with different properties and characteristics, involves different manufacturing
processes, practically all glass plants provide for five basic steps: (a) raw material selection,
(b) batch preparation (i.e. weighing and mixing), (c) melting and refining, (d) conditioning
and forming (e.g. in a flotation bath) and (e) post-treatment (i.e. annealing, tempering,
coating, drilled or polished). The glass industry relies on electricity and natural gas to meet
most of its energy needs. Glass melting consumes most of the energy of all production
processes, and is done using natural gas, a combination of natural gas and electricity (electric
boosting), or all electricity[1], although other alternatives are also being proposed[2]. Each
glass sector has its specificity and manufacturing process, but the glass melting process is
common to all-glass sectors. This physical process involves raw materials, energy, and state-
of-the-art manufacturing facilities. As a result, the glass industries have an excellent track
record in reducing energy needs and the associated CO». Thus, in recent decades, the energy
intensity of glass manufacturing was reduced by 77% and CO2 emissions by 50%, even as
production increased[3]. Continued efforts in process innovation are essential to increase
reduction in energy consumption. Future trends for the glass sector are still unclear, but,
increasingly, fossil fuel-based furnaces are boosted electrically. The electric furnaces are
built as a box-shaped container lined with refractory materials. Electrodes are inserted from
the top or bottom of the furnace and energy is supplied by resistance heating while the current
flows through the molten glass. The raw materials are usually fed in a layer at the top of the
bath so that they slowly melt inside. The thermal efficiency of electric furnaces is two to
three times higher than that of fossil fuel-fired furnaces. This recent paper [4] discusses the
opportunities and limitations of all-electric melting furnaces to produce glass containers.
Such innovation would not only benefit the glass industries themselves but for all
downstream industries and help ensure a smooth transition to a low-carbon economy.

1)

==
[ &
Batch preparation Melting furnace Float bath  Annealing Lerth Cutting Glass Stacking

Figure 4. 1. Glass pane melting process.

4.2. State of the art review

One of the most representative examples of this industry, and where our research could be
applied with great advantages, is float glass manufacturing. The float glass process, invented
by Sir Alastair Pilkington in 1952 [5], allows the manufacture of clear, tinted and coated
glass for buildings, and clear and tinted glass for vehicles. The basic physics of the
continuously operating fuel-fired furnaces supplemented with electric boosting is analyzed
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in [6] This paper aims to provide glass manufacturers with a tool to monitor, compare, and
optimize furnace performance through retrospective analysis of daily production data, as
well as to provide guidelines for furnace construction. The integrated glass furnace model of
combustion space and glass tank is established in [7] to analyze the float glass melting at
the furnaces with or without electric boosting. It has been found that with the optimal design
of the electric boosting system, better glass melting quality, more homogenization, and
increased melting efficiency would be achieved. The paper [8] [simulates float glass furnaces
with a higher melting capacity by increasing the fuel supply and including electric boosting.
The temperature distribution, heat flow from the combustion chamber to the glass tank, and
the flow patterns of the glass are evaluated. As shown in Figure 4. 1, while electrical heating
systems found in glass furnace boosting can employ other power converters, in a tin bath
and annealing lehr heating systems a triac-based AC-AC voltage converter is normally
employed. The triac is made up of two antiparallel connected thyristors, allowing a
bidirectional current. In [9] figures 5 and 6 show typical schematic diagrams employed. In
these figures, each AC-AC converter may be directly coupled through an electrode pair to
glass loads at voltages of 1000 V or less or coupled by a transformer to supply voltages of
600 V or less, typically providing around 400 kVVA to the furnace. This converter is used to
provide continuous phase-angle control of voltages to the glass load or the primary of a
transformer connected to the glass load. It may also supply time-proportioned bursts of full
cycles of the supply voltage (also called on/off control, zero-crossing control mode, or
integral cycle control, ICC) to resistance heaters supplying radiant heat to the glass. Besides
this full-wave ICC, there are other complementary control methods like half-wave control,
soft-starts, and soft-downs.

The phase-angle controller produces low-order integer harmonics, and heavy inrush
currents while switching on in a cold start. In contrast, the advantages of the ICC include
low inrush current and increased reliability (as the device is switched on at zero voltage and
current), easy construction, and low hardware cost. However, they produce frequencies
which are non-integer multiple and below the fundamental of the mains under consideration,
so-called subharmonics. Undoubtedly the main disadvantage of the ICC furnaces regarding
the impact on power quality (PQ) is subharmonics [10]. This impact can become more severe
in multiple triac-controlled applications such as tin bath heating or annealing lehr when
driving numerous heating electrodes distributed over multiple heating zones. These systems
can easily contain more than 40 zones running at different power levels and variable set
points. Moreover, if not properly supervised, this may lead to large uncontrolled peaks of
power.

The harmonics and interharmonics of a waveform can be mathematically defined in
terms of spectral components in a quasi-steady state over a range of frequencies. Harmonics
are spectral components at an integer multiple frequencies of the system fundamental
frequency, and interharmonics at frequencies that are not integer multiple. However,
subharmonics belong to a special class of interharmonics where frequency components in
voltage and current waveforms are less than power system frequency [11]. IEC 61000-4-7
and other PQ international standards define methods to measure harmonics and
interharmonics in power systems, but at present, there is neither an official definition of this
concept nor a standard method to measure subharmonics. The main problem is that the
frequency range up to 100 Hz remains very sensitive to spectral leakage problems caused by
an also small error in synchronization [12].

Compared to harmonics and interharmonics, subharmonics present a much more
serious problem in practice as they cannot readily be filtered. Further, they are responsible
for an excessive flow of subharmonic current causing e.g. a low frequency pulsating torque
in motor drives. Some of the most significant effects of power system subharmonics on
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lighting systems, transformers, induction motors, and turbogenerators are reported in [10].
The PQ impact of different switching strategies of ICC has been studied in detail in [13]. As
in other applications, when it comes to further reducing harmonic distortion, techniques
based on the PWM AC chopper controller can be used [14][15][16], this choice has been
accomplished in [17]. However, the most important suppliers of automation and process
control for the thermal treatment industry have preferred to innovate by taking advantage of
the distributed characteristics of the heating process itself and the maturity of the ICC, thus
adopting a "divide and conquer” strategy [18][19]. So, instead of choosing a local and
independent controller for each heating element, a coordinated supervisory control with load
balancing and shedding functionality was adopted in [20] and improved in [21]. Definitively,
they have applied a heuristic strategy of energy demand management through shaving
peaks[22][23] but they have not addressed particularly the PQ issue, nor the subharmonic
content.

Thus, against this background, the main objective of this research is to establish an
optimal, and scientifically justified strategy, through a mixed-binary quadratic programming
(MBQP) problem. While similar approaches like mixed-integer nonlinear programming
formulations have been used for the optimization of other energy applications [24], to our
knowledge, it has never been used in the industry of glass melting to achieve a PQ
improvement, especially in the subharmonic content. This paper is a thorough revision of
the previous conference paper [25], as the section materials and methods has been updated,
including the mathematical background and a detailed formulation of the problem, as well
as an extension of the thermal considerations. Additionally, the results section has been
unfolded in two new case studies. The remainder of the paper is organized as follows:
Section Il is devoted to materials and methods, including the mathematical background, the
thermal considerations, the problem formulation as well as the description of the hardware
implemented. Results are included in Section Il and Section IV puts forward several
conclusions.

4.3. Materials and methods

4.3.1. Laboratory setup

Figure 4. 2 shows the scenario where the tests were carried out. To measure the current
waveform and analyze its power profile and frequency emissions, a Pearson current probe
model 411 was used. This current probe has a transfer ratio of 200 mV/A with a higher 3 dB
cut-off frequency at 20 MHz and the low cut-off at 1 Hz. The instrument used to acquire and
store these measurements was the 12-bit resolution Yokogawa DL50E oscilloscope and data-
logger. Moreover, the Tektronix MDO3024 oscilloscope was also used in parallel to
compute the spectrum of the current as will be shown in section I11. Both devices were used
with 1 MS/s sampling frequency by acquiring a window length of 1 MS resulting in 1-Hz
frequency resolution. The latter must always be lower than the distance between
interharmonics in the Fourier analysis to be able to distinguish each of them correctly.
Moreover, the Agilent E3631A DC power supply was used to provide the necessary input
voltage for each power converter as well as a laptop equipped with LabVIEW where the
communications with each power controller are executed. The software GAMS (General
Algebraic Modeling System) linked to LabVIEW as was described in [26] has also been
used to solve the optimization problem proposed in subsection B.
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PC with LabVIEW
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Power controllers
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Figure 4. 2. Laboratory setup.

Finally, for laboratory testing, the prototype shown in Figure 4. 3 has been developed
with several single-phase power converters based on the first of the abovementioned
topologies in [9] and also [21].

@ an Power grid
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Figure 4. 3. Developed prototype.

Additionally, such devices also include an EIA-485 interface that performs
synchronization tasks between the master and the slave converters and ensures that all
triggering signals have a common time origin and thus, also take place within the same
modulation period N. According to this protocol, the master node sends a synchronism frame
in the last cycle of the modulation period to order the rest of the nodes to start a new one
after receiving this message. Meanwhile, each slave is listening to the bus until a new
message is received. It is important to emphasize that these prototypes detect the voltage
zero crossings by using an optocoupled purpose-built circuit for synchronization whereby
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the cycles along N can be easily identified by counting zero crossings. Converters also
integrate the output driver that triggers the power switch.

At the same time, this group of power converters and the GAMS optimization engine
linked to LabVIEW are connected through an MQTT network. In this way, each power
converter behaves completely dependent on the LabVIEW client that sends to each prototype
the number of cycles within the modulation period and the trigger pattern of the main power
switch within N after execution.

4.3.2. Mathematical background

The mathematical formulation which supports the developed strategy from the PQ point of
view is shown in this section. While the following formulation would be easily extrapolated
to inductive loads, as this paper is devoted to the electric boosting, it is focused on resistive
loads, which is what electrodes immersed in the molten material ultimately are.

First, as shown in Figure 4. 4, if T, is the period corresponding to the mains supply
voltage, for a full modulation period T, i,,(t) is the current obtained when applying the ICC
to a resistive load j of nominal active power P; with the lowest energy delivery. The

modulation period can also be expressed as the number of full cycles of the mains supply,
N.

ip(f) A
f
P
| Ly
L\
('r' l ‘f

' o =\) | >
| | |
| | |
! Ty =N Te | Te I
< g >l

Figure 4. 4. Primitive current waveform.

As the current i, (t) corresponds to the minimum energy that can be supplied to a load
j, any other i;(¢) obtained by the ICC could be expressed by a finite sum of this primitive
current, with different time delays, as (4. 1) shows. Where §; € {0, 1} are logical variables
that indicate the state of the main switch at each i-position. In this sense, i;(t) would be fully
characterized by i, (t) and by the group of values §;...6y.

N
() = Z 8 iyt — (i — DT,] (4.1)
i=1

Therefore, the following steps will be related to the study of i, (¢). Concretely, this

current will be analyzed in the frequency domain by using the Fourier series as a well-known
tool for characterizing periodical waveforms. From Figure 4. 4, with the appropriate
reference, i,,(¢) is an odd function, therefore it can be expressed just with sine terms.

72



4.3. Materials and methods

T,
P_A (7 5B .
by = — -2 (—) sin(2rtft) sin(2refht) dt
Tp J, v
2V/2P; sin(mh (4.2)
(2v2; sin(mh) ) h#1
pi = | TNV(RZ = 1)
n _2V2P;sin(mh) 2P, ~
R INV(RZ—1) NV T

The variation of their coefficients b; to the harmonic index h is a piecewise function
given by (4. 2), where f is the mains frequency. This harmonic index must take integer
values of 1/N which means that, theoretically, the spectrum of any current generated by
combining several shifted primitive currents i,(¢t) will have only subharmonics,

interharmonics and the fundamental component since the coefficients b;, take the value zero
with integer multiples of A but the unity.

Once i,,(t) is characterized in the frequency domain, i;(t) in (4. 1) could be rewritten
in (4. 3) in terms of each frequency component to be i(t), which includes all the loads
involved in the scheduling process, L. In this regard, let us define I, and ¢, in (4. 4) and (4.
5) as the magnitude (RMS value) of each frequency component and its phase angle
respectively, as well as extend §; to 6{ € {0, 1} for each load j. Moreover, I, has been
obtained regarding its vertical and horizontal components I and I} as it is shown in (4. 6)
and (4. 7) respectively. Note that both projections of I, are computed considering the
contribution of each load j at each position i where the angular distance 2mh refers to the
angle between contiguous components. That is, if the lowest frequency component, h =
1/N, in the Fourier analysis is considered to have a period of 2w, its components will be
spaced an angular distance of 27t /N and therefore any other whose harmonic index is h, will
be spaced 2mh.

oo

i(t) = 2 V2 I, sin(2nfht — ¢p,) (4.3)
h=1
B=1"+17° (4. 4)
Iq
op = tan‘1< h Ip> (4.5)
h
N L b’]l .
19 = Z sin(2mhi) Z <—> 5! (4. 6)
i=1 =1 V2
N L b’]l .
If; = Z cos(2mhi) (—) 61.] (4.7)
i=1 j=1 V2
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Without any loss of generality, Figure 4. 5 shows an example of the complex plane for
N = 5and h = 1/N to explain graphically how I, is found and its relationship with the rest
of the variables.

Imaginary axis

Real axis

—lp

L . | A L (ﬁ J
> (%) 28

1

Figure 4. 5. An example of a complex plane for N = 5 and h = 1/N to show how the resultant component is
built.

4.3.3. Thermal considerations

It is relevant to introduce and discuss several details from the thermal point of view. In this
application, where end loads will be power electrodes of the melting furnaces, the power
converter must be able to provide the energy as uniform as possible because the steady-state
temperature ripple is a sensitive aspect to be considered, particularly the impact that cycles'
distribution has on it [27], [28]. In this work, ICC is used to control the supplied energy,
however, this technique may cause a large ripple due to this intermittent power flow to the
load. Therefore, there are periods where energy consumption is the nominal one as well as
periods with zero energy consumption, causing temperature fluctuations around the mean.
As for the relationship between instantaneous heat flow and temperature difference with
ambient temperature, this is because its behavior can be expressed as a first-order model [8].
As a result, if the input is considered as a power pulse train, the output will vary
exponentially around the set point. This PQ strategy should thus schedule this output cycle
pattern for each load aiming to keep the temperature ripple to a minimum.

Currently, ICC is widely used in heating applications and, in this sense, different
techniques to dispense the cycles along the period have been developed from a thermal point
of view. The quality of these techniques is often measured by comparison with the regular

distribution where each cycle is allocated at positions 6, given by (4. 8) where a; is the
number of active cycles to be distributed in N, and k denotes each cycle among the ;. Notice
that all cycles are regularly distributed for any combination of parameters, however, it can
only be implemented when «; divides N as during these instants the position of the cycles

matches and thus 9,{ can be expressed as an integer number.
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i N
9,§:k(—>, k€{0,1..a;—1} (4.8)
aj
A more sophisticated approach described in [29] is the so-called accumulator-based
method which achieves the best feasible distribution. This technique optimally computes the
position of each cycle as shown in (4. 9) to avoid a fractional index 9,{ adding new
advantages. When «; divides N the output cycles pattern is the same that the previous
technique: Cycles are regularly distributed. Nevertheless, when this condition is not met, the
output pattern must be implemented by allowing some level of irregularities related to the
distance between contiguous active cycles. In this scenario, (4. 9) ensures that this magnitude
is kept to a minimum value as the difference between the minimum and the maximum
distances, in cycles, resulting in a unity value between active cycles. Furthermore, by
distributing cycles as regularly as possible, the lowest frequency component in Fourier
analysis is as high as possible, meaning that low-frequency ripple in the temperature is also
minimized.

. N
6] = round <k a_>' kef0,1..a;—1} (4.9)
j

4.3.4.Problem formulation

Once these two previous aspects have been properly established, this section proposes an
MBQP problem in (4. 10)-(4. 12) to approach both PQ improvement and temperature ripple
minimization based on (4. 9). The cost function Jg,;, is given by (4. 10) and refers to the
energy present in the subharmonic range, that is, the sum of 17 for all harmonic orders below
the unity (h < 1). Equation (4. 11) is a power constraint. It is well-known that the power
delivered to the load in ICC systems is controlled by varying the number of active cycles q;
along the modulation period. Concretely, this power, per unit, is given by the ratio «; /N,
however, this output power varies according to the resolution, which means that there will
be set points that would not be reached as they are not integer multiples from the latter. Thus,
a; will be found as the nearest integer to the term within the rounding function, where 13.“’

is the power setpoint for each load ;.

N=1/y 2 j ?

N L b-’ .
2, Z <\/—%> 87 cos(2mhi) (4.10)

j=1

L

subject to:
N sp
; P vPP < P;
z 8! = a;j = round (N ]—) ;o= (4.11)
i=1 P Vi
100 % Vjla; # 0
j j
a; 26! ZY Vi=6] (4.12)
j k
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Finally, (4. 12) must be understood as a goal in this multi-objective context: PQ and
thermal behavior improvement. It is in charge of modulating the weight of the accumulator-
based distribution where y = 100 % forces the most regular distribution of (4. 9) and y =
0 % prioritizes the PQ objective in the problem. Broadly speaking, this constraint ensures
that at least the fraction y of a; is in the positions given by (4. 9).

4.4. Results and discussion

This section aims to validate and evaluate the performance of the proposed MBQP problem
and the developed hardware. To this aim, several indices such as the total power factor
(TPF), computed as the ratio between the fundamental of the current and the RMS, and the
total subharmonic content (TSC), computed as the ratio between the energy present in
frequencies below 50 Hz (Js,,;) and the fundamental of the current, as well as some statistical
parameters as mean and standard deviation are provided. The fit between the optimal cycles
and the accumulator-based scheduling as well as the current spectrum and aggregated power
profiles are also shown. The methodology adopted can be summarized as follows: Section
A arises a case study regarding four scenarios of the previously formulated problem with a
randomly generated population of 15 loads while sections B and C were carried out under
the same load conditions (3 loads) but from two different points of views: Some results
issued by the proposed optimization problem are discussed in section B and then the
developed prototype is tested in section C for validation purposes.

4.4.1.Case study 1: A large-scale subharmonic minimization

First of all, Figure 4. 6 introduces the dataset to be employed in this section consisting of 15
different loads (L = 15). This dataset was generated by a random uniform distribution with
nominal powers ranging from 0.4 to 1.0 pu. In the case of the power setpoints, each load j
works with a power between zero and its nominal value which is also generated by a random
uniform distribution. The deemed baseline was 500 kW.

1.6

19 (. Nominal powers Pj . Power set points ]

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Loads j

Figure 4. 6. Nominal powers and setpoints dataset to be used in the case studies.

Moreover, to reproduce very close conditions to those of the industry [22], a voltage
level of V' = 230 VV was considered resulting in a fundamental component of the current of
0.548 pu (12.23 kA) which remains constant in both cases as the fundamental component is
just in charge of delivering the total active power requested and this is also kept constant as
the constraint (4. 11) indicates. Consequently, the mean value of the power profile is also
constant in all cases, 0.548 pu (2.81 MW), corresponding to the total active power given by
the product between IV and the fundamental of the current. Similarly, the considered baseline
for aggregated magnitudes as the total current or power was 22.31 kA and 5.12 MW
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respectively, corresponding to the maximum values that may be reached according to the
loads’ population generated. Before describing the results issued by the proposed problem,
loads from this dataset have been scheduled by the conventional ICC and accumulator-based
techniques using a modulation period of 10 cycles (N = 10) to plot in Figure 4. 7 the current
spectrum (a), removing the fundamental component for better visualization, the percentage
of fit with the accumulator-based scheduling (per load) (b), and the scheduled power profile
(c), for comparison purposes. Note that the spectrum in Figure 4. 7 a) has components that
are spaced f /N, that is, 5 Hz in this case.
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Figure 4. 7. Results for the ICC and accumulator-based methods (case study 1): a) Current spectrum (without
the fundamental component), b) percentage of fit for each load in the ICC method and c) aggregated power
profile.

As expected, when conventional ICC is employed, results are much poorer than in the
accumulator-based method in several aspects that will be now described. For example, in
terms of the subharmonic current spectrum, ICC shows higher magnitudes reaching up to
44.94 % @ 45 Hz (h = 0.9) of the fundamental while in the accumulator-based method the
highest component reaches 19.41 % @ 30 Hz (h = 0.6). The energy presents in subharmonic
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components is also higher in the results issued by ICC (TSC 43.21 %) compared to the
accumulator-based method (TSC 28.70 %). Furthermore, it can be seen that the energy
presents in non-fundamental harmonics with ICC is higher than in the accumulator-based
method, which is supported by both TPF, 0.8228, and 0.9384 respectively.

The percentage of fit with the distribution given by (4. 9) has been plotted in Figure 4.
7 b) just for ICC as the distribution of the cycles for each load using the accumulator-based
method is the reference case, giving 100 % in all cases. Traditional ICC reports a rate of fit
in the range 33.33-100 % (although with other power setpoints can even reach 0 %) which
Is quite low and as a consequence, cannot be modulated due to its nature.

It is also possible to see in Figure 4. 7 c¢) the scheduled profile in both considered cases
where the power profile corresponding to the ICC shows power peaks of up to 1.0 pu
representing an increment of 82.20 % to the mean value (0.548 pu). The standard deviation
(SD) of the distribution of 15 loads with a modulation period of 10 cycles reaches 0.398 pu
in conventional ICC, showing that the values are spread out over a wide range over the mean
value. For the accumulator-based technique, these values remain almost constant, except for
the SD, showing a lower value than ICC, 0.213 pu as can be seen from Figure 4. 7 c¢), where
the power profile shows less deviation to the average (0.548 pu). Besides the inefficient PQ
results of both methods, these power distributions cannot be assumed by this energy-
intensive industry, where the occurrence of high-power peaks could lead to high financial
penalties on the electricity bill. The previous results show the comparison between
traditional methods, however, Figure 4. 8 depicts the results when the abovementioned
dataset (see Figure 4. 6) is used as an input of the proposed MBQP problem formulated in
(4. 10)-(4. 12). The solver GAMS was used running inside an Intel ® Core ™ i5-6300HQ
CPU @ 2.3 GHz. The execution time was approximately 3.76 s in each scenario.

To study the distribution of the cycles and their impact on PQ, four scenarios have
been proposed for all case studies, for which y will be 0 %, 50 %, 60 %, and 80 %
respectively. As can be seen, scenarios 1 and 2 are very similar, even for an increase of 50
%. On the other hand, in scenarios 3 and 4, for an increase in y of 20 %, the difference is
remarkable. The spectrum is shown in Figure 4. 8 a). Although a substantial degradation
between scenarios is noted as the proposed PQ indices TPF and TSC report, these results are
much better than in the traditional ICC and accumulator-based scheduling (see the
differences in vertical scale between Figure 4. 7 a) and Figure 4. 8 a)). In scenarios 4 and 3
the highest magnitude within subharmonic range reaches 17.20 % and 11.17 % @ 30 Hz
(h = 0.6), while in the other scenarios is below 2 % of the fundamental (1.80 % and 1.68 %
@ 35 Hz or h = 0.7 respectively in scenarios 2 and 1). These results are significantly better
compared to 44.94 % @ 45 Hz (h = 0.9) for the ICC method, or 19.41 % @ 30 Hz (h =
0.6) in the accumulator-based method. Concerning the PQ indices, TSC achieves 22.29 %
and 16.73 % in scenarios 4 and 3 compared to 3.49 % and 2.31 % in scenarios 2 and 1
respectively, which suggests a clear increase in subharmonic content for higher values of y,
as the feasibility region is reduced. However, they are even lower than the TSC in the two
previous methods, 43.21 % in the ICC and 28.70 % in the accumulator-based method. The
TPF drops slightly from scenarios 1 to 4 providing values of 0.9995, 0.9991, 0.9789, and
0.9634 while the ICC and accumulator-based methods reported TPF of 0.8228 and 0.9384
which shows a higher efficiency of the proposed method over the traditional ones.

In Figure 4. 8 b), it can be seen how the last constraint of the problem (12) sets
effectively the minimum degree of fit with the accumulator-based distribution (per load)
leading to scenarios where the worst case, understood as the load with the lowest percentage
of fit and thus the most irregular cycles distribution, provides percentages greater than or
equal to the parameter y. Unlike the results shown in Figure 4. 7, this parameter enables the
MBQP problem to keep this level of irregularity to a certain value. Scenario 1 is in the range
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0-100 %, scenario 2 within 50-100 %, scenario 3 within 66.66-100 % and scenario 4 within
83.33-100 %.
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Figure 4. 8. Results for the proposed MBQP problem in four scenarios of the case study 1: a) Current spectrum
(without the fundamental component), b) percentage of fit for each load and d) aggregated power profile.

Concerning the power profile shown in Figure 4. 8 c), although these scheduled
profiles show signs of worsening from scenarios 1 to 4 as their standard deviations support:
0.023, 0.025, 0.115 and 0.160 pu respectively, results are much better than in case of Figure
4.7, with SD equal to 0.398 in the ICC and 0.213 pu in the accumulator-based method. As
expected according to the SD of each method, the power peaks reached when dispatching
cycles represent other advantage of the proposed technique over the traditional methods:
While the latter is not able to reduce their power peaks from the maximum achievable, 1.0
pu, the proposed one provides power reductions of up to almost the half, 0.577 pu, or 0.853
pu when the thermal factor becomes more important due to y. Finally, Table 4. 1 summarizes
the main results of this case study.
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Table 4. 1. Results summary for case study 1.

Max. Subh. Max. Power

Scenario TPF TSC (%) (%) (ou) SD (pu) Min. fit (%)
Conv. ICC 0.8228 4321 4494 1.0 0.398 33.33
Accu.-based  0.9384 28.70 19.41 1.0 0.213 100

1 0.9995 2.31 1.68 0.577 0.023 0

2 0.9991 3.49 1.80 0.582 0.025 50

3 0.9789 16.73 11.17 0.685 0.115 66.66

4 0.9634 22.29 17.20 0.853 0.160 83.33

4.4.2.Case study 2: A small-scale subharmonic minimization

For validation purposes, this case study considers the loads that will be employed for testing
the laboratory hardware in the subsequent case study. In this regard, the main goal of this
section is to provide the theoretical results from which the experimental ones will be
validated. Three loads (L = 3) of nominal powers 0.307, 0.448, and 1.0 pu, power set points
of 0.123, 0.135, and 0.60 pu, as well as a modulation period of N = 10, has been deemed.
The considered baseline was 78 W for the previous loads as well as 137 W and 595.6 mA
for aggregated magnitudes, which also represents the maximum achievable values. The
execution time is considerably reduced due to the lower number of loads and falls up to 1.27
s in each scenario using the same solver. With this dataset, Figure 4. 9 a) shows the current
spectrum (removing the fundamental component for better visualization) when applying the
conventional methods and the proposed one with y = 50 %. The subharmonics range
contains a large number of components of which the following can be stand out: ICC, 56.87
% @ 45 Hz (171.35 mA), accumulator-based, 42.19 % @ 30 Hz (127.12 mA) and the
proposed method achieves a significant reduction of 75.71 % and 67.27% (13.81 % @ 35
Hz, 41.61 mA) concerning the previous ones. However, a reduction in this frequency
component does not involve less energy in subharmonics range (TSC) as shown in Table 4.
2 (scenarios 1 and 2).

Concerning the TSC, similar behavior can be seen: While traditional methods result in
currents with more than a half of the distortion located in frequencies below to 50 Hz (64.88
% and 59.31 %), this percentage falls up to 22.64 % with the suggested method. The TPF
shows signs of increasing when the proposed method is applied which means that the energy
of non-fundamental harmonics tends to decrease. Concretely, the TPF (0.9625) is improved
by 26.69 % or 18.14 % when regarding the ICC (0.7597) or the accumulator-based (0.8147)
respectively.

As in the previous case study, in terms of dispatching cycles, the proposed
optimization problem also provides a control mechanism by means of y which is depicts
from Figure 4. 9 b): While load with the most irregular distribution reaches 33.33 % of fit in
ICC, the proposed method effectively set the minimum fit to 50 %.

Finally, Figure 4. 9 c) depicts the power profile when the mains cycles are dispatched
by these three methods considered: While the results provided by ICC and accumulator-
based techniques often show positions with powers far from the mean (0.506 pu) reaching
up to 1.0 pu, and therefore result in a high SD (0.433 and 0.360 pu for ICC and accumulator-
based method respectively), the suggested approach successfully achieves the power profile
to be as uniform as possible providing an SD of 0.143 pu and a maximum 0.744 pu which
means a variation of -66.97 and -25.6 % as well as -60.27 and -25.6 % over the conventional
techniques.

Although, Figure 4. 9 only depicts the results for the proposed method when y = 50 %
(scenario 2), in Table 4. 2, more experiments with the same values of y as those considered
in case study 1 have been reported. Notice that the proposed method always provides better
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results than traditional ones and enable furnace zones to operate at different quality levels as
well as reduce the temperature ripple indirectly through the parameter y. Likewise, these
results lead to the accumulator-based ones when y approaches 100 % which also takes place
with the results presented in Table 4. 1.
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Figure 4. 9. Results for ICC and accumulator-based methods as well as the proposed problem with y = 50 %
(scenario 2) in case study 2: a) Current spectrum (without the fundamental component), b) percentage of fit for
each load and d) aggregated power profile.

Table 4. 2. Results summary for case study 2.

Max. Subh. Max. Power

Scenario TPF TSC (%) (%) (pu) SD (pu) Min. fit (%)
Conv. ICC 0.7597 64.88 56.87 1.0 0.433 33.33
Accu.-based  0.8147 59.31 42.19 1.0 0.360 100

1 0.9625 22.46 14.48 0.744 0.143 0

2 0.9625 22.64 13.81 0.744 0.143 50

3 0.9292 32.54 16.71 0.825 0.201 66.66

4 0.8991 39.52 23.87 0.825 0.246 80

81



4. Load scheduling strategy to improve power quality in electric-boosted glass furnaces

4.4.3. Case study 3: Lab testing

A laboratory scale test has been done with the same conditions as the previous case to test
the performance and show the operation of the small-scale prototype described in section I1.
Furthermore, this case study was carried out at the same voltage level as the previous ones,
230 V. Figure 4. 10 shows the current waveform and spectrum taken from the Tektronix
oscilloscope, as well as the corresponding power profile according to the used method in
each case. Two vertical cursors (a, b) in the spectrum quantify the fundamental of the current
(cursor a, which is independent of the method as was stated, in the range 0.487-0.494 pu @
50 Hz (301.3-305.4 mA) while the theoretical one would be 0.506 pu) and the low order
subharmonic (cursor b) representing the highest amplitude in the frequency range below 50
Hz, which varies in magnitude and frequency with the used method as was also seen in the
previous section. Additionally, one modulation period among the 5 acquired has been
highlighted in blue to identify it and show how the three loads are scheduled.

Figure 4. 10 a) shows the results when all power converters operate under the
traditional ICC method. Notice that this technique achieves the highest power ripple as all
loads are scheduled at the beginning of the modulation period and thus, the peak demand
matches the summation of each P;. Hence, ICC provides the poorest power profile and PQ
with TPF, TSC, and peak demand values of 0.7654, 64.52 %, and 1.0 pu respectively. In this
case, the low order subharmonic (cursor b) is located at approximately 45 Hz, reaching 56.86
% of the fundamental (170.6 mA). Moreover, this method also reaches the highest SD, 0.413
pu, and one of the lowest percentages of fit with the regular distribution, 33.33 %, which is
in line with the trends shown in the above case study.

On the other hand, the results produced by the accumulator-based method are shown
in Figure 4. 10 b), which allows a better energy distribution at a local level, so the power
ripple reached is lower than in the previous technique. Despite this advantage, the demand
and PQ of the aggregate current are not enhanced in the same degree, resulting in a TPF,
TSC, and peak demand values of 0.8169, 57.51 %, and 1.0 pu respectively, which is a
moderate improvement compared to the ICC. The peak demand is not improved as it is 1.0
pu as the worst case. Moreover, it is observed in the spectrum that the low order subharmonic
is in this case 42.10 % of the fundamental (126.2 mA @ 30 Hz), lowering the amplitude of
the component and the frequency compared to the ICC method. Concerning the power
distribution, this method provides a lower SD than the traditional ICC as expected (0.344
pu).

The last scenario refers to the proposed MBQP problem for y = 50 %. Figure 4. 10 c)
displays the results where the improvement can be seen graphically due to the low distortion
exhibited by the current and shows better results in terms of power profile and PQ than the
previous methods, providing a TPF of 0.9645, TSC of 21.87 % and power peak of 0.736 pu.
These values describe an improvement of 26.01 %, -66.10 % and -26.4 % as well as 18.07
%, 61.97 % and -26.4 % with respect to the conventional ICC and the accumulator-based
methods respectively. Looking at the spectrum, in this case, the reduction is even more
significant (-76.81 % and 68.71 %), as the low order subharmonic reaches 13.17 % @ 35 Hz
(39.77 mA). Under the proposed optimization problem, the SD (0.133 pu) also decreases by
67.80 % and 61.34 %, compared to the ICC and the accumulator-based method respectively.
Furthermore, the percentage of fit with the regular distribution is kept within the range 50-
100 % as expected. All these results discussed above are reported in Table 4. 3.
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Table 4. 3. Results summary for the experimental results.

. Max. Subh. Max. Min. fit
Scenario TPF TSC (%) (%) Power (pu) SD (pu) (%)
Conv. ICC 0.7654 64.52 56.86 1.0 0.413 33.33
Accu.-based 0.8169 57.51 42.10 1.0 0.344 100
1 0.9627 21.93 14.00 0.736 0.136 0
2 0.9645 21.87 13.17 0.736 0.133 50
3 0.9297 31.96 16.54 0.800 0.191 66.66
4 0.9018 38.13 23.10 0.809 0.233 80

Finally, a comparison table (see Table 4. 4) is included to show the variation of the
experimental results with case study 2 as reference. Notice the small variation in all indices
proposed, especially in the minimum fit which does not show signs of change because the
position of the mains cycles remains constant between both case studies. Therefore, in view
of the successful results, where the maximum variation is around 5 %, the proposed
optimization problem can be validated as an appropriate solution that helps to improve the
energy efficiency in the glass melting process.

Table 4. 4. Results validation with case study 2 as reference.

Scenario TPF TSC (%) ?é'/oa)x Subh. m)?/;(ér (ou SP(PY) ?f/(')r)‘ fit
Conv.ICC  0.750 20.555 1,774 0 ~4.619 0
Accu.-based  0.270 -3.035 -0.213 0 -4.444 0
1 0.021 2.360 -3.365 -1.075 -4.895 0
2 0.208 -3.401 -4.611 -1.075 -6.993 0
3 -0.054 11,782 -0.977 -3.030 -4.975 0
4 -0.300 3517 -3.205 -1.939 -5.284 0

4.5. Conclusions

To improve the glass melting process, increase productivity, improve glass quality and
reduce CO2 emissions, electrical melting is often employed in different stages of the process.
While furnace boosting can employ self-commutated electronic power converters, in tin bath
and annealing lehr heating systems a classical Triac-based AC-AC voltage converter
continued to be normally employed. Although ICC overcome the inefficient low power
factor of the phase angle firing mode, it brings the inconveniences of subharmonics as well
as a high-temperature ripple. What is more, it is needed to avoid any peak power demands
to assure the highest efficiency. Thus, this paper establishes a novel solution derived from
the ICC that offers an MBQP problem to minimize the subharmonic content of the current
waveform and keep the temperature ripple of each furnace zone under control. Finally, the
results provided by the proposed case studies validate this strategy and demonstrate the
improvements over other traditionally adopted methods, which paves the way towards a
more efficient and decarbonized glass-melting sector.
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Abstract

Due to the myriad of loads that are collected into commercial Grid-interactive Efficient
Buildings (GEBs) focused on the industry 4.0 paradigm, it is important to ensure their
proper electrical operation. The power quality (PQ) here requires a granular monitoring
approach, reaching a point where each device connected to the microgrid can diagnose
whether its power supply is optimal. Otherwise, it can participate cooperatively in decision-
making to avoid anomalies or faults in the microgrid. In this work, we present cloud-based
extended functionality to make smart appliances (SA) responsive to the grid, either
autonomously or managed under the open automated demand response (OpenADR)
standard. Further to acting as a switch, the main strength lies in its PQ monitoring via the
Fiware Internet of Things (1oT) platform with data-driven analytics capabilities. It identifies
and even predicts a broad spectrum of electrical disturbances, far exceeding the capabilities
of previous solutions such as the grid-friendly appliance controller, so it is possible to
customize a battery of alarms at will (e.g., according to IEEE 1547 standard). Moreover,
although it can act autonomously, its main mission will be to act in a coordinated manner,
either cooperatively or under the supervision of the GEB Energy Management System
(EMS). Finally, different case studies are presented to show their capabilities. With the
integration of these distributed sub-metering systems, under standards loT wireless
communication protocols, a further step will be taken in the advent of the digital utility
paradigm.
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5.1. Introduction

The market for large household appliances is expected to grow annually by 1.8% (CAGR
2019-2023), reaching 368 billion dollars in 2023 [1]. This increasing pace is being driven by
several trends, such as the expansion of digitization in everyday life, the citizen interest in
sustainability, and the increase in the purchasing power of the average consumer. Meeting
these expectations requires investments and economies of scale, but on the other hand, it can
bring new opportunities for innovation. Thus, in recent years we have witnessed the
appearance and proliferation of SAs. Popularly SAs are recognized for having some
electronic processing capability and wireless connectivity. For example, smart washing
machines can independently regulate the washing powder and the detergent to be used
depending on the weight of the load and the type of fabric. They can also automatically send
alerts when the detergent runs out. However, in the energy field, within the framework of
Smart Grids (SG), the term "smart" refers to those appliances capable of modulating their
electricity demand in response to signal requests from the electrical system. Thus, household
appliances could incorporate different Demand Response (DR) strategies. DR has already
proven to be a resource that the grid operator can use in several ways to provide system
reliability, stability, and security services such as voltage and frequency support. Typically,
DR policies can be divided into direct (explicit DR) through aggregation or virtual power
plants (VPP), or indirect (implicit DR) [2]. Explicit DR (also called incentive-based DR
program) is divided into traditional-based (e.qg., direct load control, interruptible pricing) and
market-based (e.g., emergency DR programs, capacity programs, demand bidding programs,
and ancillary services market programs). On the other hand, implicit DR (sometimes called
price-based DR program) refers to the voluntary program in which consumers are exposed
to time-varying electricity prices, e.g. time-of-use pricing, critical peak pricing, and real-
time pricing. For the appliances, this would materialize into load-shifting strategies, which
shift their operating period from peak to off-peak hours, or load-modulation strategies, which
directly reduce or avoid energy use during peak hours.

In the context of the SG, technological advances that enable demand-side resource
utilization include bilateral grid-device communication, local and centralized smart
controllers, loT-based coordination and negotiation architecture, controlled and
communicated SAs [3]. A different solution is represented by what is known as a grid-
friendly or Grid-Interactive Appliance controller (GIAC) [4], [5]. A GIAC can monitor the
power frequency and shed the appliance after the under-frequency alarm is triggered, to
support the stability of the system. The paper [6] proposes to use appliances equipped with
GIAC to address this issue under the umbrella of the IEEE 1547-compliant inverters [7],
tripping off-line when operating as part of a microgrid in islanded mode. Finally, the paper
[8] introduces a novel approach to establish real-time demand information for a sector of the
distribution network. The proposed approach makes it possible to identify the peak and off-
peak periods, based on the voltage measured at the electrical panel of the end-users’
buildings.

Nowadays in many countries, due to the three electricity tariff periods, and the price
difference between the off-peak time band compared to the peak time, the electricity over
cost when using a normal instead of a responsive appliance is even more visible. As an
example, taking into consideration the consumption of a normal appliance as a washing
machine[9], it is almost twice the price of using this appliance in one- or another-time band.

Thus, the present work aims to design a new controller that combines both approaches
expanding their possibilities: it can act on DR schemes as well as monitor PQ disturbances
for the establishment of a wide and eligible range of alarms and restrictions. The idea is also
to be connected to the appliance and managed by the EMS according to the presented values.
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Based on a previous loT sensor development [10], real-time status information,
configuration, consumption data, and even diagnostic data from the appliances can be
analyzed and recorded while in operation, and simultaneously transferred to the cloud for
machine learning processing.

This paper is a thorough revision of the conference paper [11] focused on PQ that
expands the integration of OpenADR [12], [13] together with the 10T flexible devices and
platform to deploy protective functionalities according to PQ constraints. This is the main
novelty of the present paper, as to our knowledge, there is no previous research combining
them all to provide PQ functionalities supporting the power system under anomalies or
faults.

The rest of this paper is organized as follows: Section 2 presents a review of the loT
and the OpenADR standard employed. Section 3 is devoted to the design of the controller,
including hardware devices employed and their configurations and discussing the
communications environment. The main features of the developed 0T platform are stated
in Section 4 and the tests are then discussed in Section 5. Finally, the conclusions and future
work are reported in Section 6.

5.2. Overview

5.2.1.10T communication protocols

IoT has become one of the most significant trends in the information and communication
technology (ICT) world. IoT applications are proliferating in all industries. Although there
is no universal definition, several authors have provided definitions of the term [14], [15],
[16]. The general idea refers to all those everyday objects connected to the Internet.
Standardization is the current problem with 10T protocols, as there are too many protocols
and aspirants to be standardized. While their consolidation is coming, what is currently being
created is more confusion with each new device that is launched onto the market. There have
been many attempts to review all protocols [17], [18], [19]. In the paper [20], the authors
even name the technologies of the future as the 5G. In [21], the author makes a good attempt
to classify all existing protocols into layers similar to ISO levels of communications. IEEE
802.15.4 and IEEE 802.15.4e are among the most widespread communication protocols:
They define access to the physical layers as well as access control levels for Wireless
Personal Area Networks (WPANSs), and they are mainly used for networks with low
transmission rates and low power consumption. Based on the standard IEEE 802.15.4 of
WPAN, ZigBee is a high-level wireless communication protocol, operating at 2.4 GHz and
its bandwidth is up to 250 kbps, to be used in ultra-low power wireless communications.
LoRaWan [22] is a non-cellular low-power wide-area network (LPWAN) wireless
communication network protocol, particularly intended for low power devices. LoRaWAN
is mainly used within the 10T for connections among devices. Some characteristics are
secure bi-directional, low power consumption, long communication range, low data rates,
low transmission frequency, mobility, and location services. SigFox is also a protocol for
IoT which rewards low power consumption, 12-byte messages are used and are valid for
networks up to 50 km. One of its main advantages is that has compatibility with major
manufacturers in the market. Another option is the use of the existing mobile phone network
itself, like GSM, UMTS or LTE network. The main advantage is that can use a network that
is already in service, while the main disadvantage is the cost of using a network which is not
oriented to low consumption.
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5.2.2.10T data protocols

The most used 0T data protocols today are as follows: Message Queuing Telemetry
Transport (MQTT) (and its variant MQTT-S), Simple Object Access Protocol (SoAP),
Constrained Application Protocol (CoAP), Extensible Messaging and Presence Protocol
(XMPP), and Representational State Transfer (REST).

The MQTT [23] protocol permits an extremely lightweight publication/subscription
messaging model, using Machine to Machine (M2M) communication mainly with a star
network topology. Typically used for bi-directional communications in unreliable networks
and battery-powered devices with low power consumption. The MQTT-S variant is useful
for devices requiring more time on standby mode, allowing up to ten times more scalable
devices.

The SoAP was created by the UserLand company in 1998. It oversees structuring the
message so that it can be sent from or to the server and put into an Extensible Markup
Language (XML) file, an extensible frame language used to store data legibly. As such, it is
not tied to or linked to any programming language. It was highly accepted by companies
when it came to light, but today it competes against other modern languages. SOAP is an
information exchange protocol based on XML, designed for the Internet, and is used to
encrypt information from the requirements of Web Services and respond to messages before
sending them to the network. SOAP uses Web Service Description Language (WSDL) which
Is an independent platform, is an extension of the XML language that stores and locates Web
Service applications.

The CoAP protocol is an improved protocol version from MQTT-S oriented to Web
Services instead of messages as MQTT. It also provides support for integration and content
discovery, sends, and receives UDP packets, and is designed to request and receive
information via the hypertext transfer protocol (HTTP) with methods like GET, PUT, POST,
and DELETE. It also adapts to the node-sensor format with 8-bit controllers and allows the
use of 6loWPAN networks that fragment IPv6 packets into small layer frames.

REST relies on HTTP to exchange information and does not need extra encapsulation
to do so. It is lighter and easier to use but with some limitations. Instead of making requests
encapsulated in an "envelope SOAP" to request a service for which the WSDL is necessary,
in REST the requests are made through the HTTP protocol with GET, POST methods
without the need to encapsulate it. It uses a single communication path between the device
and the cloud and prioritizes Network Address Translation (NAT) address crossing.

XMPP allows an extensive number of uses, including instant messaging or voice and
video calling, redistribution of contents, and generalized routing of XML data. Massive real-
time scalability for approximately 100,000 nodes. It is also used when traffic messages are
large and potentially complex for each device. Also used when extra security is demanded.

5.2.3.0penADR standard

Several studies have been conducted on OpenADR as a communication data model for
automatic DR. For example, the paper [24] introduces a multi-agent system (MAS) that
aggregates consumers and prosumers and handles automatically OpenADR-compliant DR
requests. The proposed framework ensures a 100% DR success rate through a dynamic, bi-
directional DR matchmaking process that can mitigate observed deviations both internally
and externally in real-time. Authors use OpenADR as the standard for encoding and
communicating, e.g., DR events, energy-related reports, and availability schedules.

The paper [25] studies the layered architecture applied to automatic DR systems and
presents an automatic DR hierarchical management system with client-server information
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interaction pair as the basic unit. In the OpenADR framework, the clients and the server are
better known as virtual end nodes (VEN) and virtual top nodes (VTN) respectively, and their
roles will be discussed later. The paper [26] proposes the use of the OpenADR standard
protocol in combination with a Decentralized Permissioned Market Place (DPMP) based on
Blockchain. It shows the result of a real experimental case, which implements a Capacity
Bidding Program (CBP) where the OpenADR protocol is used as a communication method
to control and monitor energy consumption.

However, less attention has been paid to this concept in combination with IoT. One of
the few researchers addresses DR load control in an SG using loT technology [27]. Authors
present the charging control of plug-in electric vehicles in response to real-time pricing from
a utility. The Plug-in Electric Vehicle (PEV) charging is coordinated with real-time pricing
and desired target State of Charge (SOC). Moreover, authors in [12] propose a solution based
on the standard OpenADR, creating a platform based on 10T capable of turning on or off
electrical devices based on a central decision process that meets the requirements of energy
producers and consumers. Another example is found in [28], where an open-source platform
is developed to allow sensing and control of heating, ventilation, and air conditioning
(HVAC), lighting, and plug load controllers in small- and medium-sized commercial
buildings.

5.3. Grid-interactive appliance controller extended functionality

This section describes the proposal of the GIAC shown in Figure 5. 1. According to this
figure, the proposed GIAC includes the prototype board of the 10T PQ sensor besides an
infrastructure based on the OpenADR standard. The following lines will describe both
elements more in-depth: Firstly, the IoT sensor to monitor PQ and, secondly, the
implemented OpenADR infrastructure.

This board includes the input connectors for current (left) and voltage (right) sensing.
The current input circuit is intended to be driven by the split-core current transformer SCT
013-030 of YHDC® with a transfer ratio of 30 A/V and the voltage input is connected
directly to the power grid. According to the signal conditioning circuits, the board can
measure up to 21 A, 460 V, and 9.9 kVA with 2 W maximum power consumption. Moreover,
the board was equipped with the thermistor MCP9700A for monitoring the temperature at
the measurement point.

The signal acquisition is performed by a specific purpose integrated circuit (IC) for
energy measurements. The device selected was the MCP3909. As in previous works [10],
[29], [30], the implemented hardware architecture consists of an ESP32 system-on-chip
(SoC) that retrieves data from the IC through a Serial Peripheral Interface (SPI) bus.
However, in this design, the ESP32 SoC retrieves raw data (current and voltage samples)
rather than traditional PQ indices computed by the IC such as the root mean square (RMS)
values, Powers, total power factors (TPF), or total harmonic distortions (THD). This means
that the workload has been transferred from the IC to the ESP32 SoC aiming to build and
compute custom algorithms and PQ indices from the current and voltage waveforms. The
waveforms are retrieved with 16 bits resolution from the delta-sigma analog to digital
converters (ADCs) at the frequency of 12.8 kHz. As was stated, the ESP32 SoC includes an
SPI bus to retrieve the samples provided by the IC, however, this is not the only
communication interface: Once the data processing is performed over these waveforms,
other communication channels must be set up to connect the board to the infrastructure
detailed in section IV. In our research, the communication protocol involved in the data
transmission was the MQTT protocol due to their lightweight implementation [31] to be
used in low-resources devices with limited bandwidth.
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The primary power source of the prototype is the power grid from which it is collecting
the measurements. To accomplish this, a step-down transformer and a circuit based on a
linear voltage regulator are employed to provide the DC power supply for the ICs. Also, the
board includes an external backup 9 V input that is enabled when the main grid may be
unstable (i.e., voltage sags) and is used to supply the ICs and avoid any disconnection or
reset.

After the hardware description, the firmware architecture involved in obtaining the PQ
indices from the current and voltage samples acquisition to the data transmission is
noteworthy. The ESP32 SoC was equipped with the real-time operating system (RTOS)
FreeRTOS [32] and organized as it is depicted in the task diagram of Figure 5. 2. While task
0 performs and queues the PQ indices, tasks 1, 2, and 3 just wake up when there is available
data within their queues, verify the connection with the MQTT broker to avoid the loss of
data, dequeue the PQ indices from the real-time queues and publish them. Otherwise, the PQ
indices are not dequeued and will therefore be published once the connection is re-
established. In this scenario, the reconnection functions are also triggered.
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Figure 5. 1. GIAC overview.

The interrupt service routine (ISR) is triggered once current and voltage samples are
converted by the ADCs of the IC. Furthermore, this routine fills up a certain buffer with the
previous current and voltage samples and performs the RMS value of the voltage each cycle
of the fundamental. Although this RMS value is not reported to the 10T platform, the device
uses it internally to assess whether a voltage disturbance has occurred or not with a time
response of one cycle of the main grid (approximately 20 ms). If so, the magnitude and
duration of such a voltage disturbance are sent to task 1 using the real-time queue 0. As it is
also evidenced from Figure 5. 2, several real-time queues available in FreeRTOS have been
included for synchronization purposes between tasks according to the time intervals they are
updated. The ISR also uses a wake-up signal to release the highest priority task (task 0)
where the main PQ indices are computed with 10 cycles (approximately 200 ms) as stated
in IEC 61000-4-30 for European networks. According to this standard, there are three-time
aggregation intervals, 150-cycles (3 seconds approximately), 10-min, and 2 hours which are
computed by aggregating these periods of 10 cycles. The device computes the following
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indices: RMS value of the current and voltage; active, reactive, and apparent powers; current
and voltage harmonics (up to 50 order), frequency, TPF, and THD for the voltage and
current, as well as transients as voltage sags and swells (providing, in this case, their
magnitudes and durations), and temperature at the measurement point. All the parameter
magnitudes are 150-cycle aggregated except the voltage disturbances which are
asynchronously reported due to their asynchronous nature. Moreover, RMS voltage and
current values are reported with a 10 min aggregation as well.

RTOS task diagram
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Figure 5. 2. RTOS task diagram.

Finally, OpenADR has been employed through its python implementation
OpenLEADR [33] in this research and has also been deployed over the docker containers
technology together with the 10T platform that will be described in section IV. OpenADR
enables the development of non-proprietary and standardized interfaces that allow
stakeholders in the electricity market (mainly utilities and aggregators) to automatize and
simplify the management of the typical DR resources such as HVAC, lighting, electric water
heaters, pool pumps, and factory equipment among others. OpenADR-based entities can
send signals and exchange information so that other entities can change their electric load
using a common language and the existing communications. As was stated previously in
Section I, entities are organized based on a client-server topology in this standard, where
clients and servers are better known as VEN and VTN respectively, and their functionality
is well-differentiated: The main purpose of VENS is to generate reports that support the VTN
decision-making process, as well as receive and acknowledge events from VTN to control
the demand side energy resources. By contrast, the VTN has a complete diagnosis of the
system whenever it is required thanks to reports delivered by VENSs, and can, therefore,
create and transmit events to manage the energy resources controlled by them after certain
conditions. Although Figure 5. 1 illustrates the most likely case where a GIAC operates as a
VEN, at least one GIAC must operate as a VTN as will be presented in section IV.
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Regarding the reporting functionality, reports will be focused on PQ and therefore,
parameters delivered by VENSs are the same described above for the 10T PQ sensor. These
reports will be scheduled with a period of approximately 3 seconds. On the other hand, a
battery of custom events as well as events based on several standards related to frequency
deviations or voltage disturbances will be configured into the VTN.

5.4. The internet of things platform developed

Once the GIAC has been introduced, the following lines will focus on the loT platform
deployed to collect PQ data to provide monitoring and protective functionality. This Fiware-
based platform is shown in Figure 5. 3 together with the GIACs as well as the laboratory
setup configured for the testing process.
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Figure 5. 3. Block diagram of the loT platform with the GIAC and the laboratory equipment.

At its heart is FIWARE [34] which is an open-source framework that is widely used
to speed up and facilitate the development of customized smart solutions for many sectors
such as smart city, smart industry, or smart energy. Internally, it uses the next-generation
service interface (NGSI) protocol which is aligned with the current ETSI-NGSI
specifications and provides communication interfaces called loT agents for most of the
protocols used in 10T (i.e. MQTT, HTTP, LoRaWAN, or Sigfox) as well as seamless
integration with third-party applications like popular databases or dashboards to promote
interoperability.

For this research, a basic smart solution of six services has been deployed using the
container technology provided by docker [35]. These services include the core of any
FIWARE-based solution which consists of an instance of the MongoDB database and the
so-called orion context broker (OCB) that exchange data through the NGSI protocol as well
as with any other container. While this database stores all the defined entities (understood as
a thing representation), their attributes structure, and the last value of them even other
information related to the relationship between containers, the OCB manages these data.
Besides this core, the well-known MQTT broker mosquito has also been used for connecting
the 10T PQ sensors as well as the 10T agent for the ultralight 2.0 protocol [36] which is the
bridge between the MQTT broker and the OCB to perform the conversion from MQTT to
the NGSI protocol. Moreover, the platform also includes a couple of services in charge of
managing the time series data: CrateDB and Quantumleap. CrateDB is a Structured Query
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Language (SQL) distributed database optimized for large-scale 10T projects which makes it
suitable for this research due to the large amount of data coming from the sensors.
Quantumleap is the connector in charge of persisting the time series data into CrateDB.
Finally, the open-source observability platform for data visualization, monitoring, and
analysis, Grafana, has also been added.

5.5. Protective functionalities provided by the devices

This section aims to evaluate the effectiveness of the deployed platform and GIACs under
several scenarios such as overconsumption, power system frequency deviations, voltage
disturbances as well as the presence of certain harmonics or distortion to take corrective or
protective actions.

As was stated in section I, this research is focused on the PQ aspects of the power grid
and thus, the infrastructure is tested autonomously to evaluate its effectiveness in dealing
with PQ deviations without a controller coordinating its operation. Nevertheless, the
platform is intended to be driven by a decision-making entity located in the upper layer. In
this regard, previous research such as [37], where an EMS for SAs is developed, or [38],
where a load scheduling strategy with PQ constraints is presented, are very suitable for this
purpose.

First of all, before discussing the experimental results, a schematic diagram of the
corrective action taken by the infrastructure at certain PQ deviations will be presented in
Figure 5. 4. Notice that, when power consumption from each load (P) is over the established
limit (B,,..), the VTN receives the corresponding report and generates the power curtailment
event for this load (VEN1 or VEN2) to force it to reduce the consumption up to 98 % of
Pmax. This 2 % hysteresis has been implemented to avoid the VTN is continuously sending
power curtailment events. No corrective action is taken if consumption does not exceed
Pmax. Regarding the power system frequency deviations, the balance between total
generation and consumption would give a situation with constant frequency. However, this
balance might be broken by two reasons: if consumption is over the generation, the
frequency falls, and the other way around, it rises when generation is overconsumption. In
our research, it is assumed that frequency variations are originated by non-flexible loads
while programmable loads 1 and 2 are intended to compensate these deviations according to
the following law: if the frequency is over the upper limit (f,,4x), the consumption of this
load is then increased in a given percentage of its nominal power. Similarly, when the
frequency is below the lower limit (f,,:,), its consumption is decreased by the same
percentage. Otherwise, the consumption remains constant at the level at which the frequency
is within the limit. So that, the presence of the loads leads to changes in frequency. The
values of f,,,,, and f,,i» have been established according to the standard EN50160 [39] as
mentioned below. In case of a voltage disturbance occurrence, the loads will be disconnected
from the programmable source whether there is a voltage disturbance that may cause
permanent damage to it. To evaluate that, limits defined in standards such as IEEE 1547
[40], IEC 61727 [41], IEEE 929 [42], and VDE 0126-1-1 [43] have been employed so that
a voltage disturbance defined with magnitude and duration within the permissible area would
be ignored, otherwise, the load would be disconnected. To deal with the presence of voltage
harmonics, the infrastructure evaluates the voltage THD as detailed in standards EN 50160
and IEEE 519 [44]. Consequently, the loads are disconnected when the measured THD is
over the limits (THD,,,,) defined in such standards. On the other hand, the load returns to
its normal operation when this parameter falls below the value THD,,;, (more restrictive
than those defined in the standards). As mentioned below, the values THD,,,,,, and THD,;,
constitute a hysteresis to ensure that the loads’ reconnection is performed with an acceptable
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voltage quality. Finally, the infrastructure also detects which load may be a source of current
harmonics or distortion and performs a disconnection to ensure the PQ within the grid.
Otherwise, the load behavior is not modified. In this case, the standard IEC 61000-3-2
defines what should or should not be an acceptable current distortion by evaluating the
absolute amplitude of the individual current harmonics (I,). Concretely, the limits (I;,_qx)
defined for SA (class A within the standard) have been employed.
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Figure 5. 4. Schematic diagram of the corrective actions for each PQ deviation.
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Return to normal
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Concerning the experimental results, the test bench of Figure 5. 5 has been employed.
The power system of this laboratory setup includes the programmable power source
California Instruments 3001 iX [45] and the programmable load California Instruments
3091LD [46]. The server Dell PowerEdge R220 connected to the local network was also
used for running the Fiware and OpenADR services, as well as the scripts to control the
programmable source and load for the tests. Moreover, the laboratory setup includes the
prototypes of the 10T PQ sensors (see Figure 5. 1) in charge of collecting the measurements
shown in the results, and the datalogger and oscilloscope Yokogawa DL850E [47] together
with the Pearson 411 [48] current probe for visualization purposes. Finally, the DC power
supply Agilent E3631A [49] was also employed as a backup power supply for these boards.
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Figure 5. 5. Laboratory setup.

5.5.1.Overconsumption

Two tests were accomplished for overconsumption with different power limits, the first test
with different power levels for both loads, and the second test with equal power levels. First,
Figure 5. 6 a) introduces the power consumption profiles used as a reference for both
programmable loads (loads 1 and 2). These 15 minutes dataset was generated as follows:
First, 30 values between 0 and 1.5 kW were randomly generated to ensure that the maximum
power of the programmable source was not exceeded, generating 30 seconds duration steps.
Then, noise from the standard normal distribution with 0.25 kW of standard deviation was
added.

Figure 5. 6 b) depicts the consumption behavior of loads 1 and 2 (blue and orange
lines) when the power limits were set to 1.0 kW and 0.5 kW respectively (see red dashed
lines in the figures). The power measured at the voltage source terminal (green line) is also
shown. As expected, when power consumptions from each load are over those limits, the
load is forced to reduce its consumption up to 98 % of the limit. The power consumption is
not modified if it is below the limit. It is noteworthy to mention that as the GIAC computes
the active power with 150 cycles of aggregation time (see section I11), the corrective actions
appear approximately 3-s after the actual change as seen in the spikes of the power
consumption when it is over the set limits.

Another test was done, keeping, in this case, the same power limit for both loads. In
the case of Figure 5. 6 c), the limit was set to 1.0 kW. Therefore, the power consumption in
load 1 is the same as in the previous test while load 2 is allowed to increase its consumption
0.5 kW more. Likewise, the approximately 3-s response time previously detailed for Figure
5. 6 a) is also complied in this case as it is derived from the figure.
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Figure 5. 6. a) Power profiles employed in the tests as a reference, b) Power consumption when loads 1 and 2
are limited to 1.0 kW and 0.5 kW respectively (Red dashed lines) and c) Power consumption when both loads
are limited to 1.0 kW (Red dashed line).

5.5.2. Power system frequency deviation

Two tests have been carried out for corrective actions related to power system frequency,
more specifically, this test accomplishes with standard EN 50160, where the limits for 99.5
and 100% of the time over a year have been implemented in Figure 5. 7 a) and b): 49.5-50.5
Hz and 47-52 Hz respectively (see red dashed lines that represent f;,,, and f;,.;,) for grid-
connected systems. Although a multitude of PQ disturbances may adversely impact the
power system frequency, most of them do so for a very short time and do not depend on the
demand side (i.e. voltage disturbances). Therefore, this case study is focused on the steady-
state compensation of the frequency deviations by achieving a balance between the total
generation and demand of the system. To do so, a couple of flexible loads were employed to
modulate the total consumption of the system. Furthermore, the dataset shown in Figure 5.
7 (see black line) was considered to emulate the influence of non-flexible loads on the
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frequency. Similar to section A, this dataset was built generating 90 random values varying
from 46 to 54 Hz, creating then 10 seconds duration steps with those values, and then, adding
noise from the standard normal distribution with 0.5 Hz of standard deviation. As a result,
different slopes in the frequency variation have been emulated to test the GIAC under several
conditions. Most of the reported frequencies in real grids are within the limit of 49.5-50.5
Hz, but some points have intentionally been selected to be outside it even reaching 54 Hz or
46 Hz as it has been recorded in a nanogrid in the southern part of Sweden [50]. EN 50160
establishes a larger margin for islanded grids (42.5-57.5 Hz during 100% of the time).

Figure 5. 7 a) shows the first scenario where the permissible region for the frequency
goes from fiin = 47 10 frax = 52 Hz (red dashed lines). Loads 1 and 2 start from 0.2 and
0.5 kW, respectively, and increase their values with a rate of change of 2 % of their nominal
power. Notice that the control rule is successfully applied to compensate the frequency
deviations: From 11:42:30 to 11:43:45 the power consumption of both loads keeps growing
so that when the frequency is over f,,,,, it can be compensated due to the increase in
generation. Something similar but shorter in duration takes place at 11:44:30 and 11:52:15.
On the contrary, the frequency falls below f,,;,, twice: from 11:46:40 to 11:47:30 and from
11:49:50 to 11:50:25, however, the frequency does not keep below the limit within those
intervals which leads to rising the power consumptions with several steps while they keep
falling. For the rest of the test, the frequency is within the limits therefore the power on the
demand side remains constant.
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Figure 5. 7. a) Power consumption for loads 1 and 2 and measured at the source terminal when both loads are
employed to compensate power system frequency deviations (47-52 Hz). b) Power consumption for loads 1
and 2 and measured at the source terminal when both loads are employed to compensate power system
frequency deviations (49.5-50.5 Hz). Red dashed lines are the limits at EN 50160.
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The second scenario is depicted in Figure 5. 7 b) where the permitted region is more
restrictive (finin = 49.5 10 fiax = 50.5 Hz). Accordingly, the power consumption will
suffer more variations compared to the previous scenario. Moreover, the initial power has
been changed to 0.5 kW for both loads and the ratio of change for load 2 has been changed
to 1 %. Note that frequency keeps above fmax from 12:08:15 to 12:10:25 and thus, the power
consumption does rise, however, immediately load 1 reaches its nominal power while load
2 still does not. In this context, load 1 will opt out of the event transmitted by the VTN as
cannot increase its consumption to reach a balance between consumption and generation.
Although the period from 12:17:15 to 12:19:30 is similar, the consumption does not reach
the nominal power. In contrast, this can also happen when the power system frequency drops
below f,,in. Notice the period from 12:11:20 to 12:14:00 in which the nominal power of
load 1 falls up to 0.0 KW and remains constant even when the frequency is still below f,,in
as the disconnection of the power is necessary to keep the frequency.

5.5.3. Voltage disturbances

The voltage disturbances test was performed by generating several voltage sags and swells
with different magnitudes and durations using the programmable voltage source. As in the
previous tests, the main purpose is to check whether the deployed infrastructure can detect
the voltage disturbance events and carry out a certain policy towards the loads.
Nevertheless, a simple test was performed to validate the measurement device before
exposing the whole system to a more complex scenario. In this regard, Figure 5. 8 shows a
screenshot of the Tektronix MD0O3024 oscilloscope with the voltage and current waveforms
of the load fixed at 230 V and 1 A during a test voltage sag (see red and purple waveforms

respectively).
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Figure 5. 8. Load voltage and current, as well as device measurements during a test voltage sag.

These waveforms in the screenshot have been separated in 10-cycle windows (i, i +
1, i + 2) (note that i window is not completed, and two cycles are missing in the left-hand
side of the screenshot) since the device calculates parameter magnitudes over 10-cycle time
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interval according to the abovementioned standards. Below these current and voltage
waveforms, the decoded frame with the measurements from i window sent by the universal
asynchronous receiver transmitter (UART) of the device can be found. It should be
mentioned that measurements include the RMS voltage of each cycle of the window
(VRMSCydel, VRMSCyclez...VRMSCydelO), the duration of the voltage disturbance (if any), and

the power corresponding to this 10-cycles window (Pyqcycies) and appear at approximately

the same time as the next window (i + 1) since the device processes a 10-cycles window
while acquiring the next one. For a more detailed visualization, this communication frame
has been expanded to show the measurements described.

Notice that a voltage sag (160 V and 0.02 s of magnitude and duration) is generated in
the fifth cycle of i window by the programmable power source and consequently, a voltage
sag of 160.95 V and 0.02 s of magnitude and duration respectively was detected by the device
as it is derived from the figure. It is noteworthy that the voltage disturbances detection
algorithm needs to recognize one cycle where RMS voltage is within the range of 90-110 %
of the nominal voltage (230 V in this case) to detect the end of a voltage disturbance, that is
why the sag magnitude and duration do not come together in the frame. Finally, an active
power of 201.79 W for the i window is reported.

Once this device functionality has been validated, Figure 5. 9 shows scenario 1 where
the standards IEEE 1547 and IEC 61727 have been employed as a reference for loads 1 and
2 respectively. Notice that these standards define different admissible limits or regions (see
Figure 5. 9) and thus different criteria for what should or should not be an allowable voltage
disturbance. Consequently, a certain voltage disturbance may cause the disconnection of one
load while the other one remains connected since this voltage disturbance is evaluated
according to different standards for loads 1 and 2.

Figure 5. 9 a) depicts the limits established by such standards (green and red areas for
both standards) and a battery of thirteen voltage disturbances configured for this
experimental test (230.0 V as reference) covering all areas within or outside the limits
(crosses in the figure). While the shaded part denotes the prohibited area defined by one or
both considered standards, and thus, voltage disturbances located here will cause the loads’
disconnection; the remaining blank region between upper and lower limits indicates the
safety area, where no actions are taken. Specifically, the voltage sags and swells have been
configured to test all possible cases in a 10 min test: Load 1 disconnected, load 2
disconnected, none of them disconnected, and both loads disconnected. Those values have
been selected considering the most often registered voltage sags in low voltage networks in
countries reported at [51].

On the other hand, the loads' behavior when these disturbances are applied is depicted
in Figure 5. 9 b). Concretely, both loads were set to a constant power of 0.5 kW for a more
detailed visualization of the protective actions. Four voltage disturbances with 2.3, 2.1, 2.4,
and 1.4 seconds of duration and 60.0, 120.0, 130.0, and 44.8 % of magnitude respectively
led to the disconnection of both loads as they belong to shaded green and red areas and their
durations and magnitudes were measured with less than 0.0 and 1.34 % of error by the
devices. Moreover, five disturbances characterized by 0.75, 1.5, 0.02, 0.2, and 0.24 of
duration and 114.8, 80.0, 80.0, 112.6, and 70.0 % of magnitude respectively did not cause
the disconnection of any load as they belong to the blank area and were identified with less
than 1.34 and 0.572 % of error. Those leading to the disconnection of loads 1 and 2 were
detected correctly and also identified with a maximum error of 0.67 and 0.0 % in magnitude
and duration.
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Figure 5. 9. a) Voltage disturbances configured for scenario 1 and limits defined by standards IEEE 1547 and
IEC 61727. The shaded part denotes the prohibited region. b) Voltage disturbances identified by the GIAC and
power consumption of loads in scenario 1.

Similarly, scenario 2 is depicted in Figure 5. 10, however, the standards IEEE 929-
2000 and VDE 0126-1-1 were employed. Another thirteen voltage disturbances were also
generated and shown in Figure 5. 10 a) to ensure that all possible cases abovementioned
were tested.

The group of three disturbances that caused the disconnection of both loads —see
Figure 5. 10 b)- was detected correctly and is characterized by 2.2, 2.3, and 1.0 seconds of
duration and 70.0, 130.0, and 41.7 % of magnitude respectively. The maximum error was
1.44 and 0.0 % in magnitude and duration in this case. The three voltage disturbances located
in the safety region —blank area- (0.75, 0.04, and 0.1 seconds of duration and 112.2, 84.8,
and 114.8 % of magnitude) did not trigger any protective functionality as expected and were
identified with a maximum error of 1.34 and 0.45 %. Finally, the other seven disturbances
characterized by 2.1, 0.15, 0.5, 2.1, 1.6, 1.4, and 0.35 seconds of duration and 84.8, 44.8,
130.0, 112.2, 74.8, 121.7, and 70 % of magnitude (load 1 or load 2 disconnection) were
successfully recognized and thus the protective functionality was triggered. In this latter
case, the maximum error was 0.67 and 6.7 % in magnitude and duration.
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Figure 5. 10. a) Voltage disturbances configured for scenario 1 and limits defined by standards IEEE 929 and
VDE 0126-1-1. The shaded part denotes the prohibited region. b) Voltage disturbances identified by the GIAC
and power consumption of loads in scenario 2.

5.5.4.Voltage harmonic distortion

The voltage harmonic distortion test is presented in this section. As mentioned above, the
voltage THD is employed to evaluate the voltage distortion (expressed in percentage of the
fundamental). Therefore, the THD profile depicted in Figure 5. 11 (see black line) has been
generated with a duration of 10 minutes from the standard normal distribution (3 % of
standard deviation and 7 % of mean) to test the deployed infrastructure. The red dashed lines
at 12, 8, and 6 % represent the limits defined by the standards IEEE 519, EN 50160 and the
criterion for the load’s reconnection respectively. Moreover, the standard IEEE 519 has been
applied to load 1 and standard EN 50160 to load 2 and the power consumption was set to 1.0
and 0.5 kW respectively. As in section C, such standards define different limits of THD and
thus a certain value of this parameter may cause the disconnection of one load while the
other one remains connected.

Figure 5. 11 also depicts the power consumption of both loads as well as the power
measured at the source terminal (see the blue, orange, and green lines respectively). Notice
that load 1 is disconnected from the grid at 18:54:45 and 18:59:45 since the voltage THD
rises above 12 %. However, load 2 is disconnected when the voltage THD is over 8 % which
takes place at 18:52:45, 18:55:45, 18:57:45, 19:00:45 besides the previous instants when
load 1 is disconnected since the standard EN 50160 is more restrictive than IEEE 519.

Furthermore, the reconnection of both loads must take place when the voltage THD
falls below 6 % as was stated at the beginning of this section. In this regard, instants
18:53:45, 18:55:15, 18:56:45, 18:58:15 and 19:00:30 illustrate examples of this behavior.
Given the results, it is possible to verify the effectiveness of the infrastructure.
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Figure 5. 11. Voltage THD profile configured for the test, power consumption for loads 1 and 2, and measured
at the source terminal. Red dashed lines are the limits defined in IEEE 519 (12 %), EN 50160 (8 %), and the
loads’ reconnection criterion (6 %).

5.5.5.Current harmonic distortion

Finally, the performance of the infrastructure when dealing with the presence of current
harmonics is reported in this section with a 10-minutes test. As a criterion, the absolute
amplitude of the current harmonics up to order 50 has been considered according to the limits
established in the standard IEC 61000-3-2.

The load control rule could be as complex as setting the load to a low harmonic
emission mode or consumption (if applicable) when a certain harmonic amplitude I, is over
the threshold defined in the standard (I;,_,,4x) OF just disconnecting it in such a situation.
Furthermore, the control rule adopted also depends on the dynamic of the load to be
controlled and its operation modes. In this research, the load is disconnected from the grid
(see the schematic diagram at the beginning of this section) to consider a general case since
the key element of the research is the performance of the infrastructure when dealing with
current harmonics rather than the development of a load control law. However, different
control rules could be implemented due to the flexibility of the platform.

The test current employed is composed of harmonics 3 and 4 and their profiles are
shown in Figure 5. 12 a) (See the green and black lines respectively) and have also been
generated from the standard normal distribution with 0.5 and 0.1 A of standard deviation
and 2.2 and 0.3 A of mean respectively. The red dashed lines are the limits defined by the
standard for the considered harmonics: 2.3 A and 0.43 A respectively. Figure 5. 12 b) shows
in blue the power consumption of the load.

Although the absolute value of the current harmonics is the only criterion employed
for making decisions on whether the behavior of the load should be corrected or not, the
THD of the current is also depicted in red for a more detailed view of the experiment.
Moreover, notice that this magnitude is expressed as a percentage of the fundamental
component (I,), and therefore, when the load is disconnected, this component approaches
zero and the THD increases rapidly regardless of how high the magnitude of the rest of the
harmonics is.

As expected, the abovementioned behavior can be appreciated from the results. Notice
that the 3rd harmonic is over the limit (2.3 A) at 17:50:00, 17:54:00, 17:56:00, and 17:57:00
while the 4th harmonic does it (limited to 0.43 A) at 17:53:00 and 17:58:00. Given the power
consumption, the load is always disconnected from the grid at these instants. Nevertheless,
the load remains constant in terms of power consumption when the considered current
harmonics are within limits.
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Figure 5. 12. a) Profiles employed for the 3rd and 4th harmonics and limits defined by the standard IEC
61000-3-2 (red dashed lines), b) Power consumption of load 1 and THD of the current.

5.6. Conclusions

Responsive appliances are those that, first, represents a significant load that can be reduced,
increased, or moved over time, to provide useful support to the power grid, second, provided
that the change in its operation is acceptable to the customer, if not imperceptible, and third,
can respond to price, demand or certain grid conditions. This paper resolves many of the
technical issues related to the design and construction of these devices, presenting a universal
and ambivalent solution as demonstrated by the high-end loT device, which can
communicate and respond to information from the external environment within the
framework of a cloud platform. While there are social, political, and economic barriers to
the widespread acceptance and adoption of these flexible loads in the marketplace, they need
to be addressed and reasonable approaches to overcome them.
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Chapter 6

Conclusions

The Ph.D. thesis has presented several strategies to promote the flexibility of the power
system in a context such as the current one where there is a high penetration of variable
renewable energy sources. On the one hand, these strategies were aimed at making the power
system more flexible through demand-side management, either by improving energy
efficiency or implementing demand response techniques related to the direct control of the
loads. Moreover, ensuring an acceptable power quality was another priority of these
strategies as it is often compromised.

Firstly, the direct load control strategy developed for smart appliances has revealed
that the participation of thermostatically controlled loads, with their associated thermal
inertia, as well as the distributed energy resources combined with energy storage facilities
are a key source of flexibility within the residential sector. Moreover, this strategy has shown
to be particularly effective in the presence of peak and off-peak tariffs, although it can
operate under various demand response schemes. On the other hand, the implemented spread
spectrum techniques allowed the high energy efficiency achieved by LED lighting systems
to be maintained as the same time as the high-frequency components emission of the power
electronic converter was kept to a minimum.

Regarding the industrial sector, the load scheduling strategy developed for the glass
melting process evidenced a better utilization of energy within this energy-intensive
industry. From a financial viewpoint, economic penalties for exceeding the contracted power
are much lower or even avoided which translates into considerable cost savings for these
large end-users. In terms of power quality, this strategy not only brings a significant
improvement over the conventional approaches but also ensures an optimal power quality to
the extent that the waveform distortion due to subharmonics components is kept to a
minimum. Furthermore, the ripple of the temperature waveform due to the AC cycles
distribution is also minimized with the strategy, as it employs the accumulator-based method
that has demonstrated to be optimal.

It should be pointed out this work has also provided the required technology to support
the abovementioned demand-side management strategies and, therefore, some conclusions
can be drawn. The use of GAMS provided the capability of including mathematical
optimization rules for these strategies. The implementation of OpenADR and MQTT as
standards protocols within the energy and the internet of things fields, respectively,
facilitated all the developed strategies to be easily integrated within the Smart Grid from the
interoperability and scalability point of view. Finally, the deployed advance metering
infrastructure as a part of the grid-interactive appliance controller proposal enabled the
monitoring of the microgrid energy resources according to several power quality standards.

111






Chapter 7

Future works

This section suggests the future lines of research that could be investigated to reinforce the
achieved objectives and improve the obtained results:

Digital implementation of random pulse width modulation techniques: By now,
the digital implementation of the random pulse width modulation (RPWM)
generator, as well as the converter control (inner current and outer voltage loop of
the boost converter) shown in chapter 2, is performed by an industrial embedded
controller with an architecture composed of a processor and a field-programmable
gate array (FPGA) which cooperate to complete certain tasks. While this architecture
is more than adequate and powerful enough to achieve the required flexibility of a
research testbed that seeks to speed up the validation of the developed techniques,
the construction of several converter prototypes using this controller does not seem
to be the best solution from scalability and economic viewpoints. Rather, other
alternatives such as the incorporation of small microcontrollers or even the use of
certain integrated circuit that implement RPWM and already include the required
logic to manage the control loops can be explored.

Incorporation of new loads into the model: Until now, the thermostatically
controlled loads (TCL) involved in the developed strategies to increase the demand
flexibility are loads for heating applications such as the electric water heater (EWH)
in chapter 3 or the electrodes mounted in electric-boosted glass melting furnaces in
chapter 4. Nevertheless, loads used in cooling applications have not been considered.
Therefore, a further step is needed toward the integration of these loads into the
developed strategies, including the modeling stage.

Use of more complex optimization problems: The mixed-integer programming
problem (MILP) employed in the platform detailed in chapter 3 is an extremely
straightforward optimization problem used to assess the mathematical optimization
features of the proposed platform. Once the platform is functional, a more realistic
problem can be formulated by including the inherent uncertainty in both sides of the
power grid, i.e., variable renewable energy sources (VRES) and end-users
consumption. Furthermore, ever-more relevant storage technologies such as
hydrogen can also be considered besides conventional ones.
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7. Future works

Solving algorithms for the optimization problem: The number of variables used
by the proposed mixed-binary quadratic programming (MBQP) problem stated in
chapter 4 depends on the modulation period and the number of loads considered. The
more loads and cycles considered within the modulation period, the more variables
the problem will have. Although a period as short as possible is appropriate to avoid
a large quantity of subharmonics components and space them within the frequency
spectrum, the number of loads can grow as much as necessary. Therefore,
conventional solving algorithms can take a long time to obtain the optimal choice of
decision variables that yields the best value of the objective function. Sometimes, a
reliable or approximate solution can be found in much less time than the optimal one
by using other techniques such as genetic algorithms (GA) or particle swarm
optimization (PSO) in which the maximum time dedicated to solving the problem
and the threshold for the objective function can be fixed.

Demand uncertainty of the electric-boosting system: The developed load
scheduling strategy models the demand of the electric-boosted system employed
within the glass melting furnaces as a resistor with a constant ohmic value. This
ohmic value considers the resistance of the path composed of the electrodes, and the
molten glass between two consecutive electrodes. While the resistance of the
electrodes (typically made of molybdenum) can be considered constant, the
resistance of the molten glass may vary depending on several parameters such as the
temperature, the surface area in contact with the electrodes or the interaction with
other electrodes among others. In this regard, deterministic optimization problems
such as the one employed in chapter 4 (MBQP) are unable to deal with this
uncertainty, instead, an interval optimization problem including the demand
uncertainty would tackle this issue.

Coordination of energy and power quality management strategies: Chapter 3
introduces a flexible platform to deploy several energy management strategies based
on an optimization problem that considers the demand profile of the loads to
minimize the day ahead cost of the energy. On the other hand, chapter 4 proposes a
load scheduling strategy to minimize the energy of certain frequency components of
the spectrum by modeling the harmonic emissions of the loads. Given this scenario,
a combined strategy can be proposed to deal with both issues either through a multi-
objective function in optimization problems or through a two-stage optimization
considering the priorities of the microgrid.

More sophisticated protective functionalities: Chapter 5 describes a battery of
protective functionalities that the proposed grid-interactive appliance controller
(GIAC) together with the deployed internet of things (loT) platform offer under
certain scenarios such as the presence of power quality (PQ) disturbances or load
conditions (see the flowchart in section 5.5 for more details). The corrective actions
and rules defined to trigger them with the occurrence of an event were simple enough
to keep the research focused on the evaluation of the infrastructure performance.
However, more sophisticated ones could be implemented once this architecture has
been validated. An example of a more sophisticated rule can be noticed in the case
of voltage sags and swells. It would be useful to consider other strategies that include
the elapsed time since the last or since two consecutive disturbances besides the
magnitude and duration of the PQ disturbance. Thus, a succession of connections
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and disconnections can be avoided when multiple voltage sags or swells take place
sequentially. Furthermore, the emissions of certain current harmonics can be
considered to apply more sophisticated corrective actions. By now, the load is
disconnected when the absolute value of a certain current harmonic is over the limits
defined by the standard IEC 61000-3-2. Nevertheless, a scenario with smarter loads
capable of modulating their current emissions can be investigated instead of being
disconnected.
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