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RESUME

Au cours des dernieres années, les impacts environnementaux croissants des centrales a base
d’énergies fossiles de production d’énergie, ainsi que les préoccupations concernant leur dura-
bilité, ont conduit a I’exploration de solutions alternatives pour répondre a la demande crois-
sante en électricité. Plutét que de recourir a l'approche conventionnelle d’expansion des
infrastructures existantes de production et de transmission d’énergie, il est devenu impératif
de rechercher des stratégies innovantes capables de gérer efficacement la demande de pointe

sans surcharger le réseau.

En effet, I'intégration des sources d’énergie renouvelable pricipalement de types solaire et
éolien dans le réseau électrique nécessite une réévaluation des opérations traditionnelles du
réseau et des mécanismes de controle. La nature intermittente ainsi que leur caractere dé-
centralisé de ces sources présentent de nouveaux défis pour maintenir la stabilité du réseau
et garantir un approvisionnement électrique fiable. Alors que le réseau évolue pour accueillir
une part plus importante d’énergies renouvelables, des solutions innovantes et des stratégies
adaptatives seront essentielles pour relever ces défis techniques et assurer la résilience du

systeme électrique.

Les techniques de gestion de charge ont émergé comme une approche prometteuse dans
cette entreprise, offrant un moyen efficace d’influencer 1'utilisation de I’électricité par les
consommateurs et de fagonner le profil de charge. En ajustant stratégiquement les schémas de
consommation d’électricité, les initiatives de gestion de charge visent a réduire la pression sur
le systeme électrique pendant les périodes de demande de pointe et a stabiliser sa fréquence,

augmentant ainsi la fiabilité du réseau.

Dans le but d’assurer la stabilité et la fiabilité du réseau, cette these explore 1'utilisation
efficace d’'un modele complet pour les chauffe-eau électriques regroupés équipés de config-
urations de controle de tension individuelles en tant que mécanisme de Demand Response
(DR), inspiré par les algorithmes de controle de fréquence utilisés dans les systémes élec-
triques conventionnels. Nous avons acquis une compréhension approfondie de la relation
dynamique entre les chauffe-eau électriques et le réseau en développant des équations aux
dérivées partielles de Kolmogorov représentant la dynamique agrégée des chauffe-eau élec-
triques controlés. Cette approche démontre la fraction de dispositifs actifs pouvant contribuer
efficacement aux efforts de controle, permettant ainsi une surveillance précise de I’étendue de
la controlabilité disponible a tout moment. Divers scénarios ont été examinés pour évaluer

Iefficacité des chauffe-eau électriques dans I'atténuation des fluctuations de fréquence, ainsi



que la réponse aux pertes subites de génération, avec des comparaisons de performances réal-
isées par rapport aux approches conventionnelles, s’appuyant généralement uniquement sur

la Frequency Regulation (PFR).

Mots-clés: Stabilité de fréquence, Réponse a la Demande, Chauffe-eau électriques, Controle
de tension, Equations de Kolmogorov, Equations aux Dérivées Partielles, Régulation Primaire

de Fréquence
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ABSTRACT

In recent years, the growing environmental impacts of traditional power generation plants
and concerns about their sustainability have grown, which have led to the exploration of
alternative solutions to meet the growing electricity demand. Rather than resorting to the
conventional approach of expanding existing power generation and transmission infrastruc-
ture, it has become imperative to seek innovative strategies that can effectively manage peak

demand without stressing the grid.

Indeed, the integration of renewable energy sources into the power grid necessitates a reeval-
uation of traditional grid operations and control mechanisms. The intermittent nature as
well as the decentralized character of these sources present new challenges for maintaining
network stability and ensuring reliable electrical supply. As the grid evolves to accommodate
a higher share of renewables, innovative solutions and adaptive strategies will be essential to

address these technical hurdles and uphold the resilience of the power system.

Load management techniques have emerged as a promising approach in this endeavor, offering
an effective means to influence consumer electricity usage and shape the load profile. By
strategically adjusting electricity consumption patterns, load management initiatives aim
to reduce pressure on the electrical system during peak demand periods and stabilize its

frequency, thereby increasing network reliability.

With the aim of ensuring grid stability and reliability, this thesis explores the effective use of
a comprehensive model for grouped Electric Water Heaters (EWH) equipped with individu-
alized droop control setups as a Demand Response (DR) mechanism, inspired by frequency
control algorithms used in conventional power systems. We have gained a deep understand-
ing of the dynamic relationship between electric water heaters and the grid by developing
Kolmogorov partial differential equations representing the aggregated dynamics of controlled
electric water heaters. This approach demonstrates the fraction of active devices that can
effectively contribute to control efforts, thus enabling precise monitoring of the extent of
controllability available at any given time. Various scenarios were examined to evaluate the
efficacy of EWH in mitigating frequency fluctuations, with performance comparisons made
against conventional approaches, typically relying solely on Primary Frequency Regulation
(PFR).

Keywords: Frequency stability, Demand Response, Electric Water Heaters, Droop control,

Kolmogorov equations, Partial Differential Equations, Primary Frequency Regulation
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CHAPTER 1 INTRODUCTION

In recent years, the environmental impact of traditional power generation plants has become
a growing concern, prompting the search for alternative solutions to meet the rising demand
for electricity. Instead of expanding existing power generation and transmission systems, it
is crucial to explore innovative approaches that can effectively address peak demand without
overloading the grid. Load management techniques have emerged as a viable strategy to
influence consumer electricity usage and shape the load profile, ultimately reducing the strain

on the power system.

Electric Water Heaters (EWH) present an intriguing opportunity both as a Demand Response
(DR) tool, and in support of ancillary services. This is due to their inherent thermal inertia,
which can shield customers from the effects of fluctuating heating inputs typically required
for frequency regulation. Furthermore, as EWHs utilize resistance heating elements as their
energy source, voltage modulation can be achieved without encountering the compressor-
related challenges faced by loads, such as air conditioners or refrigerators. The primary
objective is to leverage EWHs both for frequency support under normal circumstances and
as a rapid and temporary support line during situations such as dips in renewable energy
due to solar or wind source intermittency, sudden significant increases in load, or unexpected

losses of generation.

The main contribution of the thesis is a modeling methodology for large aggregates of EWHs
whose individual power consumption is controlled via a frequency-driven droop control mech-
anism. The obtained model becomes the basis of a numerical exploration of the potential of
EWHs when used for frequency support and temporary load following. In order to derive the
model, we proceed in three steps. Firstly, we define the droop control mechanism for individ-
ual EWHs. Secondly, we incorporate the stochastic behaviour of hot water demand into the
individual model. Thirdly, we consider a large group of synchronized EWHs regulated by a
droop controller. Mathematical equations representing each EWH are developed, alongside
the design of appropriate feedback mechanisms for the droop controller. This ensures that
minor fluctuations in demand are managed effectively by distributing the load among the
EWHs proportionally according to their capabilities. Subsequently, Kolmogorov equations
are employed to predict the aggregated dynamic behavior of the EWHs over time. Lever-
aging Partial Differential Equations (PDE) derived from preceding stages, the dynamics of
Thermostatically Controlled Loads (TCL) are determined, along with associated boundary

conditions.



In effect, the master’s thesis explores a decentralized control mechanism inspired by frequency
support algorithms commonly used in conventional power systems, instead of commonly
used centralized control mechanisms [4], [5], [6]. An important component of the thesis
relates to the utilization of a large aggregate of EWHs to control power system modulation,
frequency support and energy storage within power systems. Expanding upon the concept
of droop control, this decentralized proportional control strategy traditionally utilized to
regulate generators as the primary line of defense against frequency fluctuations in power
systems, the thesis aims to adapt it for application to EWHs. By leveraging the thermal
characteristics of EWHs, this adapted droop control mechanism seeks to achieve frequency
regulation without compromising customer comfort, while also serving as a means to reserve

extra energy during times of increased demand.

The research is divided into several chapters, each addressing different key aspects. Chapter 2
provides a thorough relevant literature review. This chapter lays the groundwork for our
study, exploring the stability of power systems, frequency control principles, and the potential
of demand side resources like EWHs to improve grid stability. Through this review, we aim
to understand the challenges and opportunities of using EWHs to enhance power system

performance.

In chapter 3, we delve into the concept of droop control, a fundamental principle in power
system dynamics, examining its classical framework and constructing a simplified area model.
Inspired by Kundur’s analysis of power system [7], we explore the potential integration of
EWHs into droop control strategies, aiming to establish them as effective DR mechanisms.
Our focus lies in developing a comprehensive model for grouped EWHs with individualized

droop control, contributing to the optimization of power system stability and performance.

Chapter 4 mainly discusses the stochastic modeling of the EWHs, under an assumption of
uniform water temperature distribution within the tank. This assumption allows us to an-
alyze water temperature dynamics and corresponding power requirements over time. Our
aim is to understand the intricate heat transfer dynamics within EWHs and uncover their
behavior and energy consumption patterns, providing valuable insights for energy manage-
ment and conservation efforts. By utilizing the Kolmogorov PDEs characterization of the
controlled aggregate, it becomes possible to determine the fraction of EWHs in the ON state
at any given moment. This information is crucial for effective load modulation, as only the
active EWHs can contribute to the control effort. Additionally, minimum heating rate limits

for each EWH must be maintained to guarantee customer comfort.

Once an aggregate PDE-based simulator is established, Chapter 5 explores the impact of

introducing droop control for EWHSs in a primary frequency regulation mode within a power



system. The research investigates two scenarios: dealing with generation dips or load in-
creases in the presence of conventional primary frequency control, and addressing issue of
rapid compensation of frequency fluctuations. In particular, examining the behavior of water
temperature probability densities and the oscillations in the number of ON devices, the thesis
aims at assessing the effectiveness of EWHs under a new droop control scheme in mitigating
frequency fluctuations. A potential solution to "cold load peak" phenomenon is also pre-
sented. It involves temporarily adjusting the temperature set point of the devices. The main
idea of this solution is to investigate the effects of allowing the EWHs’ water temperatures
to fall all the way to a lower than normal temperature setpoint upon which the thermostat
turns back ON.



CHAPTER 2 Background and Literature Review

2.1 Power Systems Dynamics

Electric power systems usually need to address two main goals: to minimize costs and eco-
logical impact while simultaneously ensuring high levels of reliability and service quality. To
achieve this, power generation during the operation of these systems must continuously bal-
ance supply with demand while also maintaining frequency and voltage within the required

technical limits, which is essential for the proper functioning of electrical devices.

Given that the majority of power generation currently relies on synchronous generators, it is
crucial for these machines to maintain frequency synchronization. However, in the aftermath
of significant system disruptions, these generators can lose synchronization and become "out
of step," a circumstance that can result in power generation interruptions, the cascading

shutdown of systems, and ultimately, widespread blackouts [7].

As previously noted, the matter of system stability has consistently held a prominent position
in discussions. This concern can be segmented into various categories and subcategories, such
as voltage stability and frequency stability. This research predominantly focuses on tackling
the issues associated with frequency stability. Frequency stability, in essence, refers to the
methods employed to maintain a consistent frequency when confronted with varying scenarios

of mismatch between supply and demand.

2.1.1 Swing Equation

Synchronous machine controls play an essential role in maintaining frequency stability [7].
Consequently, it is very important to investigate the mechanisms through which synchronous
machines achieve this stabilization, given that the same phenomena are addressed in this

thesis.

In the context of the turbine-generator complex as implemented in this thesis, two opposing
forces come into play: the mechanical torque T}, and the electromagnetic torque 7,. When
these two torques are not in perfect equilibrium, a net torque emerges, which can result in

either acceleration or deceleration. To determine this net torque we can write [7]:

AT =T, —T. (2.1)

where



AT: is the accelerating or decelerating torque in the turbine.
Th: is the mechanical torque.
T,: is the electromagnetic torque.

Now, based on Newton’s second law of motion for rotational systems, we have:

d(A
JLCIYE
dt
where:
J: is the combined moment of inertia of the generator and turbine,
in kg - m?.
Aw: is the deviation of the rotor’s angular velocity from the nominal
angular velocity wg. This can be written as:
Aw = w — wy
where wy is the nominal angular velocity corresponding to the
system’s nominal frequency (50 Hz or 60 Hz).
t: is time, in seconds (s).

Now, following a disturbance Aw, which will lead to a corresponding AT, we can analyze

the effect of inertia on stabilizing the speed disturbance Aw. We can write:

d(Aw)
J = AT 2.2
o (2.2)
Letting M = J, we have:
A
Mﬂgw:A%fAﬂ:A%—AE%
d(Aw) AP, — AP,
_ 2.3
dt M (2:3)
where
Aw: is the deviation of the rotor’s angular velocity from the nominal
angular velocity wy.
P, is the mechanical power.
P.: is the electrical power.
AT,,: is the deviation in mechanical torque.

AT,: is the deviation in electrical (electromagnetic) torque.



By emphasizing power rather than torque, a more relevant factor in the context of electrical
systems analysis is considered. This is important for a comprehensive understanding of power
systems. Equation (2.3), commonly known as the Swing Equation, serves as a fundamental
expression within this field. Variations in mechanical power and electrical power required by

generators impact the rotor’s speed, which is directly related to grid frequency.

When abrupt changes in the system’s active power demands occur, there is a delay before the
mechanical power from prime movers can compensate for these shifts. For instance, if gen-
erators suddenly serve a higher load, the rotation speed of synchronous machines decreases.
Considering that system frequency f is directly linked to the rotation speed of these machines
w, any reduction in machine speed results in a corresponding drop in system frequency. This

behaviour is crucial to understanding system stability in electrical networks.

2.2  Frequency Control

Understanding a transmission network’s stability requires distinguishing between the effects
of various control actions on its active and reactive power. To maintain frequency stability,
it may be advisable to set aside the impact of excitation controls, including reactive power
controls, and concentrate solely on deviations in active power as there exist reasonable de-
coupling between active and reactive control loops [7]. In order to secure the operation of
the electrical system, its frequency must remain within strict limits, typically within 0.01%
deviation from its nominal value [8]. Since generation and consumption are deeply intercon-
nected, it is vital to maintain a balance between them. The Load-Frequency Control (LFC)
accomplishes these goals [5]. This control mechanism is traditionally provided by synchronous
units in conventional power plants mostly in Europe, and it involves the following types of

control:



Primary Frequency
Regulation (PFR):

Secondary Frequency
Regulation (SFR):

Tertiary Frequency

Control:

It stabilizes the system frequency following a disturbance.
Whenever frequency deviations exceed 20 mHz, the primary
control is activated and carried out locally through proportional
control loops (prime movers governing systems). The frequency
containment reserve (FCR) is assigned to this kind of control [9].
The objective of SFC is to maintain generation-consumption bal-
ance within each control area, as well as to maintain power flows
interchanges between control areas at their scheduled levels. Fol-
lowing a disturbance, secondary control restores frequency to its
nominal value. TSOs modify the active power set points through
Automatic Generation Control (AGC) which is a form of inte-
gral control [9].

Tertiary is an automatic control action, activated manually by
the Transmission System Operator (T'SO) and is used to support
the control area’s secondary control. During a balanced system
situation, the second reserve replaces the last, so there is a sec-
ondary reserve available when the next disturbance occurs [9].
Both control actions are allocated reserves known as Frequency
Restoration Reserve (mFRR) and Replacement Reserve (RR).
Additionally, it aims to modify operating points of synchronous
generators to achieve the same output with better efficiency and

less environmental damage.

In North America, the approach to frequency control is governed by standards and guidelines
set forth by the North American Electric Reliability Corporation (NERC). While the general

principles of frequency control, such as the PFR, are similar to those in European systems,

there are key differences in the implementation and structure of frequency regulation and

contingency reserves.

After the immediate stabilization provided by PFR, North American systems use Automatic

Generation Control (AGC) to fine-tune the frequency and return it to its nominal value of

60 Hz. This process is similar to the secondary frequency control in Europe but has notable

differences in how it is executed.

o AGC Functionality: AGC in North America continuously monitors frequency devia-

tions and issues control signals to selected generators to adjust their output. Unlike in

European systems, where centralized control often dominates, North American AGC is

more distributed, with greater emphasis on balancing authorities maintaining control



within their regions while coordinating across larger interconnections.

» Regulation Reserves: In North America, regulation reserves are specifically desig-
nated for AGC to correct small, continuous fluctuations in frequency. These reserves
must be responsive and capable of adjusting output quickly to match the continuous
load and generation balance changes. The structure of regulation reserves tends to
be more distributed across different balancing authorities compared to the European

model.

Contingency reserves in North America are structured similarly to tertiary control reserves

in Europe, but the process of activation and the types of reserves differ.

« Spinning Reserves: Spinning reserves in North America are provided by online gen-
erators that can be dispatched rapidly to cover the loss of generation. The response
time and deployment protocols follow NERC standards, which often emphasize quicker
response times compared to European systems, particularly in larger interconnections

like the Eastern Interconnection.

 Non-Spinning Reserves: Non-spinning reserves are brought online within a few
minutes to restore balance after a large disturbance. These reserves can include de-
mand response programs and offline generation resources. In North America, there is

a growing emphasis on integrating DR into contingency reserves to enhance flexibility.

« NERC Contingency Standards: NERC standards require each balancing authority
to maintain sufficient contingency reserves to cover its largest single contingency. These
reserves must be deployed within 10 minutes, which contrasts with some European

systems that may allow longer deployment times depending on the contingency severity.

In this thesis, our focus is solely on the analysis of the impact of PFR, as it represents the
initial proportional control mechanism activated in response to imbalances in power demand
and supply. Our objective is to leverage residential devices to aid in frequency regulation
during the PFR phase. Hence, we only implement this phase on the grid we are about to

describe.

2.2.1 Primary Frequency Control

As described earlier, governing systems provide frequency response to prime movers. As
a result, this section will present some control schemes associated with prime movers and

energy supply systems.



The fundamental configuration presented in this study entails a straightforward generator
unit accompanied by a non-reheat steam turbine, as detailed in [7]. The graphical represen-
tation of the associated generator’s layout is illustrated in Fig 2.1, while specific parameters

concerning the turbine governor can be found in Table 2.1 [10].

I
R
Droop APpr
N APy AP,
P2 n T » T 5 WorD > Aw
Governor Prime mover N Generator
AP,

Figure 2.1 Block diagram of a typical reheat steam turbine generator.
Af: frequency deviations from its nominal value 60 Hz.
Py load reference.
Py generated Power.
Py: power demand.
Ppr: power from Demand Response (to be investigated further down).
Toh: steam chest time constant.
Te: governor time constant.
M: generator’s inertia Constant.
R: droop constant.
D: load damping factor, which is assumed to be 1 p.u indicating

that a 1% change in frequency results in a corresponding 1%
change in load. The damping parameter D is chosen based on
simulations that optimize the balance between fast frequency
recovery and system stability.
Fig 2.1 shows a transient droop compensation block. Due to the water inertia effect, a change
in the gate position initially causes a turbine mechanical power change that is opposite to

what was intended. Thus, the turbine reacts to a frequency event in the opposite way from
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what it is intended to, as water flow lags gate positioning. Therefore, a transient droop
compensator is included in the speed governor for stable control performance. As a result of
this block of droop compensation, the governor’s gain decreases for oscillatory high-frequency

deviations, and increases for steady-state deviations [7].

It is evident from the diagram that this thermal unit functions as a closed-loop system. This
system involves a controller that monitors component speed and compares it to a specified
reference speed. Any deviation prompts the controller to signal the actuator. This adjusts

the steam valve, modifying the speed until it aligns with the predetermined set point [11].

For instance, an increase in system load can lead to a mismatch between the mechanical
power generated by the prime mover and the electrical power demanded by the synchronous
generator. This mismatch results in a change in shaft speed. Steam valves are manipulated by
the controller to align the mechanical energy supplied by the prime mover with the electrical

power required.

2.2.2 Frequency Control Through Demand Side Resources

In the previous sections, we analyzed PFR, which was influenced by the rotating machines’
inertia. As the demand for electricity has increased, a search for alternative solutions such
as renewable resources to meet the increasing demand has become more important due to

the environmental impact of traditional fossil fuel-based power generation plants.

Smart grid technology and growing renewable energy penetration offer many advantages and
challenges when it comes to operating modern power grids in a reliable and economic man-
ner. As renewable energy sources like wind and solar become more popular, carbon emissions,
pollutants, and fossil fuel dependency can be reduced; however, such variable resources can
increase power system uncertainty, resulting in additional balancing requirements for ancil-
lary services (frequency response, regulation, load following). Several recent studies have
found a strong correlation between ancillary service requirements and renewable energy in-
stalled capacity [12] [13] and, consequently, integration costs. Increasing renewable energy
capacity typically requires additional balancing capability from conventional generators, due
to expected errors and hourly variances [14]. Furthermore, when conventional generation is
replaced by intermittent renewable sources, the frequency response capability of the power

system is reduced, since there are fewer generators online during a forced generator outage.

Within smart grid technologies, DR control emerges as an effective approach to trim peak
loads, diminish balancing needs, and deliver emergency assistance. With the right design and

execution, DR can potentially offer all these benefits at a lower cost than other options [14].
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Table 2.1 Turbine Governor Parameters

Parameter | Value
R(g—:ﬁ) 0.05
T (s) 0.2
Te(s) 0.3
2H(s) 10
D(pu) 1

It is crucial to comprehend the characteristics and potential challenges associated with each

DR control candidate to fully harness their benefits.

Consequently, frequency control mechanisms provided by demand side resources have been
examined increasingly in recent years. Among the most promising candidates to perform such
services are TCL devices, such as refrigeration systems, heat pumps, air conditioning systems,
and electrical water heaters. The speed of response of these technologies is particularly
impressive due to their "duty-cycle" based operation and ease of switching on/off during
frequency events [15]. Furthermore, no major discomforts are caused to the end users if
the consumption intensity of these loads is temporarily reduced, assuming their power input
can be continuously controlled [16]. If the power consumption of numerous TCLs is properly
managed, their aggregate response may be made to somewhat mimic the droop characteristic

of conventional generation units [17].

In this thesis, the primary emphasis is on evaluating the influence of a particular DR control
strategy on EWHs. EWHs are recognized as highly effective devices for integration into DR,

boasting numerous advantages, some of which are highlighted in Table 2.2.
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Table 2.2 Characteristics of Electric Water Heaters (EWHs)

Advantage  Description

(1) In comparison to other household appliances like washing machines,
dryers, and refrigerators, EWHs consume relatively high amounts of
power. It is estimated that EWHs consume about a third of the energy
consumed by households; this contributes to the overall peak load of

the household [18]

(2) Since an EWH utilizes heating elements that function as resistors,
there is no need for grid reactive support. This is an advantage over
other types of TCLs, such as air conditioners which involves compres-
sors, since it makes implementing different control strategies much

less complex.

(3) In the provision of balancing services, electric water heaters can serve
as energy storage devices by heating water to the appropriate temper-
ature range [14]. In addition to reducing peak loads, this capability

makes it easier to trim the system’s capacity for regulation.

Several studies have explored the use of EWHs for load regulation. Notably, Hammerstrom
and Kondoh investigated a centralized control model employing 10,000 EWHs to regulate the
total power demand over a 24-hour control scheme [19]. Their model featured a conventional
water heater with two heating elements, only one of which is active at any given time. Each
water heater was equipped with a controller receiving three signals: ¢;, ¢, and t4f.,. Here,
¢; determined the next on/off condition of the respective thermostat, while ¢, ., served as a
time-keeping value to prevent frequent on/off cycles. During each time step, a central power
system operator estimated both upward and downward reserve capacities for power regulation
in the subsequent control time step, involving all controllable EWHs. If adjustments were
needed to alter the total power consumption of EWHs, a signal was dispatched to each water

heater controller to modify their consumption appropriately.

In another study, Sepulveda proposed a swarm based control scheme for Direct Load Control
(DLC) of Distributed Electric Water Heaters (DEWH) [20]. The algorithm aims to optimize
load profiles, decrease peak load demand, and enhance overall power system efficiency. It
employs a Particle Swarm Optimization (PSO) based centralized controller that adjusts DE-
WHSs’ operation for peak shaving, load shifting, and valley filling. A fitness function proposed
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((2.4)), evaluating the trade-off between aggregated peak load demand and water heater tem-
perature, emphasizing customer satisfaction by giving higher weight to temperature control.

The algorithm operates on a 15-minute evaluation cycle to achieve objectives over a 24-hour

period.
N
F => (|Td; — Ta;|.wy + |Pd — Pa;|.w2) (2.4)
=0
Where
N: number of water heaters.
Td;: maximum water temperature setpoint.
Ta;: estimated water temperature.
Pd: desired aggregated load.
Pa;: water heater load.
Wi temperature weight factor.
Wy aggregated load weight factor.

Pourmousavi and Nehrir, on the other hand, proposed an adaptive hill-climbing algorithm
to control the load of aggregate EWHs for PFR [21]. It involves three control modes aiming
at keeping frequency within a +0.05 Hz. As a result of this control method, the dynamic
load percentage can be adjusted immediately in response to frequency deviations, allowing

for enhanced transient frequency response.

In another study Ali Haider, Will Stark, Ted. K.A. Brekken from Oregon State University
also highlighted the possibility of using residential electric hot water heaters as distributed

energy storage resources for frequency regulation in the electrical grid [22].

When grid frequency is high indicating excess generation relative to load, they propose storing
energy in the lower element of the water heater while allowing the EWHs to coast during
low frequency periods. With this approach, significant energy storage is achieved without
compromising hot water availability for users since the temperature variation in the lower

part of the tank is leveraged for energy storage.

It was shown in the study that with a simple enhancement, water heaters can regulate

frequency by 5% without affecting the temperature of the water withdrawn by users.

This modification involves replacing the lower thermostat with an embedded controller and
power converter at a low cost, enabling a greater variation in the temperature of the lower

tank while maintaining a constant temperature in the upper tank. Electric water heaters are
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controlled by proportional loops combined with upper and lower tank relays.

According to estimates, there are at least 500 MW /Hz of potential frequency regulation
resource in the Pacific Northwest of the United States, with millions of electric hot water

heaters.

An alternative droop-based control algorithm is discussed in a study by Jae Woong Shim,
Gregor Verbi, Heejin Kim, and Kyeon Hur [23]. It involves multiple distributed Battery
Energy Storage Systems (ESS) with state of charge (SOC) feedback to regulate grid frequency.

By integrating multiple ESS into the load frequency control, the proposed method enhances

the functional roles of the existing generators.

As part of the study, the mathematical links between ESS, SOC, and power dynamics are
elaborated, and the control performance for a group of ESS is evaluated using metrics such as
the cutoff frequency, settling time, and the initial and final value theorems for grid operations.
It also discusses the role of ESS frequency coordination as well as how generators and ESS

can work in coordination with the SOC feedback.

As previously highlighted, effective frequency regulation necessitates the presence of backup
storage systems, ready to address any discrepancies that may arise between energy production
and demand. In the context of DR, it becomes crucial to recognize and leverage available
resources. By acknowledging the importance of energy management strategies, the system
can easily switch to alternative sources or storage solutions during times of peak demand or
unexpected production shortfalls. Having a thorough understanding of available resources
and integrating DR increases the grid’s robustness and responsiveness, resulting in a more

resilient and reliable system.

In recent years, various methods have been suggested to estimate the real-time capacity
of DR, aiming to provide support to the electrical grid. For example Sheshyekani, Kiani
and Dagdougui presented a control structure for the participation of aggregated TCLs in
frequency regulation service [1]. The aggregation is performed using the State Space Model
(SSM) of TCLs, a model inspired by a previous work [2] that applied SSM for real-time
aggregation of electric vehicles (EVs). The dynamics of a TCL population is efficiently
described using a state-bin transition model and is shown in Fig 2.2. This model divides the
temperature dead-band into intervals, capturing the state distribution of TCLs with different
set point-temperatures and dead-bands. Because different devices with different set-points
and dead bands are involved, the first step would be normalizing the indoor temperature.
The normalized temperature is used to locate the current state-bin of a TCL in the state

space. The following form can be used to aggregate TCLs within the state space model
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(SSM):

x(k+1) = Az(k) + bu(k)

(2.5)
y(k) = Cz(k)

The state vector x represents the fraction of TCLs in each state bin, and the input vector u
updates this state vector at each time interval. The Markov transition matrix A, generated
offline using the Hidden Markov Model, governs the transition probability of TCLs between
state bins. The output vector y describes the aggregated TCLs" power, and the matrix
b facilitates control actions. TCL output power is obtained by aggregating TCLs using a
constant matrix, C. The State Space Model (SSM) predicts state transitions within a time
interval, and a "collect-and-correct" procedure, involving measured temperatures and switch
status, enhances prediction accuracy. The TCLs’ regulation capacity in both responding

modes is determined based on the SSM of aggregated TCLs.

OFF

ON

Figure 2.2 State space of aggregated TCLs [1] [2].
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CHAPTER 3 Frequency stability and Droop-Based Demand Response

Control in Power Systems

In the intricate landscape of power system control, the concept of droop control has endured
as a foundational principle, guiding the behavior of generators and shaping the dynamic equi-
librium of energy networks. This chapter embarks on a journey to reexamine the classical
notion of droop control, as explicated by Kundur [7]. Furthermore, we begin constructing a
simplified area model that will serve as our simulation playground in the subsequent chap-
ters, enabling us to probe the potential impact of EWHs operating under a droop control

framework.

As previously discussed, the goal of this chapter is the establishment of a comprehensive
model for grouped EWHs equipped with individualized droop control strategies. Our inten-
tion is to harness this setup as a DR mechanism. The concept of DR has been introduced to
flexibly adjust power consumption on the demand side as dictated by specific circumstances.
Implementation of DR has dual objectives from the perspective of the power system: first,
to minimize the requirement for spinning reserves, and second, to concurrently maintain the

stability of system frequency, ultimately improving the overall performance of the system.

3.1 Power system frequency response

The fundamental configuration presented in this study entails a straightforward generator
unit accompanied by a non-reheat steam turbine, exactly as detailed in previous chapter
2.2.1. The graphical representation of the associated generator’s layout was illustrated in

Fig 2.1, while specific parameters concerning the turbine governor can be found in Table 2.1.

Utilizing Newton’s second law within the context of the mentioned turbine system for fre-
quency minor deviations calculation leads us to the following expression [7]:
dAf(t

AP,(t) — AP,(t) = QHC;;() + DAf(t) (3.1)
The supply side sets aside a predetermined capacity to facilitate frequency droop control.
Furthermore, the system integrates DR which, because of its fast electrical transients is ex-
pected to act as a swift power compensator in response to frequency changes. The interaction
of factors like generator turbine inertia, droop value, and load damping coefficient results into

frequency dynamics. This process can lead to a shift to a distinct equilibrium point. Given
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the components of the generator, the system can contribute to PFR. PFR involves governor
control, a mechanism that regulates the active power output of generation units and manages

load consumption to promptly counter frequency fluctuations within seconds.

In this section, we conduct a series of simulations to analyze the system’s responses for various

scenarios, with the aim of ultimately including DR contribution in PFR.

In this scenario, the system operates in its steady state and relies solely on the benefits that
are derived from synchronized generator-based PFR. As presented in Fig 3.1, during a typical
operational day of the grid at its steady state, the frequency of the system is observed to

stabilize at 60 Hz, while the generators operate at their nominal rate of 1 p.u.
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Figure 3.1 Upper: Frequency response of the system in steady state. Lower: with total power
produced by the generators.

In another scenario, a perturbation in demand arises at ¢ = 2 minutes, leading to a 3%
increase. In this scenario, it is assumed that no PFR is available to assist in restoring the fre-
quency back to its nominal value. As shown in Fig 3.2, at ¢ = 2 minutes, the frequency begins

to decline steadily due to the absence of a backup scheme like PFR to regulate power produc-
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tion according to the new demand. Consequently, the total power produced by generators

remains at its nominal value of 1 p.u.
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Figure 3.2 The responses of the system under 0.03% perturbation while there is no PFR
implemented in the system. Upper: Frequency response of the system in steady state. Lower:
with total power produced by the generators.

On the other hand, if PFR is implemented in the system, during the same occurrence of
perturbation, it can be observed that the frequency can be regulated, preventing excessive

dropping, as it is shown in Fig 3.3.

In Fig 3.3-Lower, it is evident that the implementation of PFR has led to an increase in
production to fulfill the new power demand. Upon reaching steady state, a difference in
frequency response is observable, attributable to the proportional control nature of PFR
which leads to a steady state error. Typically, such errors are addressed by secondary and

tertiary frequency controls, as explained in section 2.2 of chapter 2.

It is evident that we have achieved a reliable system, where the benefits of a PFR scheme

aid in maintaining a balance between power production and demand. In the next section, we
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Frequency Response of the System
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Figure 3.3 The responses of the system under 0.03% perturbation. Upper: Frequency re-
sponse of the system in steady state. Lower: with total power produced by the generators.

apply the droop control concept used on synchronous generators for proportional frequency
control to the EWHSs, so as to make them part of the PFR action.
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3.2 Droop-Based Demand Response Control Strategy

In section 2.2.2 of chapter 2, a thorough examination of various studies investigating control
strategies in DR was provided. It was underscored that TLCs, particularly EWHs, have

emerged as effective tools for facilitating these strategies.

EWHs are favored options within DR control strategies due to several compelling reasons:

1. High Energy Consumption: EWHs typically account for a substantial portion of
household energy usage. By managing the operation of EWHs during peak demand
periods, utilities can effectively regulate overall energy demand and alleviate strain on
the grid.

2. Thermostatic Control: Equipped with thermostats to regulate water temperature,
EWHs offer inherent control mechanisms that facilitate easy adjustment of heating

cycles to align with demand response requirements.

3. Thermal Energy Storage: Serving as thermal energy storage devices, EWHs can
heat water during off-peak hours when electricity is more abundant, economical or when
excessive renewable energy is available, thus storing thermal energy for subsequent use.

This capability contributes to load shifting and enhances grid stability.

4. Flexibility in Operation: EWHs possess large thermal masses and relatively slow
temperature response times to demand changes, rendering them suitable for load shap-
ing strategies. Their operation can be adjusted without significantly affecting user

comfort.

5. Consumer Acceptance and Comfort: Interruptions in EWH operation, such as
temporary adjustments in water temperature, are often less intrusive to users compared
to other appliances. This factor enhances consumer acceptance of demand response

programs based on EWHs.

While numerous studies have explored different algorithms for designing efficient DR schemes,
we propose a droop-based model which could smoothly integrate DR within the prevailing
and rather successful existing PFR grid approaches. Integrating droop control schemes into
EWHs offers a promising approach to enhance their participation in DR programs, facili-
tating coordinated adjustments in power consumption while maintaining consumer comfort

and grid stability. This section aims to develop an application of droop control schemes in
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EWHs within the framework of demand response strategies in smart grids, establishing a ro-
bust control model to explore their effectiveness, feasibility, and potential impact on energy

efficiency and grid reliability in subsequent chapters.

In our model the presented mechanism dynamically adjusts the power consumption of each
EWH’s heating element. This adjustment is based on the deviation of the grid frequency
from the nominal frequency, along with relevant parameters such as the droop constant and

the current heating element power.

Through conditional statements, the mechanism governs the power of the heating element
in response to the magnitude of the frequency deviation. If the deviation exceeds prede-
fined thresholds, the mechanism either increase or reduces the power of the heating element

according to the sign of the frequency deviation.

It is important to note that the adjustment of the power of the heating element, proportional
to the frequency deviation, is bounded by minimum and maximum thresholds. The minimal
power constraint aiming at maintaining customer comfort and ensuring that there is always
some energy stored in the EWHs during emergency scenarios, where immediate reduction
of consumption is required. Specifically, the minimum bound has been established to help
guarantee sufficient energy reserve within the EWHs, thus enabling them to respond promptly

to grid stability concerns or other critical situations.

A code snippet (pseudo-code) is provided below to illustrate the concept of the droop scheme
in Algorithm 1.

Algorithm 1: Update HeatingRate
Input : Af(t), R, K4

Output: R,
if Af(t) < —K, then
[ Rhew = R'/3
else if Af(t) > K, then
L R;mew = R/
else
| Rew=% 455
Where
Ky Nominal droop Constant for each EWH. It has been denoted

as K, because, K represents a gain factor and the subscript d
indicates that it is associated with droop control.
R’ Power of heating element of each EWH.
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The chief advantage of this control scheme is its rapid response time (note that power con-
sumption is controlled via voltage), enabling application within fractions of a second, a critical
attribute in PFR. Moreover, its implementation is characterized by simplicity, avoiding the
complexities associated with centralized control models ( [21] as an example) that require

massive measurements and intricate communication systems.

A noteworthy drawback in decentralized models is the potential for aggregated load responses
to result in excessive or insufficient power adjustments, stemming from the lack of centralized
oversight. However, this droop-based model, effectively addresses this concern. By contin-
uously tracking the fraction of active EWH thermostats—those capable of contributing to
DR—we can mitigate the potential imbalances inherent to decentralized systems. A major
specificity of the proposed control algorithm is that we can keep track of the number of ON

devices which are at any moment the only ones capable of contributing to the control effort.

Since the on-off cycle of the water heater involves an electrical component, it is noteworthy
to mention, we may have the flexibility to select the droop constant of EWHs to be as small
as desired. However, is not desirable to induce excessively oscillatory power control actions
at the level of EWHs. For further clarification of the suggested droop control mechanism,
refer to Fig 3.4, which illustrates Algorithm 1.

.
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= N
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g H .
8 .
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Pmin—3 Py = 3 Po= +7f max

Power Consumption (Percentage)

Figure 3.4 Droop Characteristic of the system used in EWHs.

Finally, a noteworthy aspect to underscore is our system’s control of frequency deviation
(Af) across all devices. When grid perturbations lead to a frequency imbalance, it triggers
individual responses from all EWHs, as depicted in Fig 3.4. In essence, each EWH indepen-
dently fine-tunes its power consumption to counteract the imbalance. However, these devices

operate without awareness of the collective efforts of all participating EWHs in regulating
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the system. It is only their collective action on the frequency deviation Af, which acts as a

coordinating mechanism.
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CHAPTER 4 Physical Modeling of Electric Water Heaters: Characterizing

Behavior

4.1 Establishing a model for individual and aggregate loads

In this section of the thesis, we focus on the stochastic modeling approach proposed for
EWHs. Specifically, we consider the uniformity of water temperature within the tank as an
assumption (mixed water in the tank). This assumption allows us to utilize a first-order heat
transfer equation to determine the water temperature and corresponding power requirements
at each time step. Through this modeling framework, we aim to analyze and understand heat
transfer dynamics within EWHs. This will contribute to a comprehensive understanding of

their behavior and energy consumption patterns which can be derived from:

R’mt(t)—mLCpf(Td — En) — UAT(T — Ta>

=CpyyM Cf; (4.1)
M: water mass.
Cpy: specific heat of water.
U: loss coefficient of the tank.
A, surface area of the tank.
T ambient temperature.
Ty: customer’s desired temperature of water.
mr: water flow rate to the load.
s temperature of the inlet water.
my: thermostat control boolean.
R rate of energy input by the heating element.

R’ is being controlled by the input voltage of the heater (V) and the size of the resistor used
to produce heat (Ry).

R =— (4.2)
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The model contains two types of state variables: (i) continuous state variables such as T
(tank water temperature at time t) and (ii) discrete state variables such as m;, which relate
to the thermostat. Temperature dead band [T, T);], characterizes the dynamic behaviour of
m;. Thus when the tank temperature reaches 7", m; switches to 1. Similarly, when the tank
temperature reaches T, it will be switched to 0.

One of the complex steps in this procedure is modeling the customer’s hot water usage due
to its non-stationary behavior. Laurent and Malhamé [24] have argued that the stochastic
demand process could be assumed to have piecewise constant statistics, with the statistics
depending on the time of the day. Indeed, the nature of hot water extraction events, and

thus their statistics, tend to be strongly correlated with the time of the day.

As proposed in [25], we consider the demand model as a Markovian jump process (¢(t)) with
two states of 0 and 1 while A’ is the energy extraction rate when the hot water demand state
is ON. As indicated earlier, we consider a water extraction model with constant statistics.
Also, we shall consider Ty in (4.1) as a constant. This leads to a simplified EWH dynamic
equation associated with a constant rate of energy extraction when hot water demand is ON.

By simplifying (4.1) we have:

ar
Rmy(t) — Aq(t) — a(T — T,) = = (4.3)
In (4.3), a, A(t) and R are respectively, the thermal resistance of tank walls, the rate of
energy extraction when water is in demand and the power rating of the heating element all
expressed per unit of the tank thermal capacity. Furthermore, the two state Markov chain
q(t) is characterized by the (interval wise) time invariant transition rates ag and ag with the

resulting switching probability equations:

Pr(q(t+h) > 0lg =0) = ayh + o(h) (4.4)
Pr(q(t+ h) = 0|q(t) > 0) = aph + o(h) (4.5)
Qo probability of transition from water extraction state to non-

extraction state.
oy probability of transition from no water extraction state to ex-
traction state..

o(h): limh_ﬂ)@ = 0 and A is the time step.

The challenge of aggregation can be described as follows in the context of a homogeneous
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control group consisting of M devices. In such a group, all M water heaters are assumed to

share identical statistics and parameters. The total electricity of the M devices will be:

M
P(t) = R my(t) (4.6)
i=1
P(t): total power demanded by the group at t.
m;(t): state of ¢ — th EWH in the group.

However, (4.6) is a highly stochastic quantity. Malhamé [26], instead, proposes to consider
the empirical mean m(t) instead of the individual m;(¢). Under assumptions of independence
of the individual EWH thermostatic states, m(t) converges as M becomes large to the ex-
pectation of a generic m;(t). This convergence is almost everywhere (a.e.) by the strong law

of large numbers. Thus:
)£ 5 mlt) ag Bu(m(t) (@7

In (4.7), m(t) is the so-called "aggregate" operating state and physically represents the average
fraction of ON state devices of the group. It should also be mentioned that in the homoge-
neous case, P(t) is proportional to m(t). F,/(.) represents expectation operator conditional

on ambient temperature.

4.2 Partial differential equations of load dynamics

T(t)
If we consider the complete Markov process [m(t)| , the probability density functions in
q(t)
below can be written with respect to the hybrid-state Markov process:
fii(A )dA = PIA <T(t) < A+ dA,m(t) =14,q(t) = j] (4.8)
i,7=0,1

As discussed in (4.1), the load dynamics of a homogeneous group of EWHs are related to
the fraction of ON devices through time. Therefore, if one determines the evolution of pdfs

in (4.8), it could lead to an aggregate model of EWHs.
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Theorem 1 Hybrid state probability density functions f;; in (4.8), satisfy the coupled systems

of partial differential equations (4.9)-(5.3) for i=0, 1 and j=0,1 in regions a and b in F'ig.
4.1, and (4.11)-(4.12) in region b in Fig. 4.1.

Where:

ot

afll ()‘7 t)

df10(\, 1)

ot

ot

Ofor(A 1)

O foo(\, 1)

ot

0

a[ru(/\, ) fuu\ )] — arfir(At)
+ayg fio(A, t)

é;vm&ﬂﬁdxm+aﬁﬂkﬂ
—Oéoflo()\> t)

88)\[7“01()\, t) for (A )] = a1 for (A, 1)
+Oéof00()\a t)

aa/\[?"oo()\’ t)fOO(AJ t)] + Oélfm()\’ t)
—agfoo(A, 1)

t) £ a(A=T,) — R+ A(t)
) 2aA-T,) - R

t) = a(\—T,) + A(t)

£ 2 a(A—T,)

(4.10)

(4.11)

(4.12)

The terms r;; for ¢ = 0,1 and j = 0,1 in (4.13) to (4.16) are water cooling rates which can

be interpreted as follows:

7”11()\, t):

7’10()\, t)

T‘Ol()\, t)

7"00()\, t)

cooling rate of water in the tank when the EWH is ON and it
is facing a water demand with water temperature of .

cooling rate of water in the tank when the EWH is ON and it
is not facing a water demand with water temperature of \.
cooling rate of water in the tank when the EWH is OFF and it
is facing a water demand with water temperature of \.

cooling rate of water in the tank when the EWH is OFF and it

is not facing a water demand with water temperature of .
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Furthermore, the following boundary conditions must hold for all t.

Conditions at infinity:
fll(—OO,t) = flo(—OO, t) =0 (417)

Probability conservation:
at T_, for j =0, 1:

=11 (T ) fiy (T t) + g (T, ) f1 5T 1)

+roj(T-,t) fo; (T, t) = 0 (4.18)
at Ty, for j =0, 1:
P (T 1) (T t) + 0y (T )y (T 1) = 0 (419)
Absorbing boundaries:
at Ty, for j =0, 1:
0 < —r;(T4, 1) f1; (T4, t) (4.20)
at T_, for j =0, 1:
0 <o (T-,1t) fo;(1T-,1) (4.21)
And finally:
m(t) = Ey[m(t)]
- /_O:O[fn()\,t) + fo(A, )] dA (4.22)

Remark: Boundary conditions (4.20) to (4.21) exhibit an interesting characteristic in that
they are natural boundary conditions (automatically satisfied) with the only possible excep-
tion (4.21), which is activated under specific circumstances. This activation occurs when
r11(Ty, t) is positive, leading to the requirement that fi1(7",¢) must be zero as indicated by

equation (4.20) since as a probability density function it cannot become negative.

The situation, 0 < r1(7,t), arises when the power of the heating element is lower than
the power loss associated with hot water extraction when ¢(t) = 1. All other inequalities in

(4.20)-(4.21) are automatically satisfied and one does not really need to write them.
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Figure 4.1 Illustration of dynamical system (4.9) to (4.12). 7_ and T are lower and upper
edges of the thermostats deadbands.
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4.3 Identification of model parameters

For the purpose of this thesis, we have developed a model for a water heater using the

configuration parameters outlined in Table 4.1.

Utilizing equations (4.1), (4.3), and the data provided in Table 4.1, we can derive the model

parameters a and R as follows:

UAgr 41
a MG, 0.193 x 10 — (4.23)
R °C
= =0.2122 4.24
i MC,¢ 0 min - W ( )

Advancing towards the completion of our model, the determination of the remaining parameters—A,
ap, and a;—in equations (4.4) and (4.5) is imperative. To achieve this, our focus turns to pe-
riods marked by constant demand, and we draw upon data pertaining to the average hourly
Hot Water Consumption (HWC) of a typical English household, [3]. This data, visualized
in Fig. 4.2, serves as a foundational reference. Guided by the insights derived from Fig. 4.2
and informed by the preceding work of Malhamé and Laurent [27], we present the compiled

parameter values in Table 4.2.

To advance our model, we have examined the daily hot water usage of a residence in relation

to its corresponding energy consumption [3].

Now, concerning the values in Table 4.2, we can determine the variables A and «;, as follows:

Table 4.1 EWH Parameters

Parameter Value Unit
R 4.5 kW :%
U 875 | —2
A, 2.8 m?
Thermostat dead-band | 60-65 °C
T, 22 °C
M 304 kg
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Figure 4.2 Hourly household hot water consumption [3].

Table 4.2 Hot Water Consumption Parameters

Parameter Value
Occupancy 3
Events 21
Daily Water Demand 201 L
Daily Energy Extraction | 16.7 MJ
Water Flow Rate 5 L

min

31
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. Total Energy Consumed per Hour
B T T T

16 1

1.2

Energy Consumed (Mega Joules)

0.2

Hour

Figure 4.3 Daily energy consumption of a dwelling with respect to hot water usage in 4.2 [3].

B Energy Extracted Daily 1 B
~ Time Length Spanned by events in a day Tank Water Thermal Capacity
°C
0.3266—— (4.25)
min
1 21 x5
@ =222 _ 0,52 min~! (4.26)

- Duration of a Water Event 201

Additionally, an hourly rate of energy extraction can be calculated based on the information

presented in Figures 4.2 and 4.3, as illustrated in Figure 4.4.

In [26], Malhamé calculated an expression for the fraction of ON devices under the assumption
that A(t) remains constant, and ry; is negative. The second assumption indicates that the
EWH can provide enough power to warm the water even when the demand state is ON,
meaning that the boundary condition in (4.20) is inactive. To derive the expression, we first
introduce 0. It can be comprehended that since [7_T"| is usually a small interval, r;;(T,t)

can be assumed fixed at T = 1= ;T+. Then we define:
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Rate of Energy Extraction per Hour
T T

1.4 T

A\frac{\degree C}{\text{min}}

Hour

Figure 4.4 Hourly rate of energy extraction based on 4.2 and 4.3.

971 — — [O‘O Oél} 4.97
! 10 - 11 ( )
g — [040 al} 4.98
0 o0 * To1 ( )

As mentioned earlier, Malhamé in [12] showed that m, the steady-state fraction of devices

when 713 < 0 and for A =T, —T_, can be calculated with:

o _ A o _ A
_ 1 r10 0 ri1
m = —|—< ) 4.29
<a1+ao)[-§o+r§0 —— [—Tfﬁ,ﬁ; (429)

Now we can determine o using equation (4.29) and previous calculations in equations (4.25)
and (4.26). It should be mentioned that we compute mg, the fraction of on-state devices in
the steady state, by dividing the hourly load in Fig. 4.3 by the maximum power of EWHs,
4.5 kW. The corresponding results have been provided in Table. 4.3.
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Table 4.3 Average power demand by EWH and respective values of parameters m, and ay

H Hours Load (kW) m, «p(min™') H

0 0 0 0

1 0 0 0

2 0.018 0.04 0

3 0.033 0.007 0.001
4 0.26 0.058 0.009
5) 1.14 0.252 0.042
6 0.746 0.166 0.028
7 0.699 0.155 0.025
8 0.916 0.204 0.034
9 0.494 0.11 0.017
10 0.521 0.116 0.018
11 0.7 0.157 0.025
12 0.467 0.104 0.016
13 0.369 0.082 0.013
14 0.43 0.096 0.015
15 0.57 0.127 0.02
16 0.628 0.14 0.023
17 0.683 0.151 0.025
18 0.729 0.162 0.026
19 0.692 0.154 0.025
20 0.509 0.113 0.018
21 0.396 0.088 0.014
22 0.236 0.052 0.008
23 0.147 0.033 0.005
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4.4 Numerical Solution

The development of joint density dynamics for EWH states was discussed in the previous
section. An numerical framework is now presented for computing the evolution of the model.
Furthermore, a Monte Carlo simulation of aggregate dynamics is implemented to validate
our numerical analysis. This simulation will serve as the basis for comparing and mutually

validating the two methodologies, providing a mutual validation of results.

4.4.1 Discretization of the Markov chains

According to the previous section, equations (4.9)-(4.12) can be expressed as follows:

0 0
50/ (@t) = 5 [Al@, ) f (@, 0)] + Bf(x,1) (4.30)

Where A(z,t) is the cooling rate matrix and B is the transition matrix associated to the
Markov chain, which are defined based on (4.13)-(4.16) and (4.4)-(4.5):

[ foo(, 1)
foi(z,t)
1) = 4.31
flz,t) Fole. 1) (4.31)
fu(z,t)
_7"00(.%’) 0 O
. 0 7”01(1’) 0
Az, t) = 0 0 rolet) 0 (4.32)
0 0 0 (@, t)
_—ozo Qo 0 0
p_|® —a 0 0 (4.33)
0 0 —-a, o
I 0 0 a, —oq

In Equation 4.32, rgg and ry; remain time-independent, as the sole time-dependent factor
relates to the water demand, as expressed in equations 4.13 to 4.16. Given N(t) as the
population distribution vector of the Markov chain at time ¢, and referring to matrix B in
4.33, one can express:

AN
— =BN() (4.34)
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If we express the sampled version of N(t) at a fixed time step At, it takes the form:
N(t+ At) = AMN(1) (4.35)

For small At and considering small values for matrix B, a first-order approximation can be

derived:
AMN () =1, + AtB (4.36)

Now, we can derive a discretized approximation of the continuous-time Markov chain:

Pr(q(t+ At) > 0[g(t) =0) = oy At
Pr(q(t+ At) =0[q(t) > 0) = apAt (4.37)

4.4.2 Numerical Solution of Fokker-Plank Evolution Using the Lax-Wendroff
Method

This section discusses the numerical solution to Kolmogorov Equation given in (4.30). One

can derive the following from (4.30):

0 0
o/ (@) = o [A(x,0)f (2,0)] + B (2,1) =
(()Aéi’t)f(x, t) + A(x, t)afg;’ £ + Bf(z,1) (4.38)

The Lax-Wendroff scheme provides a numerical difference method for this system [28] [29]

using the following approximations for a function f(m,n), denoted as f:

a n ;L’L - 777;—

o o= —“2 o L (4.39)
. 1 — o S

53 fr = dml N 1 (4.40)

The temperature discrete step size is denoted by Ax. Taylor’s expansion is now applied to

the second order approximation:

2
furt = f A kS g kel

K b (4.41)
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Here, k denotes the time step. Substituting equation (4.41) into equation (4.38), we derive:

0A" ofn
it =gy k| mpn g0 O g

ox ox

51{: ot [ ox Jm A ox +Bfm] a
0A" orr

o+ k mn 4 A Jm +Bf" |+
ox ox

1, 0%A" QA" 9fn QA" 9fn

Pl or o Yot o

W ORf1 otfy
AN EeeT + B Y ] (4.42)

As a result of using (4.38) again on (4.42), and by simplifying it, we obtain the following
equation:

0 0
Fatt = Ft ke A f 4 KA, = [+ KB,

1, DA §fn  §A" Gfn
- A" m m m m
M P ar T ot o
o2 fm OB ofn
+ m 8.172 + max m+( m + m) ax
o PAROL 04 L0f

™ ox? Ox ( ox ) oz
oA Dfn A O

+ BB+ 25 )5t Guat o

(4.43)

Considering the context discussed in Section 4.1 and Algorithm.1, where A(x,t) is assumed
to be dependent on both temperature and time during specific time intervals and B remains

constant while not being temperature-dependent, we have %A% = %R’n, %A”m = a and
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%B = %B = 0. Therefore, the equation simplifies to:

Fir = T kol + RAG 1) o4 KB

Ofm | 0 m0fn
ox +§R or
927 OB

n 2 m n -~ rn
A gz t Ay Im

ofn

A" B+ BA" m

+ (A" B+ BA") p
20 f

@ B(B+2a)agf] (4.44)

1
+ 5k |34

Thus, equation (4.44) presents the numerical updating step for equations (4.9) to (4.12), with
% f defined in (4.39) and % frin (4.40). Thus, solving a system analogous to Equation

(4.38) becomes achievable using the previously computed matrices:

foo(m, n) -, o 0 0
o for(m,n) B_|®% —= 0 0
fro(m,n) 0 0 —-a, o
fir(m,n) 0 0 oy  —O
Too(m) 0 0 0
AZI _ O TOl(m) O 0
0 0 r10(m,n) 0
0 0 0 ri1(m,n)

4.4.3 Boundary Conditions

As discussed in Section 4.2, specific boundary conditions are imposed in accordance with the
Kolmogorov equation. The initial focus is on addressing the absorbing boundaries outlined in
(4.20) and (4.21). It is worth noting that (4.21) is considered logically inactive, as previously
indicated in Section 4.2. Conversely, with reference to (4.20) and Table 4.3, this boundary

condition may necessitate setting:

f11<T+,t) =0 if 0 S Tll(T+,t) (445)
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In this scenario, the probability current of fi; moves from right to left rather than left to
right which will also affect the probability conservation boundary conditions in (4.18) and
(4.19). In accordance with (4.18) and (4.19), at the lower temperature dead band 7T, all
probability current flowing out of foo(7-,%) and fo; (7, t) will enter fi1o(7_,t) and f11(T_,1t),
respectively. Similarly, at the upper temperature dead band T, all probability current
escaping from fio(T'y,t) and fi1(T,t) will enter foo(T',t) and fo1(T,t), respectively. This

behavior is illustrated as follows:

Fo(T- t+ At) = fio(T- — Aw,t) — nggj 2  Joo(T-, 1) (4.46)
Joo(Th t + At) = —w *fro(T4, 1) (4.47)
fo (Tt 80) = = (2 (1.15)

For fi1; based on the sign of 71, this probability will be computed as follows:
Tgl(T,, t)
11 (T_, t)

if 7’11(T+,t> S 0

(T t+ At) = fii(T-,t) — ~for(T-,t) (4.49)

F(To — Azt + At) = fiu(T- — Az, t) — :mg_g for (T, 1) (4.50)
if 0 S Tll(T+,t)

4.4.4 Validation of Lax-Wendroff Scheme via Simulations

To validate the accuracy of the evolution equations and the proposed numerical simulation
approach, we compare the outcomes with Monte Carlo simulations, as illustrated in Fig 4.6.
The behavior observed in the Kolmogorov simulation closely aligns with the Monte Carlo
results, with the latter being contingent on the size of the sample used (which amounted
to 100,000 in the aforementioned simulation). As the Monte Carlo sample size increases,
the alignment between the two simulations is expected to improve. It is important to note,
however, that the computational time required for the Monte Carlo simulation significantly

exceeds that of the PDE-based difference approximation.

In Algorithm 2, the Monte Carlo simulation’s logic is fully described, with i) x(i,j) repre-
senting the temperature of the j — th house at time step i, ii) ¢(i,j) as the binary demand
state variable of house j at time step 4, and iii) m(i, j) as the binary heating element state

variable of the 57 — th house at time step 7. The evolution equations and the proposed nu-
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merical simulation approach were applied using two distinct schemes, characterized by the

sign of ry; as previously outlined, which are summarized in Table 4.4 (0<r;;) and Table 4.5

(ri1 < 0) [27].

ap—— ] 0.042.
ar(7=) | 0.61.
R(-%-)] 0.2122.
a(==) [ 0.002.
ACS) | 081
T,(°C) | 22.
T_(°C) | 60.
T.(°C) | 65.
Tp(min) | 500.

Table 4.4 Parameter Values
for Simulation 1

ap—— | 0.021.
ar(7=) |0.2.
R(-%)| 0.4046.
a(=—) [ 0.002.
ACS) 028
T,(°C) | 22.
T_(°C) | 60.

T, (°C) | 65.
Tp(min) | 500.

Table 4.5 Additional Parameter Values
for Simulation 2

In both examples, the results in Fig. 4.6 clearly indicate a close correlation between Monte

Carlo simulations and Kolmogorov evolution-based simulations.

The error in the total fraction of the ON state in these examples are just 2% and 1.5%

respectively, underscoring the precision of our model when compared to the actual behavior

of the aggregated EWHs.
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Algorithm 2: Monte Carlo Simulation Algorithm

fori=1to T do
for j =1 to House Numbers do
if x(i,7) < T- then

| m(i+1,7) =1

end

else if 7', < z(i,7) then
| m(i+1,5) = 0;

end

else

| m(i+1,5) = m(i, j);
end

if ¢(i,j) == 0 then

if randon,umber < ay - dt then
g+ 1) = 1;
end
else
| q(i+1,5) =0;
end
end
else if ¢(i,j) == 1 then

rand_num = rand(1);
if rand_num < a4 - dt then

| qli+1,5) =0
end
else
(i 1)) =1
end
end
x(i+1,7) =2(i,5) —a- (x(i,j) —xa) - dt — q(i,j) - A-dt + R-m(i,7) - dt;
end

end
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Figure 4.5 ON and OFF state density functions calculated by Kolmogorov equations and
Monte Carlo simulation with respect to the parameters specified in Table 4.4 (r1;(z4,t) > 0)
when the system reaches steady state.
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Figure 4.6 ON and OFF state density functions calculated by Kolmogorov equations and
Monte Carlo simulation with respect to the parameters specified in Table 4.5 (711 (x4, t) < 0)
when the system reaches steady state.
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CHAPTER 5 Enhancing Primary Frequency Regulation: Analyzing the
Effects of Different EWH Control Schemes Implementation

In this chapter, we leverage the model derived in Section 4.4 to investigate the potential
utilization of EWHs as a demand response energy storage solution in response to various
electricity demand perturbations. We consider a Non-reheat Steam Power Plant which con-
sists of 10 similar single typical large generator unit as previously described, boasting a
nominal capacity of 1000 MW in total. Currently, each generator operates under a 90 MW

load, with our chosen reference power set at Pyqqs = 900MW :=1p.u.

Additionally, EWHs account for approximately 30% of average domestic demand loads [30].
The group of EWHs is considered homogeneous and the EWHs are rated at 4.5 KW. Fur-
thermore, about 30% of the total load is attributed to domestic consumption [17]. While
we assume that only 33% of these EWHs are enlisted for Demand Response, the findings
can be extrapolated to accommodate larger DR participation rates. Thus, around 3% of
the total load consists of EWHs engaged in Demand Response. Throughout the conducted
experiments, the collective EWHs were employed with the following set of parameters as they
have been defined and detailed in section 4.3: A = 0.81-S-, oy = 0.52-1- a, = 0.041-1
a = 0.193 x 10~*min~' and R = 0.2122—-C.
figured to operate within a thermostat deadband ranging from 60°C' to 65°C' and ambient

Furthermore, all EWHs have been con-

temperature of 22°C.

In Fig. 5.1, the frequency is observed to remain constant at 60 Hz, indicating an assumed
initial perfect balance between power generation and power demand. Additionally, Fig. 5.2
illustrates the percentage of ON EWHs, under normal thermostatic control, settling to a
steady state of approximately 47.8%. Finally, in Fig. 5.3, the total power generated in the
power system and the contribution of aggregated EWHs, planned to be used in DR in future,
are depicted, amounting to around 0.03 p.u when everything is in balance, as discussed

earlier.

In the forthcoming experiments, we will utilize the system characterized by the aforemen-
tioned properties. By demonstrating EWHs’ capacity to serve as an alternative source of
frequency regulation capacity, the investigation aims to determine how effectively EWHs
can participate in DR programs. There could be significant environmental benefits to this
operational shift, including the reduction of CO2 emissions. As an additional benefit, this
transition is aligned with environmental sustainability goals and offers the added benefit of

permitting synchronous machines to perform a wide variety of alternative functions. By
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Frequency Response of the System
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Figure 5.1 Frequency response of the system, showing the the balance in generated power
and total demand.

48

T

47.95

Percentage of ON Population
» »
~ N ~ »
y N ® N
al o] [$)] ©
T L | T T

N

N

u
T

47.65

47.6

Fraction of ON EWHs Devices

L

2
Time (min)

2.5

Figure 5.2 Percentage of ON population of EWHs over time, illustrating the dynamic behavior

of EWHs.



45

Aggregated Power Consumption of EWHs

0.04
0.035 - -
=)
g
5 0.03
2
[e]
o
0.025 - i
002 | | | | | | |
0 0.5 1 15 2 25 3 35 4
Time (min)
Generator Power
1.01 T T T
_.1.005 |- 8
3
o
S 1
2
g
0.995 ~ =
099 | | | | | | |
0 0.5 1 1.5 2 2.5 3 3.5 4

Time (min)

Figure 5.3 Upper: Aggregated power consumption of EWH with an offset of 0.03. Lower:
Total power generated from the power system for primary frequency regulation during a
Demand Response (DR) scenario.

reallocating resources strategically, the energy system becomes more flexible and efficient,

improving its ability to adapt to unforeseen events.

When exploring the potential of a large group of EWHs to substitute for synchronous ma-
chines in primary frequency regulation functions, it is important to try to simulate as closely
as possible realistic load perturbations that an actual power system has to smooth out to keep
frequency within tight bounds. For this purpose, based on a frequency excursions data set
obtained from [31], we construct synthetic load perturbations which when applied to our sim-
ulated power system would produce similar frequency oscillations under primary frequency

regulation.
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5.1 Fourier-Based Synthetic Candidate Load Perturbations Extraction from

Real Frequency Data

In this context, we have employed real-time frequency data, visualized in Fig. 5.4, which
represents the grid’s frequency response to a perturbations in a 5-minute period from [31].
These frequency variations will subsequently be ascribed through transfer function inversion
to candidate load perturbation trajectories. The latter will then serve as the basis for as-

sessing the effectiveness of DR as a source of primary frequency regulation under normal-like

conditions.
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Figure 5.4 Temporal Evolution of the Frequency for a Physical Generator

The first step is to recreate the load oscillations that caused the frequency perturbation
in Fig 5.4 so that we can apply them in future experiments. In order to achieve this, we

initiate a comprehensive Fourier spectrum analysis, examining the composition of sinusoidal

components that collectively form the specified signal. To begin, the signal’s frequency

content and spectral characteristics must be thoroughly analyzed. This is followed by the
determination of the appropriate amplitudes associated with each sinusoidal component.
This process ensures a thorough understanding of the signal’s harmonic structure, facilitating

precise amplitude assignments to effectively reconstruct the load oscillatory trajectory behind

the signal under consideration.
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The analysis involved computing the Fast Fourier Transform (FFT) of the signal, resulting
in the Power Spectral Density (PSD) plot in Fig 5.5. The PSD plot provides a visual rep-
resentation of the signal’s frequency content, revealing the magnitudes of different frequency
components present in the signal. The x-axis of the plot represents the frequency in Hz, while
the y-axis represents the Power, indicating the contribution of each frequency component to

the overall signal power.

018 FFT Analysis of HQ Signal
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Figure 5.5 FFT Analysis of the Main Perturbation Signal. The plot illustrates the Power
Spectral Density (PSD) of the signal, revealing frequency components and their magnitudes.

Based on the information presented in Figure 5.5, it can be assumed that the initial signal
was mainly composed of approximately four distinct sinusoidal components with frequencies
of 0.001039, 0.001534, 0.02598, 0.03118 adn 0.03638 Hz. After experimenting with various
amplitudes, an optimized approximation for the perturbation input has been determined,
as illustrated in Fig 5.7. Furthermore, in Fig 5.6, the resemblance between the frequency
response of the main signal and the response of the newly constructed signal is evident.
Also, in Figure 5.8, it is evident that the FFT diagram of the frequency response for the

constructed signal in Figure 5.7 highlights the same frequencies with relative magnitudes.

Having identified reasonably realistic test load perturbations, we now proceed to design a

droop controller for the EWHs to produce the hoped for primary frequency regulation action.
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amplitude values are scaled accordingly.

Perturbation

0.05

Power (p.u.)

-0.05

1 15 2 25 3 3.5 4
Time (Min)

Figure 5.7 Perturbation signal, constructed from the FFT analysis of the main in signal in
5.4
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Figure 5.8 FFT Analysis of the Constructed Signal. The plot illustrates the Power Spectral
Density (PSD) of the signal, revealing frequency components and their magnitudes. The
analysis provides insights into the signal’s frequency composition and spectral characteristics.
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5.2 Exploring the Impact of the Choice of EWHs Droop Constant

In our model, we implement the droop technique in the heating elements of each EWH
to dynamically adjust their power consumption based on the requirements for frequency
regulation, as discussed in section 3.2 in chapter 3. This approach empowers individual EWHs
to monitor local frequency deviations and modulate their power consumption accordingly.
This strategy not only ensures responsiveness but also facilitates seamless matching of power

demand.

The chief advantage of this control scheme is its rapid response time which is partly due to its
decentralized nature, enabling application within fractions of a second, a critical attribute in
PFR. Moreover, its implementation is characterized by simplicity, avoiding the complexities
associated with centralized models that require complex communication systems. This essen-
tially reproduces the significant advantage of primary frequency regulation as a decentralized

control scheme.

An essential aspect to underline is that frequency deviation (Af) is a signal widely observed
in the power system and that will be observed across all devices. When grid perturbations
lead to a frequency imbalance, it triggers individual responses from all EWHs. In essence,

EWHs fine-tune their power consumption globally to counteract the imbalance.

Given that the water heating mechanism of EWHs is electric, this allows fast changes in
power. This permits great flexibility in the setting of the droop constant of EWHs which
could be very small value. However, through simulations, it becomes evident that the droop
constant cannot be arbitrarily small. This limitation arises because multiple generators or
EWHs contribute to the frequency regulation signal, and the characteristics of the power
system area significantly influence the outcomes. In essence, the proportional control nature
of the system implies that being too aggressive in setting a small droop constant may induce

oscillatory behavior, even in classical PFR.

To identify an optimal value for the EWHs droop constant, extensive simulations were con-
ducted where a 0.015 p.u constant perturbation has been added to the system at ¢t = 2min,
leading to the selection of a value of 0.00001 for the droop constant of each EWH. This value
strikes a balance, being sufficiently small to ensure rapid responsiveness of the EWHs while
avoiding excessive aggressiveness in their consumption behavior to track the load. Indeed, as
shown in Fig 5.9, when the droop constant for EWHs is set to values smaller than 0.00001,
the devices tend to act as overly aggressive proportional controllers. This results in rapid
chattering of EWH power consumption to follow very small frequency deviations, which is

unnecessary.
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Figure 5.9 A comparison of two EWH droop constants. The droop constant represented by
the blue color range is smaller, acting as an overly aggressive proportional controller.

Considering previous observations, a small droop constant becomes necessary when demand
and supply in the system remain and substantially out of sync for a prolonged period of
time. It is noteworthy that the determination of a "high" value in this context is contingent
upon the proportionality of the aggregate EWHs’ contribution to the system. For instance,
in Fig. 5.9, the perturbation magnitude amounted to half of the total EWHs consumption,
corresponding to 0.03p.u. In the presence of perturbations of such magnitude, the droop
constant governs the operation of each device, possibly compelling them to operate at either
minimum or maximum consumption levels. As illustrated in Fig. 5.10, the droop mechanism

effectively induces a rapid reduction in consumption to the minimum level for each device.

In previous experiments, droop constant values set to small values have been effective in
mitigating big perturbations. However, it may not be suitable to address all perturbations.
For instance, when confronted with oscillatory or minor perturbations, employing larger

droop constants could potentially offer greater smoothness.

As an illustrative case, we employed the perturbation signal constructed in the previous sec-
tion (Fig 5.7), setting the droop constants to 0.00001 and 0.001 respectively. As anticipated,
the system featuring the smaller droop constant exhibited slightly improved frequency reg-
ulation (Fig 5.11). However, as evidenced in Fig 5.12, the droop mechanism within each

individual EWH device operated similarly to an aggressive proportional controller, causing
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Figure 5.10 Power consumption of individual EWH devices in response to a 0.015p.u perturba-
tion. The droop mechanism within each device is evident, causing a reduction in consumption
to its minimum level due to the significant magnitude of the perturbation.

each device to alternately consume minimum or maximum power at each time step. Con-
versely, in the system with the larger droop constant, although there was a slightly inferior
frequency regulation outcome (with mean frequency of 60.003 against 60.001 with smaller
droop constant), it effectively mitigated the devices’ tendency to switch between minimum

and maximum power consumption levels aggressively, as illustrated in Fig 5.12.

In conclusion, this study has demonstrated that in scenarios characterized by significant
and continuous perturbations necessitating comprehensive support from DR, smaller droop
constants prove advantageous. These smaller constants enhance system responsiveness, en-
abling quicker adjustments to meet demand fluctuations. Conversely, in situations involving
oscillatory perturbations requiring frequent changes in device consumption rate, larger droop
constants offer utility. Such values allow for smoother device operation by moderating ag-

gressive shifts between minimum and maximum power consumption levels.
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Figure 5.11 Frequency response of two systems with different droop constants to an oscillatory
perturbation, as depicted in Fig 5.7.
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Figure 5.12 Power consumption of individual EWH devices in response to an oscillatory
perturbation, as depicted in Fig 5.7, showing how droop mechanism is working. The system
in blue, employing a smaller droop constant prompts the devices to swiftly alternate between
maximum and minimum consumption levels, displaying aggressive behavior. Conversely, the
system represented by the orange line operates more smoothly under the same conditions.



o4

5.3 Exploring EWH with Droop Control as Alternatives for Area-Wide Fre-

quency Deviation Responses

In this section, we delve into an investigation of the capacity of groups of EWHs organized
under a droop control mode. Our focus is on their ability to effectively respond to area-wide
frequency deviations. The goal is to explore whether these organized groups of EWHs can not
only mimic but also serve as faster responding substitutes for groups of dedicated synchronous
machines utilized for Automatic Generation Control (AGC). This inquiry is motivated by the
potential of leveraging distributed EWHs in grid support services for frequency regulation in

power systems.

To achieve this, three scenarios have been designed to simulate various frequency regulation

situations, aiming to explore the impact of EWHs on frequency restoration.

e Sudden Increase or Decrease in Demand: Investigate changes in demand ranging
from 0.015% to 0.05%.

o Synthetic Real-Time Like Perturbation Data: Investigating the system’s re-

sponse under the perturbation generated in Section 5.1.

5.3.1 Sudden Increase or Decrease in Demand

In this simulation, we explore the response of EWHs to multiple sustained changes in demand,
namely 0.015%, 0.03% and 0.05% p.u. The objective is to evaluate the EWHSs’ capacity
to adjust their consumption to balance fluctuations in demand. As evident in Fig 5.13
(0.015%p.u load change), the system employing DR shows significantly improved frequency
regulation compared to the system without DR and just benefiting from PFR. To explore the
limitations of EWHs in assisting the grid with frequency regulation, additional simulations

were conducted with varying sizes of perturbations (AF,).

In Figure 5.14, in the simulation with AP, = 0.03, although the devices could adjust their
consumption to address the power loss, the perturbation was significant enough to require a
quicker reaction time to minimize the error in the frequency response. This can be observed
in Figure 5.17, where the droop mechanism causes the EWHs to operate at their minimum
power consumption rate more rapidly when facing a larger perturbation. However the rapid
increase in the fraction of ON populations over time can be seen, in Fig. 5.15. To understand
this behavior, it is crucial to examine the response of EWHs during this process. When the
surge in demand prompts EWHs to decrease their power consumption, the heating rate of

ON devices decreases and the water temperature in ON devices initiates a decline. In the
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Figure 5.13 A comparison of the system’s response to a 0.015 p.u perturbation with only the
utilization of EWHs as DR. In both cases PFR has been used by the generation units.

meantime, devices that were OFF, cool down enough to join the ON population. As a result,
over time, more devices join the ON population, yet they are unable to reach the upper
thermostat deadband temperature 7'y = 65°C. This inability is a result of the droop-control
induced reduction in power consumption of the devices, aimed at slowing down frequency
decrease. In Fig 5.16, it appears that for AP, = 0.03, EWHs, as a result of droop-control
action, have adjusted their consumption to the minimum droop power setting. This is due
to the combined effects of the relatively important sizes of the load perturbations together

with the high sensitivity of the droop controller as designed.

An intriguing observation derived from this experiment is highlighted in Fig 5.16, where
a sudden surge in demand prompted EWHs to lower their power consumption, effectively
entering a state of power starvation. Operating below their nominal power rates, it can be
predicted that over time, an escalating number of EWHs will transition to the ON state.
This arises from the necessity to maintain water temperature within acceptable tempera-
ture ranges. Furthermore, these units remain unable to enter the OFF state due to their

commitment to DR activities.

The integration of these new EWHs into the ON state will lead to a higher overall power
consumption by the aggregated EWHs, consequently reducing the available capacity for
meaningful DR contributions. However, this effect may be challenging to detect in this

simulation, as based on Fig 5.15, there is only a 1.8% increase in the ON state density layer,
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Figure 5.14 Combined frequency response of the power system with PFR and DR under three
different load perturbation sizes at t=2 minutes.
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Figure 5.16 Upper: Power consumption of aggregated EWHs under three distinct load per-
turbations. Lower: Total power generated by generators for the same set of perturbations.

which is too subtle to be noticeable in aggregated power consumption of EWHs illustrated
by Fig 5.16.

This effect is demonstrated through a simulation conducted in the same setting, where the
results are presented in Fig 5.18 to Fig 5.20. The simulation involves a consistent increase in
demand (AP,) of 0.015 p.u added to the grid at ¢ = 1 min. Fig 5.18 illustrates that the droop
system in EWHs operates to make each device function at its lowest power consumption level,
represented by R = 1.5 KW in our simulation due to Algorithm 1. As mentioned earlier,
this leads to a higher number of ON devices, as evident in Fig 5.19. The total fraction of ON
devices increases from 47.8 to almost 53% in less than 10 minutes. This rise in ON devices
results in reduced power leverage for frequency regulation. In Fig 5.20, it is observed that
the frequency remains nearly stable until approximately ¢t = 3, after which it suddenly begins

to decline.

Consequently, the findings underscore the need for caution when adjusting EWHs power
consumption set points. While they prove to be effective tools in mitigating sudden pertur-
bations, the persistency of their contribution is limited in time. Indeed, as time progresses,
their capacity to dynamically reduce or increase total consumption is influenced, thus bring-

ing to light the importance of strategic considerations in managing these set points and time
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Figure 5.17 Power consumption of each EWHs in relation to its droop characteristic and
frequency deviation signal under multiple perturbations. This figure illustrates how the
droop mechanism in each individual device adjusts the power consumption to meet the DR
requests.

of operations.
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Figure 5.19 Evolution of the fraction of ON devices over time. The increasing trend is notable,
indicating that the EWHs, having experienced a period of deprivation, are progressively

transitioning to the ON state.
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Figure 5.20 Grid frequency response to a 0.015 p.u perturbation. The rise in the number of
ON devices, induced by the power starvation resulting from the droop system in each device,
causes the frequency, which remained relatively stable for a while, to drop at ¢t = 3.
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5.3.2 Synthetic Real-time Like Perturbation Data

In this subsection, we conducted a simulation to analyze the system’s response to the syn-
thetic real-time like data constructed in Section 5.1. The purpose of this study is to evaluate
the effectiveness and capabilities of DR achieved with droop control of EWHs and frequency
regulation of generator units. Here as discussed earlier in section 5.2, the droop constant for

EWHs has been set to 0.001, to prevent the devices to act too aggressively.

As shown in Fig 5.21, the use of DR , in conjunction with existing synchronous machine-based
PFR, has significantly improved the frequency response of the system to perturbations, with
the mean frequency under DR being 60.006 and standard deviation of 6.5 x 10~* compared to
60.018 and standard deviation of 9.8 x 10~* without DR. This improvement is achieved by ad-
justing the power consumption of all EWHs via droop control. The impact on the population
of ON devices is displayed in Fig 5.22. One advantage of load induced sinusoidal frequency
perturbations is their oscillatory behavior, which helps prevent sudden and continuous in-
creases or decreases in the number of ON-state devices, as observed in Fig 5.15. Furthermore,
in Fig 5.23, it appears that the introduction of DR, by helping to limit the size of frequency
oscillations has in turn resulted in smaller magnitude power oscillations for generators, thus
helping to reduce the associated wear and tear on these machines. In Figure 5.24, the impact
of the droop mechanism in each individual EWH on the device’s power consumption to meet
frequency regulation requirements is evident. The system, benefiting from DR, exhibits an

oscillatory behavior in power consumption to align with frequency perturbations.
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Figure 5.21 Frequency response of the power system with and without DR under the per-
turbation in 5.1. It can be clearly seen that using DR has helped the generators to regulate

frequency more conveniently
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tions. The fraction of ON devices is observed to be influenced by the sign and magnitude of

the perturbation but the absolute magnitude of the fraction oscillations remains small.
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Figure 5.23 A figure illustrating the efficiency of DR, showcasing how it reduces pressure by
adjusting the total power consumption of the devices. Upper: Power consumption of aggre-
gated EWHs under oscillatory perturbations. Lower: Total power generated by synchronous
units under the same conditions.
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Figure 5.24 A figure showcasing the power consumption of each individual EWH, both with
and without DR. The illustration reveals that the implementation of DR affects the droop
mechanism within each device, thereby adjusting consumption rates to aid in system fre-
quency regulation.
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5.4 Time-Dependent Analysis for Hot Water Extraction Rate

It is important to note that the range of power changes that can be achieved at any one time
with a group of EWHs acting as a DR tool is a direct function of the number of devices in the
group which are in the ON state. The latter will be directly impacted by hot water extraction
statistics which vary according to the time of the day. More water extraction is correlated
with a higher fraction of ON devices. On the other hand, more water demand means higher
rates of power consumption are needed to maintain acceptable water temperatures. This
affects the permissible lower power bound in the droop controller during such periods and
thus may create limits on the permissible ranges of power fluctuations for DR purposes. Thus,
the equation is a complex one. In this context, conducting tests at various times throughout
the day becomes essential, given as discussed, the strong dependency of system performance

on the temporal statistics of hot water extraction rates.

Understanding the fluctuations in hot water demand across different periods is crucial for
implementing effective strategies. Our exploration will look into the temporal dynamics of
hot water extraction, shedding light on how performance metrics may vary throughout the
day. Furthermore, the choice of droop power thresholds, a critical parameter in system
control, could be chosen in relation to these temporal statistics. Finally, it may turn out
that some amount of control beyond purely reactive droop control may be useful in putting
the devices in the most useful initial conditions given for example an anticipated upcoming
period of elevated water demand.

°C

man’

During the ensuing simulation, the energy extraction rate A has been configured at 0.32
aligning with the time of day characterized by an average demand for hot water, as indicated

in Figure 4.4.

As is demonstrated in Fig 5.25 | given the lower demand for hot water, there are fewer devices
in the ON state compared to the simulation where A = 0.81, as the fraction of ON devices
has dropped from 47.8% with A = 0.81 to 14.8% with A = 0.32. As mentioned earlier,
this aspect is crucial, as the total power range available for DR is highly dependent on the
number of ON devices. The total aggregated power consumption by EWHs has significantly
decreased to approximately 0.01 p.u. This reduction can be attributed to the diminished
contribution of devices in DR which is a result of mentioned decrease in hot water demand,

as evidenced by Fig 5.26.

To investigate the correlation between the number of ON devices and the system’s capability
to regulate frequency, two distinct types of perturbations have been applied. The first involves

a continuous sudden generation decrease with an amplitude of 0.015p.u. The second one
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Figure 5.25 Fraction of ON devices with the rate of energy extraction is A = 0.32 mzcn Low

hot water demand leads to smaller number of devices contributing to frequency regulation.
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Figure 5.26 EWHs consume less power when hot water demand decreases from A = 0.81 mfn
to A= 0.32%, which leads to less power available in DR. Upper figure: Power Consumption

of EWHs. Lower figure: Power Generated in Generation Units.




corresponds to the synthetic real-system like perturbation depicted in Figure 5.7.
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5.4.1 Sudden Loss of Generation

In this scenario, we assumed a sudden loss of generation, possibly resulting from a malfunction

in a generator.

In Fig. 5.27, it can be observed that in the simulation with A = 0.32, while EWHs continue
to assist PFR in achieving improved frequency response, their impact is limited due to a
reduced population available for adjusting their consumption, as illustrated in Fig. 5.28.

This contrasts with the significant effect they demonstrate in the simulation with A = 0.81.

This is further evident in Fig. 5.29, where the total change in power consumption of EWHs
through their droop scheme is almost 0.005 p.u, significantly less than the power reduction
observed in the same figure with A = 0.81, which is 0.015 p.u.
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Figure 5.27 A comparison of the system’s response to a 0.015 p.u perturbation with the
utilization of both EWHs as DR and PFR, when the rate of energy extraction is A = 0.81 mfn
and A = 0.32-¢
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Figure 5.28 A comparison of the system’s ON devices behaviour to a 0.015 p.u perturbation
with the utilization of both EWHs as DR and PFR, when the rates of energy extraction are

respectively A = 0.817;—%1 and A = 0.32-C
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Figure 5.29 Lower demand in hot water consumption could lead to less power availability
in EWHs to use as DR. Upper figure: Power Consumption of EWHs. Lower figure: Power

Generated in Generation Units.
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5.4.2 Synthetic Real-time Like Perturbation Data

In this scenario, the real-time mimic perturbation, as constructed in the previous section,
has been applied to the system to observe the effect of hot water demand on DR ability in
regulating the frequency.
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Figure 5.30 A comparison of the system’s response to a real-time perturbation with the
utilization of both EWHs as DR and PFR, when the rate of energy extraction is A = 0.81 mfn
and A = 0.32-C

min’

Once again, in Fig. 5.30, it can be observed that while the use of DR when A = 0.32, continues
to assist the generators in regulating the frequency, its effectiveness is not as significant as it
is in the scenario with more ON devices available (A = 0.81), as shown in Fig. 5.21. The blue
frequency response of the system shows smoother rises and drops than the orange frequency
response. This phenomenon is a result of the increased power storage available to EWHs,

enabling them to better align with demand, as clearly depicted in Fig 5.32.

These simulations underline the importance of the number of EWHs in ON state present
at any given time. For frequency regulation to be effective, the number of ON devices
must be adjusted as it plays a key role in providing sufficient power. Furthermore, the
simulations highlight the substantial correlation between the time of day (hot water usage)
and the aggregated power available from EWHs. This being said, we note that even when
the number ON devices is low, DR can remain satisfactory for oscillatory load or generation

perturbations.
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Figure 5.31 A comparison of the system’s ON devices behaviour to a real-time perturbation
with the utilization of both EWHs as DR and PFR, when the rate of energy extraction is
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Figure 5.32 Lower demand in hot water consumption could lead to less power availability
in EWHs to use as DR. Upper figure: Power Consumption of EWHs. Lower figure: Power

Generated in Generation Units.
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5.5 Exploring Extended Heating Modes and Temperature Thresholds

Ensuring a balance between electricity generation and consumption is a critical aspect of
power systems. However, this equilibrium can be disrupted by various factors. A notable
example is the "cold load peak," a phenomenon within the energy sector that primarily

manifests in electricity demand patterns.

The term "cold load peak" refers to a significant surge in electricity demand during periods

characterized by low ambient temperatures, typically occurring in cold weather conditions.

In scenarios where the power grid experiences a significant sustained imbalance between
production and demand, EWHs may face challenges in restoring the equilibrium between
generation and load needed to bring frequency back to nominal. To address this, a potential
solution involves temporarily adjusting the temperature set point of the devices. This modi-
fication is particularly advantageous when EWHs are utilized in a load reduction mode. The
purpose of this study is to investigate the effects of allowing the EWHs’ temperatures to fall
all the way to a lower temperature setpoint when the thermostat is ON. When they reach
this new lower temperature setpoint, Ty,, the heating elements are operated at maximum
capacity in a new density layer for the aggregate PDE model. This additional ON density
layer, designated as m = 2, with distinct heating rules is illustrated in Fig 5.33. While the
implementation of load-following applications is recognized as a potential application using
EWHs, the primary focus here is on efficiently including the above modification within the

existing droop control operating mode.

5.5.1 Partial Differential Equations with Respect to the New Layer

The probability density functions for the new ON probability density layer, can be written
with respect to the hybrid-state Markov process in a manner similar to the formulations for

the other two density layers as discussed earlier in section 4.2:

FLOL AN = PN T(8) < A+ d\m(t) = 1,q(t) = j] (5.1)
i=0,1

For the new ON probability density layer m = 2, the partial differential equations governing
load dynamics could be derived similarly to those governing the other two layers as shown

in equations (4.9) through (4.12) but with some adjustments.
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aflL (A, d ., , :
fa(tt) = o O] = anfra (A 0) (5.2)
+060f{o()‘7 t)
aflo(A, J ., , /
f%;tt) = LD A 0]+ arflh (0,0 (5.3)
OéOf{O()U t)
Where:
(At 2 a(A—T,) — R+ A(t) (5.4)
ro(\ 1) £ a(A~T,) — R (5:5)

It should be noted, since devices in the first ON state layer with m = 1 are allowed to reduce
their power consumption, thereby lowering their temperature to reach a new setpoint, this
induces the density fluxes for f1; and f1p to move from right to left. In contrast, the density
fluxes for fi; and f{, move from left to right. This directional inconsistency arises as devices
in the second ON density layer, m = 2, operate at full power, aiming to restore the water
tank’s temperature to a safe level, ultimately bringing it back to T_. The density fluxes that

pass from this point enter density layer m = 1 after passing through 7.

Additionally, the following boundary conditions must hold for all t, generally similar to those

in section 4.2:

Conditions at infinity:
fir(=00,1) = fig(—00,1) =0 (5.6)

Probability conservation:
at Ty, for j = 0,1:

rllj(TSP’ t>f{?'(T5p’ t) + le(TSpu t)flaj(TSpa t) =0 (5'7>
at T_, for j = 0,1:

_le(T—v t)ffj (T—? t) + le(T_, t)flc,j (T—7 t)
+r0j(T—’ t)fgj (T—7 t) - r,1j<T—v t)f/c‘ (T—7 t) =0 (58>

1j
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Also other absorbing boundaries are added to the ones before in (4.20) and (4.21):
at T_, for j = 0,1:

0 S _Tij (T—7 t)f{](Tv t) (59)
at Ty, for j = 0,1:

0 S r/1j<Tsp> t)f{j(Tspa t) (510)
And finally:

m(t) = Eu[m(t)]
= /_O:O[f11(/\7t) + fro(A8) + fLii(A ) + flo(A )] dA (5.11)

Remark: The boundary conditions (5.9) and (5.10) also reveal an intriguing feature which was
observed before in section 4.2, in which they mainly represent natural boundary conditions,
inherently satisfied without explicit enforcement. However, an exception arises in the specific
scenario outlined by condition (5.9). This condition becomes active when 71,(7_,t) attains
a positive value. Consequently, in accordance with equation (5.9), it follows that fi,(7-,t)
must also be zero. This requirement stems from the nature of f{,(7_,t) as a probability
density function, prohibiting it from taking negative values. The logic here mirrors that of
condition (5.9), ensuring consistency in the treatment of probability density functions under

varying circumstances.

An illustration for understanding the regions and the way probability density functions look
like has been provided in Fig 5.33.

5.5.2 Utilizing New Temperature Settings

There are some important remarks we should pay attention to in utilizing this algorithm,
such as how long it takes for the devices in layer m = 1 to reach T},. This has a direct relation
with how the power consumption of the devices drops, as managed by the droop system in
each EWH. If the power rate drops in a way that the temperature decreases rapidly, it not
only fails to assist the grid in power conservation but also accelerates the transition of devices
to layer m = 2. In m = 2, each device requires full power consumption to restore the water

temperature.

In Fig 5.34, for instance, we used the EWHs with the same settings as described in Table 4.4
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Figure 5.33 Illustration of the dynamical system (4.9) to (4.12) along with equations (5.2)

o (5.4). Ty, represents the temperature setpoint adjusted to lower the power consumption
of the EWHs, aimed at conserving energy to further compensate generation deficit. Devices
in m = 1 mode are operating with significantly lower power consumption, causing the water
temperature to decrease to Ty,. Meanwhile, devices in m = 2 are functioning at maximum
power to elevate the water temperature back to 7" at which point, they switch back ti m =1
mode.

but with A = 0. 32 ~ to mimic the average energy extracted in an hour based on Fig 4.4 in
chapter 4. Then the dev1ces have lowered their setpoint temperature to 7T, = 55°C to analyze
the EWHs’ performance. During this time, the devices in layer m = 1 have reduced their
power consumption to 10% of their normal power consumption, as was set in Algorithm 1
1p

when the frequency is stable, 75

The total power consumed by the EWHs, denoted as Pgyw g, is determined based on the total
number of devices belonging to each layer, as calculated by (5.11). Initially, in steady state,
the total power consumption of the EWHs was approximately 0.01 p.u. Upon implementing
the new algorithm, this consumption instantly drops to 0.0015 p.u. In essence, this signifies
that the EWHs are now saving 0.0085 p.u or 85% of their initial consumption, which can be

redirected towards DR during periods of severe grid demand.

An important observation is that, after a 20-minute interval, it is anticipated that Pgy g may

increase as more devices transition to the ON layer m = 2, compelling them to operate at their
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fully rated power, R'. However, even beyond this time frame, Pgy y remains at 0.0023 with
only a fraction of 0.05% of the devices operating at full power. This observation suggests that
EWHs can effectively reduce their power consumption without causing significant discomfort

to the end-users.
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Figure 5.34 Tllustration of the probability density functions updated by the Kolmogorov
equations after 20 minutes of adjusting the EWHs setpoint temperature to T, = 55°C. The
EWHs have fulfilled a shared energy demand, simulated by setting A = 32-¢
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In another experiment, this control scheme was tested during a different time of the day
characterized by a higher water demanded , aiming to observe variations in the results. This
surge in demand was simulated by setting A = 81;—%. Also Pgw p is 0.03 p.u when the grid
is at steady state. As illustrated in Fig 5.1, the increased demand led to more devices being
in the ON state. Consequently, by adjusting their working rates downward, it is anticipated

that Pegw g will experience a more significant reduction.

An intriguing observation in this experiment is that despite a substantial reduction in the ini-
tial total power consumption of the devices (Prywy = 0.005 p.u), signifying an 83% reduction
in power consumption available for contribution in DR, the water temperature is dropping
at a faster rate due to the heightened demand for hot water. As depicted in Fig 5.35, it is
evident that there is an increased presence of devices in the ON density layer m = 2, which
is around 30%. This has a notable impact on Pgyy since more devices are operating at

their full power rate. At t = 20 minutes, Pgy g is 0.032 p.u, indicating that the devices are
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consuming even more energy compared to their initial state.

It can be concluded that when the water demand is low, there is less power available to
contribute to DR, but the system remains operational for a more extended period and is
more reliable. Conversely, with higher water demand, there is a much higher power available

for contribution initially, but this comes at the cost of a shorter time period of operation.
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Figure 5.35 Illustration of the probability density functions updated by the Kolmogorov
equations after 20 minutes of adjusting the EWHs setpoint temperature to T, = 55°C. The
EWHs have fulfilled a shared energy demand, simulated by setting A = 81-¢
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In order to ensure the reliability and validity of our findings, the EWHs discussed earlier have
been implemented within the power system. Through the observations from these EWHs,
one aims to validate the experimental outcomes, thus strengthening the credibility and trust-
worthiness of their efficiency. In this simulation, we introduce a +0.1 p.u. perturbation, which
is three times the consumption of the EWHs under normal conditions. This perturbation
has been set to mimic situations during cold load peaks, characterized by significant power
surges throughout the system. During the occurrence of the perturbation, in one system,
the EWHs are operated under normal temperature setpoint conditions and are not allowed
to reduce their lower thermostatic dead-band. Where once they are unable to regulate the
frequency deviations within +0.1 Hz, the new setpoint change mechanism is activated, al-
lowing the devices to decrease their lower thermostatic dead-band to 55°C'. On the other

hand, we inject the same perturbation in the similar system, which in this scenario, the lower
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thermostatic dead-band setpoint is not changed during the whole process.

As shown in Fig. 5.36, during the initial moment of the perturbation’s occurrence, both
systems exhibited similar behavior, as the frequency deviation was within +0.1 Hz. Sub-
sequently, after the frequency response reached 59.9 Hz, the new setpoint mechanism was
activated in one of the systems. As previously analyzed, we expect the EWHSs in this system
to contribute more to regulation, as they have been allowed to reduce their power con-

R/
10°

expectation aligns with the observed behavior.

sumption to which is one-tenth of the maximum power consumption of each EWH. This
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Figure 5.36 The frequency responses of two systems, one with and the other without the
setpoint change control mechanism, are compared. The EWHs have satisfied a comparable
energy demand, simulated by setting A = 81%. It is evident that during the initial moments
of the perturbation, lowering the setpoint made the DR more effective in regulating the
frequency. However, as time progresses, it gradually loses its effectiveness compared to the
normal DR control mechanism.

Meanwhile, as time progresses, the water temperature of more devices reaches the new set-
point of 55°C, causing them to enter layer m = 2 of the ON state population, as depicted
in Fig. 5.35. This results in the devices increasing their power consumption to bring back
the water temperature within a comfortable range for customers. Consequently, there is a
rise in the total power consumption of the EWHs, making them unable to contribute to DR.
This can be observed in Fig. 5.37, where the aggregated power consumption of EWHs in

both systems is initially similar until the frequency deviation exceeds the safe zone of 40.1
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Hz. Following this, the modification of the lower thermostatic dead-band setpoint resulted
in significant efficiency gains. However, its effectiveness diminished over time. The initial
efficiency observed gradually declined, indicating a diminishing impact of the setpoint change

on system performance.
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Figure 5.37 The setpoint change in lower thermostatic dead-band initially resulted in notable
reduction in power consumption, but this effect gradually wears off over time. Upper figure:
Power Consumption of EWHs. Lower figure: Power Generated in Generation Units.

It is interesting to note in Fig. 5.38 that the total fraction of ON devices is identical in both
systems, making them challenging to distinguish. While the number of devices contributing
to DR remains consistent over time, the total power consumption by EWHs differs based on

their population in each ON state density layer.

And finally, in Fig. 5.39, the behavior of each individual EWHs and the droop mechanism

can be observed, allowing validation of all the previously mentioned analyses.
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Figure 5.38 The total ON population of EWHs in two systems, one with and the other
without the setpoint change control mechanism. Both systems are totally similar, making it
difficult to disguise them.
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Figure 5.39 A figure showcasing the power consumption of each individual EWH, one with
and the other without the setpoint change control mechanism when they are in density layer
m = 1. A lower power consumption is indicated by the orange line for devices that benefit
from the setpoint change mechanism.
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CHAPTER 6 CONCLUSION

This thesis explored the use of EWHs as a distributed DR resource for supporting frequency
regulation in power systems. The research was motivated by the need for flexible, decen-
tralized control mechanisms to manage frequency stability, especially in systems with high
penetration of renewable energy sources. By focusing on the potential of EWHs to contribute
to grid stability, this work builds on existing frequency control strategies and offers a novel

approach to integrating residential loads into the power system’s regulatory framework.

6.1 Summary of Research

The first phase of this research involved developing a detailed model of EWH behavior. This
model accounted for the thermal dynamics of individual EWHs and the collective behavior of
large populations of these devices. Using Kolmogorov partial differential equations, the model
captured the stochastic variations in hot water consumption and temperature setpoints,
providing a realistic depiction of how EWHs can respond to frequency deviations in real-

time.

One of the key challenges addressed in this thesis was determining the appropriate droop
control strategy for EWHs. Droop control, a common technique in generator frequency regu-
lation, was adapted to the unique characteristics of EWHs. The droop constant was carefully
tuned to ensure that EWHs could provide sufficient frequency support without compromising
consumer comfort. This involved analyzing the relationship between temperature setpoints,
power consumption, and system frequency, which was captured through extensive simula-

tions.

6.1.1 Behavioral Analysis and Findings

The simulations conducted in this research demonstrated that EWHs, when controlled through
droop-based demand response mechanisms, can significantly contribute to stabilizing grid fre-
quency during disturbances. By adjusting their power consumption in response to frequency
deviations, EWHs effectively mimic the behavior of conventional generation units in primary

frequency control. The analysis revealed several key findings:

« EWHs can provide rapid and flexible frequency support, particularly in systems with

high variability in supply and demand.
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o The effectiveness of EWHs in frequency regulation depends heavily on the droop con-
stant and the thermal inertia of the devices. A properly tuned droop constant ensures
that EWHs respond proportionally to frequency deviations, maintaining system stabil-

ity while preserving end-user comfort.

o Aggregated EWHs demonstrate a collective ability to mitigate frequency deviations,

reducing the overall reliance on traditional generation units for frequency regulation.

In scenarios involving large frequency perturbations, such as sudden drops in generation,
the integration of EWHs with droop control led to faster recovery of nominal frequency
compared to systems relying solely on conventional generation. The ability of EWHs to
quickly modulate their power consumption in response to frequency changes makes them a

valuable resource for grid operators seeking to enhance system resilience.

6.2 Contributions of the Research

This thesis makes several important contributions to the field of power system stability and

demand response:

6.2.1 Droop Control for Distributed Loads

One of the primary contributions of this research is the adaptation of droop control strategies
for use with distributed loads like EWHs. Traditionally, droop control has been employed in
large synchronous generators to manage frequency deviations. By extending this technique to
residential loads, this work demonstrates the feasibility of using smaller, distributed devices

to contribute to system-wide frequency regulation.

6.2.2 Modeling and Simulation of EWHs

Another significant contribution is the development of a comprehensive model for simulating
the behavior of EWHs in a demand response context. The use of Kolmogorov partial dif-
ferential equations allowed for a detailed representation of the thermal dynamics of EWHs,
which was crucial in predicting their response to frequency deviations. This model provides a
foundation for future work in this area, enabling further exploration of how different control

strategies can optimize the performance of distributed energy resources.
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6.2.3 Practical Applications and Grid Support

From a practical standpoint, this thesis offers a new perspective on the role of residential
loads in supporting grid stability. The findings suggest that grid operators could leverage
existing EWHs as part of a broader demand response strategy to enhance frequency control.
By integrating EWHs into the control framework, utilities can improve the flexibility and

reliability of power systems, particularly as the share of renewable energy sources increases.

6.3 Future Work and Recommendations

While this research has demonstrated the potential of EWHs in frequency regulation, there

are several avenues for future exploration:

6.3.1 Optimization of Control Algorithms

Future work could focus on optimizing the control algorithms used to manage EWHs and
other distributed loads. Machine learning and predictive control techniques could be em-
ployed to further refine the response of EWHs to grid conditions, ensuring that they provide
the maximum possible support for frequency regulation while minimizing disruption to con-

sumers.

6.3.2 Integration with Renewable Energy Sources

As renewable energy penetration continues to grow, the role of distributed loads in grid
stability will become increasingly important. Future research should explore how EWHs and
other residential loads can be integrated with renewable generation sources, such as solar
and wind, to provide frequency support in systems with high levels of intermittency. This
could involve developing hybrid control strategies that combine demand response with energy

storage to smooth out fluctuations in supply and demand.

6.3.3 Field Trials and Real-World Implementation

Finally, while the simulations presented in this thesis provide valuable insights, the next
step is to implement these strategies in real-world settings. Field trials involving large-scale
deployment of droop-controlled EWHs could validate the findings of this research and provide
additional data to refine the models and control algorithms. Collaboration between utilities,
manufacturers, and regulatory bodies will be crucial in advancing this work from theory to

practice.
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6.4 Concluding Remarks

In conclusion, this thesis has demonstrated that Electric Water Heaters, when controlled
through droop-based demand response mechanisms, can play a vital role in maintaining
frequency stability in modern power systems. The novel application of droop control to
distributed loads represents a significant advancement in the field of demand response, of-
fering a scalable and flexible solution to the challenges posed by the increasing penetration
of renewable energy. As the power system continues to evolve, the integration of distributed

resources like EWHs will be essential to ensuring a reliable and resilient grid.

The findings of this research contribute to the broader goal of creating adaptive power systems
capable of responding to the dynamic needs of modern electricity grids. By leveraging the
inherent flexibility of residential loads, utilities can enhance system stability, reduce reliance

on conventional generation, and support the transition to a more sustainable energy future.
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APPENDIX A CODES

%% main.m

» Initializing parameters and variables
h=1;

a=0.193%x10"(-4) ;

A=0.81;

R=0.2122;

alpha0=0.042;

alphal=0.61;

xa=22;

xm=60;

xp=65;

T=20;

Nb=1;

xm_offset = 5; 7 How many degrees the EWHs are allowed to

reduce their minimum temperature setpoint

» Defining the grids

dt=0.003;

dx=0.03;

xmin=xm-15;

Xmax=xp+5;

fx=xmin:dx:xmax;

ft=0:dt:T;

tb=ft;

b = ones(1,length(ft));

ixm=1;

while (dx/2 < xm - fx(ixm))
ixm=ixm+1;

end

ixp=1;
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while (dx/2 < xp - fx(ixp))
ixp=ixp+1;
end
ixm_offset=1;
while (dx/2 < xm-xm_offset - fx(ixm offset))
ixm_offset=ixm_offset+1;

end

%» B matrix for numerical simulations of Kolmogorov equations
B=zeros (6,6) ;
B(1,1)=-alphaO;
B(1,2)=alphal;
B(2,1)=alphal;
B(2,2)=-alphal;
B(3,3)=-alphal;
B(3,4)=alphal;
B(4,3)=alphal;
B(4,4)=-alphal;
B(5,5)=-alphal;
B(5,6)=alphal;
B(6,5)=alphal;
B(6,6)=-alphal;

%» Kolmogorov initial parameters

MU = 63;

SIGMA = 0.5;

f00 = zeros(length(fx), length(ft));
f01 = zeros(length(fx), length(ft));
f10 = zeros(length(fx), length(ft));
f11 = zeros(length(fx), length(ft));
f00(:,1) = normpdf (fx,MU,SIGMA) ';

/» Generators initial parameters
df = zeros(l, length(ft));
dPg = zeros (1, length(ft));



dPm zeros (1, length(ft));
dP1l zeros (1, length(ft));
P_EWH = zeros (1, length(ft));
dw = zeros (1, length(ft));

m = zeros (1, length(ft));

m2 = zeros(l, length(ft));
R_new = zeros(l, length(ft));

=

Generators parameters
= 1;

= 13.1;

= 0.05;

C = 0.3;

G = 0.2;

12;

Il
[EY
o N

CH = 0.45/60;
0.1/60;
15/60;
13.6/60;

FH = 0.3;

f=c B!
Il

= -1 1O H =2 9 9 X 2 g
I

% New probability densities for the second layer m=2
f10_p zeros (length (fx), length(ft));

fi11 p zeros (length (fx), length(ft));

f10 p(1:ixm _offset, 1) f10(1:ixm_offset, 1);

f11 p(l:ixm_offset, 1) f11(1:ixm _offset, 1);

%% System response

for i=1:length(ft) -1
dPg (1, i+1) = dPg(1l, i) - dt*(dPg(l, i)+df(1,i)/K)/T_G;
dPm (1, i+1) dPm(1, i) + dt*(dPg(l, i+1)-dPm(1, i))/T_C;

%» Ensuring the PFR is only caple of reducing or increaing

generation
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% power by 10%

if dPm(1, i+1) > 0.1
dPm(1, i+1) = 0.1;

elseif dPm(1, i+1) < -0.1
dPm (1, i+1) = -0.1;

end

% Setpoint mechansim is activated only when the frequecny
has reached the threshold, here: 0.1 p.u
if abs(df (1, i)x*60) > 0.1
set_point_flag = 1;
else
set_point_flag = O0;

end

%» The droop mechanism simulated in each EWH, get the
frequency deviation and gives the corresponding power
consumption for each EWH

R_new(l1, i+1) = EWH_Power_Calculator (R, df(1, i), xm, xp,
0.00001, set_point_flag);

%» Fokker-Plank process using Lax_Wendroff function (Note:
if you want to simulate the setpoint change algorithm you
should set set_point_flag = 1, otherwise this function
only calculate true values for ON density layer m=1 and
the OFF density layer, the other values for the ON layer
m=2 IS NOT VALID and!)
(foo, fo1, f10, f11, f10_p, f11 _pl = Lax_Wendroff (a,A,R _new
(1, i+1) ,R,B,xa,ixm,ixm _offset ,ixp,T,fx,ft, dt,dx, h, fil1
, f10, f0o1, f00, f11_p, f10_p, i, (R_new(l, i+1)-R_new(1,
i))/dt, K, set_point_flag);

» Calculating the total fraction of ON devices in the first
ON density layer m=1
m 1(1, i+1)= sum(f11(ixm_offset:ixp,i)+f10(ixm_offset:ixp,i



)) *kdx;

% Calculating the total fraction of ON devices in the
second ON density

% layer m=2

m 2(1, i+1)= sum(f11l p(1:ixm,i)+f10_p(l:ixm,i))*dx;

% How much power have been consumed by the EWHs
P_EWH(1, i+1) = 4.5/0.2122%xR_new(1l, i+1)*m_1(1, i+1)=*0.021
+ 4.5%m_2(1, i+1)*0.021 - 0.0302; 7%A_81

% Adding perturbations
if ft(i) > 1
dP1(1,i+1) = 0.1;

end

% Frequency response of the system
df (1, i+1) = df (1, i) + dt*(dPm(1, i+1) - P_EWH(1, i+1) -
dP1(1, i+1) - df(1, i)*D)/2/H;

end

%% Plotting the results

xlim_max = 20;

% Plot the frequency response of the system
figure

plot (ft, (df + 1) * 60)

xlabel ('Time (min)')

ylabel ('Frequency (Hz)')

grid on

ylim ([59.9 60.1]1)

x1im ([0 x1im_max])

title('Frequency Response of the System')

%» Plot the rated power consumption of EWHs

figure
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plot(ft, 4.5 * R_new(1l, :) / 0.2122)

xlabel ('Time (min)')

ylabel ('Power Consumption (kW) ')

grid on

title('Rated Power Consumption of Each EWH')

x1im ([0 x1lim max])

% Plot the number of total ON EWHs devices in m=1
figure

plot (ft, (m1l) x 100)

xlabel ('Time (min) ')

ylabel ('Percentage of ON Population')

grid on

title('Fraction of ON EWHs Devices')

x1im ([0 x1im_max])

ylim([13 171)

% Plot the number of total ON EWHs devices in m=2
figure

plot (ft, (m2) * 100)

xlabel ('Time (min) ')

ylabel ('Percentage of ON Population')

grid on

title('Fraction of ON EWHs Devices')

x1im ([0 x1im_max])

ylim([13 171)

% Plot the aggregated power consumption of EWHs and generator
power

figure

subplot(2, 1, 1)

plot(ft, P_EWH + 0.03)

xlabel ('Time (min) ")

ylabel ('Power (p.u)')

grid on

title('Aggregated Power Consumption of EWHs')



ylim ([0 0.02])

x1im ([0 x1im_max])
subplot (2, 1, 2)

plot (ft, dPm + 1)
title('Generator Power')
xlabel ('Time (min) ')
ylabel ('Power (p.u)')
grid on

x1im ([0 x1lim max])

% ylim ([0.97 1.01])

%% Plotting the PDFs
t=1i;

figure

% Subplot 1

subplot (3,1,1)

plot (fx, f11(:, t), 'b-', fx, f10(:, t), 'r-")
title('ON Population m=1"')

xlabel ('Temperature (Celsius)')

ylabel ('')

x1im ([60 65])

legend ('f11 {m1}', '"f10 {m1}') 7% Add legend

set (gca, 'LineWidth', 1.5) % Increase line thickness

set(gca, 'FontSize', 10) % Adjust font size

% Subplot 2

subplot (3,1,2)

plot (fx, f01(:, t), 'b-', fx, f00(:,t), 'r-"')
title ('OFF Population')

xlabel (' Temperature (Celsius) ')

ylabel ('"')

x1im ([60 64.5])

legend ('f01', '"f00') J% Add legend

set (gca, 'LineWidth', 1.5) % Increase line thickness

set (gca, 'FontSize', 10) 7 Adjust font size
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% Subplot 3

subplot (3,1,3)

plot (fx, f11 p(:, t), 'b-', fx, f10_p(:, t), 'r-"')
title('ON Population m=2")

xlabel (' Temperature (Celsius) ')

ylabel ('"')

x1im ([60 65])

legend ('f11 {m2}', 'f10 {m2}') % Add legend

set (gca, 'LineWidth', 1.5) % Increase line thickness

set (gca, 'FontSize', 10) 7 Adjust font size

%% Plotting a time lapse of the PDFs through time
plot_dist_space

%% EWH_Power_Calculator.m

function P_EWH = EWH_Power_ Calculator (R, dw, xm, xp, K,
set_point_flag)

df = dw;

% Simulating the droop mechanism in each EWH

if df < -K
P EWH = R/3;
elseif df > K
P _EWH = R;
else
P_EWH = 2xR/3 + (df/K)*R/3;
end

% Checking the permission to change the setpoint, if applicable
lower the

% power consumption

if set_point_flag == 1
P_EWH = R/10;

else
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if P_EWH > R
P EWH = R;
elseif P_EWH < R/3
P EWH = R/3;

end

%% Lax_Wendroff.m
function [y1, y2, y3, y4, yb5, y6] = Lax_Wendroff(a, A, R,
R_full, B, xa, ixm, ixm_offset, ixp, T, fx, ft, dt, dx, h,
f11, f£10, f01, f00, f11 p, f10_p, t_index, dAdt, K,
set_point_flag)
% Initialize the time index

i = t_index;

%» Iterate over the temperature domain
for j = 2:(length(fx)) - 1
% Calculate the A matrix (matrix of water cooling rates
) at current, previous, and next spatial points
Ai = A 2cycle(fx(j), ft(i), a, A, xa, R, R_full);
Ai_ 1 = A _2cycle(fx(j - 1), ft(i), a, A, xa, R, R_full);
Ail = A _2cycle(fx(j + 1), ft(i), a, A, xa, R, R_full);

%» Construct the probability vectors at current, next,
and previous spatial points

fo = [f00(j, 1); f01(j, i); £f10(j, 1i); f11(j, i); £10_p
(j, i); f11_p(j, i)1;

f1 = [fo0(j + 1, i); fo1(j + 1, i); f10(j + 1, i); f11(
j o+ 1, i); f10_p(j + 1, i); £f11 p(j + 1, i)];

f_1 = [foo(j - 1, i); fo1(j - 1, i); f10(j - 1, i); f11
(j -1, 1); f10_p(j - 1, i); f11 _p(j - 1, 1)71;

%» Compute the first derivative using central difference
DO = (f1 - f£_1) / (2 % dx);



% Compute
Dm0 =
Dm1 = (f1
% Compute

Dp = (Dm1l

% Advection term

dAdx = a;

% Compute the next
fO + dt * Ai * DO + dt * dAdx * fO + h * 0.5 * (dt

f =

the backward and forward

- f0)

(f0 - £_1) / dx;

/ dx;

the second derivative

- Dm0O) / dx;

differences
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state using the Lax-Wendroff scheme

~2) * ((Ai~2) *x Dp + B x (B + 2 * dAdx) x f0O +
(Ai * B + B x Ai) x DO + 3 * Ai * dAdx * DO + dAdt
* DO + (dAdx)~2 * DO) + dt * B x £O;

% Ensure

f00(j, i
fOo1(j, i
£10(j, i
f11(j, i
£f10_p(j,
f11_p(j,

non-negative values

+
+
+
+
i

i

1) =
1 =
1 =
1
+ 1)
+ 1)

% Update values

% conservation

if Ai(4, 4) <= 0

max (f (1),
max (£ (2) ,
max (£ (3) ,
max (f (4) ,

0);
0);
0);
0);

= max (f (5),
= max (f (6),

based on the sign of Ai

0);
0);

if j == ixm
f10(j, i + 1) = £10(j,
f00(j - 1, i);
f11(j, 1 + 1) = f11(j,
f01(j - 1, i);
end
if j == ixp + 1
f00(j - 1, i + 1) = f00(j
3) * £10(j, 1);
f01(j - 1, i + 1) = £f01(j

1,

1,

and probability

i+ 1) + Ai 1(1,

i+ 1) + Ai_1(2,

i+ 1)

i+ 1)

Ail1 (3,

Ail (4,



4) * f11(j, 1i);

£10(j, 1 + 1) = £10(j, i + 1) + Ai 1(1, 1) *

foo(j - 1, i) - Ai1(5, 5) * f10_p(j + 1,
set_point_flag;

i)
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*

£11(j - 1, i + 1) = £11(j - 1, i + 1) + Ai_1(2,
2) % f01(j - 1, i) + Ai1(6, 6) * f11 _p(j +

1, i) * set_point_flag;

if j == ixm_offset
£10_p(j, i + 1) = £10_p(j, i + 1) - Ai_1(3,
x £10(j - 1, i) * set_point_flag;
f11 p(j, i + 1) = f11 _p(j, 1 + 1) + Ai_1(4,
x f11(j - 1, i) * set_point_flag;
end

if j == ixp + 1

3)

4)

foo(j - 1, i + 1) = f0o0(j - 1, i + 1) - Ai1(3,

3) * f10(j, i);
end

end

% Apply boundary conditions
f10(1, i + 1) =0
f11(1, i + 1) =0
f10(2, i + 1) = 0;
f11(2, i + 1) =0

end

% Enforce boundary conditions at the edges

foo(1, i + 1) = £f00(2, i + 1);
fo1(l, i + 1) = f01(2, i + 1);
£10(1, i + 1) = f10(2, i + 1);
f11(1, i + 1) = f11(2, i + 1);
£00(2, 1 + 1) = £f00(2, i + 1);



fo1(2, i + 1)
f10(2, i + 1)
f11(2, i + 1)

f00(length (£fx)
f01(length (fx)
f10(length (fx)
f11(length (fx)

f10_p(length(fx),
f11 _p(length(fx),

f00(length (£fx)
f01(length (fx)
f10(length (fx)
f11(length (fx)

3

3

b

b

f10_p(length(£fx)
f11 _p(length(£fx)

fo1(2, i
f10(2, i
f11(2, i

1) =
1) =
1) =
1) =

i
i

i

+ o+ o+ o+

i

R
+ +

[
+ + + + = =

-1, i
-1,

[N

1)
1)
1)
1)
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1);
1)
1)

o O

I
o O O O

+ 1) = 0;
+ 1) = 0;

% Normalize the sums to ensure conservation

somme = (sum(f10_p(1l:ixm,

) + sum(f00(ixm:ixp,

sum (f01 (ixm:ixp,

i+ 1)) + sum(f1l p(l:ixm, i + 1)
i+ 1)) +

i+ 1)) + sum(f10(ixm_offset:ixp, i +

1)) + sum(f11(ixm_offset:ixp, 1 + 1))) * dx;

% Normalize each state

foo(:, i + 1)

fo1(:, i + 1)
£f10(:, i + 1)
f11(:, i + 1)

f10 p(:, i + 1)
f11 p(:, i + 1)

%» Outputs

yl = £00;
y2 = £f01;
y3 = £10;

y4 = f11;

foo(:, i
fo1(:, i
f10(:, i
f11(:, i

= f10_p(:
= f11 p(:

+

+
+
+

variable by the total sum

1) / somme;
1) / somme;
1) / somme;
1) / somme;
i+ 1) / somme;

i + 1) / somme;
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%% A_2cycle.m
function y = A_2cycle(x, t, a, A, xa, R_control, R_full)
% Calculate the state variables based on the inputs and

parameters

% Calculate r10, the difference between a*(x-xa) and
R_control

ri0 = a * (x - xa) - R_control;

% Calculate r1l, which is r10 incremented by A (energy
extraction coefficient)
rlil = r10 + A;

% Calculate r00, which is a*(x-xa)

r00 = a * (x - xa);

%» Calculate rOl1, which is r00 incremented by A (energy
extraction coefficient)
r01 = r00 + A;

% Calculate r10_p, the difference between ax*(x-xa) and
R full
r10 p = a * (x - xa) - R_full;

% Calculate ri1l_p, which is r10_p incremented by A (energy
extraction coefficient)

ril p = r10_p + A;

% Initialize a 6x6 matrix with zeros

y = zeros (6, 6);



end

100

% Assign the calculated values to the diagonal elements of

the matrix

y(1, 1)
y(2, 2)
y (3, 3)
y(4, 4)
y(5, 5)
y(6, 6)

r00;
r01;
rl0;
ril;
r10_p;
ril_p;
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