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Abstract

In the last few decades, governments, private investors, and nongovernmental organiza-
tions have gradually incentivized the integration of Renewable Energy Sources (RESs) and
e�cient Energy Storage System (ESS) technologies into remote microgrids, in good part
because of commitments to counter the harmful e�ects of greenhouse gas emissions and to
reduce dependence on fossil fuels. As a result, hybrid RESs-diesel systems are now being
considered as an economic, attractive and reliable option to improve remote microgrids
and to o�set diesel consumption in isolated communities by displacing generation from
conventional units; however, system security and stability is a challenge as the penetration
of RESs increases. In this context, it is necessary to explore new mechanisms and control
strategies for the provision of frequency support services in order to meet the increased
ramp and capacity requirements to integrate RESs into the system e�ectively. From this
standpoint, Demand Response (DR) can be used to increase grid 
exibility, improve e�-
ciency, and facilitate the penetration of RESs, by controlling loads in response to prede�ned
control strategies, manipulating the demand pro�le to provide a service to the system. In
particular, DR strategies are well-suited for northern remote communities, where the de-
mand for electricity and heating is much higher than the Canadian residential average
consumption due to the harsh climate and poor building energy e�ciency. Thermostati-
cally Controllable Loads (TCLs), i.e., Electric Water Heaters (EWHs), Air Conditioners
(ACs), and Ground Source Heat Pumps (GSHPs), are ideal candidates to participate in a
DR strategy, since they have a high thermal inertia, high-power consumption (among the
appliances in a household), and are continuously operating over the day. Therefore, their
power consumption can be shifted, or controlled by switching operations without signi�-
cantly a�ecting consumer comfort. This is due to the thermal inertia of TCLs, which allow
a smooth temperature variation that, in many cases, would be unnoticed by customers.
Thus, TCLs provide energy storage capabilities, which are more signi�cant with GSHP
systems, and hence, a DR control strategy can use TCLs as thermal energy batteries with
similar features than other ESS technologies. Therefore, the research presented in this
thesis focus on developing a DR strategy for the provision of primary frequency control in
hybrid isolated microgrids using TCLs, i.e., EWHs, ACs, and GSHPs.

A comprehensive review of the components, operation, and restrictions of these TCLs is
performed in order to develop computationally e�cient, simple, and accurate models, which
are able to capture the relevant thermodynamic phenomena in dynamic studies. Based on
the thermo-electrical characteristics of the developed models, a decentralized DR strategy
is designed, which uses local frequency measurements to control the power consumption of
the TCLs according to system frequency deviations while considering consumer comfort.
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The control logic includes ON/OFF commands to modulate the duty cycle of the TCLs to
provide primary frequency control and facilitate the integration of RESs.

The proposed DR strategy along with the developed thermo-electrical models of TCLs,
i.e., EWHs, ACs, and GSHPs, are evaluated using a benchmark hybrid microgrid, which
has a signi�cant share of PV generation. In order to resemble realistic conditions, power
and hot water consumption simulators are used to generate random demand pro�les, while
considering a droop control for the diesel genset and a solar PV with a Maximum Power
Point Tracking (MPPT) control. Di�erent study cases are conducted to analyze the system
frequency response and determine the adequacy of the proposed DR strategy, demonstrat-
ing the e�ectiveness of the proposed TCL controls to provide primary frequency control,
and thus facilitate higher penetration of RESs, while reducing costs and maximizing fuel
savings.
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Chapter 1

Introduction

1.1 Motivation

The technological development of renewable energy-based generation, changes to emission-
reduction policies, the growth of competition in the electricity industry, the increasing
electricity demand, the liberalization of electricity markets, and others, are all driving the
continuing evolution of power systems worldwide [1]. Among the many research areas
related to these topics is the deployment of Renewable Energy Sources (RESs) into mi-
crogrids, which are localized clusters of Distributed Energy Resources (DERs) that may
include renewable and non-renewable Distributed Generation (DG) units, Energy Storage
Systems (ESSs), and controllable and uncontrollable loads, all of which can be operated as
a self-sustained entity. Microgrids operate on both grid-connected and islanded/isolated
mode, or may transit between these two modes [2], facilitating the integration of RESs,
and have e�ciently and reliably provided electricity to remote communities and islands
worldwide [3].

A remote community is de�ned as a permanent or long-term settlement (�ve years or
more) with a minimum of 10 dwellings that are not connected to an integrated electricity
grid or the piped natural gas network [4]. These communities do not have an interconnec-
tion to the main electric grid due to technical and economic restrictions, and thus they
must produce electricity locally through isolated microgrids, which rely on expensive fossil
fuels, especially diesel, to generate electricity and help satisfy heating needs (space and
water heating). For instance, as reported by the Aboriginal A�airs and Northern Develop-
ment Canada (AANDC) approximately 200,000 people living in 280 remote communities
across Canada have some of their energy demand currently served by their local isolated
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microgrids. Collectively, they consume more than 90 million liters of diesel fuel every year
for generating electricity, and an estimated two to three times more for heating [4].

In the last few decades, governments, private investors, and nongovernmental organi-
zations have gradually incentivized the integration of RESs and e�cient ESS technologies
into remote microgrids, in good part because of commitments to counter the harmful ef-
fects of greenhouse gas emissions and to reduce dependence on fossil fuels [5]. As a result,
hybrid RESs-diesel systems are now being considered as an economic, attractive and re-
liable option to improve remote microgrids and to o�set diesel consumption in isolated
communities [6], by displacing generation from conventional units; however, grid stabil-
ity and security of supply must be carefully considering in RESs integration. Given the
small size of an isolated microgrid when compared to a large-scale centralized grid, non-
dispatchable RESs (e.g., solar photovoltaic (PV) or wind generation) can quickly reach
medium-to-high penetration levels. Additionally, the daily load pro�le in remote commu-
nities is highly variable, with a peak load ranging from 5 to 10 times the average load,
making it challenging for diesel gensets to supply electricity e�ciently over the full range
of load variation [5]. Thus, depending on the penetration level of RESs and the daily
load variation, many technical challenges are presented for the stability of the frequency
and voltage of hybrid RES-diesel microgrids, especially with reduced or non-existent ESS
units [7].

In order to keep the frequency and voltage within their permitted limits and recover
after disturbances while ensuring a continuous demand-supply balance, it is necessary
to add 
exibility to the system. In [8], 
exibility is de�ned as the capacity of a power
system to balance 
uctuating generation with 
uctuating demand, which requires novel
mechanisms to increase it. Thus, a possibility for relieving the variability and uncertainty
and providing frequency reserves is making strategic power demand adjustments whenever
necessary, which is known as Demand Response (DR). By using controllable residential
loads, through a DR strategy, many grid support services at normal operating conditions
and for emergency services in case of large power imbalances can be provided [9].

Figure 1.1 shows a breakdown of electricity consumption according to the type of load
in a typical household in Canada [10]. Residential thermal loads, i.e., electro-thermal and
space-heating-cooling loads such as electric water heaters (EWHs) and heat-ventilation-
and-air-conditioning (HVAC) systems, can represent up to 85% of the total electricity
consumption in a household [9]. Therefore, the implementation of a DR control strategy
for thermal loads has great potential to provide many grid support services by encouraging
customers' participation [11]. In particular, a DR strategy is well-suited for remote com-
munities, where according to [4], the demand for electricity and heating is much higher
than the Canadian residential average consumption due to the harsh climate and poor
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building energy e�ciency.

Figure 1.1: Typical breakdown of a household's electricity use in Canada [10].

According to Natural Resources Canada (NRCan), the most common type of residential
HVAC system comprises a centralized forced-air system, with an air conditioner (AC) and
a furnace to control the indoor temperature year-round [12]. Whereas AC is driven by
electricity, the furnace consists of a fuel-burning system (propane, natural gas, oil) [13].
This combination is not only ine�cient but also, due to the fuel combustion (for the
furnace), yields emissions (e.g., carbon monoxide); furthermore, only with AC is possible
to apply a DR strategy. Therefore, from an environmental and economic standpoint, a
ground source heat pump (GSHP) system may replace the aforementioned HVAC system
to provide year-round climate control, with reduced greenhouse emissions and with savings
of up to 60% better than with conventional space conditioning systems [14]. A GSHP
system, which can also be a thermal load driven by electricity, is a renewable heating
and cooling technology more e�cient than traditional climate control systems, and can be
integrated into DR strategies.

As the power consumption of thermal loads is controlled by means of a thermostat, they
are known as thermostatically controllable loads (TCLs). Control strategies for TCLs,
especially GSHP-based ones, o�er the potential to modify their regular duty cycles to
provide frequency support services without a�ecting consumer comfort. This capacity
exists because when a TCL is disconnected, its thermal inertia allows a smooth temperature
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variation that, in many cases, will be unnoticed by customers [15], thus providing energy
storage capabilities, which are more signi�cant with GSHP systems. Therefore, a DR
control strategy can adapt TCLs to emulate thermal energy batteries with similar features
than other ESS technologies [16]. Hence, the focus of this thesis is on exploring the provision
of primary frequency control in isolated microgrids by means of a DR strategy for residential
TCLs equipped with GSHP systems.

1.2 Literature Review

This section presents an overview of some relevant research works for this thesis.

1.2.1 Demand Response for Frequency Regulation

A clean energy revolution is taking place worldwide, targeting increased RESs penetration
in the near future. Reduction of polluting emissions, the promotion of energy mixes,
increasing fuel prices and energy security are the major policy drivers for the expansion
of RESs [17]. However, these inherently non-dispatchable energy sources may threaten
the operation and control of power systems [18]. Numerous studies have been conducted
to investigate the technical challenges of maintaining the instantaneous demand-supply
balance in an isolated microgrid when there is a signi�cant share of RESs [6], [9], [15],
[19, 20]. These papers show that with signi�cant penetration of renewables, RESs may
jeopardize grid stability, degrade power quality, and impact power supply security.

Maintaining the instantaneous demand-supply balance in an isolated RESs-based mi-
crogrid is challenging. In addition to constant load variations, component unavailability,
unpredictable disturbances and faults, the system is exposed to sudden power infeed 
uc-
tuations because of the uncertain and variable nature of RESs. As a result, the system
operates under continuous power imbalances, which if not adequately compensated for,
may lead to large frequency deviations [18]. Consequently, among the major challenges of
integrating RESs, is a need for new frequency control mechanisms with higher ramp-rate
responses and a larger magnitude of regulation for both long-term (hourly) and short-term
(seconds-to-minutes) [19].

Recently, ESSs such as batteries and 
ywheels are being used to provide regulation
services [21]. These systems have shown a superior response and accuracy to conventional
generators. For instance, their ramp rates can be up to 600 times faster than that of a gas-
�red plant, and a battery is able to provide its maximum power in less than one second [22].
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Thus, new regulations have been issued (e.g., FERC order No. 755) in order to account for
the speed and quality of the regulation service [21]. Even though some ESSs can provide
very fast frequency regulation by performing repeated and high-speed charge-discharge
cycles, some potential barriers could prevent a broader integration of these technologies;
particularly, the high capital costs and the current market platforms with their regulatory
structures hinder the deployment of ESSs [23]. Basically, in existing deregulated environ-
ments, storage systems are eligible to participate in only one market at a time, and in a
vertically integrated system, they receive revenues from just one particular service. Ad-
ditionally, the time-scales for di�erent ancillary services overlap with the time-scales for
various markets, making it di�cult to properly assess revenues when ESSs are operating
simultaneously in multiple markets and providing several services at a time. Therefore,
some services that storage systems can provide are not being properly compensated [24].
In part, for these reasons, it is necessary to exploit additional resources to add 
exibility
to the system in order to properly deal with the challenges imposed by RESs.

Demand and generation can support system frequency [15]. However, in the past,
demand has been underutilized, mostly for three reasons: (1) control architecture being
designed to procure frequency services from a limited number of large power plants (con-
ventional generators), rather than dealing with a large number of small controllable loads;
(2) demand being considered as an inelastic resource that can be curtailed only in case
of large frequency deviations; and (3) the absence of a speci�c frequency ancillary service
market that incentivizes customers' participation. Technically, DR may provide the same
frequency support services with improved performance characteristics that are not avail-
able from various conventional regulation providers (e.g., elasticity, time-scale response
ranging from fractions of seconds to minutes, or even hours) [25]. Thus, if a DR strategy is
adequately designed, it can contribute positively to improve power system operation and
e�ciency. As controllable loads are a fast-acting resource, a DR control of a cluster of loads
can emulate synthetic mechanical inertia and also droop response from synchronous gener-
ators [15]. Moreover, depending on the strategy, controllable loads may respond to voltage
and/or frequency control signals, market price signals, timer signals [26]. Therefore, from
an environmental and cost-e�ective standpoint, DR is a pollution-free alternative that can
help to reduce frequency service procurements and further reduce operating costs.

Because of the aforementioned advantages, considerable research has been conducted
to improve current DR strategies or to develop new ones [27]. For instance, a wide variety
of DR strategies has been designed to mitigate frequency deviation on a long-term basis,
i.e., 24 hours [28]. A basic example is to shave peak demand by disconnecting loads during
on-peak hours or load leveling by using low-price tari�s to encourage users to operate their
loads during o�-peak hours [29]. Furthermore, more-sophisticated approaches have been
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developed for the same purpose. For example, in [30], a market price signal is proposed to
shift demand from EWHs and heat pump-based EWHs to periods of low prices. The control
logic consists of increasing the setpoint temperature to the maximum allowable value (60
‰) when the price is low; once the temperature reaches the upper limit, the setpoint is
switched to the minimum admissible value (49‰). As EWHs have high thermal inertia,
the time for the hot water temperature to reach the lower limit is signi�cant, and thus
these thermal loads can readily shift their demand.

In terms of short-term frequency control, DR focuses on adjusting the power consump-
tion of controllable loads as a function of frequency deviations, so as to mitigate power
imbalances [18]. From a control perspective, these loads can be grouped into four cat-
egories [27, 28]: purely resistive loads (i.e., EWHs and electric space heaters (ESHs)),
compressor-based loads (i.e., ACs and GSHPs), variable-speed heat pumps, and electric
vehicles (EVs). The technical constraints and time responses are di�erent among these
loads; therefore, an understanding of each type of load is critical when designing the most-
e�ective DR strategy. For example, in [28] electric vehicles (EVs) are considered as energy
storage units with the technical capability to provide aggregated frequency regulation.
When EVs are connected to a charging station, the control can dynamically modify the
operating cycle and charge/discharge the EV in response to a frequency deviation signal
and considering the state of charge (SoC) of the battery; however, since most remote com-
munities do not have the conditions to harbor a signi�cant population of EVs [4], this
approach is not readily applicable to remote microgrids. Additionally, many researchers
have focused on combining di�erent types of controllable loads to improve frequency re-
sponse. For instance, in [16], EVs and Heat Pumps Water Heaters (HPWHs) are used to
reduce the capacity of complementary ESSs and mitigate the impacts of a large penetration
of RESs. A Load Frequency Control (LFC) method is used in this case, in which a central
load dispatching center sends a regulation signal to all the frequency-regulation providers
(generators, controllable loads, and ESSs). The disadvantage of this study is the need for
a two-way network to integrate all the frequency resources, which for remote microgrids
presents a challenge due to the cost and reliability of communication channels.

1.2.2 Thermostatically Controllable Loads (TCLs)

A subcategory of controllable loads is made up of TCLs. These types of loads, i.e., EWHs,
ACs, GSHPs, ESHs, refrigerators, and freezers, while providing thermal services, have
the potential to be very responsive, because their thermal inertia allows instantaneous
decoupling of the thermal load from their electricity consumption without compromising
end-users' comfort. In other words, TCLs can emulate ESSs in terms of their capacity to
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provide frequency regulation through switching actions (comparable to charge-discharge
cycles), and energy management by adjusting their power consumption according to speci�c
control logics [18]. Additionally, in the case of a surplus generation when there is signi�cant
penetration of RESs, TCLs can be used to store this extra energy instead of wasting it, in
order to shift a portion of the cooling or heating needs, particularly in microgrids [31]. Due
to these properties, in the literature, TCLs are also known as thermal batteries [32]; for
example, in [33], it is shown that the response of some TCLs (i.e., refrigerators and ACs)
is suitable to provide fast frequency reserves emulating the response of a Battery Energy
Storage System (BESS).

EWHs and refrigerators are the most common types of TCLs available in houses world-
wide. On the other hand, the climate determines the application of HVAC systems for
cooling and/or heating. Regardless, all these loads represent the major component of the
total residential electricity consumption everywhere. While EWH power consumption is
constant throughout the year, the demand from an HVAC system has signi�cant seasonal
variation [18]. In Canada and the U.S., the typical arrangement for a residential HVAC
consists of a central forced-air system along with an AC and a furnace [34]. However,
according to the U.S. Environmental Protection Agency (EPA) [35], a GSHP is the most
environment-friendly, e�cient, and clean alternative for space climate conditioning that
can be used almost any place, signi�cantly reducing power consumption on a year-round
basis by using geothermal energy as a source/sink of heat for climate control. Moreover,
in [36], it is shown that the operational costs of a GSHP are lower than any other conven-
tional HAVC system's, with a life expectancy of 20 to 25 years. The operating principle
behind this technology is similar to that of conventional refrigerators or ACs, i.e., to pump
heat to cool a space, but in addition, a GSHP is technically capable of providing both
heating and cooling by pumping heat between a household and the ground or vice versa.

Mathematical models have been extensively developed to emulate the thermodynamic
behavior of TCLs and obtain their power consumption as a function of time [9]. However,
it is necessary to identify a proper model and consider a speed-accuracy trade-o� when
a TCL provides frequency regulation. As an example, the results in [9] show that for a
240-hour simulation of an EWH, a very detailed model can take up to 22 minutes, whereas
for simpler models it can only take 15 seconds at the expense of losing just a few heating
actions. Therefore, the thermal model choice must be computationally e�cient, simple,
and accurate enough to capture the required dynamics over the simulation time-horizon
needed to design a suitable DR strategy [37]. In the speci�c case of ACs and GSHPs,
fast dynamic simulations are highly complex due to the di�culty of linking the responses
of their components in real-time to obtain a complete thermo-electrical picture of their
behavior [14]. In this case, the models of the individual components require a large amount
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of information and a high-level understanding of thermodynamics. For example, as shown
in [14], the main component of a GSHP is the Ground Heat Exchanger (GHX), since heat
is exchanged through it from/to the ground, with its thermal performance being a�ected
by many factors that result in high computational costs [38]. In [39], a highly complex
�nite elements model (FEM) is presented, in which the borehole is discretized to build
meshes to study three-dimensional heat transfer processes; this highly detailed model can
be used as a reference for validating more simpli�ed models. This thesis proposes simpli�ed
models for representing the dynamics associated with frequency regulation that capture
the relevant thermodynamic phenomena at reasonable computational costs.

Many DR strategies have been proposed to study the performance of TCLs for frequency
control. In e�ect, such strategies aim to control TCL switching actions in response to
system frequency deviations, so the TCLs operate as fast frequency reserves [15]. For
example, the authors in [40] study the feasibility of providing primary frequency control in
a hybrid solar-diesel isolated microgrid using EWHs. However, some simpli�ed assumptions
are used, such as that all households have the same hourly averaged load and hot water
usage pro�les, irrespective of the number occupants or their patterns of active occupancy,
which, as explained in [41], do not resemble reality, and thus the e�ectiveness of a DR
strategy would be degraded if applied in practice. In [18], it is shown that a population of
refrigerators can provide aggregated frequency reserves in an amount equivalent to their
total average power consumption. Moreover, in [42], a dynamic DR strategy is presented for
improving frequency stability by using refrigerators and freezers that are turned ON/OFF
to counterbalance frequency deviations and maintain system frequency within a speci�ed
band, so that, when the frequency varies, the demand is dynamically adjusted. However,
since the standard rated power of a refrigerator is just about 100 W and 200 W for a freezer,
the aggregated frequency reserve might be insu�cient to counter large frequency deviations
in an isolated microgrid, which is the reason why this DR strategy is not considered in this
research.

In [15], two methods are presented to correct frequency deviations by measuring fre-
quency locally. The �rst method de�nes a frequency dead band located below the nominal
system frequency, which establishes limits for disconnecting/reconnecting TCLs. If the
frequency goes below the lower threshold, TCLs are disconnected until the frequency re-
covers and surpasses the upper limit. The second method uses a linear relationship between
the temperature setpoint of TCLs and the frequency deviation (the same principle used
in [40]), continuously adjusting the demand as a function of frequency deviations. Both
methods have been applied to populations of EWHs and EHs in a large power system
with promising results, and thus are used in the present work. Furthermore, the control
logic from these methods can be modi�ed and adapted for other types of TCLs such as
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ACs and GSHPs for the provision of primary frequency control in an isolated microgrid,
as demonstrated in this thesis.

1.2.3 DR Control Architecture for Frequency Control

In terms of control architecture, a DR strategy can be classi�ed into centralized or decen-
tralized in accordance with whether there is a communication platform or not [28]. In a
centralized control architecture, a control center monitors the frequency and determines
the total amount of regulation required to compensate for frequency deviations, and it
then allocates the regulation required among all available frequency regulation providers,
including controllable loads, sending a control signal to each one of them. The logic used
by the control center aims to reduce frequency reserves at the generation side. However,
some challenges arise in implementing such a control strategy. Thus, as stated in [15],
to determine the power capacity required to compensate for frequency deviations, an ag-
gregated model of the controllable loads is required; however, this aggregation may cause
serious con
icts on individual loads, speci�cally in TCLs, because the control signal may
force switching actions that could result in unacceptable temperature levels [43]. Further-
more, a dedicated two-way point-to-point communication channel is needed to transmit
the regulation signal and monitor the current status of all controllable loads [44].

In a decentralized control architecture, each load controller measures the system fre-
quency locally and follows a prede�ned logic to determine whether the load must be turned
ON/OFF. In this manner, customers' participation can be incorporated into frequency
control. In fact, conventional generators also use this type of architecture for primary
frequency control, since their response is determined by a droop characteristic that uses
a local frequency measurement as input [42]. In [15] and [28], it is shown that this ar-
chitecture provides a faster and smoother frequency response since the logic decisions are
taken in parallel between all controllable loads. Moreover, in [44], demand is found to re-
act to frequency deviations in a similar way to that of conventional generators, even when
there is no two-way communication channel. However, the aggregated load response may
be inadequate, since there is no coordination between controllable loads, which may also
result in over or sub-regulation [41]. Nevertheless, given the challenges of implementing a
centralized control approach in remote microgrids [5], the decentralized control approach
is adopted here.
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1.3 Research Objectives and Expected Contributions

Based on the literature review and associated discussions presented in the previous section,
the following are the main objectives and expected contributions of this research work for
the provison of primary frequency regulation in isolated microgrids by using a decentralized
DR strategy on autonomous controllers for residential TCLs:

ˆ Implement suitable and novel models of residential TCLs, i.e., EWHs, ACs, and
GSHPs, to represent their dynamic thermo-electrical response in real-time with good
accuracy for frequency regulation applications.

ˆ Improve the DR strategy presented in [15] and [40] for EWHs, and develop a new
frequency-based DR strategy for ACs and GSHPs. The control strategy includes
ON/OFF commands to modulate the duty cycle of these TCLs to provide primary
frequency control and facilitate the integration of RESs.

ˆ Test and compare the developed DR strategies for two types of con�gurations of
TCLs, i.e., AC+EHW and GSHP+EHW, in a real isolated microgrid with a high
RESs penetration, in order to test, demonstrate, and validate the e�ectiveness of the
proposed strategies for practical applications.

1.4 Thesis Outline

The remaining of this thesis is structured as follows:

ˆ Chapter 2 presents a background review of the main concepts used in this research
work, including primary frequency regulation, hybrid isolated microgrids, and DR
strategies for TCLs. It also describes the operating restrictions of EWHs, ACs, and
GSHPs that must be considered when developing thermal models. Finally, a brief
description of the simulators used to generate the load and hot water consumption
pro�les is presented here.

ˆ Chapter 3 describes the models used in this thesis, starting with the electromechanical
model of a diesel genset, followed by the modeling of a solar PV system with an
MPPT control. Then, the developed thermal models of residential TCLs, are shown
and discussed, followed by a detailed description of the proposed frequency control
strategy for each type of TCL.
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ˆ Chapter 4 presents a description of the isolated microgrid used in the present stud-
ies. Load and hot water consumption pro�les are generated to represent a realistic
thermoelectrical behavior of each household participating in the DR strategy. Then,
several case studies are de�ned in order to examine the performance of the proposed
DR strategy for the provision of primary frequency control. Finally, a detailed com-
parison of the results for the di�erent cases is presented and discussed.

ˆ Chapter 5 summarizes the conclusions and main contributions of this research work
and suggests potential pathways for future work.

11



Chapter 2

Background Review

This chapter reviews the background of the main concepts and analytical tools used in
this research work. Thus, it �rst brie
y describes the concepts of frequency regulation
and ancillary services. Then, the main characteristics and existing challenges for the op-
eration of hybrid RESs-diesel microgrids are presented. The common architectures and
DR strategies to provide frequency control are summarized next, followed by a review of
the fundamentals of the operation of TCLs and their mechanical and thermal constraints.
Finally, the simulators used in this thesis are described.

2.1 Frequency Control in Isolated Microgrids

Grid-connected microgrids have one clearly identi�able point of connection to the main
electricity grid, which is commonly known as the Point of Common Coupling (PCC) [2].
Therefore, when connected, frequency and voltage at the PCC are primarily determined
by the host grid, with the microgrids providing pre-de�ned ancillary services. In contrast,
in the case of isolated microgrids, voltage and frequency control are a major concern and
must be performed by various DER units [2]. In principle, most DER technologies may
provide voltage control, whereas frequency control is available and dependable on certain
ESS technologies, microturbines/CHP, diesel gensets, and controllable loads.

Immediately after a deviation in the demand-supply balance, the kinetic energy stored
in the rotating masses (e.g., rotors and turbines of synchronous generators) will try to
compensate for this mismatch. This action, known as an inertial response, is an intrinsic
and a crucial property of any system and reduces both the magnitude of the frequency
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deviation and the rate-of-change-of-frequency (ROCOF). For a single-machine system,
the ROCOF is derived from the swing equation [45]:

ROCOF =
f 0

2H
(� PG � � PL ) (2.1)

wheref 0 is the frequency before the disturbance,H is the system inertia, � PG is the power
supply, and � PL is the power demand. Typically, the kinetic energy, which is proportional
to H , can supply the full load for a few seconds. Hence, if a large frequency deviation occurs,
frequency control mechanisms must operate quickly to adjust both the power supplied by
generators and the controllable loads' power consumption to restore the demand-supply
balance; otherwise, frequency deviations may lead to frequency oscillations, which in turn
can yield generator tripping, load curtailment, and in the worst-case scenarios, equipment
damage and/or system collapse. Therefore, the objective of frequency control consists on
maintaining the demand-supply balance at all time. This task can be very challenging
in isolated microgrids due to their low inertia, especially if the penetration of RESs is
signi�cant. Moreover, microgrids are also exposed to sudden small and large disturbances,
such as load and RESs variations, as well as equipment trips.

In terms of control architecture, several controllers operate in parallel over di�erent
time frames and under a hierarchical arrangement to maintain the system frequency within
acceptable limits during disturbances. This architecture presents three very distinct control
levels: (a) primary control, (b) secondary control, and (c) tertiary control [2]. These control
levels di�er in their speed of response, operation time frame, and required infrastructure
(e.g., communications requirements). Figure 2.1 depicts the architecture of the frequency
control levels in an isolated microgrid, which can be described as follows [2]:

ˆ Primary control is the �rst control level and provides an autonomous response in the
�rst few seconds after an unexpected frequency change. This control is performed
by di�erent mechanisms such as governor action or load control. In the case of
governor action, individual local controllers measure the frequency deviation and
regulate the output power of their associated generators. In the case of load and ESSs
control, a local controller adjusts the power consumption of its associated controllable
equipment according to a regulation signal sent from a central controller or by using
a control logic based on a local frequency measurement. The objective of this control
level is to bring the frequency back to a temporary acceptable value. Thus, the
frequency is stabilized at a slightly di�erent value than the initial one.

ˆ Secondary control, also called load frequency control, provides balancing functions to
restore the system frequency to its nominal value (60 Hz in Canada). It is performed
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by a central controller that determines and transmits the appropriate setpoints to
local controllers of di�erent DERs (e.g., generators and ESSs) and controllable loads.
To transmit the setpoints a communication channel between all the available fre-
quency control participants is necessary. The time response of this control level is in
the order of minutes (or faster in some instances). In the case of microgrids, this is
typically linked to the Energy Management System (EMS).

ˆ Tertiary control, in large systems, involves unit commitment (UC) and economic
load dispatch (ELD) problems, and is a task executed o�ine based on economic
optimization. However, for microgrids, this level implies the optimal coordination of
the system and its host grid.

Figure 2.1: Frequency control architecture in an isolated microgrid [2].

Figure 2.2 illustrates the di�erent frequency control levels and their time frame response
after a disturbance.
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Figure 2.2: Time frame for frequency control levels after a frequency event in large systems
[46]. For microgrids the time responses are typically shorter [19].

2.1.1 Grid Support Services

Grid support services refer to the provision of online and o�ine generation, and voltage
control capability (reactive support) to respond to load variations during normal and con-
tingency operating conditions [45]. The main purpose of these services is to track and
compensate for the second-to-second imbalance between generation and demand, as well
as maintain acceptable voltage levels on the grid. Traditionally, these services have been
provided by more expensive reserves supplied by 
exible generating units whose output is
adjusted to compensate for the active power 
uctuation between demand and supply. Such

uctuations may contain very fast and/or slow time components, ranging from fractions
of seconds to hours, or even days. Depending on the time at which these 
uctuations
must be corrected, a speci�c service should be used. For instance, according to the U.S.
Department of Energy, the following services are required over a typical time interval [47]:

ˆ Voltage control: �� 0.1 min.

ˆ Regulation: �� 1 to 10 mins.

ˆ Load following/energy imbalance:�� 10 mins.

ˆ Frequency responsive spinning reserve:�� 0.3 to 10 mins.

15



ˆ Supplemental reserve:� 10 to � 60 mins.

ˆ Replacement reserve:�� 60 mins.

In general, similar services are required in microgrids, but at shorter time ranges [2], [19].

2.2 Hybrid RESs-Diesel Isolated Microgrids

Isolated microgrids, as de�ned in Chapter 1, have no tie to an interconnected system. As a
result, they must supply their electricity demand locally. Worldwide, the preferred option
for supplying electricity in remote communities is diesel gensets due to their scalability,
mature technology, 
exible operation, and competitive investment costs [48]. However,
fuel costs are highly volatile and likely to increase. Moreover, as diesel-based generation
is sized to supply peak load demand, gensets tend to run ine�ciently at low loads during
o�-peak hours, thus reducing their lifetime and increasing their maintenance costs [49].
Furthermore, as some of these remote communities are accessible only by airplane, boat,
or ice-roads in the winter, the price of electricity can be as much as ten times higher than
the electricity generated on the main grid, as a result of the expensive transportation and
storing costs [4, 5]. From an environmental standpoint, there is always a high risk of fuel
spills during transportation and leaks during storing, plus diesel emissions are one of the
major contributors to pollution problems, having a direct impact on people and animal
health and global climate change.

To ameliorate the aforementioned problems with diesel-based microgrids, hybrid sys-
tems are cost-e�ective alternatives that combine conventional diesel generation with RESs.
This energy supply mix provides a cleaner, sustainable, and reliable choice to increase en-
ergy security, reduce reliance on diesel-based generation, limit green house emissions, and
lower the price of electricity [50]. Nowadays, various RES technologies are available; how-
ever, due to the vast resource availability and their continuously decreasing cost, solar PV
panels and wind turbines are the fastest growing technologies. Thus, solar PV generation
is 80% cheaper than ten years ago, whereas wind turbines have reduced their cost by half
over a similar period [51]. Moreover, solar PV and wind generation are scalable, mean-
ing that they can be used as concentrated sources, or they can be dispersed throughout
the network. According to [6], the predominant con�guration in emerging markets is a
hybrid solar PV-diesel mixture, since solar PV generation has some advantages over wind
generation, such as simpler installation, lower maintenance costs, and higher generating
forecasting accuracy.
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Based on the shared generation capacity from RESs and gensets, hybrid microgrids
may have: (a) generation mainly based on RESs with gensets as standby backup, or (b)
generation mainly based on gensets with RESs used for reducing diesel consumption. In
both cases, gensets add reliability to the grid, since they are able to respond quickly when
a load variation takes place, or when a sudden change in RES generation occurs. How-
ever, a RESs-diesel generation mix presents various technical challenges to the operation,
monitoring, and control of these microgrids, such as the following:

ˆ In terms of generation control, diesel gensets are fully dispatchable, while RESs are
highly intermittent and can experience fast changes due to their dependence on mete-
orological factors; for example, solar PV generation can vary in the order of seconds
to minutes and wind generation in the order of minutes [52]. Moreover, solar PV
panels generate 
uctuating power during sunlight hours, whereas wind turbines gen-
erate power according to wind conditions over the entire day. Consequently, this
variability may force the gensets to operate with steep ramps and intense cycling, or
to work beyond their safe and e�cient operating ranges to adjust the demand-supply
balance. The result is further performance degradation, a shorted lifetime due to ex-
cessive wear on mechanical components, and increased operational and maintenance
costs. Additionally, as the share of RESs increases, there is a corresponding increase
in the need for improved balancing services (e.g., frequency control, load following,
etc.) to counteract the sudden infeed power 
uctuations [53].

ˆ In the case of high penetration of RESs, forecasting generation models are a�ected due
to the intrinsic variability of renewables, which may signi�cantly a�ect the dispatch
decisions of conventional generation units [54]. Moreover, when DR is used, the
payback e�ect of the control strategy will also a�ect the forecast, since after actions
are taken on controllable loads for the provision of a frequency service, the load
pro�le will be altered and may considerably di�er from the forecasted one; as a result,
uncertainty is introduced into the operation. Therefore, the number of variables and
constraints that should be taken into account to operate the system substantially
increases.

ˆ In a diesel genset, the electromechanical coupling of the rotating masses enables
the conversion of mechanical into electrical power. Moreover, as a result of the
movement of these masses, rotational inertia is added to the system via the stored
kinetic energy. On the other hand, most RES units require a static inverter interface
to supply power to an AC grid. Therefore, as the penetration of RESs increases, the
system inertia is reduced. This condition leads to larger frequency deviations and
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faster ROCOF, which together have a serious impact on system frequency stability
since the rotational inertia provides the immediate damping to counteract any power
imbalance until the primary frequency control is activated (typically> 10 s) [19].

In view of the challenges mentioned above, isolated microgrids must be self-su�cient to
maintain the demand-supply balance at any instant, independently of the RESs installed
capacity. Therefore, the system requires new alternatives with higher 
exibility to counter
the stress caused by the integration of RESs, instead of forcing costly diesel gensets to
respond quickly so as to maintain frequency stability. Thus, depending on the penetration
level of RESs, ESSs may be employed as a bu�er to provide 
exibility to the system by
helping gensets respond more smoothly under variable generation, storing and releasing
power as needed, and providing some ancillary services (e.g., frequency and voltage control,
load balancing, peak shaving, etc.). Over the past decade, extensive related research has
been done, particularly on the use of BESSs and 
ywheels [21], [46].

Another important source of 
exibility can be elasticity on the demand side. By con-
trolling customers' appliances through a DR strategy, many grid-support services can be
provided, either for normal operating conditions or emergencies (in the case of large power
imbalances) [27]. DR o�ers a promising cost-e�ective way to support system frequency,
since the aggregated power consumption of controllable loads may be readily manipulated
in accordance with system requirements. For example, the power consumption of these
loads can be removed or added, ramped up or down, or changed in step patterns, as fre-
quently and rapidly as needed. Therefore, DR can be used to increase system reliability
and e�ciency, enable high penetration of RESs, reduce electricity costs, and maximize
fuel savings [26]. However, the challenging task of controlling many dispersed small loads
presents a major obstacle to implementing DR strategies [15].

Reliable, e�cient, and coordinated integration of all resources in hybrid microgrids re-
quire an autonomous central controller to monitor, control, and optimize overall system
operation. These tasks are highly complex due to the dynamics in the demand-supply
balance, low inertia of the system, and the presence of RESs and ESSs. In addition, ad-
vanced control strategies, sophisticated computer software, and communications systems
are needed to e�ectively integrate all resources. Figure 2.3 depicts a hybrid isolated mi-
crogrid representing active interaction between customers, power producers, regulation
providers, and a central controller.
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Figure 2.3: Schematic of a hybrid isolated microgrid.

2.3 Diesel Gensets

A packaged diesel engine-synchronous generator set, commonly known as a diesel genset,
consists of three main components coupled through the same shaft: an internal combustion
engine, a drive-train (mechanical coupling), and a synchronous generator. The governor
of the diesel engine is responsible for controlling the rotating speed of the machine, i.e.,
frequency control, by regulating the fuel intake to the engine according to system frequency
deviations. Meanwhile, the excitation system supplies and regulates the DC current to the
�eld winding of the synchronous generator in order to control the voltage at its output
terminals. Figure 2.4 schematically depicts the components of a diesel engine.

Gensets are equipped with both frequency and voltage controls. The voltage control
acts much faster than the frequency control because of the order of their time constants.
In fact, the larger constant in voltage control is that of the excitation �eld. This constant
is smaller than the main constant from the frequency control, which is given by the engine
and the genset's moment of inertia. Therefore, transients in the voltage control disappear
faster and do not signi�cantly a�ect the dynamics of the frequency control [45].

The recommended operating range of gensets is between 30 to 90% of their rated power
capacity. Running them at lower levels (< 30%) for extended periods leads to a pressure
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drop inside the cylinders, preventing proper combustion and causing the accumulation of
unburnt fuel around the piston rings, ultimately impeding adequate sealing. This condition
leads to carbon buildup, glazing of the cylinder walls, and a loss in engine power. As these
carbon particles are highly abrasive, they wear down the cylinder walls, which in turn
reduces e�ective sealing. Thus, this continuous cycle leads to premature engine damage,
shortening the life of the engine [48]. On the other hand, operating gensets over the
recommended limit (> 90 %) restricts their capacity to bear sudden load increases without
being overloaded.

Figure 2.4: Block diagram of the main components of a diesel genset.

2.3.1 Frequency Control

Frequency is proportional to the rotation speed of the synchronous generators; therefore,
the problem of frequency control can be viewed as a speed regulation control problem of
the gensets. The governor regulates the fuel being injected into the engine to control its
speed (or mechanical power) in order to respond rapidly to a deviation in the demand-
supply balance, and provide primary frequency control [49]. To perform this action, the
governor senses the speed deviation and adjusts the fuel 
ow according to a prede�ned
power-frequency characteristic. Based on this characteristic, the governor's control mode
is classi�ed into isochronous control or droop control, as illustrated in Figure 2.5. In
practice, these controls include a frequency dead band to avoid unnecessary adjustments
during small frequency deviations, and a speed limiter to prevent the genset from surpassing
its maximum speed [45].
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Figure 2.5: Power-frequency characteristic of a governor control.

2.3.1.1 Isochronous Control

An isochronous control keeps the same frequency setpoint regardless of the generator load-
ing. It adjusts the fuel 
ow to bring the frequency back to the target frequency value.
This control mode is implemented when there are a small number of gensets connected in
parallel, and the frequency control (load variation) is shared proportionally to their power
rating. When several units are equipped with this control, they may a�ect against each
other, as each tries to regulate the frequency following its power-frequency characteristics
independently of the actions of other units.

2.3.1.2 Droop Control

A droop control changes the steady-state frequency setpoint as a function of the generator
loading, using a linear relationship, as follows (Figure 2.5):

PG = sp (f nl � f sys) (2.2)

where f nl is the no-load frequency,sp is the slope factor in kW/Hz, f sys is the system
frequency, andPG is the active power supplied to the system. This droop characteristic
is �xed by the parameters sp and f nl , and gives all possible operating points (PG, f sys).
Droop D is de�ned in practice as the percentage change in frequency needed for a governor
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to drive the unit from zero to full-load condition (or vice-versa):

D =
f nl � f f l

f f l
100% (2.3)

where f f l is the frequency at full-load. D is designed to reducef nl between 3 to 5%
as the unit reaches its maximum load [55]. This control mode is necessary when many
generating units are connected in parallel. Thus, every unit reacts according to its droop
characteristic to control frequency deviations. Some units may respond faster, but all
operate to counteract a disturbance. Typically, this control mode is implemented in small
gensets due to their 
exibility to modify their output power quickly [48].

2.3.2 Fuel Consumption Rate

The Fuel Consumption Rate (FCR) denotes the amount of fuel needed to generate a
certain amount of electricity kW over one hour. A chart with the correlations between the
speci�c fuel consumption at certain percentages of the generator output powerPG, i.e.,
25%, 50%, 75%, 100%, is usually provided by the manufacturer. Using this chart, it is
possible to calculate theFCR related to the same percentages ofPG as follows:

FCR = c PG
1

� fuel
� (2.4)

where c is the speci�c fuel consumption,� fuel is the fuel density, and� is a conversion
factor used to transform m3=h to L/h. In order to obtain the FCR at any point over the
entire operating range of the diesel genset, theFCR data points previously calculated are
used to build a second order function.

2.3.3 E�ciency

E�ciency � G is a parameter used to evaluate the performance of the energy conversion in a
genset. It is expressed as the combined e�ciency from the diesel engine and the synchronous
generator. Typically, for internal combustion engines,� G varies between 30-55%, and it
depends on several factors such as size, fuel type, technology, cooling systems, control
systems, as well as the current loading condition. E�ciency can be directly calculated by
expressing the ratio between the input chemical energy and the output electrical energy,
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as a function ofFCR and PG, as follows:

mfuel = � fuel

�
FCR
1000

�
(2.5)

� G =
3:6 PG

mfuel LHV fuel
(%) (2.6)

where the constant 3.6 is a conversion factor, since 1 kWh = 3.6 MJ,mfuel is the mass

ow rate of the fuel, and LHV fuel is the lower heat value of the fuel.

2.4 Demand Response

Maintaining system security and stability becomes challenging as the penetration of RESs
increases. In this context, it is necessary to explore new mechanisms and control strate-
gies for the provision of frequency support services in order to meet the increased ramp
and capacity requirements to integrate renewables into the system e�ectively. From this
standpoint, DR has the potential to become an essential contributor to grid modernization
and as a key to extend grid 
exibility, improve e�ciency, and facilitate the penetration of
RESs [26]. DR has shown equal or better performance and response characteristics than
conventional generating units. In fact, theoretically, demand can contribute to frequency
control in a similar fashion to that of conventional generation reserves [15].

Based on the available resources, i.e., communication channels and type of control-
lable loads, and the control strategy adopted, DR may provide various frequency support
services on di�erent time scales (e.g., regulation, ramping, spinning reserves). These ser-
vices are indispensable in dealing with the critical demand-supply balance and mitigate
the variability and uncertainty associated with signi�cant renewable energy penetration.
In general, the DR control strategies for the provision of frequency support services can be
grouped into two categories [18]:

ˆ Utility-side control: This control strategy focusses on the response of an aggregated
cluster of loads for improving system security and stability. It requires a two-way
communication channel to transmit a control signal to all controllable loads. In
principle, it aims to reduce the generation-side frequency reserves and increase the
response speed from the aggregated cluster of loads. Although this control precisely
determines the total aggregated demand needed to provide a speci�c frequency sup-
port service, it may require that individual responses from controllable loads remain
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unchanged for long periods, thus increasing their duty cycles and a�ecting customer
comfort. The major challenge in implementing this control strategy is to coordinate
the response of many dispersed controllable loads in real-time to provide frequency
services [15].

ˆ Customer-side control: This control strategy focusses on the individual response
from controllable loads. Thus, each load has a controller that measures the system
frequency locally and based on a prede�ned control logic, it adjusts the load power
consumption. In general, the logic used to perform these operations is based on
minimizing the e�ects on consumer comfort while responding to frequency deviations.
Since there is no communication channel to allocate the capacity between generators
and controllable loads and coordinate their operation, the aggregated load response
may be insu�cient to correct large frequency deviations [41].

In essence, DR controls customers' controllable loads in response to prede�ned logics,
in order to manipulate the aggregated demand pro�le to provide a service to the system.
Consequently, the individual load consumption from each type of controllable load must
be adjusted according to its intrinsic characteristics. In this regard, residential controllable
loads can be grouped into four types [27], [28]:

ˆ Pure resistive loads: These loads can tolerate high-frequency operations since there
is no lockout time after each switching action; therefore, they can be immediately
connected/disconnected to provide fast frequency regulation. EWs and EHs are
examples of this type.

ˆ Compressor-based loads: The operating cycle of these loads is restricted by a lockout
time after being turned OFF. Commonly, the lockout time is 5 minutes to avoid
compressor stall. ACs and GSHPs are examples of this type.

ˆ Variable Speed Heat Pumps (VSHPs): These loads di�er from the two previous
types because their power consumption can be dynamically adjusted as a function
of the compressor rotor speed. In other words, VSHP's power consumption can
be regulated to any point between zero and the full rated capacity by varying its
compressor speed; therefore, fast frequency regulation can be provided by using a
compressor variable-speed controller.

ˆ Electric Vehicles (EVs): These loads are considered to be distributed ESSs. Their
charge-discharge cycles can be dynamically adjusted to provide fast frequency reg-
ulation considering both the state-of-charge of the battery (SoC) and the system
frequency deviation.
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Elasticity from the aggregated load demand to track and compensate frequency devia-
tions is re
ected through di�erent response levels, i.e., period, depth, and direction, which
can be obtained by using a DR strategy [26]. Thus, depending on the adopted strategy,
one or more of these levels can be combined to achieve a speci�c e�ect on system frequency
at a particular time. Figure 2.6. shows a schematic of these response levels.

Figure 2.6: Response levels from an aggregated load pro�le.

DR strategies must be adequately designed to balance the system's response require-
ments and individual consumer comfort choices and usage patterns, since customer prefer-
ences di�er. Moreover, wear and tear of appliances and the impacts on their lifespan must
be addressed when designing a control strategy. Therefore, the success of DR depends on
customers' satisfaction and awareness of the bene�ts obtained from implementing it. For
example, in [33], it is shown that if the operation of frequency-responsive appliances has
an unnoticeable pattern consumption change, most consumers will agree to participate in
a DR program.

2.5 Residential Loads

The electric power consumption of single-family households depends on many factors such
as the number of occupants and their patterns of active occupancy, socio-economic con-
dition, geographic location, house archetype, the time of the day, season, etc. Moreover,
daily load pro�les vary not only between households with similar characteristics but also
from one day to another. Thus, the frequency at which every appliance and electronic
device is powered in a household is in
uenced by user habits and their attitude towards
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energy use/energy savings [41]. Therefore, to design a DR strategy, it is necessary to con-
sider the load consumption patterns (duty cycle) of individual loads and how they can be
modi�ed. In this regard, household loads can be classi�ed into TCLs and non-TCLs. In
the case of TCLs, since these loads provide thermal services (e.g., heating or cooling), they
cycle throughout the whole day, with a periodicity determined by a thermostat setting
and customer behavior. On the other hand, the power consumption pattern of non-TCLs
depends exclusively on customer behavior. Figure 2.7 depicts a classi�cation of the loads
in a typical household.

Figure 2.7: Loads in a typical household [56].

2.5.1 Thermostatically Controllable Loads

DR strategies for TCLs are presented as fast-acting and non-fuel-consuming alternatives
for improving power quality, supporting RESs integration, and providing fast frequency
regulation and load balancing services. Moreover, by virtue of their thermal inertia, TCLs
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can be considered as thermal batteries [32]. Therefore, their power consumption can be
shifted, or controlled by switching operations without a�ecting consumer comfort.

The duty cycle of a TCL is determined by the dynamics of the temperatureTt (e.g.,
hot water temperature, indoor air temperature, etc.) that is constantly monitored by
a thermostat. The thermostat has a setpoint temperatureT0, and in order to prevent
a sequence of rapid operations and excessive wear due to small temperature variations, a
dead band temperatureTdb is used during regular operation. IfTt hits the dead band limits,
the thermostat sends commands to a controller to turn the TCL ON/OFF. If turned ON,
the TCL consumes its rated power; otherwise, no power is consumed. Most TCLs only
allow changing theT0 setting, while the dead band is invariant. Figure 2.8 illustrates the
duty cycle of a TCL under normal operation conditions, where the dead band temperature
and its upper and lower threshold limits (Thigh and Tlow ) are de�ned as follows:

Figure 2.8: Duty cycle of a TCL.

Tdb = 2� T =
Tlow + Thigh

2
(2.7)

Thigh = T0 + � T (2.8)

Tlow = T0 � � T (2.9)

For a TCL providing cooling (e.g., AC or GSHP (cooling mode)), the following equation
determines the thermostat operating states (switch position):
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state

8
<

:

ON Tt > T high

OFF
sn� 1(t)

Tt < T low

Tlow < T t < T high

(2.10)

Conversely, for a TCL providing heating (e.g., EWH or GSHP(heating mode)), the
relationship of the ON/OFF states are inverted with respect to the limits of the dead
band temperature. Equation (2.10) shows that the power consumption of a TCL can
be modulated by controllingT0. In this context, a DR strategy can control TCLs duty
cycles to provide primary frequency control, while considering their thermal constraints
and consumer comfort. Therefore, among TCLs, the ideal candidates to participate in a
DR strategy should meet the following conditions [28], [32]: (a) high-thermal inertia to
avoid a�ecting user comfort, while providing frequency support services; (b) high-power
consumption to obtain a signi�cant aggregated power compensation; and (c) continuous
operation, since frequency support can be unexpectedly required. Thus, ACs, GSHPs, and
EWHs have great potential to provide regulation services, since these loads not only have
high-thermal inertia and a high-power rating, but also their power consumption represents
a signi�cant percentage (70 to 80%) of the daily load demand of a household. Moreover,
these are frequently in operation, which is indispensable, as regulation is required all the
time.

2.5.2 Thermal Load Modeling

Accurate modeling of the heat transfer processes and power consumption cycles of TCLs is
essential in successfully designing a DR strategy. In this regard, the method called Thermal
Equivalent Circuit (TEC) can be adopted to model the thermodynamic processes. This
method uses the analogy between the thermal and electrical variables to represent heat
transfer processes by means of an electrical circuit with few lumped parameters [57]. Then,
by using common circuit solution techniques, i.e., network nodal analysis, the di�erential
equations that describe the thermodynamic processes are formulated. Table 2.1 shows the
analogy between thermal and electrical variables.

The thermal and mechanical properties used to describe the basics of heat transfer
processes occurring through a homogeneous material are:

ˆ Thermal conductivity kth speci�es the rate of heat transfer through a homogenous
material.
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ˆ Speci�c heat cp determines the amount of heat per unit mass needed to increase the
temperature of a homogenous material by 1‰.

ˆ Density � is a measure of mass per unit volume.

These properties, along with the geometric dimensions of the material (i.e., areaAm

and thicknessLm ), allow de�ning the lumped parameters as follows:

ˆ Thermal capacitance represents the thermal inertia of a speci�c material, and quali-
tatively expresses the amount of heat the material can store:

Cth = cp � A m Lm (2.11)

ˆ Thermal Resistance is a measure of the capacity of a speci�c material to resist heat

ow:

Rth =
Lm

kth Am
(2.12)

Table 2.1: Thermal-electrical analogies.

Thermal Variable Symbol Units Electrical Variable Symbol Units

Temperature T ‰ Voltage V V
Heat Q W Current I A

Conductance UAth W/ ‰ Conductance G S
Resistance Rth ‰/W Resistance R 


Capacitance Cth J/ ‰ Capacitance C F

Commonly, the building envelope sections of a household (i.e., walls, roof, 
oor, and
windows) are built of various layers of di�erent materials. Consequently,Cth and Rth must
be expressed as the equivalent of the individual lumped parameters of its layers:

Rth = Rth 1 + Rth 2 + ::: + Rthn (2.13)

Cth = Cth 1 + Cth 2 + ::: + Cthn (2.14)
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The rate of heat transfer
�
Q through a material with thermal resistanceRth , as depicted

in Figure 2.9, is calculated as a function of a di�erential of temperature �T = T1 � T2:

�
Q =

T1 � T2

Rth
= UAth (T1 � T2) (2.15)

whereUAth is known as the heat transfer coe�cient (U � factor ) and is the inverse of the
thermal resistanceRth .

Figure 2.9: Heat transfer through a wall [58].

2.5.3 Air Conditioner

In [58], heat is de�ned as a form of energy that is always transferred when there is a
temperature di�erence, and according to the second law of thermodynamics, heat always
moves from a warmer to a cooler zone. From this standpoint, the main objective of a
residential AC is to remove extra heat entering a household from the outside environment.
In other words, an AC is used to maintain the household temperature below that of its
surroundings by pumping heat from inside to outside [36].
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A typical AC (Figure 2.10) consists of four main components: compressor, condenser,
expansion valve (throttling device), and evaporator. The evaporator is connected to an in-
ternal open loop circuit, whereas the condenser is in contact with the outside environment.
The internal circuit comprises the forced-air distribution system inside the household. To
provide cooling for climate control, the AC removes heat from the indoor air by circulat-
ing a refrigerant through the four components, in accordance with a vapor-compression
refrigeration cycle. The condenser and evaporator are known as heat exchangers (HXs),
as they enable heat exchange between two 
uids while preventing their contact [58]. Both
HXs consist of tubing loops with �ns to increase the surface area where the heat exchange
takes place.

Figure 2.10: Basic con�guration of a split AC [59].

Two types of residential AC systems are available on the market: (a) packaged AC
systems, and (b) split AC systems; most consumers prefer a split AC system in their
homes [60]. A packaged AC is a self-contained unit that combines all its components in
a single cabinet, whereas the split AC has the compressor and condenser installed in an
outdoor cabinet while, the expansion valve and the evaporator are installed in a cabinet
inside the household. The operating principle for both con�gurations of ACs is similar and
is explained next.

The refrigeration cycle is conducted in four stages:

1. The compressor unit compresses the low-pressure, low-temperature vapor refrigerant,
transforming it into a high-pressure, high-temperature vapor refrigerant.
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2. This vapor refrigerant passes through the condenser while outside air is blown over
the condenser' �nned tubes. Since this vapor has a temperature higher than of the
outside air, heat is released to the environment. Therefore, the vapor reduces in
temperature and is transformed into a high-pressure, high-temperature liquid.

3. The liquid refrigerant passes through the expansion valve, and becomes a low-pressure,
low-temperature liquid.

4. The liquid refrigerant passes through the evaporator while the air in the internal
loop is blown over the evaporator's �nned tubes. At this stage, the liquid has a
temperature lower than that of the indoor air; therefore, two sub-processes take
place: (1) the liquid absorbs heat from the indoor air, thus increasing in temperature,
resulting in the liquid being transformed into a low-pressure, low-temperature vapor;
and (2) the air in the internal loop circuit reduces in temperature and is blown back
to the household to provide cooling.

When the compressor is turned ON, a small electric pump circulates the refrigerant through
the four components. Additionally, two fans blow the internal and external air over the
evaporator and condenser coils, respectively.

To maintain an adequate indoor temperature, prevent health problems, and reduce
electricity bills, the American Society of Heating, Refrigerating and Air-Conditioning En-
gineers (ASHRAE) recommends a thermostat setpoint within 23 to 25‰ during summer
and 21 to 23‰ during winter [60]. Furthermore, with today's AC technology, cooling
systems may provide additional functions such as relative humidity (RH) and air motion
control [59]. High RH may cause structural damage to households and serious health prob-
lems [58]; thus according to health organizations such as the Lung Association of Ontario,
the acceptable indoor RH range varies between 40 to 60%, with 50% being the most desir-
able level to reduce the growth of moulds and dust mites, and increase the rate mortality of
certain harmful organisms. Figure 2.11 shows a chart with the optimal humidity range for
human exposure. On the other hand, indoor air motion is a determining factor for thermal
comfort, as in excess it may cause an undesired cold sensation; therefore, the indoor air
velocity must be strong enough to unnoticeably replace the warm air generated around a
body with fresh air [58]. The literature suggests an air velocity of less than 9 m/min in
winter and 15 m/min in summer [59].
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Figure 2.11: Sterling Chart. Recommended indoor RH% for optimal health bene�ts [61].

2.5.3.1 Coe�cient of Performance

The heat transfer process from a cold space (household) to a warm space (outside environ-
ment) requires work (AC compressor) to pump heat in this direction, against its natural

ow. Figure 2.12 depicts the heat 
ow balance performed by an AC in cooling a household.
The e�ciency of an AC is referred to as the Energy E�cient Ratio EER and relates the
amount of heat removed from the householdQc divided by the electric power required to
move this heatWc. Thus, EER is a measure of how many units of heat (cooling e�ect)
are removed from the household for each unit of electrical energy consumed by the AC, as
follows:

EER =
desired output
required input

=
cooling e�ect
work input

=
Qc

Wc
(2.16)

EER is a�ected by di�erent factors such as the outdoor and the indoor air temperatures,
the compressor, condenser, and evaporator e�ciencies, the AC technology, the internal
heat gains in the household, etc. Therefore,EER given in (2.16) is determined for a set
of speci�c operating conditions. In general, for ENERGY STAR® certi�ed ACs 1, EER
ranges from 8 to 12. Commonly, the capacity of an HVAC system (i.e., AC or GSHP)

1The ENERGY STAR ® symbol certi�es that an appliance is among the most energy-e�cient on the
market.
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is given in Tons or in British Thermal Units (BTU), and its typical capacity ranges from
9,000 to 60,000 BTU [34].

Figure 2.12: Sankey diagram of an AC.

2.5.3.2 Operating Cycling

According to the classi�cation presented in Section 2.4, an AC corresponds to a compressor-
based load. In this regard, its switching operations are restricted by a lockout time [18].
The AC compressor is powered via a PTC resistor; therefore, when the compressor is turned
OFF, the PTC is still warm and requires recovery time to cool down, which commonly
ranges from 3 to 5 minutes; otherwise, the PTC resistance value will be high enough
to reduce the starting current to an insigni�cant value, and the compressor will stall.
Consequently, a DR strategy has to consider this lockout time when controlling the duty
cycle of the AC to provide frequency regulation.

2.5.4 Ground Source Heat Pump

A GSHP is an eco-friendly technology able to provide year-round climate control for resi-
dential households and commercial buildings [36]. This system uses the ground as a heat
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sink in summer and as a heat source in winter. A few meters below the surface, the ground
temperature remains relatively constant throughout the year, unlike the ambient air tem-
perature, which su�ers signi�cant variations over the year. Thus, when the temperature of
the ambient air is higher than that of the ground, the GSHP pumps heat to the ground so
as to cool the household; otherwise, the GSHP absorbs heat from the ground and releases
it into the household [14]. Two types of GSHP systems are available on the market, and
their di�erences lie in the orientation of their ground heat exchanger (GHX): (a) GHX
with pipes buried in horizontal trenches, and (b) GHX with pipes buried in vertical bore-
holes. However, according to [62], the system most commonly used in North America is
the one with a vertical GHX, because of the minor land area required to drill the boreholes.
Therefore, for the purposes of this thesis, only this type of GSHP system is studied.

A GSHP with a vertical GHX consists of a compact water-to-air heat pump (HP)
with the capacity to reverse the 
ow of its refrigerant according to the cooling or heating
operating mode. The HP is connected to an external closed loop circuit and an internal
open loop circuit (Figure 2.13). The external circuit includes one or more boreholes drilled
into the ground where heat is exchanged between the borehole (connected in series or
parallel) and its surrounding ground. On the other hand, the internal circuit comprises
the forced-air distribution system (ductwork) inside the household.

The HP has �ve main elements: (a) a refrigerant-to-air HX (connected to the internal
circuit), (b) a water-to-refrigerant HX (connected to the external circuit), (c) a reversible
valve, (d) a compressor, and (e) an expansion valve. Both HXs can switch their functions to
operate either as a condenser or as an evaporator. According to the indoor temperature,
which is monitored by a thermostat, the HP controller turns its compressor ON/OFF
to control the heat transfer process between the household and the ground. The GHX
consists of a circular borehole containing a high-density polyethylene U-pipe, across which
a biodegradable and non-toxic 
uid (e.g., water or a water-antifreeze solution) is circulated
to absorb/reject heat from the ground. The rest of the borehole is �lled with a high-
thermal-conductivity material known as grout (e.g., sand, a cement-bentonite mix, etc.).
The standard diameter of the borehole ranges from 20 to 40 cm, whereas the diameter of
the legs of the U-pipe varies from 25 to 40 mm [62]. The GHX is designed according to
the cooling/heating demand and the ground conditions, and commonly its depth ranges
between 30 to 300 m.

2.5.4.1 Cooling Mode

In this operating mode, heat is pumped from the household to the ground. The heat
transfer process is conducted by means of a refrigeration-cycle as follows:
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(a) Cooling mode

(b) Heating mode

Figure 2.13: Operating cycle of a GSHP [13].

1. The compressor unit compresses the low-pressure, low-temperature vapor refrigerant,
transforming it into a high-pressure, high-temperature vapor refrigerant.

2. Both, the vapor refrigerant and the 
uid coming from the GHX pass through the
water-to-refrigerant HX (acting as a condenser). Since the vapor has a temperature
higher than that of the 
uid, two sub-processes take place: (1) the 
uid absorbs
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heat and increases in temperature (subsequently, this extra heat will be released
to the ground, thus reducing the 
uid temperature to start the process over); and
(2) the vapor reduces in temperature and is transformed into a high-pressure, high-
temperature liquid.

3. The liquid refrigerant passes through the expansion valve, transforming it into a
low-pressure, low-temperature liquid.

4. This liquid refrigerant passes through the air-to-refrigerant HX (acting as an evapo-
rator) while the air in the internal loop is blown over the HX tubing. In this stage,
the liquid has a temperature lower than the indoor air's; therefore, two sub-processes
take place: (1) the liquid absorbs heat from the indoor air and increases in temper-
ature, transforming it into a low-pressure, low-temperature vapor; and (2) the air in
the internal circuit reduces in temperature and is blown back to the household to
provide cooling.

2.5.4.2 Heating Mode

In this operating mode, heat is absorbed from the ground and pumped into the household.
The reversible valve is used to reverse the 
ow of the refrigerant, and both heat exchangers
switch their functions. The heat transfer process is conducted by means of a heat-pump-
cycle as follows:

1. The compressor unit compresses the low-pressure, low-temperature vapor refrigerant,
transforming it into a high-pressure, high-temperature vapor refrigerant.

2. This vapor refrigerant passes through the air-to-refrigerant HX (acting as a con-
denser), while the air in the internal loop is blown over the HX tubing. This vapor
has a temperature higher than that of the indoor air; therefore, two sub-processes
occur: (1) the vapor reduces in temperature and is transformed into a high-pressure,
high-temperature liquid, since it releases heat to the air in the internal loop; and (2)
the air in the internal open loop increases in temperature and is blown back to the
household to provide heating.

3. The liquid refrigerant passes through the expansion valve, and becomes a low-pressure,
low-temperature liquid.

4. The liquid refrigerant passes through the water-to-refrigerant HX (acting as an evap-
orator) and the 
uid coming from the GHX loop is also pumped through it. As the
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liquid has a temperature lower than the 
uid, two sub-processes occur: (1) the 
uid
by releasing heat to the liquid refrigerant reduces in temperature (subsequently, this

uid will 
ow across the GHX and so increase its temperature by absorbing heat from
the ground to start the process over); and (2) the liquid increases in temperature and
is transformed into a low-pressure, low-temperature vapor.

2.5.4.3 Coe�cients of Performance

As previously discussed, when a GSHP is working in cooling mode, it performs a refrigeration-
cycle. Otherwise, the refrigerant 
ow is reversed, and both heat exchangers switch their
functions; thus, the GSHP performs a heat-pump-cycle. In principle, both cycles are con-
ducted similarly; however, their roles di�er. Whereas the purpose of a refrigeration-cycle
is to remove heat from the household, the heat-pump-cycle supplies heat to the household.
The thermal performance for both operating modes relates the heat removed/absorbed
from/to the household divided by the electric power required to move this heat. For the
cooling mode, the coe�cient of performance is known as theEER (analog to that of an
AC), whereas for the heating mode it is simplyCOP, as follows, based on Figure 2.14:

(a) Cooling mode (b) Heating mode

Figure 2.14: Sankey diagram of a residential GSHP.
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EER =
desired output
required input

=
cooling e�ect
work input

=
Qc

Wc
(2.17)

COP =
desired output
required input

=
heating e�ect
work input

=
Qh

Wc
(2.18)

For both cooling and heating modes, GSHPs are designed to operate over a wide range
of inlet 
uid and air temperatures coming from the GHX and the internal open loop,
respectively. Therefore, the performance coe�cients given in (2.17) and (2.18) are obtained
only for a speci�c set of operating conditions. In general, for ENERGY STAR® certi�ed
GSHPs, the COP ranges from 3.6 to 5.2, and theEER from 16.2 to 31.1. The rated
capacity of a GSHP is provided in terms of its cooling capacity.

2.5.4.4 Operating Cycling

A thermostat is used to monitor indoor air temperature, sending commands to the GSHP
controller to turn the compressor ON/OFF, and thus control the heat transfer process
to maintain the indoor temperature within adequate limits. Due to the high thermal
inertia of the household and the high-power consumption of the HP compressor, a GSHP
is an excellent candidate to participate in a DR strategy for frequency control without
a�ecting consumer comfort. The thermal inertia allows control of the compressor power
consumption as a function of system frequency variations. GSHPs have the same restriction
as conventional ACs, requiring a lockout time when it is turned OFF to avoid compressor
stall. Consequently, a DR strategy has to consider this lockout time needed to control the
duty cycle of the GSHP in order to provide frequency regulation, being the same as an
AC.

2.5.5 Electric Water Heater

An EWH uses electrical energy, 15 to 25% of the total residential load consumption, to
increase and control water temperature. Two types of EWHs are available on the market:
(1) a tank-type EWH that stores hot water in a tank, and (2) tankless EWH that only
heats water as needed. The tank-type EWH is the most common model used in North
America [9]; therefore, only this type is considered here.

A residential tank-type EWH has an insulated metal-sheet cylindrical tank where hot
water is stored until it is needed. Typically, the storage capacity of a residential tank-type
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EWH varies between 20 to 80 gallons (75 to 80 litters), with 50 gallons being the most
commercialized [25]. The tank includes one or two heating elements, an inlet pipe for the
cold water, and an outlet pipe for the hot water. Each heating element has a thermostat,
which is attached to an electrical resistor enclosed by a sheath of stainless steel or copper,
as depicted in Figure 2.15. Additionally, there are two standard tank-type EWH models:

Figure 2.15: Tank-type EWH with two heating elements [53].

ˆ A single-element EWH has only one temperature control element for the whole water
mass inside the tank. This element is located close to the bottom of the tank, and
it is responsible for maintaining the water temperature according to its thermostat
setpoint.

ˆ A dual-element EWH has two temperature control elements (upper and lower) that
work alternately to heat and control the water temperature. When hot water is being
used, cold water enters the tank and moves to the bottom because of its density.
Then, the upper element is turned ON to regulate the water temperature at the top
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of the tank according to the prede�ned setpoint. After that, the lower element is
turned ON to heat the water at the bottom of the tank. In this manner, water is
heated more uniformly due to the alternative operation of both elements. In terms
of operation time, the lower element works more frequently, because it heats the cold
water that later is moved up with a higher temperature [9].

After hot water is drawn from the storage tank, cold water re�lls the tank. As a result,
the internal water temperature decreases as a function of both the inlet cold water and the
conduction losses (thermal losses through the isolation). Therefore, the water temperature
has to be controlled by means of a thermostat whose setpoint can be adjusted according
to consumer preferences [34]. The heating elements are switched ON/OFF in a hysteresis
fashion, as the temperature varies within the thermostat's dead band, which comprises a
few degrees above and below the setpoint. When the temperature hits the dead band's
lower limit, the thermostat closes the switch, allowing current 
ows through the resistor,
thus generating heat which is absorbed by the water. The switch remains closed until
the water temperature hits the dead band's upper limit. As a heating element basically
consists of a resistor, this load does not demand reactive power and has a high electric-
thermal e�ciency conversion. Therefore, the power consumption accounts for heating the
inlet cold water and compensating for the conduction losses.

Hot water consumption, analogously to the electric consumption, di�ers according to
the number of occupants, geographical location of the house, facilities (bath, shower, etc.),
appliances (dishwasher, washing machine, etc.), and consumer habits (frequency and du-
ration of consumption). Hot water usage involves activities such as dishwashing, hand
washing, cooking, showering, and leaks. In [63], comprehensive research was performed to
estimate the daily average hot water usage in North American houses, which was found to
be 51.1 gallons (193.4 liters) per day.

According to healthcare societies and organizations, such as the American Society of
Sanitary Engineering or the Public Health Agency of Canada, there are two opposing
risks when selecting the temperature of water inside the tank: risk for thermal shock and
scalding injuries if the temperature is high, and risk of exposure to Legionella (bacteria
responsible for Legionnaires' disease { pulmonary legionellosis) if the temperature is low.
Thus, the temperature range established to avoid exposure to these health problems can
vary between 49 to 60‰ [53], since at a temperature higher than 49‰, the bacteria
Legionella does not survive, whereas with a temperature lower than 60‰, the risk of
scalding and mineral build up in the EWH tank and pipes is reduced.

An EWH is considered an ideal candidate to participate in a DR strategy. Its high
thermal inertia allows storing thermal energy by heating water, thus acting as a thermal
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battery (with similar features to any other ESS technology). As the heating element
contains a resistor, its power consumption can be controlled as fast and frequently as
needed with near instantaneous response in order to provide frequency regulation without
a�ecting consumer comfort.

2.6 Simulators

2.6.1 Smart Residential Load Simulator

The Smart Residential Load Simulator (SRLS) [34] is a freeware based on Matlab-Simulink-
GUIDE toolboxes, developed to facilitate the study of EMSs in smart grids. It provides
user-friendly interfaces to study the power and energy consumption patterns of typical ap-
pliances (i.e., ACs, furnaces, EWHs, refrigerators, stoves, dishwashers, washing machines,
dryers, pool pumps and di�erent types of light-bulbs) and their related costs, in a single-
family household over a 24-hour horizon. In addition, the simulator models the local power
generation from a wind turbine and/or a solar PV panel, as well as a small battery system.
The in
uence of occupants' activity levels, solar radiation, and ambient temperature, on
energy consumption patterns, is also considered. The simulator results have been validated
by comparing its mathematical models with actual measurements.

2.6.2 CREST Domestic Electricity Demand Model

The CREST simulator [64] is a Microsoft Excel® macro-enabled workbook that provides
a high-resolution representation of the domestic demand from a single dwelling. It models
the load consumption pattern from a large number of household appliances over 24 hours by
considering factors such as the number of occupants and their active occupancy patterns,
the month of the year, and solar irradiation. A con�guring interface enables users to
select up to 33 appliances when performing case studies. The simulator maps occupancy
patterns and employs appliance-usage probability to generate the load demand pro�les
stochastically. It has been validated by contrasting its results with actual measured data
sets showing similar demand patterns.

2.6.3 DHW Event Schedule Generator

The DHW Event Schedule Generator [65] is a Microsoft Excel® macro-enabled spreadsheet
tool able to stochastically generate hot water schedules over a one-year horizon, based on
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the probability distributions of hot water usage (from sinks, showers, baths, clothes wash-
ers, and dishwashers), duty cycles, 
ow rates, water-draw pro�les, weather, and seasons.
The tool includes a user-friendly interface that allows the generation of random pro�les
based on the number of rooms, location of the household, and temperature of both the
water inside the tank and the water draws. Additionally, the user can select di�erent
time-steps between 1 to 360 seconds. As a result, this tool generates realistic residential
hot water pro�les that can be used to determine the electric power consumption from an
EWH.

2.7 Summary

In this chapter, a background of the main concepts required to develop the proposed DR
strategy for primary frequency control was introduced. First, the frequency control archi-
tecture and di�erent grid support services needed to maintain the demand-supply balance
in a microgrid were described. Then, the technical challenges resulting from the mix of
RESs and conventional generation sources were reviewed. A synopsis of DR strategies for
residential controllable loads was presented next. Then, the components, operation, and
restrictions of TCLs, i.e., EWHs, ACs, and GSHPs, were described in detail, as these form
the basis for the DR strategy described in the next chapter. Finally, a brief description of
the simulators used to model realistic residential load demand and hot water consumption
pro�les was presented.
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Chapter 3

Modeling and Controls

This chapter presents the proposed modeling of the di�erent components of a hybrid PV-
diesel microgrid, and discusses the design of the developed DR strategy for primary fre-
quency control. Thus, the droop control model of a diesel genset is presented �rst, followed
by the design and modeling of a solar PV system. Then, the thermo-electrical models of
EWHs, ACs, and GSHPs are described, and their simulation results are presented and
discussed. Next, the use of the simulators introduced in the previous chapter to gener-
ate random load demand and hot water consumption pro�les is described. Finally, the
characteristics and control logics of the proposed DR strategy are presented. The models
developed in this thesis were implemented in a MATLAB/Simulink (R2018a) environment.

3.1 Diesel Gensets

The standard Woodward governor model DEGOV1 is used here, since it is utilized in several
industry-grade transient electromechanical programs, as well as in research works [66,67].
This governor model consists of three components: an electronic control box, a fuel control
actuator, and a droop compensator. Figure 3.1 depicts a block diagram of the DEGOV1

governor model and its associated parameters, where �! is the rotor speed deviation;
! ref is the speed reference;� i 8i 2f 1,..6g are the time constants of the control box and
actuator; K is the gain of the actuator and must be tuned according to the characteristics
of the genset;TMAX and TMIN are the upper and lower torque limits, respectively;� D is
the engine �ring time delay; D is the droop characteristic; and �PMECH is the output
mechanical power. The gains and time constants used in this model are adopted from [66]
and are summarized in Table 3.1
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Figure 3.1: Block diagram of the diesel genset DEGOV1 governor model [67].

Table 3.1: Parameters of the DEGOV1 governor model [66].

Parameter Value

� 1 [s] 0.01
� 2 [s] 0.02
� 3 [s] 0.2
� 4 [s] 0.25
� 5 [s] 0.009
� 6 [s] 0.0384
TMIN [p.u.] 0
TMAX [p.u.] 1.1
� D [s] 0.01

The droop compensator in Figure 3.1 uses a feedback signal coming from the engine's
throttle valve. This valve regulates the supply of fuel intake into the engine, and its
position represents the adjusting of mechanical power. Thus, if the speed varies, the
governor adjusts the throttle valve position enough to cancel the speed change through the
droop compensator [55]. As a result, the objective of this governor model is to regulate
the position of the throttle valve in response to a disturbance. The di�erence between
the rotational speed deviation and the droop compensation signal is sent to an electronic
control box, whose output drives an actuator. The actuator converts the control signal
into a fuel 
ow rate signal to regulate the throttle valve position, and thus regulate the
amount of fuel entering the engine. Finally, a delay� D is introduced to represent the time
interval from fuel ignition to mechanical torque generation in the engine.
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3.1.1 Swing Equation

Any imbalance between power generation and load consumption produces a frequency
deviation with respect to the nominal system frequency. As a consequence, the synchronous
generators, which were rotating at the same electrical angular speed, will be accelerated or
decelerated. Therefore, the mechanical motion equation (swing equation), which describes
the dynamics of the movement of the generators' rotors, is used to study system frequency
deviations [45].

PMECH (p:u:) � PELEC (p:u:) =
2H
! s

d2�
dt2

(3.1)

wherePMECH is the driving mechanical power,PELEC is the developed electrical power by
the generator,H is the inertia constant in p.u., ! s is the rotor's angular speed, and� is
the power angle. During small perturbations, (3.1) can be expressed as follows:

� PMECH (p:u:) � � PELEC (p:u:) =
2H
! s

d� !
! S

dt2
(3.2)

Applying the Laplace transform to (3.2) results in:

1
2Hs

= [� PMECH (s) � � PELEC (s)] = � ! (s) (3.3)

This equation describes the synchronous generator motion behavior when an imbalance
takes place, and is represented in Figure 3.2 in the form of a block diagram, where �PMECH

is the output of the governor model depicted in Figure 3.1.

Figure 3.2: Block diagram representation of swing equation.

3.1.2 Dynamic Response

Any change in generation or demand a�ects system frequency. The dynamics of the short-
term response of a diesel genset when an imbalance occurs can be described by connecting
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the individual responses of the swing equation and the governor model. Figure 3.3 illus-
trates both the mechanical and frequency response when a 0.1 p.u. load increase takes
place at 10 s, obtained from the models presented in Figures 3.1 and 3.2 for! ref = 1:039
p.u., D = 5.39%, H = 1 p.u., and f nl = 62.34 Hz. Note that, before the disturbance occurs,
the frequency is constant, and when a sudden change in load takes place, the speed control
acts to smoothly change the genset's speed until it is stabilized at a new value according
to the droop characteristic.

(a)

(b)

Figure 3.3: Step response of a diesel genset.
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