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Abstract

The deregulated operation of power systems has demonstrated several advantages,
among which is the load-side control as a means to implement smart grid functions.
When residential loads are considered, the application of smart grid functions is
dependent on the communication links, accurate load models, and customer partici-
pation. This thesis proposes the one-node method to use modified load profiles (de-
termined at the point-of-supply) to generate the command active power for load-side
controls. Test results show that smart gird functions can operate certain appliances
to store thermal energy during off-peak-demand hours, this then reduced their power
demands during the peak-demand hours. Moreover, the one-node method is tested
to implement centralized smart grid functions through a battery system, which is
charged and discharged based on the one-node method. This thesis presents and
discusses the performance of both controls in terms of total losses and impacts on

voltage during peak-demand hours.
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Chapter 1

Introduction

1.1 General

Several North American power systems have made significant advances in operat-
ing portions of their distribution systems in deregulated mode. This power system
operating mode provides a platform that supports load-side control actions, allow-
ing for optimization of generation, transmission, and distribution of electric power.
Furthermore, the deregulated operating mode can supply load demands through dis-
patching a combination of conventional and distributed generation (DG) units [1]-
[5]. Through the support of DG, the deregulated operation mode creates a space for
load-side control actions, which include support for smart grid functionality focused
on enhancing load operation to achieve operational objectives [6]-[10].

Smart grid functions typically initiate actions to adjust their load power de-
mand over specified time-intervals, with the goals of optimizing power flows while
reducing power losses. To apply smart grid functions to residential loads thermostat-
ically controlled appliances (TCAs) are used, due to their ability to store thermal
energy. Control of TCAs by the smart grid function requires a reference (command)

active power, which is obtained through methods such as time-scheduling and load



forecasting. These methods however, have various limitations due to their need for
complex algorithms, historical data, load models, etc. As a result, there is a need
for a new simpler approach to determine a TCAs command active power, to support
smart grid functions in managing residential loads [1]-[3].

Despite their promising capabilities, smart grid functions operating residential

loads face several challenges that can be summarized as [11]-[21]:

e the need for additional instrumentation and communication devices at each

controlled load or load component;
e the dependence on customer participation;
e the power flow adjustments depend directly on the number of controlled loads;

e the mandates for data to train and refine data-driven load models, and/or

heuristic controllers.

Many works have researched methods of rectifying the aforementioned chal-
lenges, so that smart grid functions can be widely implemented to support power
systems. Some research works recommend the use of energy-saving programs and
energy-saving initiatives to encourage use of smart grid function activities. While
these measures have shown some successes, and in some instances active participa-
tion in energy-saving programs, this doesn’t negate the possible variations in energy-
saving incentives seen with seasonal shifts, or based on location. These variations
can have a negative impact on customer participation, particularly in residential
and commercial loads [22]-[26]. Other recommendations, to overcome smart grid
function challenges, is to utilize battery storage systems (BSSs) connected at the
point-of-supply. This recommendation is supported by the growing interest in grid-
connected BSSs [27]-[29]. This thesis examines the possible deployment of BSS to

facilitate the implementation of smart grid functions in residential loads.



1.2 Research Motivation

The motivation driving this research work stems from the need to investigate meth-
ods and approaches to implement smart grid functions for residential loads. The
conventional approaches are mostly based on initiating actions for operating TCAs
in residential loads to implement smart grid functions. These approaches face chal-
lenges due to their high dependence on customer participation. A new approach is
required to implement smart grid functions, without the dependence on residential
customer participation. This will advance the wider deployment of smart grid func-
tions for operating residential loads. Moreover, such a new approach can facilitate

extending the deployment of smart grid functions to commercial and industrial loads.

1.3 Literature Review

The deregulated operation of power systems energy offers the possibility to further
optimize power generation and distribution. This mode of operating power systems
can accommodate the implementation of various load-side control schemes. These
control schemes have been designed to optimize the generation, transmission, and
distribution of electric power. Moreover, the deregulated operation offers the ability
to dispatch mixes of DG and conventional generating units to meet power system
demands, over specific time intervals [1]-[6]. Despite the development of numerous
load-side control schemes, peak-demand management (PDM), direct load control
(DLC), and demand response (DR) have become widely used in many power systems.
PDM, DLC, and DR are all used to adjust load power demands over certain hours
each day. Recently PDM, DLC, and DR have been introduced as smart grid functions
[10]-[12], [15], [16], [18], [30].

In general, load-side control functions are implemented to manipulate control-

lable loads, and optimize the loadability of distribution networks. Such objectives



can lead to improving the efficiency of distribution networks, as well as support-
ing other system targets, economic/stability, [1], [2], [4]-[6]. The implementation
schemes are essential to apply smart grid functions to a system, however there is a
need for a method that specifically manages residential load demands [5], [6]. Among
smart grid functions there is an emergence of the use of setting a command value for
power demands, that a load could be operated on. This command value can be used
as an input for a controller that operates a target load, such as a residential load [1],
[21]. This emergent application for smart grid functions acting on a residential load

is illustrated in Figure 1.1.
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Figure 1.1: A residential unit displaying smart grid function actions that operate
TCAs.

The implementation of smart grid functions for residential loads, requires
models of TCAs, disaggregation functions, and the adequate command power to
operate TCAs [1], [19]-][21]. Several published works have proposed different mod-

els of TCAs, including state-space, data-driven, and statistical models. Research



works that focused on disaggregation functions have developed pattern-recognition,
forecast-based, statistical, and signal processing-based operations. These functions
are then shown to facilitate implementing smart grid functions in residential loads [1],
[20], [21]. Nonetheless, the largest challenge with implementing smart grid functions,
is determining the command power for operating the TCAs in their respective resi-
dential load. Where implementation methods vary from setting a command power
for each TCA, to setting one command power for each residential load [23].
Methods of setting a command power for operating TCAs have previously
been based on time-scheduling, where daily peak-demand and off-peak-demand hours

are fixed as Tp and To, demonstrated in Figure 1.2 [5], [6].

To =To1 + Toq
Tp=Tpi +Tpe

Power Demands of
a Residential Load

- To . Tp Too Tpy | To: E

3 AM 6 AM 9 AM 12 PM 3 PM 6 PM 9PM 12 AM

Figure 1.2: Sample power demands for a residential load, illustrating peak-demand
Tp, and off-peak-demand Tgq.

The time-scheduling method sets a fixed command power for a residential load
or for each TCA during To hours. During the hours of Tp, this method returns
the control of TCAs to their built-in thermostatic controllers [1], [2]. Despite its
simplicity and applicability, the time-scheduling method has shown limited ability
to drive the operation of TCAs to meet the command power. Such a limitation is
due to the operation of TCAs, which cannot maintain a continuous ON status during

To and a continuous OFF status during Tp [1], [2]. To overcome this limitation, the

5



direct-action feature has been added to the time-scheduling method [1], [21]. The
direct-action feature modifies the command power to accommodate possible OFF
actions of TCAs during To. This modification has improved the ability of the time-
scheduling method to drive TCA operation towards tracking the command power
[23].

Load forecast and data-driven models have been proposed to set the command
power for residential loads and /or TCAs [21], [31]-[34]. These methods use historical
data and weather data (temperature) to forecast the power demands for residential
loads. Once a forecast is obtained and refined, it is used to set command powers
for residential loads and/or TCAs. The load forecast method has demonstrated
significant abilities to operate TCAs in residential loads to meet the command power.
Nonetheless, the need for historical data and significant computational resources,
have been concerns for its wider applications [23].

One of the advantages of smart grid functions is their support of energy-saving
programs that are based on the time-of-use electric energy rates. Energy rates are
typically set low during T, and high during Tp. The command powers can be set
for TCAs to increase their power demands during Tq, and to reduce their power
demands during Tp. The energy-pricing method has demonstrated its ability to
motivate customer participation in energy-saving programs, and for customers to
change their energy consumption patterns. The major drawback for this method is
its dependence on customer participation, which can be highly stochastic [15], [16],
[31], [34], [35].

The recent rapid advancements in control systems, digital signal processing,
and power electronic converters (PECs), have facilitated manufacturing and inte-
grating various energy storage systems (ESSs) into power systems. The incentive to
interconnect ESSs to power systems is mainly due to ESS’s ability to provide fast

and accurate adjustments in power flows. Such needs to adjust power flows are typ-



ically created by the intermittent power generation from renewable energy sources
(RESs), sudden variations in load demands or generation, and/or wide-area control
actions [1], [23]-[26]. As a result, ESSs have become an effective tool for providing
voltage/frequency support while improving the reliability and survivability of power
systems.

There are several designs of ESSs for power system applications, among which
are BSSs. These ESSs have received increased attention due to their energy den-
sity, modularity, high efficiency, fast response, and decreased self-discharge [36]-[40].
Grid-connected BSSs are currently major components in commercial wind and solar
energy conversion systems, so that grid connection requirements can be achieved [28],
[29], [36]-[39]. The promising capabilities of BSSs have encouraged their applications
in power systems to provide primary and/or secondary frequency controls. Several
power systems have utilized combinations of BSSs, flywheels, and super-capacitors
to provide rapid and accurate support during, and post, dynamic events [27]-[29].
Another application of BSSs in power systems are as initiators of inertial response,
which has been found to achieve fast and reliable response to steady-state dynamic
events [28], [29], [36]-[40]. Power system reliability has also been supported by the
application of BSSs through the achievement of composite reliability index for a
distribution system [37].

The previous overview has highlighted the abilities of BSSs to offer several
functions for power systems. Such functions take advantage of the BSSs ability to
charge and discharge energy during specific time intervals [27], [29]. This thesis
intends to expand the applications of BSSs to implement smart grid functions for
residential loads. In this application, the focus is on adjusting power demands during
specific hours. This utilization of smart grid functions alongside BSS can reduce the
dependence on customer participation, thus simplifying the implementation of smart

grid functions.



From the above discussion, it is known that the deregulated energy market
provides a platform for RESs and smart grid functions to be utilized. However, im-
plementation methods dictate their performance. Therefore, this thesis will present
a new method that allows for the implementation of smart grid functions based on
load profiles. The presented method will demonstrate its ability to overcome cur-
rent implementation limitations through comparison with other established methods.
This thesis will also expand on the the implementation of smart grid functions by
applying a BSS as a load-side grid-connected unit. This BSS will be able to support
operation of the smart grid functions and highlight the benefits that using an ESS

on residential networks provides.

1.4 Thesis Objective

The previous section has provided an overview of existing methods to implement
smart grid functions for residential loads. The aforementioned overview has high-
lighted the need to incorporate smart grid functions as a key tool for achieving an
effective load-side control. Existing methods for implementing smart grid functions
consider generating the command power to adjust power demands of individual loads,
particularly TCAs, due to their ability to store thermal energy. In addition, existing
methods require significant data for load forecasting and/or energy pricing. Finally,
the previous discussion indicated the dependence of smart grid functions on customer
participation, and their willingness to be involved in energy-saving programs. The
deployment of existing methods to implement smart grid functions can increase the
complexity and volume of required resources (computational, data communication
links, instrumentation, etc.). Such limitations can be overcome by a new implemen-
tation method, the one-node method, which can adjust the load profiles to achieve

a desired load profiles as set by the system operator. The proposed implementa-



tion method can be featured with BSSs to eliminate the dependence on customer
participation.
The development, implementation, and testing of the one-node method are

the main objectives of this research work. The objectives of this thesis are stated as:

e To develop and test a new method for implementing smart grid functions based

on load profiles, with and without BSSs.

e To test the accuracy and validity of the new method, and compare it with

other methods under similar conditions.

e To investigate boundaries of deploying a BSS to implement smart grid func-

tions.

1.5 Thesis Outline

The remainder of the dissertation is organized as follows:

e Chapter 2 presents and discusses models for smart grid functions that are used
in this thesis. This chapter provides mathematical formulation for the PDM,
DLC, and DR smart grid functions, along with definitions for peak-demand

and off-peak-demand time intervals.

e Chapter 3 provides details about the implementation of the smart grid func-
tions for residential loads, and their actions to operate TCAs in residential
loads. This chapter also presents and discusses the conventional methods for
executing smart grid functions in residential loads in the context of load-side
activities. Furthermore, Chapter 3 introduces the proposed load-profile based

method to implement smart grid functions for residential loads.



e The implementation procedure is presented in Chapter 4, where the one-node
method is introduced, outlining the use of load-profile based method to im-
plement smart grid functions for operating residential loads. In addition, this
chapter provides results for testing the performance of the load-profile method,
when used in conjunction with BSS units. This section will investigate the ca-
pabilities of the BSS integrated alongside the smart grid functions, while also

determining the boundaries of the BSSs’ deployment.

e Finally, Chapter 5 will summarize this thesis and present the conclusions from
the results assessment of the implementation scheme on the various smart grid
functions. This summary will include the resulting contributions of this thesis,

as well as suggestions for future research work.
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Chapter 2

Overview of Smart Grid Functions

2.1 General

The operation of power systems in deregulated mode offers the distinct advantage of
the usage of load-side control actions. These actions follow a systematic procedure to
optimize the generation, transmission, and distribution of electric power to various
load types [1]-[8]. There are several designs for the load-side control, including PDM,
DLC, and DR, which all originate from designs for operating on industrial loads, and
later extended for commercial and residential loads. In general, the PDM, DLC, and
DR are structured to adjust load power demands, of residential loads, over specific
time intervals during each day. The growing deployment of the PDM, DLC, and
DR has paved the way for them to be introduced as smart grid functions [9]-[12],
[14]-[18].

The use of smart grid functions to operate residential loads implies controlling
TCAs. These appliances are electric water heaters (EWHs), air conditioners (ACs),
and heating units (HUs). Household TCAs have the ability to store thermal en-
ergy, and their power demands constitute a large portion any residential load power

demands [5], [6], [24], [41], [42)].

11



This chapter discusses the modelling of smart grid functions (PDM, DLC,
and DR), when set for operating residential loads through TCAs. As the focus is on
daily adjustments in power demands of residential loads, definitions for peak-demand
and off-peak-demand hours are provided in this chapter. In addition, this chapter
presents the test system used in this thesis. This test system is the Fredericton
Campus of the University of New Brunswick (UNB), which is composed of several

buildings.

2.2 Modelling the Test System

The intended analyses in this thesis were identified as steady-state analyses of a
power system, where smart grid functions were used as load-side control actions.
Such analyses could be conducted using power flow analysis for the target power
system. Nonetheless, the power flow analysis conducted in this thesis had to be
performed over successive time intervals. The CYME-Dist software package was
selected due to its ability to implement and solve power flow analysis at multiple time
intervals, which is commonly called Load Flow with Profiles [43]. The construction
of a CYME-Dist model required data for transmission lines, transformers, loads, and
sources. In addition, the CYME-Dist model had to be linked to a database that had
time stamped values of active and reactive power demands for load busses in the

system.

2.2.1 Test System: University of New Brunswick Frederic-

ton Campus

The selected test system for the work in this thesis was the UNB Fredericton Campus,
with 45 buildings interconnected through a distribution system at a voltage of 5 kV.

The UNB Fredericton Campus was fed from the local utility system through a 15/5

12



kV, 1500 kVA transformer substation. Figure 2.1 shows a single-line-diagram for the

test system, where system transformer allocation is described in Table 2.1.

S
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Figure 2.1: A single-line-diagram for the distribution system of the UNB Fredericton
Campus (not to scale).

Table 2.1: System load connected transformers used in the UNB Fredericton Test
Case system.

Primary Secondary # Used by Loads

15 kV 600 V 2
15 kV 208 V 2
5 kV 600 V 11
5 kV 208 V 29

The power demands at each load bus were measured at a rate of 1 reading/15
minutes, and were stored in a database, which was accessed to be linked to the
constructed CYME-Dist model of the test system.

The data presented in this thesis was collected in 2022, and was fed to the con-

structed CYME-Dist model of the UNB Fredericton Campus system. Furthermore, a

13



MATLAB-Simulink model was created for the test system for purposes of implement-
ing smart grid functions to operate loads in the test system. The MATLAB-Simulink
model was constructed using the data of the UNB Fredericton Campus system, in-
cluding power transformers (in each building), transmission lines, building properties
(area, thermal insulation, and number of floors), HU data, EWH data, and AC data.
The output of the MATLAB-Simulink model (controlled power demands) was stored
in the database that was read by the CYME-Dist model. Test results were made
over a 24-hour period, where the off-peak-demand and peak-demand times were set

as:
o Off-peak-demand time: To = [7: 01 PM, 7 : 00AM]

e Peak-demand time: Tp = [7:01 AM,7: 00PM]

2.3 TCA Models

TCAs operate based on a target temperature value and the measured temperature
value used in a hysteresis band control. EWH are used throughout the year to
provide hot water to the buildings, AC and HUs however are not used year round
due to the temperature variations experienced throughout the year. This section
goes into detail about the operation of EWH, and while ACs and HUs share some

operational similarities with EWHs their models are described in Section 3.2.

2.3.1 Electric Water Heater Model

EWH models are a TCA model that are used year round as they are used to heat
water which is always necessary. The energy consumed by an EWH, Erwy (BTUs),

is related to the desired temperature and the current internal EWH temperature,

14



and can be stated the following relationship [4]:

vep-c,(T — 1T,
Bown(T) = S =T0) (- 1)) o (7 - )
rec H

where:

Egwn  the energy consumed by the EWH (BTU).

v the volume of water withdrawn from EWH (gal).
p the specific heat of water (Z5%).

p the water density (8.35%).

T the water temperature inside the EWH (°F).

Tin the temperature of input water to the EWH (°F).
Nrec the recovery efficiency (default : 0.98).

g1 the standby loss coefficient (default : 0.273).

T the temperature outside the EWH (°F).

Py the power ratings of the EWH (£LY).

(2.1)

Through using extraction to simplify the Equation (2.1), the resulting equa-

tion can be rewritten in the following form:

Egwu(T) = aT? 4+ bT + ¢

where:

a = — "Udldg
b =vd; + vdyd2 T, + vd1do T3y, + ds

C=— Udlﬂn - vdldQT’inTa - dBTa
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with

P Cp

di = 2.4a

! nT’GC ( )
g1

dy = =— 2.4b

= (2:4b)

ds = 24¢q, (2.4¢)

The value of Egwn can be converted from (BTU) to (kW -h) through the

following relationship:

(EEWH)[kWh] = (EEWH)[BTU} X 2.92875 x 10_4 (25)

The electric energy consumed by an EWH, Fgwy, causes the temperature, T,
inside the EWH to increase. This consumed energy will supply the energy demands,

Ep, due to the hot water consumption, as well as thermal energy storage, Eg.

2.4 Smart Grid Functions

In general, power system operation and control have developed various approaches
to reduce the overall loadability of distribution networks during daily peak-demand
hours. These approaches include load forecasting, energy-saving incentives, time-of-
use energy prices, and DR [5], [6]. These approaches have shown different abilities
to effectively reduce the load demands during peak-demand hours. Several power
systems, including Canadian ones, have identified residential loads as one of the
contributors to daily peak-demand. As a result, residential loads have become of
interest for load-side control activities, which are typically designed to adjust their
load power demands during peak-demand hours. There have been several designs
for load-side control of residential loads, however, PDM, DLC, and/or DR have

been adapted by several power systems [1]-[6]. These load-side control schemes have
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been introduced as smart grid functions, and they are discussed in the following

subsections.

2.4.1 Peak-Demand Management

The PDM load-side control scheme is a set of actions that initiates ON or OFF
commands for specific load components. In residential loads, target load components
are appliances with thermal energy storage capabilities, commonly called TCAs, such
as EWHs, HUs, and ACs. Desired ON and OFF actions are initiated to maximize the
thermal energy storage in EWHs, HUs, and/or ACs during off-peak-demand hours
[1]-[6]. The total thermal energy storage depends on accessible controllable TCAs,
To, and Tp. The ON and OFF actions initiated by the PDM control operate the

TCAs in the " residential load, and can be stated as [5], [6]:

(Pp); "™ (8) = (Pp), (t) = > ex(t) (Pp), (8):t € To (2.6)

where the total power demand of the /" residential load is represented as (Pp).(t),
the total power demand of the k'™ TCA in the residential load ¢ is (Pp)x(t), and
cx(t), where (ci(t) € Z), is the PMD control action for the k" TCA in the residential
load .

Figure 2.2 shows a block diagram that describes implementing the PDM

method to operate TCAs in a residential load [5], [6].
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Figure 2.2: A block diagram to implement the PDM method for operating TCAs in
a residential load.

2.4.2 Direct Load Control

The DLC method produces a set of ON and OFF control actions to operate TCAs
in residential loads. Such control actions are typically initiated during certain hours
of each day. Despite its similarity with the PDM, the DLC method can be used to
to directly connect or disconnect individual loads, load centres, and/or specific load
components. In general, ON and OFF control actions initiated by the DLC method
(to operate TCAs in the ¢*" residential load) result in adjusting the power demands
of the ¢*" residential load. These adjustments in the power demands can be stated
as [5], [6]:

(Pp);" (8) = (Pp), (t) = > ma(t) (Pp)y (1); my € Z (2.7)

k
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where (Pp)e(t) is the delivered power to the ¢ residential load, my(t) is the DLC
control action for the k' TCA in the ¢ residential load, and (Pp)(t) is the power

demand of the k" TCA.
Figure 2.3 shows a block diagram that describes implementing the DLC

method to operate TCAs in a residential load [5], [6].
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(ON/OFF)ac

Figure 2.3: A block diagram to implement the DLC method for operating TCAs in
a residential load.

2.4.3 Demand Response

The DR method has the unique feature of being able to initiate control actions, which
can accommodate bi-directional power flows. Desired bi-directional power flows are
typically set between residential loads and their point-of-supply, the distribution
power transformers [1]-[6], [12]. Active power injection by a residential load can be in

the form of DG units, such as photovoltaic (PV) units, small wind energy conversion
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systems, co-generation units, and/or battery storage units. In addition, thermal
energy storage in residential TCAs can be considered as a form of a virtual battery
that supplies TCAs’ demands during peak-demand hours. In the DR method, the
amount of adjustments to power demands for a residential load depends on the
available DG units, peak-demand power, off-peak-demand power, and duration of
peak-demand conditions. Adjusted power demands by actions of the DR method

can be formulated as [5], [6]:

(Pp)™ (1) = (Pp), (t) = > di(t) (Pp), (t);dy € Z (2.8)

where the power delivered to the /" residential load is represented as (Pp)(t), the
DR control is shown as dy,(t) for the k" TCA in the (** residential load, and (Pp)(t)
is the power demand of the k" TCA.

Figure 2.4 shows a block diagram that describes implementing the DR method

to operate TCAs in a residential load [5], [6].
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Figure 2.4: A block diagram to implement the DR method for operating TCAs in a
residential load.

2.5 Residential Load Profiles

Traditionally, load profiles are obtained using uniformly spaced time-stamped power
measurements from the target load, where the chosen time intervals for data can
be anywhere from minutes to days [41], [44]. However, with the introduction of the
Advanced Metering Infrastructure, the accuracy of load profiles have been improved.
There has also been development of load profiles based on load models, including
ZIP, dynamic, statistical, and data-driven models, all of which are seen to provide
high resolution profiles, with potential accommodation for bi-directional operation
[23], [41], [44]. An example of the residential load profile generation capabilities is

demonstrated in Figure 2.5.
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Figure 2.5: Demonstration of different residential load profiles, normal and modified,
constructed from measured data and load modelling, using the ZIP model [23], for
one day in February 2022.

The previously discussed PDM, DLC, and DR smart grid functions demon-
strate advantages for residential load applications, and have motivated the develop-
ment of several implementation methods [12], [20]-[23], [41], [44]. These methods
have shown capabilities to operate TCAs to adjust power demands, which then mod-
ifies the daily profile for residential load [1]-[8]. Since TCAs make up the majority of
household energy consumption, this form of profile manipulation has a large impact
on the residential load power demand [5]. Morning and evening peak-demand are
largely influenced by residential customer demand, providing incentive to shift the
consumption increases in TCA activity during these periods. The flexibility of TCA
power consumption allows for residential load profiles to be modified over the off-
peak-demand and peak-demand hours. Altogether, this reinforces the logic behind
seeking to modify the residential load daily profile.

As seen in Figure 2.5 a modified residential load profile demonstrates the

actions of a PDM smart grid function described in Equation 2.6 [6]. A modification
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to the equation for modified residential load profile, (Pp)Pd(t), is stated as:

(Pp)f(t) = (Pp)elt) = D ge()(Pe)e(t) (2.9)

where (Pp),(t) is the total power demands for the ¢ residential load, gx(t) is the
smart grid function action applied to the k" TCA, and (Py),(t) is the power demands
of the k" TCA at the ¢ residential load [24].

The other possible form the modified residential load profile can take is one
based on aggregated actions, where a control of the load profile is set for a node
[5], [6]. The main distinction is that typically the aggregated load profiles are based
on available generation assets, conventional and/or distributed, storage units, volt-
age/frequency stability goals, economic operation targets, energy pricing metrics,
ete. [15]-[19]. This work describes a modified aggregated residential load profile at
node h, ((Pp)7?), to be:

(Po)i(t) = (Po)u(t) = D > gealt)(Pu)e(t) (2.10)

where (Pp)p(t) is the total power demands for the h'" node, gy (t) is the smart grid
function action applied to the k' TCA in the ¢*" residential load, and (Py),(t) is the
power demands of the &k TCA at the ** residential load [24].

The previous discussion about smart grid functions indicates that the perfor-
mance of controllers, to implement smart grid functions, can be improved by setting
an accurate value of the command active power. In this thesis, the one-node method
is used to set the command value of the active power for controllers operating TCAs
in residential loads. The one-node method can be described as a modification of a
load-profile at the point-of-supply feeding loads that are subject to smart grid func-
tions (or other load-side controls). Using the one-node method, a load profile can

be modified to meet a desired load demand (an individual load or aggregated loads)
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over specific time intervals. The one-node method can be used to provide a command
active power for load-side controllers operating residential loads. It should be noted
that the one-node method can be used to provide command values for active and

reactive powers for loads that have constraints on reactive power demands [45]-[48].

2.6 Summary

This chapter has presented smart grid functions, along with their models and de-
sired actions to operate certain appliances in residential loads. Chapter 2 has also
presented the target system for the tests presented and discussed in this thesis’ later
chapters. The selected test system, the UNB Fredericton Campus, has the added
benefit of containing a multi-building structure. The assessment of smart grid func-
tions has been set through successive power flow analyses over a time interval of one
day. These power flow analyses are to be performed on the the UNB Fredericton
Campus test system using the CYME-Dist software. The CYME-Dist software al-
lows for performing power flow analyses using load and generation profiles, where
load profiles can be modified by smart grid functions. The next chapter presents re-
sults for the UNB Fredericton Campus system, when several buildings are operated

by smart grid functions.
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Chapter 3

Implementing Smart Grid

Functions

3.1 General

Previous chapters have discussed the actions of smart grid functions, specifically
when implemented on residential loads. The main objective when applying smart
grid functions is to adjust the daily power demands of target loads over specified
times. These adjustments can be viewed as modifications of the daily residential
load profiles [1]-]6], where the actions by smart grid functions eliminate or reduce the
variations in daily load profiles of residential loads. These actions are set to increase
the power demands during off-peak-demand hours, to reduce the load power demands
during peak-demand hours. The actions of smart grid functions can be implemented
by load-side control actions and/or dispatching DG units, and other devices such as
ESSs [24], [41]. Load-side control has the advantage of minimized impacts on the
operation and control activities of the host power system.

This chapter presents and discusses the performance of smart grid functions

(PDM, DLC, and DR), when implemented to operate multiple buildings in the test
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system. As has been discussed in Section 2.2.1, the test system in this thesis is
the UNB Fredericton Campus. The implementation of smart grid functions requires
modelling the controlled TCAs, along with actual and target load profiles. These

requirements are discussed in the following sections.

3.2 Modelling Residential TCAs

The TCA models operate based on temperature values as inputs to a hysteresis band
control that outputs ON and OFF actions to determine the activation of the TCA.
The control action (S(t)) initiated by the thermostat controller of a TCA can be

expressed as a function of temperature 7' [7], [8]:

1 — ON T < TSTI
S(t)=< 0— OFF T > Tsr (3.1)
S(t — At) Otherwise

where Tsr is the set-point temperature, the upper and lower hysteresis bounds are
shown as Tsp and Tspo respectively, and At is the time-step.
The power demands (Prca) for the TCA can be described as a function of

the TCA control actions, seen as [23]:

Prca = S(t) - (Prca)fete (3.2)

with the rated power of the TCA being shown as (Prc4)feted.

The temperature inside an EWH (Tw), the ambient temperature is (73,),
and the indoor temperature (Ty), for the AC and HU, are required to model ON-

OFF actions of TCAs. These temperatures can be estimated with the following
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relationships [6]:

(Ta)k[n + 1] =(a2)r(Ta)k[n] + (beav)r(So)rn] + (B2)rTu[n] (3.3)
(Tw)k[n + 1] =(a1)x(Tw)k[n] + (b1)x(S1)x[n] + (B1)rTuln] (3.4)
(Tw)k[n + 1] =(a2)s(Tu)k[n] + (b2,a0)k(S2)k([n] + (B2)xTa[n] (3.5)

where the HU ON-OFF status is controlled by Sy, EWH status is dictated by Sy,

and the AC status is controlled by S,, and:

ay =e AYM (3.6a)
By =1—a (3.6h)
b1 =(B1)(Rr)ewn (Cp1) (3.6¢)
ay =e AU (3.6d)
Pa =1 —ay (3.6¢)
by, =(B2)(Rr) nu (Cp2) (3.6f)
by, ac =(02)(Rr)ac(Cp2) (3.6)

where (Rp)pwp is the thermal resistance of an EWH and (Cpy) is the coefficient of
performance for the EWH typically valued at 0.95. The thermal resistance of the
HU is (Rr)nu, and (Cps) is the coefficient of performance for the AC and HU units

typically valued at 2.85, (Rr)ac is the thermal resistance of an AC, and:

7 =(Rr)ewn(Cr)ewn (3.7a)

7y =(Rr)p(Cr)B (3.7b)

with (Cr)gwn being the thermal capacitance of an EWH, (Cr)p being the thermal

capacitance of a building, and (Rr)p being the thermal resistance of the building.
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3.3 Load Profile Based Control

Power demands of TCAs are estimated by considering the rated power and cur-
rent ON-OFF status, done through the use of Equation 3.2. The TCA actions
are modelled by using Equations 3.4, 3.3, and 3.5 which provide estimations of the
temperatures and power demands. The determined command power can be set to
control, over certain time intervals, the ON-OFF actions of the TCA. This control
can be described as changing the Thg, the width of the hysteresis band control, to
achieve the ON-OFF actions on the controlled TCA [5], [6]. The set command power
for a residential load is based on a desired load profile that creates controlled ON-
OFF actions for the TCAs. This can be represented as a relationship that defines
command power, for the ¢ residential load (F,)*, as a function of an aggregated

load profile, as seen below:

(P)"(t) = D _(Prea)ii'(t): t € To (3.8)

Prca € [Pewn, Pau, Pacl

It should be noted that residential loads also include non-TCA loads with
power demands (PNY); that are not actionable by the smart grid functions. The
exact value of PN is highly stochastic as it depends directly on the customer usage
of the specific appliances. Because of this, PN¢ is not included in (/%)*. To capture
the actual power demands of the ¢** residential load (/) during To, the following

equation is used [24]:

(P)(t) =Y Se(t)(Prea)ii!(t) + PO(t): t € To (3.9)

Operation of the TCAs, in the Tp period is initiated by respective thermostat

controls which would generate the ON-OFF actions. However, during T, smart grid
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functions can set their actions to operate TCAs to make (F7)(t) follow (F)*(¢). This
objective is achieved by adjusting Sk(t) to modify (FP)(t), seen as:

AP(t) = ((Po)"(t) — (P)(t)) P 0; t€To (3.10)

where S*(t) is the controlled ON-OFF actions of the TCAs.
The control actions taken by the TCA are different depending on the specific
TCA used, for a HU, the controlled ON-OFF actions Sj can be described as:

0 — OFF Tuln + 1] > Tinas
(Soln+1])"=4 1= ON  Tuln+1] < (Tor + Xo) (3.11)
(So[n]) Otherwise

where \g(Ap € R) is an adjustment made to the width of the hysteresis band Tppg,
to operate a HU for AP(t) — 0.

The EWH control actions S} are dictated to be:

0 = OFF Tl + 1] > Tna
(Siln+1])"=9 1= ON Tywln+1] < (Tsy + A1) (3.12)
(S1[n)) Otherwise

where A;(\; € R) is an adjustment made to the width of the hysteresis band Tpp,
to operate an EWH for AP,(t) — 0.
Looking at an AC, the controlled ON-OFF actions S5 can be described as a

the following;:

0 — OFF Tuln + 1] < Toin
(Safn+1))" =4 15 ON  Tyln+1] > (Tsr — As) (3.13)
(Sa[n]) Otherwise
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where \y(A\y € R) is an adjustment made to the width of the hysteresis band Tpp,

to operate an AC for AP,(t) — 0.

3.3.1 Load Profile Method Implementation

The following steps can be used to implement the proposed load profile based method

on a system of L residential loads:
Step 1: Set At, L, N, and n = 0 (Sample index).
Step 2: Set ¢ =1 (Load index).

Step 3: Read TCA parameters, and calculate ay, b1, B1, a2, banu, b2ac, B2, and

(Fe) - [n]-
Step 4: Set \g =0, Ay =0, Ay =0, and n = 0.
Step 5: Set: Syin| =0, Si[n] =0, Se[n] =0, (Tw)[0] = 113°F, and (T)[0] = 78°F.
Step 6: Calculate Tw[n| and Tx[n].
Step 7: FOR k£ =1 to 100
(Po)n] = Solk] P + Sulk] Peit’ + Salk] Pye™
AP[n] = (Py)" — (P)[n]
Xolk] = o[k — 1] + 0.1
Mk] = M[E—=1]+0.1
Xolk] = N[k — 1] + 0.1
END

Step 8: Select A\o[n], A1[n], and Ay[n] that produced (AP[n)])min-
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Step 9: Calculate Sy[n + 1], Si[n + 1], and Sa[n + 1] using Ag[n], A\[n], and As[n].

Step 10: IF ¢ > L, THEN go to Step 11.
ELSE / =/ + 1, and go to Step 3.

Step 11: IF n > N, STOP.

ELSE n =n+ 1, and go to Step 2.

where NAt = Tq. It should be noted that Ag, A1, and Ay (Step 8) are sent to TCAs

in residential load ¢ to adjust their Tpp during To.

3.4 Test Results

The CYME-Dist model runs by using the Load Flow with Profiles which uses the
provided profiles to run the power flow analysis. The test is done first by running the
unmodified data sets and collecting the resulting outcomes, then using the modified
load profile method previously described, a modified-profile will be generated and the
resulting outcomes recorded. The results from these two tests, done with data from
February and July, were compared to determine the effectiveness of the proposed

methodology.

3.4.1 Winter Data: Without PDM Actions

By running the test system without any PDM action, the results show the typical
consumption for a day in winter at the test case location of UNB Fredericton. The
results of the unaltered system are seen in Figure 3.1 which displays the active and
reactive power, as well as the power losses experienced at the transformer substation,

Node 1 Figure 2.1.
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Figure 3.1: The test system results for a day in February 2022, without PDM control
actions: (a) the total active and reactive powers at Node 1, and (b) total power losses
measured at Node 1.

The per unit (p.u) voltage, where the base voltage is 5 kV, experienced at

the transformer substation, Node 1, is also recorded in Figure 3.2.
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Figure 3.2: The test system results for a day in February 2022, without PDM control
actions: the p.u voltage at Node 1, where the base voltage is 5 kV.
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Three buildings are also sampled to show the respective variation in active
and reactive power consumption across the test system, seen in Figure 3.3. Despite
the overall variation in power consumption magnitude, there is still a noticeable

occurrence of power demand increase in each building during the peak-demand times.
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Figure 3.3: Active and reactive power demands for 3 sample buildings in the UNB
Fredericton Test Case, taken during a day in February 2022, without any PDM
control actions: (a) Node 14’s total active and reactive power demand, (b) Node
45’s active and reactive power demand, and (c) Node 10’s active and reactive power

demand.

It is seen in Figure 3.1 and 3.3 that there is significant increase in power
consumption during the peak-demand times (Tp). These increased demands also

cause a large increase in system losses, seen in Figure 3.1 (b). Furthermore, the
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large system power demand increase during Tp, seen in Figure 3.1 (a), causes the

transformer substation voltage to decrease, as seen in Figure 3.2.

3.4.2 Winter Data: With PDM Actions

Next the test case implements the proposed controller, Section 3.3.1, as an embedded
function in the MATLAB-Simulink models of the UNB Fredericton system. The
application of the controller was done on 18 buildings in the system, each operated
by 2 controllers, one for EWHs and the other for HUs. The specified command power
for each controller was determined based on a modified residential load profile which
is described in Equation 2.9.

The MATLAB-Simulink model outputs are recorded to a database, which is
linked to the CYME-Dist model for the test case system. The CYME-Dist model
then performed the Load Flow with Profiles analysis of the test case system, with
the modified profile command powers. The active and reactive power is recorded
at Node 1 as seen in Figure 3.4 (a) which also shows the modified profile command
power Py, the total system losses measured at the transformer substation are seen
in Figure 3.4 (b). In addition, the resulting p.u voltage profile, base voltage of 5 kV,

is recorded at the transformer substation, Figure 3.5.
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Figure 3.4: The test system results for a day in February 2022, with PDM control
actions: (a) the total active and reactive powers at Node 1 along with the command
active power, and (b) total power losses measured at Node 1.
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Figure 3.5: The test system results for a day in February 2022, with PDM control
actions: the p.u voltage at Node 1, where the base voltage is 5 kV.

In Figure 3.4 (a) it is seen that the PDM control managed to increase the

power demands during To and decrease the demands during Tp. The effect of the
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PDM control are noticed when analyzing how the active power closely follows the
command power, as seen at the transformer substation. This ability to track the
command power then reduces the power losses experienced at Node 1, seen in Figure
3.4 (b). This reduction in power loss, and overall improved power demand profile
result in an improved voltage at the main transformer substation, Node 1, observed

in Figure 3.5.

3.4.3 Summer Data: Without PDM Actions

This test was conducted using data that was collected during July 2022, and was fed
into the constructed CYME-Dist model as load profiles. The Load Flow with Profiles
analysis was carried out to calculate the input powers (active and reactive) supplied
by the main transformer substation, power losses and voltage at the transformer
substation. Figure 3.6 shows the active and reactive powers, as well as the total

power losses at the transformer substation, Node 1 in Figure 2.1.
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Figure 3.6: The test system results for a day in July 2022, without PDM control
actions: (a) the total active and reactive powers at Node 1, and (b) total power
losses measured at Node 1.
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Figure 3.7: The test system results for a day in July 2022, without PDM control
actions: the p.u voltage at Node 1, where the base voltage is 5 kV.
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Figure 3.8: Active and reactive power demands for 3 sample buildings in the UNB
Fredericton Test Case, taken during a day in July 2022, without any PDM control
actions: (a) Node 14’s total active and reactive power demand, (b) Node 45’s active

and reactive power demand, and (c) Node 10’s active and reactive power demand.

Results in Figure 3.6 (a) show that active and reactive power demands of the
UNB Fredericton Campus test system increased significantly during peak-demand
times (Tp). The increased power demands during Tp were accompanied with in-

creases in power losses, as could be seen in Figure 3.6 (b). Furthermore, observed
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high power demands during Tp resulted in slight reductions of the voltage at Node 1,
Figure 3.7. Sample power demands for some buildings, shown in Figure 3.8, demon-
strated the the changes in load power demands during Tp and T, which indicated
the need for smart grid actions to reduce the demands during Tp, by adjusting the

load-profile.

3.4.4 Summer Data: With PDM Actions

The MATLAB-Simulink model of the UNB Fredericton Campus system was im-
plemented to incorporate the proposed controller, discussed in Section 3.3.1. The
application of the controller was done on 18 buildings in the system, each operated
by 2 controllers, one for EWHs and the other for ACs. The command power for each
controller was set based on a desired load-profile, as stated in Equation 2.9. The
output of the MATLAB-Simulink model was stored in a database that was linked
to the CYME-Dist model of the test system. The CYME-Dist model performed the
Load Flow with Profiles analysis of the UNB Fredericton Campus system, with 18
buildings operated based on the modified-profile command powers. Figure 3.9 shows
the active and reactive powers, modified-profile command power P;", and total power

losses as measured at the transformer substation, with actions of PDM actions.
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Figure 3.9: The test system results for a day in July 2022, with PDM control actions:
(a) the total active and reactive powers at Node 1 along with the command active
power, and (b) total power losses measured at Node 1.
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Figure 3.10: The test system results for a day in July 2022, with PDM control
actions: the p.u voltage at Node 1, where the base voltage is 5 kV.

Test results in Figure 3.9 (a) reveal that PDM actions were able to increase the

total power demands during To and decrease them during Tp. The control actions
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initiated by the PDM facilitated a close match between command and actual active
powers, seen at the main transformer substation, Node 1. Furthermore, Figure 3.9
(a) showed controlling EWHs and ACs during T, ensured the total power demands
Py closely followed its command P;". In addition, test results demonstrated the ability
to reduce power losses using PDM actions, as seen in Figure 3.9 (b). Actions of the
PDM (with command active powers determined using the modified-profile method)
improved the voltage at Node 1, as shown in Figure 3.10. The improvement in
voltage was achieved due to to the reductions in power demands during Tp. The
results obtained from this test demonstrated the ability of the smart grid function
PDM to improve the distribution of power to residential loads. These actions could
be implemented using command powers that were set based on a desired load-profile.
Finally, PDM actions operating several buildings in the test system were successful

in reducing power losses and improving the voltage at the point-of-supply.

3.5 Summary

This chapter has presented and discussed the performance of smart grid functions,
when implemented to operate the UNB Fredericton Campus residential loads. The
presented test results have shown that actions of the smart grid functions can ad-
just the daily load profile of the target loads. These adjustments have resulted in
improving the voltage profile at the point-of-supply to the test system, as well as
reducing the overall power losses. The accurate and effective control of the TCAs
have demonstrated encouraging abilities to reduce the power demands of the test
system during peak-demand hours. The desired load profile has provided a simple
means to initiate command power for the load-side controllers, which have been set
to implement smart grid functions. The next chapter presents and discusses the

implementation and test results of smart grid functions with the help of an ESS.
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Chapter 4

Implementing the One-Node
Method Using A Battery Storage

System

4.1 General

The previous chapter presented test results for implementing the one-node method
using actions of smart grid functions, which are set for residential loads. The one-
node method, presented in this thesis, aims to adjust load profiles for residential
loads. Chapter 3 demonstrated the actions of smart grid functions through their
ability to adjust daily load power demands over certain hours. These actions have
been set to store thermal energy in TCAs during off-peak-demand hours to reduce
their energy consumption during peak-demand hours. These actions have adjusted
the load profile, as was observed at the point-of-supply feeding several residential
loads. Nonetheless, smart grid functions depend on the number of residential loads
being operated, along with the ability to communicate with controlled TCAs.

In this chapter, the one-node method is implemented using a BSS that is
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connected at the point-of-supply which feeds the residential loads. Over the past
years, ESSs (e.g. battery banks, superconducting magnetic energy storage, super
capacitors, pumped hydro, flywheels, etc.) have been through several stages of devel-
opment, which led to simplifying their integration in power systems [36]-[40]. Many
power systems have shown interests in deploying BSSs to facilitate various operation
and control activities in power systems. Such functions include the mitigation of
intermittent power generation in renewable energy generation, and improvement of
power quality [28], [29], [36]-[40]. The response and operational features of BSS’s
can be used to replace applying smart grid functions on individual residential loads.
This chapter presents the implementation of the one-node method using a BSS, when

set for residential loads.

4.2 Operating the Grid-Connected BSS

4.2.1 Grid-Connected BSS Specifications

Grid-connected BSS are typically composed of the following components [11]:

battery units;

e PEC(s) and grid-tie filter;

grid-connection transformer and synchronizing unit;

voltage and current measurement unit(s).

The components are illustrated in Figure 4.1, where the BSS controller gen-
erates the switching pulses that operate the bi-directional PEC that maintains a
stable connection with the grid. The controller also manipulates the operational
mode, charging or discharging, and regulates the power flow during all BSS opera-

tional modes.
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Figure 4.1: Generic layout of the components that comprise the grid-connected BSS.
Which includes a circuit breaker (CB), a PEC, the protection signal (Sp), and the
inductance of the grid-tie filter (Lg).

The controller inputs seen in Figure 4.1, show the command powers P* and

(Q* which can be initiated to implement the following schemes [7], [8]:
i) active power droop control;
ii) fixed-power control;

iii) fixed-power factor control.

These control schemes can be represented in Figure 4.2, Figure 4.3, and Figure

4.4 respectively [37].

P-f Curve

Figure 4.2: Active power droop (P-droop) control block diagram that shows the
operational output of a grid-connected BSS, where f is the frequency, and SOC is
the state-of-charge of the BSS unit.
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Figure 4.3: Fixed-power control block diagram that shows the operational output of
a grid-connected BSS.

Py
Nominal SOC Pwmax + P-f Curve
Pinax Discharge\

| .

{ -

\ A

Charge !
-Pmax T

Figure 4.4: Fixed-power factor control block diagram that shows the operational
output of a grid-connected BSS.

The switching pulses generated by the BSS controller (droop, fixed-power,
or fixed-power-factor) operate the 3¢ bi-directional PEC. This operation of the bi-
directional PEC ensures the implementation of the desired charging mode, M, which
dictates whether the BSS is charging or discharging, Equation 4.1. All while ensuring

the P and () values track their command values, P* and Q*.

—1 Charging
M = 1 Discharging (4.1)

0 Otherwise

Where the apparent power injected by a grid-connected BSS, measured on

the primary side of the transformer, can be stated as [37]:

_ 3M . ) )
Spss = - (vaiq + v4iq) = Ppss + j@pss (4.2)
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where the voltages v, v,, and the currents i4, 7,, are the d — ¢ axis components of

the 3¢ measurement at the primary, grid side, of the transformer.

4.2.2 BSS Dynamics

A BSS units’ power discharge is a nonlinear relationship dependent on its” SOC,
stated as [39]:
Tic(n) = % (SOC(n) — SOC(n — 1)) (4.3)

d
where I, is the DC discharge current flowing out of the battery unit, n is the sample
number, C is the battery unit nominal capacity in A - h, and T, is the sampling
interval.

The terminal voltage (V) of a battery unit also depends on the SOC, which

1S seen as:

C-h hy, - ]c ate
Vtr(”)ZVBOJFC'hp_W(;)—RB'(Idc)Rated_%()nR)td (4.4)

where Vp( is the battery unit internal potential, Rp is the battery unit internal
resistance, and h,, is the battery unit polarization coefficient.

The resulting discharge power can then be expressed as a relationship between
the discharge current, Equation 4.3, and the terminal voltage, Equation 4.4, shown
below [39]:

Pps(n) = Vi.(n) X Iz.(n) (4.5)

The Figure 4.5 demonstrates sample relationships between Ppg and SOC for

Lead-Acid, Nickel-Cadmium, and Lithium-Ion battery units.
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Figure 4.5: Sample relationships between the discharge power and SOC for Lead-
Acid, Nickel-Cadmium, and Lithium-Ion battery units.

It should be noted that the curves in Figure 4.5 have been obtained using the
following data [39]:

e Lithium-Ion: Vpg =25.6 V, h, = 0.148, (Lgc)pareq = S A, Rp = 0.050 Q.
e Nickel-Cadmium: Vgg =25.7V, h, = 0.141, (14c)gareqa = 8 A, Rp = 0.073 €.

e Lead-Acid: Vigg = 25.9 V, hy = 0.137, (Lge) gareq = 8 A, R = 0.104 €.

Figure 4.5 shows that below 60% SOC, test battery units can not discharge a
significant power. As a result, industrial practices and codes recommend maintaining

the SOC higher than 60%, especially for grid-connected BSSs.

4.2.3 Implementing the One-Node-Based Smart Grid Func-

tions

In general residential load applications, smart grid functions initiate their actions
to store thermal energy (£ry) in TCAs during off-peak-demand hours. Then, the
stored Ery is released during peak-demand hours, thus reducing power demands of

these TCAs during the peak-demand hours. In the perspective of a single residential
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household &7y can be represented by the following relationship [5]:
K
(Ern)y () =D Se(t)Py; t € To (4.6)
k=1

where (Eryr), is the thermal energy stored in K number of TCAs in the ¢*" residential
load, P, is the power rating of the k'* TCA, and Si(t) is the ON-OFF status of the

k" TCA as:

1 ON
Sk(t) = (4.7)
0 OFF

The (E7m), can be viewed as energy charged to a battery during To, and
discharged from that battery during Tp. In the case of TCAs of L residential loads
operated by smart grid functions, the total thermal energy stored can be expressed

as [5], [6]:

L L K
gTH Z ETH = Z Z Skg Pk ¢, tE To (48)
/=1 =1

k=1

Three conclusions can be drawn from Equation 4.8, that are:

i) Maximizing E7y(t) at a point-of-supply mandates the smart grid functions op-
erate all TCAs in all residential loads fed by that point-of-supply. This can be

stated for the m* point-of-supply during To as:
(Eru)m™ (t) = (L (Pewn + Pau + Pac)) To (4.9)

where Pgwh, Pau, and Pac are the power ratings for a residential electric water

heater, heating unit, and air conditioner, respectively.

ii) Operating all TCAs requires communications with each TCA, thus creating
implementation complexities and additional costs. Such requirements may not

attract residential load customers to participate in smart grid functions.
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iii) Achieving (E7pg)2* (t) implies that all TCAs (in all residential loads fed by the
point-of-supply) remain in an ON-state during the entire To. Such a condition
can not be fulfilled, as built-in controls of TCAs can turn them OFF based on

the temperature not based on commands initiated by smart grid functions.

The costs and complexities of implementation can be reduced or avoided by
deploying a grid-connected BSS at the designated point-of-supply that feeds the
residential loads. This BSS can be charged during T and discharged during Tp.
The determined value of (Erg)™™ (¢) resulting from the smart grid function actions,
operating the TCAs, is used to determine the command power for charging the
grid-connected BSS:

(Ern)™ (1)

(Pen)” = T, (4.10)

In addition, (Ery)™™ (t) can be used (with adequate scaling for load growth)
to select energy ratings of a desired BSS. Equations 4.9 and 4.10 indicate that ac-
tions of smart grid functions, to operate TCAs, can be replaced by charging and
discharging actions of a grid-connected BSS. Such actions from the BSS can modify

the load profile at the point-of-supply, as demonstrated in Figure 4.6.

Load Profile Without
Actions of BSS
B Load Profile With l 7
Actions of BSS

i Discharging ]
0 TO | I TO
N Tp /1 |
| Charging Th Tp, Charging |
12 AM 4 AM 8§ AM 12 PM 4 PM 8 PM 12 AM

Figure 4.6: A sample modified load profile by actions of a grid-connected BSS.

The unique feature of a grid-connected BSS to support the implementation
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of smart grid functions, is the strict conditions on charging times and discharging

times. These conditions are set as:
e Charging: Pggs(t) < 0; t € To.
e Discharging: Ppss(t) > 0; t € Tp.
e Idling: Ppgs(t) =0; t € Ty or t € Tro.
where:
i) Off-peak-demand time: To = [7: 15 PM, 6 : 45 AM]
ii) Peak-demand time: Tp = [7: 15 AM, 6 : 45 PM]
iii) Idling time: Ty = [6: 45 AM,7: 15 AM]
iv) Idling time: T2 = [6: 45 PM, 7 : 15 PM].

The charging of the BSS during T allows it to store energy that can be
supplied to target residential loads during Tp. This implementation of smart grid
functions offers reduced loadability of the distribution system, as the BSS discharges
its energy at the point-of-supply. In addition, load-side actions are initiated to op-
erate the BSS, thus eliminating the dependence on customer participation [25], [26].
Finally, the deployment of a BSS to assist with implementing smart grid functions,
can eliminate the need for additional communication links and controls to operate

individual TCAs in residential loads.

4.3 The Test System

As previously identified in Section 2.2.1 the UNB Fredericton Campus is selected for
the purposes of assessing the performance of the presented one-node method. More

detail is given here to specify the exact conditions that where upheld for testing.
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4.3.1 Modelling the Test System

Each building in the test system has EWHs, HUs, and some buildings have AC units,

these units have the following ratings:
e EWH: 4.5 kW; the total number is 36 EWHs;
e HU: 3.0 kW; the total number is 32 HUs;
e AC: 4 kW, the total number is 22 ACs.

The UNB Fredericton Campus operates EWHs and HUs from mid October
till mid April, while EWHs and ACs are operated from mid April till mid October.
With these specifications, and the above TCA ratings, the values for maximum
energy storage in BSS (€5)™ and (Pcg)*, can be calculated through Equations 4.9

and 4.10, giving the following:

e Summer with EWHs and ACs:

(E)™ = (36 x 4.5+ 22 x 4) x 12 = 3.0 MW - h (4.11)

(Pop)® = (36 x 4.5 4 22 x 4) = 0.25 MW (4.12)

e Winter with EWHs and HUs:

(Es)™ = (36 x 4.5+ 32x3) x 12=3.1 MW -h (4.13)

(Por)” = (36 x 4.5 422 x 4) = 0.26 MW (4.14)

4.3.2 BSS Parameter Selection

The desired grid-connected BSS is to be connected to UNB Fredericton Campus
system at the transformer main substation, Figure 2.1. Using Equations 4.12 and

4.14, the desired BSS is rated for 260 kW, 12-hours, 1.5 kV, 60 Hz, and also requires
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an appropriate grid-connection transformer. These ratings facilitated the calculation

of the capacity for the desired BSS [26]:

_FFB Dy
Ve X Ny Dy

(AR (4.15)

where F is a factor related to the operating temperature, Py is the daily average
power delivered by the battery, V; is the rated voltage of the battery unit, NV, is the
number of series-connected batteries, D, is the daily discharge cycle duration, and
percentage depth of discharge D,q, which must respect the condition (D,q > 0.5).

The variables in Equation 4.15 were set as [26], [27]:

o Po =260 x 10° W;

o ['=12.33;

e 1V, =24V,

o Ny = 51205 ~ 70;
e Dy= i;

o D,y = 0.6.

Using these values, the capacity of the desired BSS for the UNB Fredericton

Campus system was determined as:

260 x 10% x 2.33 y 4/24
- 24 x 70 0.6

C >~ 100 [A-h] (4.16)

The control of the desired grid-connected BSS is selected as the constant
power control. Using this control method, the desired BSS is charged and discharged
using a command power similar to that shown in Figure 4.6, with a base power of
260 kW. Finally, the grid-connection transformer for the BSS is selected as a 3¢, 400

kVA, 5/1.5 kV, 60 Hz power transformer.
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4.4 Test Results

Using the above modifications to the test case system in Section 2.2.1, the CYME-
Dist model is run using the Load Flow with Profiles, with the provided profiles, and
then the resulting power flow analysis is presented. The results from these tests,
done with data from February and July, will be compared to the original operating

condition results determined in Section 3.4.1, and Section 3.4.3, respectively.

4.4.1 Winter Data: With BSS

This test was performed by modifying the the CYME-Dist model to include a grid-
connected BSS at Node 1, Figure 2.1. The included BSS was specified based on
calculations presented in Section 4.3.2, and its’ operational mode, charging, dis-
charging, or idling, are managed by a constant power controller. The Load Flow
with Profiles analysis was used to obtain the input active and reactive powers, and
the voltage, at Node 1, as well as the total power losses. Figure 4.7 shows the active
and reactive powers and total power losses at Node 1, which were obtained with

actions of the BSS.
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Figure 4.7: The test system results for a day in February 2022, with grid-connected
BSS actions: (a) the total active and reactive powers at Node 1, and (b) total power
losses measured at Node 1.

Figure 4.8 shows the voltage at the transformer substation, Node 1, with

actions of the BSS.
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Figure 4.8: The test system results for a day in February 2022, with grid-connected
BSS actions: the p.u voltage at Node 1, where the base voltage is 5 kV.
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Test results in Figure 4.7 (a) show that actions of the BSS successfully in-
creased the power demands during To, where the BSS was operated in the charging
mode. During Tp, the BSS operated in the discharging mode, and was able to de-
crease the power demands. Furthermore, Figure 4.7 (b) demonstrates that actions
of the BSS managed to reduce the total losses during Tp. In addition, the actions of
the BSS resulted in an improved voltage profile at the main transformer substation,
Node 1 in Figure 4.8. The results obtained from this test revealed that actions of the
BSS could improve the distribution of power to residential loads, particularly during
peak-demand hours. Observed actions of the BSS resulted in lowering power losses
and improving the voltage at the point-of-supply in the test system. Finally, actions
of the BSS could be used in residential loads to replace load-side control implemented
in individual household appliances. Test results for modifying an aggregated load
profile showed that adjustments in the power supply to residential loads could be

simplified by deploying a BSS.

4.4.2 Summer Data: With BSS

The CYME-Dist model was modified by adding a grid-connected BSS at Node 1,
Figure 2.1. This BSS was rated based on calculations of Section 4.3.2, while its charge
and discharge actions were created using the constant power control. The Load Flow
with Profiles analysis was conducted to determine input active and reactive powers,
and the voltage, at Node 1, as well as the total power losses. Figure 4.9 shows

the active and reactive powers and total power losses at Node 1, resulting from the

actions of the BSS.
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Figure 4.9: The test system results for a day in July 2022, with grid-connected BSS
actions: (a) the total active and reactive powers at Node 1, and (b) total power

losses measured at Node 1.

Figure 4.10 shows the voltage at the transformer substation, Node 1, with

actions of the BSS.
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Figure 4.10: The test system results for a day in July 2022, with grid-connected BSS
actions: the p.u voltage at Node 1, where the base voltage is 5 kV.
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Figure 4.9 (a) shows that actions of the selected BSS successfully increased
the power demands during To, when the BSS was set to charge. These actions
also managed to decrease the power demands during Tp, when the BSS was set to
discharge. These actions of the BSS modified the load profile close to an ideal one,
which has minor changes in power demands between To and Tp. Figure 4.9 (b)
shows that the total power losses were improved, particularly during Tp due to the
reduction in power demands. In addition, actions of the selected BSS resulted in an
improved voltage at Node 1, due to the changes in power demands, as shown in Figure
4.10. The results obtained from this test showed that BSS actions could improve
the distribution of power to residential loads. The actions of the BSS connected to
the UNB Fredericton Campus resulted in reducing power losses and improving the

voltage at the point-of-supply.

4.5 Summary

This chapter has presented and discussed the use of a grid-connected BSS to im-
plement the one-node approach for implementing smart grid functions in residential
loads. The proposed method has been tested for UNB Fredericton Campus system,
which has 45 buildings fed by a main transformer substation, point-of-supply. The
one-node method has been implemented to set the command power for the BSS
system to charge during the off-peak-demand times To. Moreover, the one-node
method has been implemented to set the command power for the BSS to discharge
during the peak-demand times Tp. These actions of the one-node method have
been able to create changes in power demands, which has led to modifying the load
profile as seen by the point-of-supply. Test results presented in this chapter have
included data collected from the UNB Fredericton Campus during the Winter and

Summer seasons of 2022. Test results have shown that actions of the BSS based on
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a desired load profile have been found capable of improving the power delivery in
the test system. These improvements have been quantified by the reductions in the

total losses and voltage drops, at the point-of-supply, during Tp.
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Chapter 5

Summary and Conclusions

5.1 Summary

This thesis has presented the development, implementation, and performance eval-
uation of a new approach to carry out load-side control actions in residential loads.
The proposed approach is based on modifying the daily load profile, the active power
demands over a 24-hour interval, at the point-of-supply feeding a group of residential
loads. Similar to other implementations of load-side control actions, the proposed
approach has been assessed based on its ability to reduce power losses and voltage
drops during peak-demand times. The proposed adjustments in the daily load pro-
file have been defined in this thesis as the one-node approach. Since the one-node
approach can adjust the power demands of certain loads during specific hours, it can
be considered as a method to implement smart grid functions for residential loads.
Two implementation methods have been presented and tested in thesis. The
first implementation method was a distributed one, where target appliances in resi-
dential loads were controlled. These appliances are TCAs, which can store thermal
energy, if thermal energy is stored during off-peak-demand hours T the stored en-

ergy can reduce the power demands during peak-demand hours Tp. To achieve
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the objectives of reducing load demands during Tp, the controllers operating TCAs
require command values for the desired active powers during To and Tp. Such com-
mand values can be generated using an adjusted load-profile, as determined at the
point-of-supply feeding the controlled residential loads. This method requires access
to TCAs, along with the participation of residential load customers. In addition, the
distributed load-side control method mandates bi-directional communication links
between TCAs and controller.

The second implementation method was centralized, where a grid-connected
BSS was connected at the point-of-supply feeding target residential loads. The power
ratings of the BSS can be selected based on target residential load power demands
and their growth factors. The operation and control of the BSS can be set to charge
during To, and discharge during Tp. Such operation of the BSS offers reduced
power demands for target residential loads during Tp, thus achieving the main
objective of load-side control activities. The controller operating the BSS can have
its command active power based on a desired adjusted load-profile as determined
at the point-of-supply feeding target residential loads. The BSS-based one-node
method requires neither an access to target residential loads (or any of their TCAs),
nor participation of residential load customers. Finally, the BSS-based one-node
method can be implemented without the need for communication links with target
residential loads.

The distributed control and BSS-based one-node methods were tested using
the UNB Fredericton Campus system. The test system has 45 buildings, 18 of which
contain controlled TCAs. The two methods have been implemented using CYME-
Dist models, which allow the use of Load Flow with Profiles analysis. This thesis
has provided test results and discussions for various cases, including cases during the
Winter and Summer seasons. Test results have shown that both methods are able to

reduce power demands during Tp, reduce total power losses, and minimize voltage
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drops. These abilities have been found consistent for the various test cases.

5.2 Conclusions

This thesis has presented and tested two implementations for load-side control ac-
tions to operate residential loads. The tested load-side controls have been structured
to have their command active powers generated by a desired daily load profile, which
determined at the point-of-supply feeding controlled loads. The first implementa-
tion of load-side control is a distributed control, where individual TCAs are operated
to store thermal energy during T thus reducing their power demands during Tp.
The second implementation of load-side control is a centralized control, where a BSS
connected at the point-of-supply is charged during T and discharged during Tp.
The proposed implementations have tested the operation of a group of buildings in
the UNB Fredericton Campus system. Test results have shown the ability of both
methods to reduce power demands during Tp, reduce total losses, and minimize
voltage changes during Tp.

The stated objectives of this thesis have focused on investigation and evalu-
ation of the new implementations of load-side control, which can realize smart grid
functions for residential loads. These objectives have been accomplished through
modelling, testing, and performance comparisons under similar conditions. In addi-
tion, this thesis has focused on the possibility of implementing smart grid functions
for residential loads without the need for controlling individual TCAs. The research

work presented in this thesis support the following conclusions:

e The remarkable ability to reduce the power demands of residential loads (during

Tp) using smart grid functions, which are one type of load-side control.

e Smart grid functions, for residential loads, can be implemented as a distributed

control or a centralized control.
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e Distributed control implementation of smart grid functions requires communi-
cation and control of individual TCAs in residential loads, along with customer

participation.

e Centralized control implementation of smart grid requires a BSS to be con-
nected at the point-of-supply feeding target residential loads, without the need

for customer participation.

e Implementing smart grid functions for residential loads requires command ac-
tive power, which can be set based on desired daily load-profile as determined

at the point-of-supply feeding target residential loads.

5.3 Contributions

The research work presented in this thesis has made several contributions to the
implementation of smart grid functions, as load-side controls for residential loads.

The contributions of this thesis can be summarized as:

e A new approach to set command values for load-side controllers (smart grid

functions) based on modified (desired) daily load-profile.

e A new method to implement load-side control for residential loads. The new

proposed method is called the one-node method.

e A performance comparison of distributed and centralized controls, to imple-

ment the one-node-based smart grid functions for residential loads.

e A performance evaluation of the one-node method when utilized for a group

of residential loads.

e A proposal for using centralized one-node method to simplify implementing

smart grid functions for residential loads.
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5.4 Future Works

The successful testing and implementations of load-side control actions using the
one-node method opens avenues for future research works in the area of smart grid

functions. Such future research works may include:

e Implementing and testing the one-node method for industrial loads, where

active DR is widely used.

e Evaluating the performance of one-node method for residential loads, where a

combination of distributed PV units and a BSS can be utilized.

e Analyzing possible impacts of the one-node-based centralized load-side control

on fault current levels and protection devices (response and functionality).

64



References

1]

S. A. Saleh, J. L. Cardenas-Barrera, E. Castillo-Guerra, R. Ahshan, and M.
Haj-Ahmed, “An assessment method for smart grid functions in residential

loads,” in Industry Applications Society Annual Meeting, IEEE, 2021.

S. A. Saleh, J. L. Cardenas-Barrera, E. Castillo-Guerra, B. Alsayid, and L.
Chang, “An energy-based benchmark for smart grid functions in residential

loads,” in Industry Applications Society Annual Meeting, IEEE, 2020.

S. A. Saleh, P. Pijnenburg, and E. Castillo-Guerra, “Load aggregation from
generation-follows-load to load-follows-generation: Residential loads,” IFEFE

Transactions on Industry Applications, vol. 53, no. 2, pp. 833-842, 2017.

S. A. Saleh, E. Ozkop, E. Castillo-Guerra, and P. C. Pijnenburg, “Developing
and testing a unit-commitment-based controller of bus-split aggregated resi-
dential electric water heaters,” IEEE Transactions on Industry Applications,

vol. 56, no. 2, pp. 11241135, 2020.

S. A. Saleh, J. L. Cardenas-Barrera, E. Castillo-Guerra, J. Meng, B. Alsayid,
and L. Chang, “Planning smart grid functions in residential loads using a
virtual equivalent battery storage unit,” IFEE Transactions on Industry Ap-

plications, vol. 57, no. 5, pp. 4441-4455, 2021.

S. A. Saleh, R. Ahshan, M. Haj-Ahmed, J. L. Cardenas-Barrera, J. Meng, and

E. Castillo-Guerra, “Energy not-served-based method for assessing smart grid

65



[10]

[11]

[12]

[13]

functions in residential loads,” IEEE Transactions on Industry Applications,

vol. 58, no. 2, pp. 1720-1729, 2022.

S. A. M. Saleh, C. Richard, X. F. St. Onge, et al., “Solid-state transformers for
distribution systems—part I: Technology and construction,” IEEE Transactions

on Industry Applications, vol. 55, no. 5, pp. 4524-4535, 2019.

S. A. Saleh, E. Ozkop, B. Alsayid, et al., “Solid-state transformers for distribu-
tion systems—part II: Deployment challenges,” IEEE Transactions on Industry
Applications, vol. 55, no. 6, pp. 5708-5716, 2019.

W. Yao, S. You, W. Wang, et al., “A fast load control system based on mo-
bile distribution-level phasor measurement unit,” IEEFE Transactions on Smart

Grid, vol. 11, no. 1, pp. 895-904, 2020.

S. Lai, J. Qiu, Y. Tao, and X. Sun, “Demand response aggregation with oper-
ating envelope based on data-driven state estimation and sensitivity function
signals,” IEEE Transactions on Smart Grid, vol. 13, no. 3, pp. 2011-2025,

2022.

A. N. M. M. Haque, M. Nijhuis, G. Ye, P. H. Nguyen, F. W. Bliek, and J. G.
Slootweg, “Integrating direct and indirect load control for congestion man-

agement in LV networks,” IEEE Transactions on Smart Grid, vol. 10, no. 1,

pp. 741-751, 2019.

P. Palensky and D. Dietrich, “Demand side management: Demand response,
intelligent energy systems, and smart loads,” IEEE Transactions on Industrial

Informatics, vol. 7, no. 3, pp. 381-388, 2011.

D. S. Callaway and I. A. Hiskens, “Achieving controllability of electric loads,”
Proceedings of the IEEE, vol. 99, no. 1, pp. 184-199, 2011.

66



[15]

[16]

[17]

[18]

[20]

[21]

M. A. Rahman, M. R. Islam, K. M. Muttaqi, and D. Sutanto, “Data driven
coordinated control of converters in a smart solid state transformer for reliable
and automated distribution grids,” IEFE Transactions on Industry Applica-

tions, pp. 1-1, 2020.

C. W. Gellings, “The concept of demand-side management for electric utili-

ties,” Proceedings of the IEEFE, vol. 73, no. 10, pp. 1468-1470, 1985.

C. W. Gellings, “Evolving practice of demand-side management,” Journal of

Modern Power Systems and Clean Energy, vol. 5, no. 1, pp. 1-9, 2017.

C. Zhao, U. Topcu, N. Li, and S. Low, “Design and stability of load-side pri-
mary frequency control in power systems,” IEEE Transactions on Automatic

Control, vol. 59, no. 5, pp. 11771189, 2014.

J. L. Mathieu, S. Koch, and D. S. Callaway, “State estimation and control of
electric loads to manage real-time energy imbalance,” IEEFE Transactions on

Power Systems, vol. 28, no. 1, pp. 430440, 2013.

T. B. H. Rasmussen, Q. Wu, J. G. Moller, and M. Zhang, “MPC coordinated
primary frequency support of small- and large-scale heat pumps,” IEEE Trans-

actions on Smart Grid, vol. 13, no. 3, pp. 2000-2010, 2022.

Y. Wang, Y. Tang, Y. Xu, and Y. Xu, “A distributed control scheme of thermo-
statically controlled loads for the building-microgrid community,” IEFEE Trans-

actions on Sustainable Energy, vol. 11, no. 1, pp. 350-360, 2020.

M. A. Z. Alvarez, K. Agbossou, A. Cardenas, S. Kelouwani, and L. Boulon,
“Demand response strategy applied to residential electric water heaters using
dynamic programming and k-means clustering,” IFEE Transactions on Sus-

tatnable Energy, vol. 11, no. 1, pp. 524-533, 2020.

67



22]

23]

[24]

[25]

[26]

28]

[29]

F. Ruelens, B. J. Claessens, S. Vandael, B. De Schutter, R. Babuska, and R.
Belmans, “Residential demand response of thermostatically controlled loads
using batch reinforcement learning,” IEFEE Transactions on Smart Grid, vol. 8,

no. 5, pp. 21492159, 2017.

P. Pijnenburg and S. A. Saleh, “Testing the performance of bus-split aggre-
gation method for residential loads,” IEEE Transactions on Industry Applica-
tions, vol. 54, no. 1, pp. 39-49, 2018.

S. A. Saleh, J. Wo, X. F. St-Onge, and E. Castillo-Guerra, “A new approach
for estimating frequency variations due to smart grid functions,” IEFE Trans-

actions on Industry Applications, vol. 56, no. 3, pp. 2292-2303, 2020.

A. S. A. Awad, T. H. M. El-Fouly, and M. M. A. Salama, “Optimal ESS
allocation and load shedding for improving distribution system reliability,”

IEEFE Transactions on Smart Grid, vol. 5, no. 5, pp. 2339-2349, 2014.

S. A. Saleh, A. A. Aldik, and E. Castillo-Guerra, “Distributed energy storage

b}

unit-based active demand response for residential loads,” in Industry Applica-

tions Society Annual Meeting, IEEE, 2017.

M. Farhadi and O. Mohammed, “Energy storage technologies for high-power
applications,” IEEFE Transactions on Industry Applications, vol. 52, no. 3,
pp- 1953-1961, 2016.

M. Yue and X. Wang, “Grid inertial response-based probabilistic determina-
tion of energy storage system capacity under high solar penetration,” IFEFE

Transactions on Sustainable Energy, vol. 6, no. 3, pp. 1039-1049, 2015.

Y. Tan, K. M. Muttaqi, P. Ciufo, et al., “Enhanced frequency regulation us-
ing multilevel energy storage in remote area power supply systems,” [EFE

Transactions on Power Systems, vol. 34, no. 1, pp. 163-170, 2019.

68



[30] F.D. Silva and O. Mohammed, “Demand side load control with smart meters,”

in 2013 IEEE Power & Energy Society General Meeting, IEEE, 2013.

[31] R. Manojkumar, C. Kumar, and S. Ganguly, “Optimal demand response in a
residential PV storage system using energy pricing limits,” IEEE Transactions

on Industrial Informatics, vol. 18, no. 4, pp. 2497-2507, 2022.

[32] H. Liang, J. Ma, and J. Lin, “Robust distribution system expansion planning
incorporating thermostatically-controlled-load demand response resource,” IEEE

Transactions on Smart Grid, vol. 13, no. 1, pp. 302-313, 2022.

[33] N. Mahdavi, J. H. Braslavsky, M. M. Seron, and S. R. West, “Model predictive
control of distributed air-conditioning loads to compensate fluctuations in solar

power,” IEEE Transactions on Smart Grid, vol. 8, no. 6, pp. 3055-3065, 2017.

[34] S. Rafique, M. S. H. Nizami, U. B. Irshad, M. J. Hossain, and S. C. Mukhopad-
hyay, “EV scheduling framework for peak demand management in LV residen-

tial networks,” IEEE Systems Journal, vol. 16, no. 1, pp. 1520-1528, 2022.

[35] Z. Wang, U. Munawar, and R. Paranjape, “Stochastic optimization for residen-
tial demand response with unit commitment and time of use,” IFEE Transac-

tions on Industry Applications, vol. 57, no. 2, pp. 1767-1778, 2021.

[36] Y. Liu, W. Du, L. Xiao, H. Wang, S. Bu, and J. Cao, “Sizing a hybrid en-
ergy storage system for maintaining power balance of an isolated system with
high penetration of wind generation,” IFEFE Transactions on Power Systems,

vol. 31, no. 4, pp. 3267-3275, 2016.

[37] M. R. A. Chowdhury, S. A. Saleh, O. A. Betancourt, J. L. Cardenas-Barrera,
and E. Castillo-Guerra, “Employing battery storage systems to improve power
system survivability,” IEEE Transactions on Industry Applications, vol. 58,
no. 2, pp. 1858-1868, 2022.

69



[38]

[40]

[41]

[42]

[45]

J. W. Shim, G. Verbic, H. Kim, and K. Hur, “On droop control of energy-
constrained battery energy storage systems for grid frequency regulation,”

IEEE Access, vol. 7, pp. 166 353-166 364, 2019.

S. A. Saleh and R. Ahshan, “Parameter adjustment for the droop control oper-
ating a discharge PEC in PMG-based WECSs with generator-charged battery
units,” IEEE Access, vol. 9, pp. 89 064-89 078, 2021.

H. Zhao, M. Hong, W. Lin, and K. A. Loparo, “Voltage and frequency regu-
lation of microgrid with battery energy storage systems,” IEEE Transactions

on Smart Grid, vol. 10, no. 1, pp. 414424, 2019.

S. Eiraudo, L. Barbierato, R. Giannantonio, et al., “A machine learning based
methodology for load profiles clustering and non-residential buildings bench-
marking,” IEFE Transactions on Industry Applications, vol. 59, no. 3, pp. 2963—
2973, 2023.

Appliances for residential use, National Reources Canada, 2023. [Online|. Avail-
able: https : //natural - resources . canada . ca/ energy - efficiency/

products/appliances-for-residential-use/13630.

Load Flow with Profiles user guide, v9.2, Saint-Bruno, QC, Canada: EATON/CYME-

DIST International T&D Inc., 2021.

P. Lazzeroni, G. Lorenti, and M. Repetto, “A data-driven approach to predict
hourly load profiles from time-of-use electricity bills,” IEFEE Access, vol. 11,
pp- 60501-60 515, 2023.

S. A. Saleh, E. C. McSporran, J. L. Cardenas-Barrera, E. Castillo-Guerra, and
C. P. Diduch, “The one-node approach to implement smart grid functions for
residential loads,” IFEE Transactions on Industry Applications, vol. 60, no. 5,

pp- 2024.

70


https://natural-resources.canada.ca/energy-efficiency/products/appliances-for-residential-use/13630
https://natural-resources.canada.ca/energy-efficiency/products/appliances-for-residential-use/13630

[46]

[47]

S. A. Saleh, E. C. McSporran, J. L. Cardenas-Barrera, E. Castillo-Guerra, and
C. P. Diduch, “One-node approach to implement smart grid functions without
storage units,” in Proceedings of the 60th IEEE IAS Industrial and Commercial

Power Systems Technical Conference, Las Vegas, NV, 2024.

S. A. Saleh, E. C. McSporran, J. L. Cardenas-Barrera, E. Castillo-Guerra, and
C. P. Diduch, “One-node method to implement smart grid functions using a
battery storage system,” IEEE Transactions on Industry Applications, vol. 60,

no. 5, pp. 2024.

S. A. Saleh, E. C. McSporran, J. L. Cardenas-Barrera, E. Castillo-Guerra, and
C. P. Diduch, “One-node method to implement smart grid functions using a
battery storage system,” in Proceedings of the 60th IEEE IAS Industrial and

Commercial Power Systems Technical Conference, Las Vegas, NV, 2024.

71



Vita

Candidate’s full name: Eleanor Chloe McSporran
University attended:

e Bachelor of Science in Engineering, Major in Mechanical Engineering, Minor
in Computer Science, University of New Brunswick, Sep. 2017 - May 2020.

e Diploma in Engineering, St. Francis Xavier University, Sep. 2015 - May 2017.
Journal Publications:

e L. Zhang, H. Lu, J. Yu, E. McSporran, A. Khan, Y. Fan, et al., ”"Prepara-
tion of High-Strength Sustainable Lignocellulose Gels and Their Applications
for Antiultraviolet Weathering and Dye Removal,” ACS Sustainable Chem-
istry & Engineering, vol. 7, no. 3, pp. 2998-3009, 2019, doi: 10.1021/ac-
ssuschemeng.8b04413.

Conference Publications and Presentations:

e S. A. Saleh, E. C. McSporran, J. L. Cardenas-Barrera, E. Castillo-Guerra, and
C. P. Diduch, (In Review) ”"One-Node Approach to Implement Smart Grid
Functions without Storage Units,” In Proc. of the 60th IEEE IAS Industrial

and Commercial Power Systems Technical Conference (I&CPS), Las Vegas,
NV, May 2024.

e S. A. Saleh, E. C. McSporran, J. L. Cardenas-Barrera, E. Castillo-Guerra,
and C. P. Diduch, (In Review) ”One-Node Method to Implement Smart Grid
Functions Using a Battery Storage System,” In Proc. of the 60th IEEE IAS
Industrial and Commercial Power Systems Technical Conference (16/CPS), Las
Vegas, NV, May 2024.

e E. C. McSporran and C. P. Diduch, ”Ability of a Battery Energy Storage
System to Reduce Renewable Curtailment for use in Virtual Power Plant,” in

Unwversity of New Brunswick Graduate Research Conference, Fredericton, NB,
March 2023.



	Abstract
	Acknowledgments
	Table of Contents
	List of Tables
	List of Figures
	Abbreviations
	Introduction
	General
	Research Motivation
	Literature Review
	Thesis Objective
	Thesis Outline

	Overview of Smart Grid Functions
	General
	Modelling the Test System
	Test System: University of New Brunswick Fredericton Campus

	TCA Models
	Electric Water Heater Model

	Smart Grid Functions
	Peak-Demand Management
	Direct Load Control
	Demand Response

	Residential Load Profiles
	Summary

	Implementing Smart Grid Functions
	General
	Modelling Residential TCAs
	Load Profile Based Control
	Load Profile Method Implementation

	Test Results
	Winter Data: Without PDM Actions
	Winter Data: With PDM Actions
	Summer Data: Without PDM Actions
	Summer Data: With PDM Actions

	Summary

	Implementing the One-Node Method Using A Battery Storage System
	General
	Operating the Grid-Connected BSS
	Grid-Connected BSS Specifications
	BSS Dynamics
	Implementing the One-Node-Based Smart Grid Functions

	The Test System
	Modelling the Test System
	BSS Parameter Selection

	Test Results
	Winter Data: With BSS
	Summer Data: With BSS

	Summary

	Summary and Conclusions
	Summary
	Conclusions
	Contributions
	Future Works

	Vita

