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Abstract

The efficiency, security and resiliency are very important factorsHeroperation of a
distribution power system. Taking into account customer demand and energy resource
constraints, electric utilities not only need to providBable services but also need to operate a
power grid as efficiey as possible. The objective thfis dissertation is to design, develop and
deploy the MultiAgent Systems (MAS) together with control algorithnisthat enable demand
response (DR) implementation at the customer level, focusing on both residential and
commercial customers.

For resiéntial applications the main objective is to propose an approach for a smart
distribution transformer management. The DR objective at a distribution transformer is to ensure
that the instantaneous power demand at a distribution transformer is kept lmeldaimdemand
limit while impacts of demand restrike are minimized. The DR objectives at residentiasho
are to secure critical loads, mitigate occupant comfort violation, and minimize appliance
time aftera DR event.

For commerciabpplications the goal is to propose a MAS architecture and platform that
help facilitate the implementation of a Critical Peak Pricing (CPP) progviaim objectives of
the proposed DR algorithmre to minimize power demand and energy consumption during a
period thata CPP event is called out, to minimize occupant comfort violation, to minimize
impacts of demand restrike after a CPP event, as well@tool the device operation to avoid
restrikes.

Overall, this study provides an insight into the design and implementation of MAS, together
with associated control algorithms for DR implementation in smart buildings. The proposed
approaches can serve as alternative solutions to the current pracatsgraf utilities to engage
enduse customers to participate in DR programs where occupancy level, tenant comfort
condition and preference, as well as controllable devices and sensors are taken into account in
both simulatedand reatworld environmerg Research findings show that the proposed DR
algorithmscan performeffectively and efficiently during DR event in residential hmes and
during the CPP event in commerdmiildings
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General Audience Abstract

Nowadays, more and more appliances are connected to the electrical power grid, both
in residential and commercidluildings. Electric utilities are trying to keep up with this fast
growing powerdemand. Iraddition, during stress conditions in a power system (e.g., high
power demand in hot summer days or cold winter days), there is a need for utilities to reduce
powe demand to match with available supply, or increase electric power generation to cover the
increased demand. In order to increase power generation, electric utilities havetheirrun
expensive peaking power plants. Alternatively, reducing pawerand fom enduse customers
through financial and other incentives, is another promising approach that is becoming popular
and is being implemented by many electric utilities. This approach is ¢alleé mand r espons

This dissertation proposes the approadieesdemand response implementation both at a
home level and a building level. At a home level, the main objective is to help an electric utility
reduce power demand seen by a distribution transformer serving several homes. Given a certain
demand limit asa result of an unanticipated event, the proposed approach ensures that the
instantaneous power demand at a distributiansformer is kept below a certain limit while the
comfort of homeowners is not compromised. At a commercial building level, the fjactice
is to help an electric utility reduce power demand using a Critical Peak Pricing (CPP) signal
during a hot summer day. The proposed approach helps to minimize g@wand and energy
consumption of small andmediumsized buildings during a giverCPP event period
whilet e n acontfost & not compromised.
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1. | NTRODUCTI ON

1.1Background

Conventionally, one of the most common corrective control actions deployed as a result of
deficiency of bulked power supply dée unanticipated contingencies, such as loss of generator,
or loss of line, is load shedding. However, implementing load shedding imposes electricity
outages to a large number of customerghasis typically performed at the transmission or-sub
transmission level. In addition, as electric power utilities as well as Independent System Operators
(ISO) desire to operate the power systeitn such high reliability (e.g., low SAIFI, low SAIDI),
implementing a load shedding scheme seems to be one of their impedirdéitits.the
introduction of smart grid and advanced metering infrastructure (AMI)getiee now amore
effective and promising solutiothroughimplemeningi d e mand response (DR)C
premises (i.e., residentiabmesand commercial buildings).

Technically, a DR event is defined as a period of time during which there is the need for a
utility or an 1SO tosend aequest for a demand reductimenduse customers especially when
there is a power supply shortfall in a systéeng., during a system stress condition or a
disturbance or fluctuation in renewable energy sour@R)is a mechanism used to reduce peak
demand during the critical timéDR event) and shift that demand to a subsequentcritical
period, thus leading to the more efficient use of an electrical infrastruckemerally, a DR
implementation includes utility taking actions to remotely turn off selectedusedppliances or
customers taking actions to reduce and manage their power dehmndan be carried out by a
control center sending demand limit (DL) requests (kW) to selected substations. These requests
are subsequently transferred educe loadat selected distribuin transformers, homesna
commercial buildingsHowever, a stringent DR request could also negativehad the comfort
| evel of customers and could result in a new
DR event ends.

Implementing DR ima distribution system involves local optimization processes at different
levels (transformer/customer premises)haut only relying on a centralized control systelm.
order b tackle thislocal optimization problema distributed control system such as agent
based system is exploiteldh. recent years, mulagent systems (MAS) have been in the limelight
compared to other approaches in providing decentralized intelligent management and control of a
power distribution network. Fundamentally, MAS cotsi®f multiple distributed intelligent
agents, which reside in physical devices scattered throughout the system. Agents work in
collaboration with each other to achieve a desired goal in a specific environment. Particularly,
MAS are employed to deal wittomplex tasks, which cannot be solved by a single agent. The
overall targetis broken down into smallesomponerd, a seof which is assigned to a selected
agent. The MAS concept has been applied to address emerging issues in power distribution
systems, sth as control of distributed energy resources-tiga microgrid managemernself
healing, restoration and reconfiguration of power system



1.2 Statement of Problems

1 Moving toward decentralized power systemsThere is a trend that e near futurehe
power distribution network will be decentralized, comprising multiple smaller sub
systems with a number of intelligent entities (e.g. smart homes, smart buildings, smart
meters, renewable energy resources, smart devices etc.) scattered throlgbypdiem.
These entities are likely to generate a significant amount of data that can overwhelm the
current traditional power system operations. Therefore, there is the need for an intelligent
and autonomous or advanced control method for future power syspéioagmns.

1 Low reliability of power distribution system: Power system reliability is becoming a
challenge forthe future power system operation. Due to the fact that a typical distribution
power system has a lot of branches that are exposed to extevimaheent they are
prone to contingencies that are caused by a variety of unanticipated events such as
lightning strike, storms, line to ground fault,vehicle accidens, etc. This results in low
reliability of the distribution system.

i Large outages due tothe structure of conventional power systemsConventionally,
deficiency of bulked power supply resulting from an unanticipated loss of generators or
|l oss of transmission |ines imposes an out ac
endusecust mer s depending on its affected servi
corrective control actions, e.g., load shedding schemes, are mainly targeted at transmission
or subtransmission level in which large blocks of customer are taken off the ayr&ing
financial costs and inconvenience on customers.

1 Possibility of cascading failures due to unanticipated contingencie$n a situation of
power system stress conditions @iy unanticipated contingencies or anticipated
severe increases in systemag loads, an electric utility or ISO/RTO needs to ensure a
stress condition is alleviated before it becomes more severe, causing a cascading failure in
a system.

1 Demand response (DR) is not popular in the residential sector and smaland
medium-sized conmercial buildings: In recent years, many electric utilities and
Independent System Operators (ISOs) across the U.S. ealdapvariety of demand
response (DR) programs to curtail their electric power demand. Their reasons vary from
deferring costly electra infrastructure upgrades mitigate power system reliability
concernsl n todayds environment , -déev8oped finolagge a ms a
commercial and industrial markets. However, DR implementations in residemtsas
well as small and medim-sized commercial buildings are immature and still in its
infancy. These buildings constitute significant potential for power demand reduction and
can be used as an effective resource to respond to unanticipated events causing stress
conditions in a powesystemor to respond to events to improve efficiency of power grid
operation in peak hours period during the summer

1 Comfort is often compromised when DR is performed for residential customers:
With the current DR implementation, Direct Load Control (DL€ the most prevalent
method for DR in residentidomes in which a utility sends a signal to turn off or cycling
air conditioner compressors or water heaters, causing interruption and inconvenience to
enduse customers. In addition, customer comfortl dheir choices to control their
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appliances are limited. In addition, impacts of a potential increase in power demand after a
DR event (so called demand rebound or demand restrike) are not properly addressed.

1 Need a lowcost solution for energy managementin small- and medium-sized
commercial buildings: At a building level, with the current DR implementations, most
building energy management system (BEM) or building automation system (BAS)
solutions are proprietary and used in large buildings. BAS ar@oqmilar in most small
and mediurrsized buildings due to lack of awareness of benefits, lack of inexpensive
packaged solutions, and sometimes due to the owner not being the tenant and so finding
no incentive to invest in these systems. Due to lack ofibgilchonitoring and control
especially in small and mediurrsized buildings, significant portisn of energy
consumption of a building is wasted. Effective and -lovgt solution to make devices
coordinate and communicate autonomously and seamlessly togethwter to achieve
the gl obal objective of a buildingbs owner
reliability signals sent by a utility taking into account the level of occupancy and occupant
comfort requirements) has not yet been addressed.

1 Lack of proper DR strategies: Load reduction strategies of most automated BEM
solutions need to be established in advance in order to participate in DR programs.
Therefore, those strategies cannot keep up with dynamic behaviors of power demand and
energy consuption of a building that is likely to change over a course of the day due to
building or zone occupancy |l evel, tenants
addition, impacts of a potential increase in power demand after a DR event (so called
demand ebound or demand restrike) are not properly addressed.

1.3 Objectives of Study

This study focusesn the development omulti-agent system (MASplatforms and associated
demand response algorithms for both residential and $meatliumsized commercial buildings.
That is, the first half of this dissertationis dedicated toMAS platform developmentfor
implementing an Emegency Demand Response Event @) in the residential sector
particularly at the transformer level and at the home Jeegjether withthe EDRE algorithm
With the knowledge othe MAS developmentand the DR algorithmdeploymentfrom the
residential sectoithe MAS platformfor the building energy managemeapplication along with
the DR algorithm in response to the Critical Peak Pricing (CPP) ,egeptoposed, developed,
and deployed in a real world environmerverall, the objectives of this studgre summarized
below:

1. To designand develop MAS for DR implementatiait the distribution transformefevel
andthehome level

2. To propose a DR algorithm ahe distribution transformefevel and the home level to
alleviate power system stress conditions which can occur due to unanticipated
contingencie®r severe increase in system peak lpads

3. To demonstrate the efficiency and effectiveness of the proposealddRthms using the

developed simulation tools;

To design and develddAS for DR implementation in a commercial building;

To propose DR algorithm at a building level in response to a CPP event callout;

S



6. To validate the usability of the proposed platfornthwthe real hardware devices in a

selected commercial building.

1.4 Scope and Assumptions

The scope of this dissertation is to develop an agased platform and propose/implement DR
algorithms to alleviate power system stress conditionkeadistribution transformetevel andthe
homelevel and to improve efficiency of a power grid operation at commercial building. lavel
addition, the impacts of DR implementatiafnen there is a shaipcrease in power demand after
a DR event (so called demandtré®) are also identified and studied. The constraints taken into
accountin this study include limitation of controllable devices, power balance, voltage limit,
assigned priorities of devices, customer comfort, etc.

In this study, assumptions with regp to implementing DR are as follows:

T

il
il

Communications between a distribution transformer and haaseke facilitated by

wireless communications using communication technologiesasitigbeePRO with

extended range 63 mW module where outdoor rangets 2pniles line of sighand data
exchange standards such as Zigbee API.

All controlled devices (e.g., home appliances and building equipment) are IP enabled and
capable of communicating with one another.

There is no communication disruption during a &rnt.

A commercial building has a twaay communication with a utility or an ISO over the
OpenADR architecture facilitated by the mature web technology using a standard
HTTP/HTTPS communication protocol with the XMPP as a data exchange standard.

1.5 Contibutions

The contributions from this work can be summarized as follows:

1.

2.

An insight into the design and development of MAS for power system applications
especially at the customer level;
A basis for conducting simulation and practical implementation ofagantbased
technology with an endse power distribution network;
A simulation architecture for DR implementationthe distribution transformefevel and
the home level comprising both the physical layer: a distribution transformer, connected
homes, andDR-enable appliances/devices, and the cyber layer: MAS, decis@ing
processes and control algorithms;
MAS and control algorithms to implement DR at the distribution transformerttzad
home levels aiing to:

a. Alleviate power system stress conditions

b. Save energyn a building during its normal operating state



5. MAS and control algorithm to implement DR in commercial buildings in response to CPP
signals, comprising both the physical layer: a building, andeb&ble equipment and the
cyber layer: MAS, decien-making processes and control algorithms;

6. An agentbased platform for building energy management that allows developing,
integrating, and implementing demand response algorithms in-avoeldl environment.

7. The proposed demand response algorithm takesaccount occupancy level, occupant
comfort and their preferences while minimizing power and energy consumption during a
CPP event.

8. Resuls validation in a reaWorld environment, which may help foster and accelerate the
development of markeeady prodcts, like embedded Building Energy Management
(BEM) systems and device controllers for HVAC, lighting and plug loads, etc.

1.6 Organization of the Dissertation
This dissertation comprises 7 chapters as follows:

Chapter 1 provides a brief introductiari the dissertation including background, statement of
problems, objectives of study, scope of work and assumptions. Contributions of this dissertation
are also mentioned in this chapter.

Chapter 2 summarizes the literature search into two categorieBatkground information and

the indepth information. The background information section provides the basic information
about smart grid, demand response, power distribution system, home energy management system
(HEM), building energy management system KBE and multiagent system (MAS). The -in

depth information section discusses the research related to demand response implementation at
the home and building levels. In the last section, knowledge gaps are illustrated and identified.

Chapter 3 presents tlwverall framework of the proposed methodology, which is broken down
mainly into the following tasks:

0 To develop an agetitased platform for DR implementation in residentiaines

0 To develop an algorithm for DR implementation in residemiiahesto alleviate power
system stress conditions during a callout of an emergency demand respense
(EDRB);

0 To develop an ageiitased platform for DR implementation in commercial buildings
that can enable intelligent sensing and control of existing hardiesiees deployed in
a building;

0 To develop an algorithm for DR implementation in commercial buildings to alleviate
power system stress conditions in response to a CPP event via an OpenADR
architecture based upon a call from a utility.

Chapter 4 presentbe case study to validate the proposed DR algorithm for resideotrasto
alleviate power system stress conditions due to a callout of an Emergency Demand Response
Event(EDRE). Simulation results and discussion are also provided.



Chapter 5 presents the case study to validate the proposed DR algorithm for commercial buildings
to improve efficiency of a power grid operatiagne to a callout of a CPP event. Results of the
realworld case study are presented and elaborated. In addiBositivity analysis is conducted

to analyze the impact of the occupancy level on building power demand and energy consumption
during a CPP event.

Chapter 6 includes the summary, conclusions, and recommended future work



2. LI TERATURE SEARCH

This chapter summarizes the literature search into two categories: the background information
and the indepth information. The background information section provides the basic information
about smart grid, demand response, powerikigton system, home energy management system
(HEM), building energy management system (BEM), and ragjant system (MAS). The-in
depth information section discusses the research related to demand response implementations at
the distribution transformérome level andhe building level in detail. In the last section,
knowledge gaps are identified.

2.1 Background Information

2.1.1 Smart Grid
A. Smart Grid Concept

In the near future, the electric industry tends to transform from centralized, producer
controlled network into the one that more distributed controllable network and more customer
interactive. Smart grid is the promising concept, philosophies and technologies which make this
transformation possible by enabling the communication over poamsriission and distribution
system. By means of twway digital communication and pleendplay capabilities, smart grid
projects begin to multiply. Il n addition, this
minimize human intervention thagubstantially saving on energy that would otherwise be
consumed]].

In terms of overall vision, the smart grid is:

1 Intelligent: working autonomously faster than human response which has capability of
sensing system overloads and rerouting power to roteuninimize a potential outage.
Efficient: needless of adding infrastructure for meeting increased customer demand
Accommodating: various type of energy sources such as wind, solar, coal and natural gas
are accepted. Capability to integrate any othetebédeas or technologies, for example,
energy storage technologies.

1 Motivating: real time communication between customer and utility is enabled thus
customer can monitor and tailor their energy consumption based on individual
preference.

1 Opportunistic: create new opportunities and markets by means of its ability to capitalize
on plugandplay innovation wherever and whenever appropriate.

1 Quality-focuses:capable of delivering the power quality neces$afiee of sags, spikes,
disturbances and interruphsi to power our increasingly digital economy and the data
centers, computers and electronics necessary to make it run

1 Resilient: increasingly resistant to attack and natural disasters as it becomes more
decentralized and reinforced with Smart Grid sigyprotocols

1 Green: slowing the advance of global climate change and offering a genuine path toward
significant environmental improvement

T
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B. Key Characteristics of Smart Grid

According to P], key characteristg of a smart grid include:
Selfhealing

Consumer friendly

Attack resistant

Provide power quality for 21st century needs

Able to accommodate all generation and storage options
Enable markets and

Optimize assets and operate efficiently

=A =8 =4 =8 -8 -4 =9

2.1.2 Demand Response (DR)
A. DR Concept

Demand ResponséDR) implementation to reduce emde electricity consumption has
become a crucial el ement for el ec3.Adcadingti | i t i €
FERC H], DR is defined as changes in electricity demands from their typical patterns in response
to changes in the price of electricity (tirhased DR programs), or in response to demand
curtailment requests from a utility (incentibased DR programs).

In re@nt years, many electric utilitie®][ [6], [7], [8] and Independent System Operators
(ISOs)/ Regional Transmission Operator (RT@$) [10], [11], [12] across the U.S. have adopted
a variety of DR programs to curtail their electric power demand. Theiomsagary from
deferring costly electrical infrastructure upgrattesnitigating power system reliability concerns.
In a situation of power system stress conditions causing by unanticipated contingencies or
anticipated severe increases in system peak IpgRjisan electric utility or ISO/RTO needs to
ensure a stress condition is alleviated before it becomes more severe, causing a cascading failure
in a system.

B. DR Category

Typically, DR programs can be categorized as follai¥: [

1. Time-based DR prograns:

- Critical Peak Pricing (CPP): a DR/ent which is called A5 times per year on weekdays
during summer season

- Time of Use (TOU)

2. Incentive-based programs:

- Emergency Demand Response Program (EDRF)R program that provides incentive
payments taustomers for load reduction achieved during an emergency DR event (stress
condition)

- Real Time Pricing (RTP)

- Direct Load Control (DLC)
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DR programs can be also categorized by their intended objectives as follows:

1. DR Programs with the main concernon grid reliability (e.g., contingencies or
renewable energy fluctuation):
- Emergency Demand Resporiz®gram(EDRP)
- Direct Load Control (DLC)

2. DR Programs with the main concern on energy market/efficiency or grid operation:
TOU, RTP
- Time of Use (TOU)
- Real Time Pricing (RTP)
- Critical Peak Pricing (CPP)

C. DR Benefits

Automate demand response at customer sites enables market participants to provide relief
quickly and easily, making demand response a valuable asset for participation in ancillary
services market. DR programs help utilities maintain grid reliability and enable customers to
realize its significant value. DR can be used to provide synchronized reserve. Implementing DR
programs increase power system operations efficiency and coulibleadt reductions of their
implementations by increasing competition to provide them .It also has the potential to provide
additional revenues for the services and enhances opportunities for investment in DR resources.

DR programs (i.e., EDRP) can impe reliability (e.g., reduce SAIDI, reduce SAIFI) and
economy of a system and to obviate a possibility and consequences of forced outage on large
blocks of eneuse customers. It allows customers to proactively monitor and control their power
consumption with can result in significantly reduction of a total system power demand.

In the perspective of an electric utility, DR programs can (1) prevent power shortages; (2)
improve reliability (SAIFI, SAIDI) of a system; and (3) defer investment on caipitetsive
infrastructure such as power plants or transmission lines.

I n terms of customersd6 perspective, DR prog
service to customers and help them to save money by reducing energy usage. Benefits of DR to a
utility and customers can be summarized as showalihe 21.

Table 21. Benefits of DR perceived by both utility and customers

Homeowner Utility

1. Achieve higher reliability 1. Reliability (e.g., SAIFI, SAIDI) of the system is
improved.

2. Less risk of comfort level 2. Mitigate effect of Demand Restrike

violation

3. Reduce electricity bill 3. Defer investment on capiailtensiveinfrastructure
(e.g., power plant)

4. Reduce household carbon 4 . Reduce GHGG6s emission

footprint
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D. DR Technologies

Generally, there are two enabling technologies to implementobés[follows:

1. Automated DR (Auto-DR) technology incentive allows enabled customers to participate
in DR programs utilizing a load contralevice or energy management system (EMS) that
autonatically initiates load reduction activities based upon settings customers establish in
advance. This eliminates the need to turn off or adjust equipment manually when events occur.
Incentives are based upon realized energy reductions. Dependingon cust@me s i t uat i on
size of electrical load, Aut®R offers two incentive options:

Option 1: AuteDR Express: incentive for systems that control standard technologies such as
dimmable ballasts, temperature reset controls for HVAC and duty cycling of GHVA
compressors and fans that automatically reduce Iload during DR events.

Option 2: AuteDR Customized: incentive for the purchase and installation of remotely
activated equipment that facilitates sit@e automatic load reduction such as controls for
lighting, motors, pumps, fans, air compressors, process equipment, HVAC load control
devices and more.

2. Permanent load shifting incentive AC is accounted for a major operational expense of
the overall consumption. If customer cooling load is considerable, he/she may qualify for
incentives that can help shift your energy use tepetik hours. By installing a Thermal Energy
Storage systengustomer will be able to produce cooling energy in the evening and deploy it
during highdemand afternoon hours. Therefore, customer power demand and energy
consumption can be substantially reduced during peak periods.

E. DR Implementations

Early DR Imp lementations: Early demand response efforts were primarily manual in nature.
Requests to reduce demand were typically made a day or more in advance and communicated to
the end user through fax or telephone messaging. Once received, local energy management
system set points were altered to reduce consumption irrdace® with the communicated
request and contractual requirements. There was little automation in either the
generation/distribution of the request or in effecting an appropriate response.

CPP: Critical Peak Pricing (CPP) and Tirtd-Use DR programs are the most commonly used is

the timebased DR programd¥), [16], [17], [18], [19], [20], [21] in which demand reduction can

be achieved in response to time of the day as well as electricity pricestypieRlly referred to

as critical peak days or event daysaiselectrical rate where utilities charge an increased price
above normal pricing for peak hours on the CPP day. CPP times coincide with peak demand on
the utility; these CPP events are gengradllled between 5 to 15 times per year and occur when
the eéctrical demand is high and the supply is low especially during the summer season. With
CPP DR program, customers on a flat standard rate who enroll in a peak time rebate program
receive rebatefor using less electricity when a utility calls for a peaketievent.



EDRP: With regard to reliability of a power distribution system, incentiased DR programs,

such as Emergency Demand Response Programs (EDRP), are more desirable thasetnizR
programs. Implementing EDRP, load reduction at customer premises is required when a power
system is in stress conditions. Currently, EDRP has been widely used at the transmissien or sub
transmission levels where industrial or commercial load reductionbeaachieved 32], [23],

[24]. Participating customers are nogifi by a program sponsor (e.g., DR AGG) in advance to
respond to akmergency Demand Response Event (EDRE)

DLC: Currently, one of the popular approaches among incebhtiged DR programs is date

load control (DLC). With this approach, water heat@& pr air conditioner compressor2q at
customers premises can be remotely shut off or cycled on and off by utilities or demand response
aggregators (DR AGG). This generally leads to customeolossmfort and inconvenience.

TOU: Customers receive monthly bill credits for reducing energy during a specified time of a day
sent by a utility or a DR AGG. Demand reduction can be achieved in response to time of the day
and electricity price. TOU DR ewé can be called 24/7, 365 days of a year. The trigger of TOU
event can result from an emergency condition realized by an ISO or a utility or during a high
power demand requirement period of a day.

RTP: Electricity bill can be lowered if customers redumgergy usage during hours with high
temperaturariven prices and/or shift usage to lower priced hours. Customers decide when to
reduce energy usage. There is no energy event in which to participate. There is no minimum
requirement for energy reduction. RDR program is available yeesund. Energy charges will
increase when higher temperature is expected.

Commercial Solutions/AGG: Commercially, Siemens has released the Demand Response
Management System (DRMS) called Surgical Demand Response. This gystsnutilities an
ability to selectively execute a demand curtailment at specific substations or feedezdjnes |

OpenADR: OpenADR R8] (Open Automated Demand Response) was developed at the Demand
Response Research Cen29][(DRRC) as part of an ongareffort to help building and facilities
managers implemenutomated demand response within their facilities. It was designed to allow
buildings to invoke prglanned demand shedding strategies quickly and automatically when
requested by utility operatisnby integrating automated building responses. At its dbee,
OpenADR architecture defines a data model for energy cost and reliability that is common among
and relevant to an energy provider and its customers. By providing a common data model among
these parties and defining the semantics for accessing andicpagigments within this model,

energy providers and consumers can efficiently exchange demand response requests based on
both price and grid reliability criteria.

One particular feature that differentiates OpenADR from other automated DR architectures is
that utility DR requests contain no information about specific devices or operations that should be
curtailed or stopped. Op e n A Ddr demand ngduction movtley st h
customer- either by direct request or through distribution of increased energy cost rate schedules
that will, in turn, motivate load shedding and reduced demand.



In practice, OpenADR is implemented as a client/server systatrhighly leverages design
elements found in similar successful commercial Internet designs. It is readily adapted te widely
available Internet communications infrastructures and, due to its hierarchical design can mirror
the layered organizations typibalfound in energy distribution systenis namely utilities,
aggregators, and end users. In order to effectively share model data between participating entities,
OpenADR defines an extensive set of XML (eXtensible Markup Languagp formatted
messages thadescribe model element identifiers and their valuBisese XML-formatted
messages are es to communicate current and future energy pricing, time of use pricing
schedules and as well as explicit demand reduction requests between the OpenADR Demand
Respose Automation Server (DRAS) and its clients.

Comparing to the other automated DR architectures, OpenADR providesfanated
benefits as follows.

1 Simplify and reduce DRelated costs by use of standardized messaging formats

1 Promote interoperabilithetween utility servers and muitendor clients

1 Increase customer participation and reduce operating cost associated with manual
responses to DR requests through use of automation

1 Allow energy consumers to customize local response to utility DR requests

1 By promoting standardized architecture and messaging format, OpenADR encourages
wide-scale integration and embedding of DR capabilities into various consumer devices

The example of implementation of OpenADR in the case where a utility must shed loads to
maintain grid stability is given as follows.

First use casea utility knows that one or more pregistered clients are participating in a
particular DR program and they have agreed to respond, within certaarrarged limits, to

utility requests to shtkload over a given time interval. The magnitude of the expected load shed

and the speed at which it can be affected are fully specified by the specific DR program to which

a client has subscribed. The utility issues a DR event request to participatintg tdi shed loads

and receives verification that the request has been received. Clients then begin shedding load in
keeping with preagreed criteria. Failure to perform as agreed, as indicated by inteceating

revenue meter data, will result in petied at a later date when utility rate charges are reconciled.

An OpenADR <client may optionally indicate tha
out 0) for some period of ti me. While this ty,
comdy with DR program requests, such a response may ease the complexity of utility dispatch
operations.

Second use casatilities modify energy costs in an attempt to motivate reduction in demand. The
OpenADR ser ver c anthat dessribeelevalied energyecosts wvermatparticular

time interval. Participating clients can respond to these requests by shedding load, according to

the communicated schedule, and reduce their energy costs. Conversely, some clients may decide
to accept vheoBoppoofumitgher energy rates bec
consumption to continue at normal rates. Since utility back office operations are ultimately
responsible for 1 ocal Aiti me of useo remdout ai
relatively independent of utility DR requests while accurate contractual or revenue obligations can

be insured.




The followings are desirable requirements for customers wishing to participate in a DR
program via the OpenADR architecture.
1 Specific cusbmerside responses to these requests are formulated by and completely
under control of the end user.
7 In addition, the OpenADR messaging protocol has provisions for customers to
i ndividually respond to DRI furthey inereatigs wi t h
flexibility permitted for customer response.
1 The end result is a system that promotes automated responses to utility DR requests
while maximizing the local flexibility exercised in responding to those requests.

2.13 Home Energy Management System (HEM)

A. Background of HEM

The growing trend that smart meters, home energy management systems, and demand
response (DRgnabled appliances will become more prevalent has paved the way for residential
customers to partipate in DR programs being offered by electric utilities. Fimased DR
programs are commonly used to allow demand reductions in response to electricitygveces.
basedDR programs are used to allow demand reductions in response to emergency events in a
system such akghtning strike, storms, line to ground fault, vehicle accidents, &tcorder to
participate in a demand response programs, HEM is an integral parbuiolegpan interface
between a home and a utility or a DR aggregator (e.g., EnerROC [

B. HEM Concept

In the context of demand response, home energy management system (HEM) is one of the
crucial elements in such a way that it responses to demandsigndl sent by a utility during a
DR event. Typically, in a house, there are four types of energy intensive appliances: air
conditioner unit, clothes dryer, water heater, as well as a nascent electric vehicle. In addition, a
rooftop PV panel can also bestalled on a roof of a house in order to supply power to the house
when energy from solar radiation is available.

C. Current Implementation and Development of HEM

Recently, more and more commercial products for home/building automation systems have
becane available to tackle the mentioned problems. Some examples of these products are
SmartThings 32], Staples ConnetY [33], GE Brillion™ [34 , L o w 85) Revdlvi36] stc. |
These solutions allow homeowners or small building owners to monitor or copgoifis
compatible devices. However, there are still certain limitations for users or developers of that
particular platform including incompatibility between vendors, limited number of supported
devices, standards, communication technologies or data rgehprotocols. Even though
advanced users or developers can sign up to develop applications or add new devices to the
platform, they are limited by the need to rely on specific tools provided by the platform. This
makes the development ecosystem/vendocipdor that particular platform.



2.14 Building Energy Management System (BEM)

A. Background of BEM

Buildings consume over 40% of the total energ

electricity today. Over 90% of these buildings are either ssiedld (< 5,000Q0) or medium

sized (5,00660,0007Q0) [37][38]. The U.S. Department of EnerdpOE) targets to save $2.2
trillion in energyrelated costs by reducing building energy use by 50% compared to the 2010
baseline B9]. However at the current stagstudy B9 shows that due to the lack of building
monitoring and control, significant portion of the energy consumed in buildings is wasted.
Building Automation Systems (BAS) is a promising approach to address these concerns. For
small and mediurrsized buildings, heating consumption is the dominant end use, followed by
lighting, plug loads and coolingi{).

Specifically, Heating, Ventilation, and A€onditioning (HVAC), lighting and plug loads
account for almost 90% of all consumption in buildings.séng BAS solutions are still cost
prohibitive and being used mostly in large buildings. BAS are not popular in most amall
mediumsized buildings due to lack of awareness of benefits, lack of inexpensive packaged
solutions, and sometimes due to thenewnot being the tenant and so finding no incentive to
invest in these systemd]]. Small and mediunrsized buildings signify a huge market for BAS
deployment as they represent over 90% of all commercial buildings in the United States
according to U.S. Ergy Information Administration (EIAY1].

B. BEM Concept

A Building Energy Management System (BEM) or A Building Automation System (BAS) is
a computetbased cotrol system used to control and monitor building electrical and mechanical
equipment such as Heating, Ventilating, and Air Conditioning system (HVAC), lighting loads
controllers, plug loads controllers, fire systems, as well as security sys##h8EM systems
are most commonly implemented in large buildings with extensive electrical and mechanical
equipment where power demand and energy consumption are high.

Benefits of BEM system that are realized to building tenant/occupants are as follows:
1 Good contol of internal comfort conditions

Possibility of individual room control

Increase staff productivity

Effective monitoring and targeting of energy consumption

Improved equipment reliability and life

Effective response to HVAGelated complaints

Save time ad money during the maintenance
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Benefits of BEM system that are realized to building owner are as follows:
1 Higher rental value
1 Flexibility on change of building use

1 Individual tenant billing for services facilities manager
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1 Central or remote control amdonitoring of a building

1 Increased level of comfort and time saving

1 Remote monitoring and control of equipment (e.g., AHU, Fire pumps, plumbing pumps,
electrical supply etc.)

Benefits of BEM system that are realized to maintenance companies arews:follo
Ease of information availability problem

Computerized maintenance scheduling

Effective use of maintenance staff

Early detection of problems

More satisfied occupants
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C. Current Implementation and Development of BEM

Yet while new buildings offeopportunities to builders and operators to take advantage of
stateof-the-art energy efficient technologies and knbew, the existing buildings would require
comprehensi ve, fdeepo retrofits to achieve s
controk revolution is underway within the buildings sector, primarily in the commercial buildings
sector. In it, applicatiofrased systems are presenting an opportunity to implement strategies in
whi ch highly #fAoptimizedo conteffiodncy tewels avhile e o f
improving resource allocation (both local and global) is an inherent attribute of the strategy rather
than an explicitly programmed feature.

Introduction of sensors and controls, as well as information technology and communication
protocols between the buildings and the electric grid, has led to digitized sensing, metering,
communication and controls. Using these technological advances and careful coordination,
buildings could provide valuable comfort and productivity services uitdihg owners and
occupants, such as automatically and continuously improving building operations and
maintenance, while at the same time reducing energy costs.

Buildings can act as dispatchable assets, providing services in order to respond to
contingencies in a power system such as fluctuations of intermittent renewable energy sources.
Transactiorbased building controls are one part of the transactional energy framework. While
these controls realize benefits by enabling automatic, mbdssd intrebuilding efficiency
optimizations, the transactional energy framework provides similar benefits using the same
marketbased structure, yet on a larger scale and beyond just buildings, to the electricity market
and the society at large. The premise of tratisabased control is that interactions between
various components in a complex energy system can be controlled by negotiating immediate and
contingent contracts on a regular basis in lieu of or in addition to the conventional command and
control pattern.

Transactiorbased control of BEM should provide: 1. Insight into current and projected
energy use, 2. Comfort preferences of tenants or owners, 3. Generation capacity from distributed
energy resources. The realized benefits of transabtisad controlare as follows:

1 Provide buildingspecific advice to owners
1 Outline return on investment and timescales for efficiency upgrades
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1 Calculate and point to amount of energy wasted per year

1 Provide specific advice for occupants willing to trade their comfortcmm¥enient levels
against monetary gain

1 Allow equipment to respond to market financial incentives

1 Provide substantial energy savings and new cash flow opportunities to buildings

1 Effectively turn currently disparate and passive assets into coordiratgithies of
efficiency and productivity

1 Offer opportunity to extract services out of loads and assets that previously did not exist

7 Deliver targeted benefits to building owners while enabling ancillary benefits such as

reduced energy costs, energy use atated emissions to society as a whole

Driven by building codes, prescriptive measures, energy audits, advanced in efficient lighting,
HVAC and energy management systems, the residential and commercial building sectors have
lowered their energy intensitpy over 30%. Existing building codes apply only to new
construction and major renovations of existing buildings in the U.S. and can lead to additional
savings of between 10 and 20% compared to previous standard levels. Burdened by badly
performing equipmen appliances, walls and windows, the existing buildings faces cost barriers
and several other obstacles to increased energy efficiency. Even buildings are made more energy
efficient through codes, standards and beyoodie design processes, over $30dpillivorth of
consumed energy is wasted by the lack of controls or the inability to use existing building
automation systems (BAS) properly. The preferences, desires and flexibility of building
occupants are also hardly ever considered in energy efficieisiah making.

While building occupants could offer a large and tradable resource of exchanging comfort
levels for energy savings (in exchange for some monetary gain, for example), the current state is
leaving them out of the equation. The large expense of deep refavftswith it long payback
times), the lack of broad access to sensing and measuring technologies, and the current disregard
for occupants willingness to trade some comfort for savings are a few reasons why the outlook for
greater gains in energy savingdagnergy efficiency for the existing buildings is substantially less
positive than in new buildings.

Many HVAC systems are controlled by thermostats. Typically, a building administrator or a
building engineer selects a desired temperature set pointmdsit uses current space
temperature sensor information to control the damper position that controls the air flow (or turns
the compressor on or off), thereby satisfying the heating and cooling needs of the zone. In a
conventional control system, indoagniperature and indoor set point temperature are the only
information required to control the amount of heating and cooling to the zone. However,
regarding a transactiMeased control system, thermostats use price information to make control
decisions. Altbugh much of the discussion so far has been for thermostatically controlled HVAC
systems, transactiMeased controls can be applied to #tbaermostatically controlled systems as
well (such as distributed generation, or other load resources). With appeaedanology and
coordination, buildings could provide valuable services to owners and occupants, such as
automatically and continuously improving building operations.

On a larger scale, groups of buildings could transact with each other in a ctpegnt/pe of

arrangement, where one building could reduce energy or increase efficiency measures more easily
than another, and then trade energy savings or efficiency gains for some compensation. Smarter
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building: residential buildings, expanded penetratidnsmart controls scheduling appliances,
automatically adjusting thermostat set points, dimming lights, and delaying water heater electric
heating, are some of the technological changes needed. Trandmdexh control will be
accepted better if it can Heexibly tailored to the needs and capabilities of each building, the
buil ding owner, and the buildingds ochasepants.
controls in individual buildings and then in a cluster of buildings to be flexible andbber
across various BAS protocols and systems, should significantly reduce the cost of implementation
compared to conventional approaches.

Many new Interneprotocotbased controls provide a rudimentary ability to integrate
individual appliances and assewithin the building to allow the building to automatically and
continuously raise its efficiency. The requirements to make the building smarter are new and
better use of existing communication, control and sensing technologies that:

1 Make buildings capdé of automatically receiving and acting upon signals from internal

and external sensors and monitors

1 Characterize the magnitude of change in demand as a result of responding to DR signals

1 Function reliably with the means of verifying operation through-tmst and non
intrusive technologies

1 Capable of delivering continuous and automated operational improvements

1 Provide smart grid related services

1 Costeffective and economical to implement

! Nondisruptive during operation and minimally disruptive during afiation to make

buildings capable of automatically receiving and acting upon signals from internal and
external sensors and monitors

The framework that enables these services will provide the market structure to facilitate the
different transactions to oar. It will also require the development and deployment of new
networks, devices and controls to support -teaé, twoway communications between the
participating players/actors. It will further require new and intelligent applications at numerous
nodesthroughout the network to facilitate and automate the wide variety of transactions, and to
manage and activate control and monitoring systems that are involved in the delivery of
transactional energy services.

Some open source building automation sohgiare available such as Freedomod8],[
OpenRemote4d], and openHAB 45] etc. These platforms provide open, flexible architectures,
and hardware/protocol agnostic tools for developing residential or commercial automation. The
intelligence of buildings carbe enhanced to implement automated rules, scripts, or event
triggering for a specific device(s). However, the solution to make devices coordinate and
communicate autonomously and seamlessly together in order to achieve the global objective of a
bui | dowmeg @.9., perform DR when the price of electricity is high) has not yet been
addressed.

There are some available open source platforms that allow developers to develop BEM from
scratch as follows. One platform is JADE (Java Agent Development Frakjeveoftware
framework fully implemented in Jav&§]. The advantage is that developers can easily build a
FIPA-compliant multiagent system with their set of Java classes. The disadvantage is limited
support on hardware and software resource managemdah wta prime important requirement
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for a BEM system that needs to run on a sifalin-factor computers or an embedded system.
Another platform is Spadet}], which is a platform based on the XMPP/Jabber technology and
written in the Python programming lgmage. There is also AgentScagé]] a distributed agent

mi ddl ewar e. l'ts design philosophy is fAless is
sufficient support for agent applications.

2.15 Multi-Agent System (MAS)

In recent years, mulagent systems (MAS) have been in the limelight compared to other
approaches in providing decentralized intelligent management and control of a power distribution
network. Fundamentally, MAS consists of multiple distributed inteligerents, which reside in
physical devices scattered throughout the system. Agents are working in collaboration with each
other to achieve a desired goal in a specific environment. Particularly, MAS are employed to deal
with complex tasks, which cannot belved by a single agent. The overall goal is broken down
into smaller targets, a selection of which is assigned to a selected agent.

A. Agent Oriented Programming (AOP)

An Agent Oriented Programming (AOP) is a relatively new software paradigm thgs binie
concepts and merits from the theories of artificial inteligence into the mainstream realm of
distribution system49).

The followings are AOP characteristics:

- Autonomy: AOP can independently carry out complex, and often-tienmg, tasks.
Moreove, it can be operated without human intervention.

- Proactivity: AOP can take initiative to perform a given task even without an explicit
stimulus from a user.

- Ability to communicate: AOP can interact with other entities (cyber elements) in order to
acheve the system goal or an individual goal.

Agents can be distributed on distinct physical devices. In addition, Agents could be mobile so
that their execution would be transferability to different processors {thudtading processing).

According to p0], a software program can be declared as an agent if it exhibits the following
characteristics:
Sociality: an agent can interact with its environment
2. Autonomy: an agent can learn from its environment
3. Reactivity and Practivity: an agent reacts to its environment in a timely manner
4. Autonomy and Practivity: an agent takes initiatives to achieve its goals
5. Sociality and Reactivity: an agent accomplshasks on behalf of its user

=

B. What is MultrAgent Systems (MAS)?
Multi-Agent Systems (MAS) are the systems consisting of multiple agents working and

communicating together to achieve the system target or their own targets. However, an agent
might woik alone as a single entity or work with other agents by communication, collaboration
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and negotiation processes in system environment. The MAS consist of distributed agents that
achieve an objective cooperatively. They can execute their tasks synchronmusly
asynchronously, and access decentralized database as rEeeddAS are employed to deal

with complex tasks, which cannot be solved by a single agent, by dividing system goal into
smaller targets and giving them to each agent. Therefore the objeativgoal are achieved by
interoperating of agents. In the MAS, there are two ways which agents can interact to each other;
direct and indirect interaction. For directly interaction, agents can communicate and negotiate to
nearby agents or agent which isespfied to be a receiver of a sending message from sender
agent. For indirect interaction, in an arbitrary system, agents need to react to their environment.
By doing so, other agents are affected as well

C. Why MAS?
In addition, multiagent systems offer following advantages:

- Multi-agent systems propose inherent benefits of flexibility and extensibility.

- The philosophy behind multigent systems is that a huge and complex task be divided into
severalsmaller tasks assigned to several entities. This reduces the need for maintenance and
processing of large data.

D. Agent Architectire

Agent architectures are the fundamental mechanisms underlying the autonomous software
components that support effectigehavior in dynamic, reavorld and open environments. Agent
architectures can be separated into four main categories as followings Logic based, Reactive,
BDI, and Layered architectures(.

E. MAS Communication and Coordination

Communication and cooirthtion between agents are essential components of MAS. In fact,
agents should capable of communicating with users, system resources and each other in order to
collaborate, negotiate and cooperate to achieve their goals. Hence, comparing to human, agents
need to have communication languages as well. Basically, there are two existing akmabwall
communication languages of agents which are KQML and FIPA ACL. KQML is the first agent
communication language while FIPA ACL is currently the prevalent studigédused. The prime
features of FIPA ACL which make it different from KQML are the feasibility of using different

cont ent | anguages and predefined i nteractior
conversations. Coordination of agents is the process irhvthie agents, when act together in

agent s community, need to be coherent. Ther
coordinated. First, conflict among agents <can
Second, indi vimhyalbeagemptesh1@legbalt o ot her agents
which normally agents might have different c a|

be achieved rapidly due to smaller tasks are allocated to each agent.
FIPA is the internatical nonprofit foundation which established in order to develop software

agent technology standards collectiodl][ The most impodnt FIPA standards are agent
communication, agent management and agent architeciliure. followings are the brief
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discussionf these topics mentioned. FIPXCL is the language, which is used and studied in

this research due to its benefits over KQML language. Typically, the most important component

of IPAACL is message speech act or calibedepeybo
message is the message which inform sender ds
speech act or performative of the message. The most commonly used performatives are inform,
guery, request, agree, refuse and not understood.

In fact, the FIPA standards stated that for any agent, which need to be fully compliant with
each other and the system, is required to be able to receive amAEIPperformative message
at a very least respond. In case of agent receive any message which cgmuatebsed, a not
understood message will be sent back to the sender. However, sending a message to the recipient
has something more than just a communication act or performative. In this topic, thé&ELPA
message structure has not been discussed. ®haamc will introduce the concept of how to
manage the agents.

The FIPA request interaction protocol (IP) allows an initiator agent to request a participant
agent to process and perform action. Whether to accept or refuse the request the partiapant age
after receive and process the request will make decision and reply back to the initiator.

Anot her example of FIPA interaction protocol
sends CFP message to the participant. Then, the participant wildkdec whet her t o sen
or AProposed message back to the initiator I
the initiator agent wild/l do nothing. I f AProp«
make decision whetherts e nd @A Rej ect Proposal o or AAccept
participant. The ©participant wi || not contin
Proposal 0 message. I n contrary, i f an WillAccept
send AFailuredo or Al nformd message to the ini
take action. | f the initiator receives AnFail
participant proposed to the initiator has been attemptedheutittempt failed. If the initiator
receives fAlnformd message, it means that this

agent will perform action which the initiator requested.
F. Agent Management

As agents need to be compliant with eatieo and the system, agent management is required
for collaborating them together. Agent management is a framework within FIPA that will
determine the status of existing, operable or manageable for the compliant agents. The logical
reference model for agens 6 registration, mi gration, Crea
operation is established by agent management. The important elements of agent management are
described as follows:

Agent Platform (AP)AP is the physical layer of MAS consisting pliysical devices such as
machines, operating systems, agents, FIPA agent management components and (if available)
additional support software. In the real system, agents do not need to reside in the same host or
AP.
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Agent Agent is a higHevel software abstraction which has autonomous attribute working to
achieve its own target. Agent can be characterized by its behavior and ontology. Any agent must
have its own identity which can be assigned by using FIPA Agent Ider{#i®). Therefore,

agents are identified and distinguished by their different AIDs. Basically, agent description and
agent service description are two important components of any agent which will help to describe
agent name and declare its services.

Agent Management System (AM3P is mandated to have AMS. AMS is responsible for
providing the management system which is able to operate an AP. Typically, AMS manages the
creation, deletion or migration of agents. To acquire an AID, agent need to regmsifewith

AMS and then agent is stored in a directory within an AP.

Directory Facilitator (DF) DF can be employed as an optional component of an AP. DF provides
yellow pages services to other agents. Any single agent might have its own services adgch ne
to publicize then agent may send request to DF to register those services.

Message Transport Service (MTEHIPA-ACL message can be transported by deployment of
MTS service provided by an AP. ACL message can be passed between agents on the same AP o
between agents reside on different APs. FIRZL message structure consists of transport
information, encoded message, message parameters and message content.

By creating MAS in JADE building toolkit, JADE remote agent management will be
automaticallycreated as depicted kfg. 21.

‘o) RMA@Hardyboyzz-PC:1099/JADE - JADE Rernote Agent Management GUI o || B 2R

File Actions Tools Remote Platforms Help
AEIEEEEEE: B8 282 48 Do

? DAgentF‘Iatforms §§ name |addresses| state | owner
¢ £ "Hardyboyzz-PC:1099/JADE" ;

[@™ Main-Containe :

B RVMA@Hardyboyzz-PC:1099/JADE |

B ams@Hardyboyzz-PC:1099/JADE |

@ df@Hardyboyzz-PC10990ADE |

Fig. 221. JADE Remote Agent Management GUI
G. MAS Applications

Nowadays, Multdagent systems are bginused in many systems. Basically, the MAS
applications can be divided into the following two categories:
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Singleagent systems: These applications include situations where a human may require
assistance while using a computer software e.g., meeting sehedftlvare, information retrieval
and filtering software, mail management engine, news filtering engine, search engine, etc.

Multi-agent systems: Agents work together to achieve a particular goal. The applications of
MAS can be applied either in physicgystems or simulations of physical systems. Examples
include traffic monitoring, decision support systems, manufacturing systems, telecommunications
and network management, aircraft maintenance, military logistics planning, real world simulation,
power sygems etc. $2], [53]. In addition, MAS applications in distribution power systems may
include power system restoratio®4], protection pb5|, distributed generation controbf] and
islanded operation5[7/]. MAS applications have also beextended for transformed s condi t i
monitoring B8], [59]. However, there are limited a number of studies that use MAS for DR
applications at a distribution transformdrhe working group of the IEEE Power & Energy
Society (PES) also investigates the use of MAS for power engigesgoplications §0].

H. JAVA Agent Development Framework (JADE) for MAS Development

JADE, which stands for Java Agent Development Framework, is selected as a study tool to
facilitate the implementation of muligent system with simulated circuit. JADBasically, is an
open source platform for development of peepeer agent based applications. JADE, probably,
claims as the most widespread ageménted middleware in use today. JADE is a completely
distributed middleware system with a flexible isiraicture allowing easy extension with aoial
modules. The framework facilitates the development of complete -agsatl applications by
means of a ritime environment implementing the lifgcle support features required by agent,
the core of logic of agnts themselves, and a rich suite of graphical tools. In addition, as JADE is
written completely in Java, it benefits from the huge set of languages features armhrtyird
libraries on offer, and thus offering a rich set of programming abstractionsrgjlolevelopers to
construct JADE multagent systems with relatively minimal expertise in agent theory.

There are four steps associated with the process of developing MAS with JADE.
Stepl: Creating agents

In this step, a setup() method is createdrindber t o initialize an age
parameters. Normally, the operations which will perform in setup() method are opening a
connection to a database (MATLAB/Simulink), registering services that agent provides to yellow
pages service (DF agént registering agentsd name or agent
and starting initial agent behaviors.

Regarding to agent creation, any agents in
identifiero. Basically, gbmlyhhnigeegnanmet(GUID) andance
number of addresses shown in the form <lowahe>@<platformmame>.

In Fig. 22, an agentCoordinator agent is automatically createdesponding to the
MACSImJX middlevare running under MATLAB/Simulink environment. This agent acts as a
link between JADE and MACSImJX. During running the simulation circuit, system environment
data in MATLAB/Simulink environment such as bus voltage, tusent or required power by
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loads are the input signals to agentCoordinator. Then, the agentCoordinator will pass that received
data to agents that interested in them. Typically, agentCoordinator receives all data sending from
MATLAB/Simulink environment However, there is not mandated that an agent need to take all
data. Any single agent can choose data which it interested in. After all agents are named, then
every single agent is needed to define its own interest data received from agentCoordinator agen

7] RMA@hardyboyzz:1099/JADE - JADE Remote Agent Management GUI =13
File Actions Tools Remote Platforms Help
AEGEEEECREE: EIR TR - -

¢ B2 AgentPlatforms ; name | addresses | state | owner
¢ B3 *hardyhoyez 1095/JADE" :
[R™ Ivain-Container :
@ RMA@hardyboyzz 1099/4ADE |
B ams@hardvhoyzz 1099 ADE

@ di@harcyhoyz 1095ADE
+ @8 Container-1 |
B Agentserver@hardyboyzz 1099 -
& B44@hardynovzz 1099/ADE |
© BA11@hardyboyzz 1099/4JADE |
& BA22@hardybovas 1099/ADE |
© BA3I@hardybovzz 1099/JADE |
B DoAlE@hardyboyzz 1 099/ADE |
FAS@hardyboyzs 10994ADE |
B LalT@hardyboyzz 1099LADE |
LAZa@hardyboyzz 1099/JADE |
B agentCoordinator@hardyboyz: |

: I Tl

Fig. 22. Agents Creation

Step2: Agent tasks

The actual job, or jobs, that an agent will perform, depends on its behaviors. A behavior of
any agent represents a task that agent can carry out. Basically, behavior can be added anytime to
agent at setup() method or another behavior. Due to the mgavafwvhich can handle multi
t hreading processing, sever al behaviors of an
behaviors are also needed to be scheduled for cooperative actions. Normally, a single JAVA
thread is used per single agent.

Step3:Agent communications

The most fundamental feature of JADE which is implemented in accordance with FIPA
standards is agent communication. Asynchronous message passing is used for agent
communication.

An agent has its own mailbox or called message quélenever a receiving agent receive
message from a sending agent via distributed JADEimay message will be passed and queued
in the mailbox message queue. However, the algorithm for agent to pick up the message from
message queue and how agent praxsetsat message depends on the agent programmer.

According to FIPAACL message structure, the specific format of message in JADE needs to
have the following fields.

1. The message sender
2. The receivers
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The communication act (also called o6perforr
Thecontent is the fact the sender intend to send to the receiver

The content language is the syntax used to express the content

The ontology used for expressing the symbols or vocabulary in the content

Additional fields used to control the simultaneous @eation

Nookow

Step4: Agent discovery: the yellow pages service

DF agent provides the yellow pages service, which basically is an optional service in AP,
allowing agents to publish their services to other agents. Therefore, the published services are
readily and easily for other agents to discover and exploit. Basically, any agent is capable of
publishing its services or discovering other
or may not publish it services corresponding to its architecturgedWer, it is not a mandated
number for agent services.

Fal)

2.2 In-Depth Information
2.2.1 Research on DR at Residential Homes

There is a number of previous work that proposes different methodologies for DR
implementation at a distribution network level. thars in B1], [62], [63] propose DR strategies
to implement residential DR based on timeessed DR programs e.g., real time pricing (RTP).
Authors in p4] propose an EDRP that enables the use of residential load cesaniresponse to
contingencies in alistribution system. However, loads are modeled as lumped loads and
characteristics of household appliances are not taken into account. The Analytic Hierarchy
Process (AHRpased DR strategy to alleviate power system stress conditions is preseffgd in [

In this paper, to reduce the power demand at the distribution transformer level, the demand
i mit (DL) of al |l homes during a DR event
characteristics. There is a chance that unexpected impacts of an overs@attpower demand
following a DR event (i.e., demand restrike or DRK) can be experienced. Auth6é& anf [67]
suggest the approaches to tackle and mitigate impacts of DRK and reduce power demand during a
DR event ging dynamic pricing techniques. Hovegyas the amount of load reduction cannot be
guaranteed and depends heavily on customer preferences, these approaches are undesirable.

Topics related to Electric Vehicles (EVs) have gained popularity as they have lower
environmental impacts, and becogieconomically viableg8]. The topic of integrating EVs into
a power distribution network is of great interest as improper EV charging can pose serious
overloading challenges to a distribution network especially inctse of high EV penetration.
Some ofthe foreseeable impacts include distribution transformer overload, line overload, voltage
sags, increased line losses and sharp peak demand incréflsel/(q], [71], [72). Several
approaches are proposed to overcomeetimegjative impacts by controlling EViarging profiles
at customer premises. Some approaches focus on centralized control where EVs are controlled
from a central control center to maximize system load fa@@rdr minimize ystem losses73).
The others exploit decentralized control approaches where EV charging is controlled locally to
minimize the requirement of communication infrastructure. These approaches mainly focus solely
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on controlling EV loadg74], [79], [76], while chaacteristics of other potentially controllable
appliances are not considered.

The agenbased DR implementation in a distribution network considering economic and
reliability of the system is proposed i@7], [78], [79]. Other DR vork in distribution netwiks
include mitigation strategies of an overly increase in electricity power demand (i.e., rebound
peak) during low electricity price perio8(Q]. Nevertheless, the mitigation strategies of an overly
increase of power demand follavg a DR event (i.e., demd restrike) introduced by8(] due to
a DR implementation during a power system stress condition have not yet been widely studied.

2.2.2Research on DR at Commercial Buildings

There is number of previous work that proposes different methodologies for DR
implementation at a building level. Authors i81] discuss how EnerNOC3p] works with
commercial and industrial customers to provide reliable reductions in power and energy demand
inthesemarkes. Regarding this paper, Ener@&O@ales Net v
DR at customer sites. Such automation enables market participants to provide relief quickly and
easily demand reduction during a DR event, making DR a valuable asset for participation in the
ancillary services market. This is a landmark develogment hat wi | | increase
efficiency and could lead to cost reductions for these services by increasing competition to
provide them. The potential additional revenue for the services also enhances opportunities for
investment in DR resourceBxamples of endise devices that are curtailable are chillers and air
handlers, external lighting and signage, HVAC systems, internal lightings, office equipment, etc.

A typical commercial building might have several chillers that supply a number -of air
handling units (AHU) or air handlers with chilled water on demand. If several air handlers require
the full output of one chiller, and another air handler suddenly also requires cooling, traditional
building control algorithms simply start up a secondiclelr t o meet t he demand
electrical load ratchets upward accordingly. AuthorsBlj presents a transactibimased building
control system that behaves differently. &a&i of honoring an absolute demand for more chilled
water, the air hardr requests such service in the form of a bid (expressed in dollars), increasing
its bid in proportion to its fAneedo (divergen
point). The chiller controls, with knowledge of the electric rate structtae easily express the
cost of service as the cost of the kWh to run the additional chiller plus the incremental kW
demand charge (if it applies). If the zone served by this air handler just began to require cooling,
its Aneedo I s ,soittplacesearow vatue an dstbid ot serdice and the additional
chiller stays off until the level of need increases. Meanwhile, if another air handler satisfies its
need for cooling, the cost of chilled water immediately drops below the bid priceiseeaa
second chiller is no longer required, and the air handler awaiting service receives chilled water.
Alternatively, a peeto-peer transaction can take place in which an air handler with a greater need
for service displaces (literally outbids) anotheghose thermostat setting is nearly satisfied.
Benefits offered by this approach are (4) the
effectived service that 1is to prioritize the
and (2) tle decrease in energy demand and consumption by preventing operations of entire chiller
to meet a small load. The main contribution of this paper is the use of common denominator for
control that makes expression of this migtrel optimization much simpiehan an engineered
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solution would be. It allows controls to be expressed in local, modular terms while accounting for
their global impact on the entire system. Automated Lighting control system: simple scheduling
or sensofbased systems can actuate eledights according to occupancy or ambient light levels.
RTUs are more gridesponsive, so they can interact with the grid and provide demand response
and ancillary services benefiting both the building owner/customer and the utility. Use of
advanced cdrols and automated fault detection and diagnostics on existing RTUs will result in
significant energy and cost savings and also enhanced maintenance by introducing eondition
based maintenance practices and targeting maintenance when needed.

Authors in B3] propose an intelligent Mulgent control system for energy and comfort
management in a smart building. There are three main factors to measure comfort and indoor air
quality of a liilding: indoor temperature, illumination, and carbon dioxide concamtraFuzzy
logic controllers are used to optimize energy consumption as well as to maintain comfort inside a
building. A Graphic User Interface (GUI) is developed using MATLAB GUIDE tool to provide
an interface to a user to give priority to building loadsvell as access a setting menu. Authors in
[84] presents a MukAgent System with the main objective to save energy consumption and
maintain comfort of a building. HVAC and lightirlgads are monitored and controlled to reach
the desired objectives. Thpaper also considers the integration of renewable energy resources
such as solar PV, wind, and battery energy storage with a building. The fuzzy control logic is
designed as a controller. The objective functions of the proposed methodology are foramilated
nonlinear multiobjective optimization problems and solved by using Genetic Algorithm (GA).
Authors in B5] employs a MultiAgent System to minimize heating energy, cooling eneagyl,
lighting loads power consumption of a building. In order to sineutatase study, a building is
modeled using EnergyPlu8q]: a whole building energy simulation program that engineers,
architectures, and researchers use to model energy and watarkuslelings. These objectives
functions are mathematically formulatesl morlinear optimization problems in which are solve
using AMPL B7] optimization tool that use CPLEX3§] as a solver. Authors irBp] proposes a
Multi-Agent System to manage plug loadsd integrate renewable energy resources with a
building with the mainobjective to minimize electricity cost as well as maintain a comfort of a
building. This objective is formulated a mudibjective optimization problem having objective as
a quadratic function. The problem is then solved by using quadratic programnrfingte@er
linear programming or the heuristic algorithm.

2.3 Conclusions and Knowledge Gaps

2.3.1 Demand Response Strategy at Residelhi@nes

Based on the literature search with respect to current approaches to handle demand response at
residentialhomes it can be concluded that load reduction cannot be guaranteed and depends

heavily on customersé preferences. This is be
into account customer preference, nor have-way communication in place to emsuthat a

targeted |l oad reduction can be achieved. Anot
control their appliances are | imited with cur:

convenient are not taken into account when designRgtDategies.
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Regarding most literature to impose DR at residetimahes it can be seen that fairness of
allocation of limited supply resources is also an overlooked factor. All houses are treated the same
in those studies. In addition, DR impacts oneaduse distribution network are not fully studied
and understood. This is because-esd distribution network is modeled as lump load in many
studies. Hence, the true DR potentials at anwe@ldistribution network are not fully evaluated.

Another fictor that is needed to consider is the demand restrike (DRK) after a DR event in
which has not been rigorously studied. This is the power demand that will restrike if all
appliances are turned back on right after a DR event.

In addition, there is als@tk of extensive studies on load reshape assurance at a distribution
transformer level that gives ene customers flexibility to control their appliances. This is
essential part because local intelligent at a distribution transformer allows housetd¢atée
differently based on their power demand requirement. There is also a need to study adverse
impacts of a DR event, e.g., transformer overload causing by a DRK, has not been addressed.

Regarding the literature search, there are only few publicatitat discuss EDRP
implementation at a distribution level and at a home level especially at amserdistribution
network (a secondary side of a distribution transformer). In most studiesjsentbads are
modeled as lumped loads and characteristidsookehold appliances are not taken into account
for this type of DR implementation.

Lastly, literature search shows that characteristics of other potentially controllable appliances
(e.g., air conditioner, water heater, or clothes dryer etc.) rathardlegtric vehicles are not
considered in most recent literature.

2.3.2 Demand Response Strategy at Commercial Buildings

At present, most building automation system (BAS) and building energy management system
(BEM) solutions are proprietary and usedlange buildings. BAS and BEM are not popular in
most smal and mediurrsized buildings due to lack of awareness of benefits, lack of inexpensive
packaged solutions, and sometimes due to the owner not being the tenant and so finding no
incentive to investn these systems.

Due to lack of building monitoring and control especially ssraatid mediurrsized buildings,
significant portion of energy consumption of a building is wasted. Effective anddstsolution
to make devices coordinate and communicateremmously and seamlessly together in order to
achieve the global objective of a buildingds
is high) has not yet been addressed.

While some buildings have embedded controls and some computing peasiingly such
most of the existing solutions are inefficient to maintain acceptable comfort and productivity to
satisfy the building occupants.

Load reduction strategies of most automated BEM solutions are established in advance in
order to participate in DR programs. Therefore, those strategies cannot keep up with dynamic
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behaviors of power demand and energy consumption of a building thatlystbkehange over a

course of the day. This is because the factors that will affect a power demand and an energy
consumption of a building such as occupancy level, building thermal characteristics, tenant
preferences, and devyto besréact o ¢hts dyinamic Hehaviors aret nbte i r
fully studied.

In addition, regardinghe literature search it has been found that many buildings fail to
perform as their designers intended to provide comfort and convenience to tenanssdi@i®
building administrators or building engineers cannot properly operate buildings and tenants
behave differently than the designers expected. Therefore, this will significantly impede the
participation and implementation of smahd mediurrsizedcommercial buildings in a demand
response programs, such as Critical Peak Pricing (CPP), Real Time Pricing (RTU), Emergency
Demand Response Program (EDRP), or Time of Use (TOU), etc.
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3. METHODOLOGY

This chapter presentise overall framework of the study, and ddsesi the approaches used to
accomplish the proposed research.

3.1 Overall Study Framework

The overall framework of this dissertatioshown inFig. 31, is driven bythree main
problems. First, electric utilities have limited choices to mitigate stress conditions in a power grid,
with the current practice of load shedding and direct loadrabrparticipation in demand
response (DR) event is not favorable by-eisd customers. Second, during the hot summer peak
period, electric utilities have to start their costly sthgdgenerators to serve peak loads. Third,
comfort is often compromisedhgn DR actions are performed at ars® customers leading to
dissatisfaction of home residents and building occupa@hiss, the main question is howtilities
can engage customers in DR events such that their comfort is not compromised

Therefore, clearly it can be seen that there are needs to respond to power grid stress
conditions,to reduce pak power demand fomore efficient operatia of a power gridand to
have better integration and participatiorcohtrollableloadsat customepremises

In order to address this question, the focus of this dissertation is to develop abasgeht
platform and associated control algorithms to enable demand response implemenbetibritee
transformethome levels and théuilding level The devised algorithmgakes into account
occupancy level, customeomfort andoreferenceand load priority

In this dissertation, four tasks to be accomplished include:

1 Task 1: develop an agefittased platformto faciltate DR implementationat the
distribution transformer and home levels

1 Task 2: devise aDR algorithm to alleviatestress conditiongjiven a callout of an
emergency DRvent(EDRE)

1 Task 3: develop an agestased platform to facilitate DR implementatiah a building
level

1 Task 4: devise aDR algorithm in response to a critical peak pricing (CPP) at a building
level as a resource to help improve efficiency of power grid operations

The proposed agetiased platforms, together with corresponding algorithms, are validated as
presented in the cass#tudies discussed in Chapters 4 and 5 for DR implementaticthe
transformethomelevelsandthe building levelrespectively.



Main How can utilities engage customers in DR events such that their comfort is not compromised?

Question
- Response to power grid stress conditions

Needs - Reduce peak demand for more efficient operations
- Better integration and participation of controllable loads at customer premises

| | }

Theoretical  Distributed decentralized platform: o .
Approaches Multi-Agent System (MAS) DR Algorithms: SDTM/BEM

| '
Methodology Tasks

- T1: Develop an agent-based platform to facilitate DR implementation at the distribution transformer and home levels
- T2: Devise a DR algorithm to alleviate stress conditions given a callout of an emergency DR event (EDRE)

- T3: Develop an agent-based platform to facilitate DR implementation at a building level

- T4: Devise a DR algorithm in response to a Critical Peak Pricing (CPP) event

Fig. 3-1. Overall study framework

Power System Engineering
* Power Flow Analysis
* EV integration
* Power System Modeling
¢ Demand Response
¢ Energy Efficiency

Computer Science
/ Multi-Agent Systems\

1. Smart Distribution Transformer 2. Building Energy
Management (SDTM) System Management System (BEM)
Optimization Technique Mechanical E'}gine ering
* Polynomial Regression « Eneray Audit
{ » Lagrange Relaxation with Kuhn-Tucker conditions o E C .
* Dual Upper Bounding Linecar Programming nergy Lonversion

* Machine Learning: Supervised Learning
* Dynamic Programming

Disciplines used to address the theoretical approaches

Fig. 3-2. Disciplinesused in this dissertation



Three related disciplines fadhe Smart Distribution Transformer Management (SDTM)
system are: (1) power system engineering: power system analysis, electric vehicle (EV)
integration, power system modeling, demand response, astdibdtied energy resources
integration; (2) optimization technique: polynomial regression, Lagrange relaxation with Kuhn
Tucker conditions, dual upper bounding linear programming; and (3)-ageéit systems:
resource allocation.

Forthe building energy management system (BEM)there are four related disciplines used,
which are: (1) power system engineering; (2) optimization technique: machine learning
techniqus and dynamic programming3) multiagent systems; and (4) mechanical engineering:
energy audj and energy conversion.

3.2 An Agentbased Platform for DR Implementation dhe Transformer and the
Home Levels

This section presents an agéaised platform for DR implementationtae transformer and
at thehome leved. Taking into account the pdin of connection to a uti/l
network, a singlgphase transformer (e.g., 25 kVA rating) serves several homes in the same
neighborhood is of particularly interest. The proposed agastd platform has been designed in
the context of th&Smart Distribution Transformer Management (SDTM) system, which consists
two layers: physical layer and cyber layer showRiq 3-3.

B R L]
. S ——— ‘m
B 3 »

ad@ § g Home Agent

] ‘(H % & g
i Cyber Layer i e LV * atior
S _\IACSimy

t
| MACSIimJX

Transformer
Agent (TRA)

Reliability

signal —7

MATLAB
SIMULINK

Distribution
>~  Transformer  emeieeeaioo

Fig. 3-3. Integrated system of the physical (a transformer, several homes, aaddbkRd
appliances); and cyber layer (MAS: mwdijent system and HEMhome energy management).

Since the proposed agdmised platform needs to work éollaboration with devices in the
physical layer, the development of simulation models for the physical layer, including a



distribution transformer serving several homes, must be discussed. This is presented in Section
3.2.1, and followed by its correspang agertbased platform discussed in Section 3.2.2.

3.2.1 SDTM Physical Layer

The physical layer is where real physical devices are located. This layer comprises a
distribution network with a singiphase distribution transformer serving several hoasdsDR
enabled household appliances.

A. Power Distribution Network Modeling

An emerging power distribution network (i.e., <69 kV) is illustrate&im 3-4. The poposed
SDTM system focuses on implementing DR at a home level through a distminaiisformer, as
circled, where a singlphase transformer (e.g., 25 kVA, 37.5 kVA, or 50 kVA) serves several
houses in the sameeighborhood.

Note: — e

7
I is Roof-top Photovoltaic System , 527 IV < Distribution

/f’/ substation
n is community battery storage =

Q\ Feeder3
\\\
\ T

<& is Eledric Vehicles
S0

Hospital

Commercial
— Building

Fig. 34 An emerging power distribution network architecture

In the simulated environment shown Fiy. 3-3, a distribution network with a singlghase
distribution transformer serving three houses is modeled in MATLAB/Simulink.

B. Home Energy Management System (HEM) Modeling

A housetypically haspowerintensive appliances (i.e., air conditioner (AC), water heater
(WH), clothes dryer (CD), and eleic vehicle (EV)), as well as a home energy management
system (HEM), and a smart meter to provide-tmay communication with an electric utility.

In the context of demand response, HEM is one of the crucial elements as it responses to
demand limit or pce signals sent by a utility during a DR event. The HEM system and its control
algorithmi previously developed at Advanced Research Institute, Virginia Tga$ a stand
alone software package using Clanguageis responsible for monitoring and schédg the



operation of iRhome appliances according to a specified set of requirements. An HEM system is
designed to be able to intelligently manage and control four types of energy intensive appliances:

an air conditioner (AC) unit, a water heater (WH)lathes dryer (CD), and an electric vehicle

(EV) accordingto theirprd e f i ned priority when a demand | im
consumption. This system enables utility to shape their load profiles.

During a DR event, an HEM receives an exétrdemand limit level (kW) and duration
(hours) signals via an advanced metering infrastructure (AMI) meter. An HEM system is required
to make sure that the total household power demand during a DR event does not exceed that limit.
The HEM algorithm devejoed in P1] is capable of controlling the operation of povigensive
appliances (i.e., AC, WH, CD, and EV) according to their priorities and demand limit, and make
sure that critical loads, such a&rrgerator and computer loads are served.

In order to model multiple homes in a distribution network, random characteristics of
appliances and different usage patterns can be achieved by using the Monte Carlo methods to
sample parameters required for rabilg AC, CD, WH, and EV based on their corresponding
random functions. It should be noted that these pemtensive appliances are modeled @i][

One of he contribution of this dissertation is the Monte Carlo methods to sample different
parameters of@pliances based on their random characteristics and inherited probability density
functions which have not been discusse®j.[

The sample parameters of edgpe of appliances can be obtained using various sampling
techniques such as analytical inversion, numerical inversion, probability mixing method, rejection
technique, as well as numerical evaluation depending upon complexities of density functions. The
procedure of performing each appliance parameters generation is discussed in the following
sections.

B.1 Model an air conditioner (AC)

Base on the AC unit model developed 92][ in order to snulate an AC unit, there are three
main categories of the builh parameters: temperature profile, building structure, and space
cooling characteristic that need to be sampla this work, these parameters are randomized for
different houses in the sandéstribution circuit and the aggregated load profile of a number of
houses developed i8]] is generated.

1. Temperature profile: outdoor temperature (acquired from the National Climatic Data
Center (NCDC) 92]) should bethe same for all house in the same neighborhood. For the indoor
temperature set points (datarn ASHRAE [93]), normally during winter the temperature set
point is approximately 72~76°F + (1~2) °F; during summer the temperature set point is
approximately 8~80°F + (1~2) °F. A normal random functionuised to determine the variation
in temperature set points amoniffetent houses as described below.

Given: a temperature set point as a discrete random variable T (e.g.,
TN[70,71,72,73,74,75,76,77,78]), the population distribution of T is known to be normal with

mean ¢ an,d thatést¥i @ nhe eThusi "Yi h, —=0 . The fundamental
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formulation of Monte Carlo (FFMC) of this discrete random variable gisen as
DQd & D& —,whereb & B 1,0 ¢ isacumulative distribution function (cdf) of
an outcome n of a random vari@hr, ) is a probability density function (pdf) i of a random
variable T,—is a random numbeTmherefore, by generating a random variahléhe n outcome of
its corresponding random variable T can be obtained by selecting a minindunthat is greter
than or equal te-.

2. Building structure: a densityfunction (Fig. 3-5) derivedfrom the data obtained from the
American Housing Surveff4] is used to determinthe variation in floor plan, areas of walls,
areas of ceilings, areas of windows, angdues among different houses in the same distribution
circuit. A homeds floor plan area can be
rejection technigeas shown irFig. 3-6.

+ A floor2 vs. numHouseA_floor
fit 2

1 1 1 1 1 1
500 1000 1500 2000 2500 3000 3500 4000

Fig. 3-5. Floor plan area of American house

x 10" pdfp) and frame pdfman(b-a) versus their ranges {x} et
T T T T T

7 ; . x10 Histogram plot of the sample floor area values for number of sampies = 100000
T T T 7

pdf{x} square footage of house
pdfix) square footage of house
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x (@ =500, b = 4000} eff of rejection is 47 percent x (2 =500, b = 4000

Fig. 3-6. Sample floor plan area of houses using rejection technique (efficiefi¢9o)
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Given: a floor area (ifQ0) as a continuous random variable x (e.gN %500, 4000]), the
probability density function of x is given Fig. 3-5 and derived using the MATLAB curve fitting
tool. In this case the analytical inversion is impractical because a mathematical inverse
formulation o 0 — ] of x cannot be obtained. Insteathe rejection techniques is used as
explained in the steps below.

Stepl: Enclosg @ byaframedl @ & shown inFig. 36.

Step2: Generate two random riogns— and—

Step3: Sample random variable x using & — @ ©

Step4: Accept X i 1) n @
Note: this is the technique that @kirs oo — N are accepted if they are bounded by
N w, otherwise they are rejected. A histagn of the 100,000 samples of x is plot to ensure the
validity of the results. Essentially, this techniqgues sample form the area under the pdf (i.e., cdf).
The efficiency of using this technique can be calculated as.

QQQUO Ut (Eq.31)

After a floor area (x) is sampled, other related parameters of a house structure can be calculated as
follows:
- Type of house: smalb{ ph 1R06), medium plv T TG ofit TWY), large @
oftt TTR0)
- Caling area (ca) = x
- Windows area (wia) 7 o
- Wall area (waa) is calculated from floor area (x) and window area (wia) as follow:
- If @ plx TRO: waa =T W® U Qélse waax WO U QO
- Resistant of wall (rwa) [13, 15])is determined using a unifm random function
- Resistant of ceiling (rca) [38, 60])is determined using a uniform random function
- Resistant of windows (rwa) [1/1.2, 1/0.2]) is determined using a uniform random
function
- Wall height (wh) = 10 feet

3. Space cooling characterigt: usually, the sizing is based on the building floor plan,
activities, occupants and environment. The unit sizing is calculated accord&IHRAE [94] as
follows:

- Refrigeration capacityd ) required in BTU/h of a house is given as:
0 wPp T
- Ratgd power of anvair conditioner in kW is given as:
0 0 Tpmnm
B.2 Model a water heater (WH)
Base on the WH unit model developed 92][ thereare three primargategories of the built

in parameterstemperature profile, water heater characteristic, and hot water usage profile that are
sampled These parameters are randomized for different houses in the same distribution circuit.
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1. Temperature profile: a uniform random function is used to detére the variation in hot
water temperature set points (typical residential hot water temperature set points are between
110°F and 130°F). Tank ambient temperature is assumed to be the same as the room temperature
which can be acquired from the AC unitstisg section. Inlet water temperature is assumed to be
the samc[a9 5as the ground temperature which can be obtained from Soil Climate Analysis Network
(SCAN) [™7].

Given: a hot water temperature set point as a discrete random variable T (ive., T
[110, 111, ¢é,129,130]), the population distribut

min: a, max: b, mean:—, and range: n. Thus a probability density functipdY —. The
fundamental formulation of Monte Carlo (FFMC) ofdhiiscreé random variable is given as
0QD ¢ Ve —,whered ¢ B n,0 ¢ isacumulative distribution function (cdf) of

an outcome n of a random variablerT,is a probability density function (pdf) i of a random
variable T,—is a random numbeTmherefore, by generating a random variahléhe n outcome of
its corresponding random variable T can be obtained by selecting a minindunthat is greater
than or equal te-.

2. Water heater characteristics: a uniform random function is used to detee the
variation in the Rvalues (R12R25), tank sizes (480 gallons), and rated power (4.5, 5.5 kW) of
water heater units. The steps of randomly selecting these values are the same as explained in the
steps to obtain the hot water temperature set pbove.

3. Hot water usage profiles:there are three steps for sampling hot water usage: first, find
when hot water is consumed based on the hot water hourly usage fr&aio®{) which can be
sampled based on the probability density function using the rejection technique depiéte®in
8; Second, find what is the flow rate in gallon/minute (for simplicity, in this study assume flow
rate is fixed atl.50 gallon/minute); Finally, find how long (minutes) hot water has been drawn
(Fig. 39).

% 10'3 Annual Hot Water Use Fraction, Low Use Home w10 Annual Hot Water Use Fraction, High Use Home
T T T T T T 25 T T T T T

25
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Water Usage
Water Usage
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i i 1 I i i i 1] i i 1 ; i i
] 200 400 500 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400
Tirme {miny Time {min)

Fig. 37. Annual hot water use fraction for low use home and high use home
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Fig. 3-8. Sample when water is consumed in low use houséigiduse house using rejection
technique with the efficiencies of 38% and 29% respectively
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Fig. 39. Hot water drawn duration in low use home and high use home

Given: a hot water hourly usage fraction (in mipuas a continuous random variable X, the
probability density function of x is given Fig. 3-7 and derived using the MATLAB curve fitting
tool. The rgection techniges is used to samplariable x as explained in the steps below.



Stepl: Enclos§ @ byaframedl & & shown inFig. 3-8,
Step2: Generate two random numberand-—

Step3: Sample ralom variable x usingg @ - @ ®
Step4: Accept X it 1) n o

Note: this is the technique that all the paii&w — 1) are accepted if they are bounded by

n @, otherwise they are rejected. A histogram of the 100,000 samples of x is plot to ensure the
validity of the results. Essentially, this techniqgues sample form the area under the pdf (i.e., cdf).
The efficiency of using this technique can be calculated as.

A0QQ0 ' QQEmw—  (Eq.32)

Given: a hot water drawn duration D as a discrete random variable (Ne[, D , 2, é, 14,
the probability density function € is shown inFig. 3-9. The fundamental formulation of Monte
Carlo (FFMC) of this discrete random variable is givewd® ¢ © ¢ -, whereu ¢

B n,vu ¢ isacumulative distribution function (cdf) of an outcome n of a random variable D,
N is a probability density function (pdf) i of a random variable -Djs a random number.
Therefore, by generating a random variahléhe n outcome of its correspting random variable

D can be obtained by selecting a minimiing that is greater than @qual to-.

B.3 Model a clothes dryer (CD)

Base on the CD unit model developed94][ there are three builh parameters of the clothes
dryer unit consisting of motor rated power, heating coil rated power, and ruoftdnying level
(assume the same). To simplify the @idel, in this study assume that those three parameters
are the same for all housé$owever, clothes dryer startingnes are sampled based on a normal
distribution with mean and variance are 4 pm and 1 hour respectively.

Given: a CD starting time as asdrete random variable T, the population distribution of T is

known to be normal wi,t that im&aln‘he TrasndYilyar i ance
?'Q . The fundamental formulation of Monte Carlo (FFMC) of tHiscrete random
variable is given asd Q® ¢ D& -, where0 ¢ B 1, 0 ¢ is a cumulative

distribution function (cdf) of an outcome n of a random variablg Tis a probability density
function (pdf) i of a random varidd T, — is a random number. Therefore, dgnerating a random
variable—, the n outcome of its corresponding random variable T can be obtained by selecting a
minimumO ¢ that is greater than or equaHo

B.4 Model an electric vehicle (EV)
Base on the EV unit model developed BP][ there are three categories of the binlt
parameters of an electric vehicle: rated charging poplegin time, and battery state of charge

(SOC) that are needed be sampledTheseparameterare randomized for different houses in the
same distribution circuit
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1. Rated charging power: three popular EV models in the US market are focused in this
study: GM Chevy Volt, Nissan Leaf, and Tesla Roadster. The battmryesergy available, all
electric range, charging power, and the assumed percent share of those models based on their
popularity are presented in tiable 31, anddepictedn Fig. 3-10.

Given: a popular EV model in the U.S. as a discrete random variable M (ire[1M2, 3]), the
probability density functiom ¢ is shown inFig. 310. The fundamental formulation of Monte
Carlo (FFMC) of this discrete random variable is gived®® ¢ © ¢ —, whered &

B 1,0 ¢ isacumulative distribution function (cdf) of an outcome n of a random variable M,
N is a probability density function (pdf) i of a random variable Mjs a random number.
Therefore, by generating a random variahléhe n outcome of its correspting random variable

M can be obtained by selecting a miniming that is greater than or equak-o

Table 31. Popular EV models in the U.S. market

Model Battery Energy All Electric Range Charging Power % shae
Size Available

GM Chevy Volt | 16 kWh 8 kWh 40 miles 3.3 kW 70
(recommended)

Nissan Leaf 24 kWh 19.2 kWh 100 miles 3.3 kw 20
(recommended)

Tesla Roadster | 53 kWh 37.1 kWh 244 miles 9.6 kW 10
(recommended)

Fopular electric vehicel models

o o

~
.
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o
o
T

probability density function
(o] o O
w oo
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o
-

o

1 2 3
Electric wehicle models: 1=Chewy Volt, 2=Nissan leaf, 3=Tesla Roadster

Fig. 3-10. Probability densityfunction of the popular EV models in the U.S. market

2. Plugin Time: a normal random function is used to determine the variatidsV plugin
time with mean and variance of 6 pm and 1 hour respectively.

Given: an EV starting time as a discrete random variable T, the population distribution of T is
known to be nor mal wi, t that im&ain‘he. Thmgnd'Yily ar i ance

M_‘Q . The fundamental formulation of Monte CalBFMC) of this discrete random
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variable is given as) Qd ¢ D& -, wheredD & B 1, 0 ¢ is a cumulative
distribution function (cdf) of an outcome n of a random variablg Tis a probability density
function (pdf) i of a randm variable T is a random number. Therefore, by generating a random
variable—, the n outcome of its corresponding random variable T can be obtained by selecting a
minimum0 ¢ that is greater than or equaHo

3. Battery State of Charge (SOC):the daily drivingdistances data or American driving
pattern curve, shown iRig. 311, is used to determine the battery SOC of an EV.

Given: a daily driving distance (in mile) aglescrete random variable D. The probability density
functionr) € is shown inFig. 3-11. The fundamental formulation of Monte Carlo (FFMC) of this
discrete random variable is given @sQ®d ¢ ¢ -, where0¢ B n,0¢ isa
cumulative distributionudnction (cdf) of an outcome n of a random variablg)Ds a probability
densiy function (pdf) i of a random variable B,is a random number. Therefore, by generating a
random variable-, the n outcome of its corresponding random variable D can be obtained by
selecting a minimund ¢ that is greater than or equaHo

Aftera daily driving distance (D) i's obtained,
follows.

YOO —— pnnb (Eqg. 33
Where,

SOC : state of charge of an EV (%)
Y®e "QQ :all electric range of an EV (mile)
O . dalily driving distance (mile)

Therefore time to fully charge an EV (in minute) from the previous calculated SOC is calculated
as:

Yoo p YO OO———— p 1t (Eq. 34
Where,
Y p : time to fully charge an EV to 100% SOC (minute)
Ow  : battery size of an EV in (kWh)
0 . charging power of an EV in (kW)
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Fig. 311. American driving pattern curve
B.5 Model critical loads
Critical loads data are acquired from the RELOAD datal®2le [
B.6 Sample parameters obtaining from the previously described sampling techniques
Table 32 illustrates sampled parameters of homes characteristics and their corresponding
parameters of powentensive appliances obtained from the samptechniques discussed in

SectionA.2.1 to A.2.5. In addition, homeowners can also set their preferences as shown below.

Table322.House attributes and home owner so

Home 1 Home 2 Home 3
(HA1,HEM1) (HA2,HEM2) (HA3,HEM3)
Home parameters:
- 1D 950009001 950009002 950009003
- size small (1,500Q0) | medium (2,500Q0) | small (1,500Q0)
- Elec. panel size 125 A 225 A 125 A
- Voltage rating 120/240 V 120/240 V 120/240V
- Status true True true
- season summer summer summer
- weather sunny Sunny sunny
Appliances ratings and customer preference setting:
1. WH 3.8 kW, p=2, @4.5kW, p=2, 12@1( off
1208100 k¢]
2. AC 1.92 kW, p=1, 2.6 kW, p=1, 1.92 kW, p=1,
760 @0 760 @0 801t @Q
3.CD 2.88 kW, p=3, 4.9 kW,p=3, off
start 17:00 start 16:50
4. EV - 3.3kW, p=4 -
start 16:30
Assumptions:
Residents (N) |  4people | 3 people | 2 people
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C. Data Flow Diagram of the Proposed SDTM

Fig. 3-12illustrates interactions between relevant actors, systems and technologies required to
achieve the specific goal of the proposed SDTM application.

The objective, actors and scenarios @escribed in more detail below, which manifest how

the proposed MAS performs during a DR event:
1) Objective:The objective of the proposed SDTM application is to reduce instantaneous

power demand (kW) at a distribution transformer during a system sies#icn or when a

distribution transformer is overloaded.
2) Actors:Relevant actors include DR aggregator (DR AGG), distribution transformer, home,

and DRenabled appliances, such as air conditioner (AC), water heater (WH), clothes dryer (CD),
and eleatic vehicle (EV).

Distribution Legend:
DRAGG N FAN | [ ] actor
_ oogateway L — dataflow
.__( L 1 FAN [ ' .
C_ Field Area Net""o“k---\i__g_qt_e_w.g-'ay _____ p——— commun!catfon gateway
e o ) € b communication network
— [ =] | i 2-way AMI meter
Distribution Transformer 4 Tﬁ; ': O i Appliance
|'. "z, !
[ 2]
| = |
/Y
Custom ;2 Way | Custom [ 2Ty ! Custom Iy
Cac | | Meter | T ac \ | Meter | e Meter
HEM HEM HEM
wH | | D | | EV | "wH | ! ¢ | | EV | "WwE | | o | | EV |

Fig. 312 Data flow diagram of the proposed SDTM

3) Scenarios: These include chronological order of steps to implement SDTM during a DR
event. A DR event may occur (a) during a system stress condéign loss of generators or
transmission lines, weatheglated severe increase in system peak loads, highly fluctuated power
generation from intermittent sources like solar or wjimat)(b) because of distribution transformer
overloading (e.g., coincidesharging of multiple EVS).

3.1 In case of a DR event happens due to a system stress condition, a distribution transformer
receives a reliability signal from a DR AGG over a field area network (FAN) via a FAN gateway
requesting to keep its power demandokeh certain level during a DR event. In case of a DR
event happens due to an overloading condition of a distribution transformer, the transformer
assesses its loading capability and tries to keep a power demand below that capability to minimize
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theimpact o a transformeros | ife.

3.2 A distribution transformer informs all of its connected homes over an AMI network via a
FAN gateway about a DR event and asks participating homes (via HEMSs) to reduce their power
demand accordingly.

3.3 Atfter receiving a ragest through a twavay AMI meter, participating homes reduce their
electricity usage through an automated DR (via HEM) that manages energy consumption of
selected DRenabled appliances.

Related assumptions for the proposed SDTM system are as follovedt ¢thtrolled devices
(e.g., transformer, HEM, appliances) are IP enabled and capable of communicating with one
another. This can be facilitated by wireless communications using TCP/IP pr&dcairfid (2) it
is assumed that there is no communicatiorugison during a DR event.

Although the SDTM architecture presented focuses mainly on there3 splitphase
distribution system being widely used in the United States, the proposed algorithm can be adopted
for use with any network configuratioris. termsof scalability, the proposed SDTM can be easily
expanded to manage power demand at a distribution feeder level or at a distribution substation
level. The power demand management goals during a DR event can be archived by the similar
approach accounting rfocable/line constraint, distribution transformer constraints as well as
voltage level constraint, etc.

3.2.2 SDTM Cyber Layer: MAS development

MAS, developed using the Java Agent Development Framework (JAZHE)platform, is
developed as the cyber layef the proposed SDTM. MAS ceists of multiple distributed
intelligent agents residing at their corresponding physical devices. The detgikshation on
MAS architecture and design is given in this section, including the proposed agent architecture,
agent behavior design, agent knowledge representation, agent ontology, as well as communication
and negotiation processes among agents duridig avent. This agertased platform serves as a
host to implement the proposed DR algorithm discussed in Section 3.3.

A. Agent Architecture

The proposed MAS architecture comprises two types of agents: a transformer agent (TRA)
and a home agent (HA). A TRresides at a distribution transformer and a HA resides at each
home. The detail description of each type of agents is given as follows.

A.1 Transformeragent (TRA: A TRA is designed to be able to monitor and assess the operating

state of a distributio transformer (i.e., normal or emergency). This can be accomplished by
acquiring knowledge from a DR AGG and its associated HAs, as well as sensing its voltage and
current i nformati on. Wh e n detecting a change
emegency condition, the TRA will make an attempt to reduce its total power demand. This is
carried out by working and collaborating with its associated HAg. 313 depicts the TRA
architecture as a stabased agent.
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TRA
Per =see(e) Ag:RE - Ac Ac={apa;..}

I = next(Per)

E ={egey...} , T: R4 = p(E)

Fig. 313. TRA architecture

The explanation of a TRA architecture is given as follows.

Environment F= a a continuous environment of a TRA is modeled as a finite set of

discrete environment stat€s ‘QHQM HQ . The formal form of a TRA environment is given
asO¢ 0  OKQRY . The environment E changes dynamically according to a stsformer
“Ythat maps a run of agent actidh to next possible environment stédteO . Q N ‘Ois an initial
state of TRA environment.

The construction of any TRA environment state i denote@ yydefined as
Q  FOYR QE0d BRI @~ O

Where O 'Y "Q&d ¢ 'Q& ‘@Qé agentnteraction and noagentinteraction parameters as
given inTable 33.

Table 33. TRA environment identification parameters
Agentinteraction parameters Non-agentinteraction parameters
1. DR event (DRe) = {DL (kW), DR| 1. Time {t (min)}
event periodmin)}
2. Agent message (Agm) = {Sende 2. Electrical parameters (Elec) = {instantaneol
Performative, Ontology, Content} | hower demandl , kW), accumulated energy
consumption (E, kWh)}

Perception ||- m)>after a TRA sees an environme@tt O, it mapsQ to a perceptio) N
0 ‘Qibased on its knowledge on environments’QQ © 0 , whered Qiis a set of TRA
perception® Qi 0 ) M M . The main criteria to differentiate perceptiagay considering

a situation whether or not a DR event happens in a system. The construction of any TRA

perceptiorD is defined as:

TRAGs criteria to identify its perc:
1: fQ oHO'YQE 6lmdaQaoa Q

2: 1 Q@ O 0 0,whered is a default perception such that there is no DF
3: event in the system.

4: Else

i QDO 0 AOYR Q0N BELINi M~ b Qi
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For instance,

If & = [0, {null,null}, { null,null,null,null}, {15.3,0}], i 'QQ © 0§ . This implies that at the
initial environment (8, the TRA sees the default perception, i.e., no DRteven

If e3=[10.00, {16,120}, PR Aggregator, REQUEST, DROntology, DR eyg20.7, 3.57}],
i Q@ O (. This implies that a TRA receivesREQUESTmessage from a DR AGG, a TRA
then perceives that a DR event has occurred.

If es = [10.12,{16,120},{HA, AGREE DROntology, DR participation}, {19.67,3.72}],
i QO O 0. This implies that a TRA receives &GREEmessage from an HA, a TRA then
perceives that the HA is willing to participate in a DR event.

Next state function (next)a TRA internal state i denoted Ky¥ "Os changed regarding its
previous staté) and its current perceptian, thusQ 0 © Q where'Gs a set bfeasible

internal states of a TRA.he construction of any TRA internal st8s defined as:
Q0 QYo ©OMIYR "Qanmi @y O
WhereU YO w0 Ris an operating state either HfAnor me
transformer. The TRA internal state is changed by using the next state function which has the
following formal form:

EQad I | QQ ©° QwhereiQ N O

For instance, letQ & ¢ i dadie @ dand’'Q 0d Qi "Q63 YWEK'Q4, given QRQ
and'Q:

EQa@d QR ©° 0
EQa@d | QD ©° 0
EQa@d | QR ©° 0

Agent action =4k An agent actioris a set of available agent actiojiso | h R . It
defines the capability of an agent that reacts to an external environment or other agents in pursuit
of its own goal(s). For a mutgent system, an agent environment can ohawgn without an
agent interaction. Hence, let denotes an action that an agent does nothing. In this paper, the set
of available TRA actions for a DR applicatiomiso | h h
Where,

| :do nothing

| :acknowledge a DR event notified byp&® AGG

| : allocate demand limit (DL) to an HA based on the proposed DR algorithm discussed in
the next part.

Theoretically, these available actions determine TRA behaviors (to be described in Section
IV.B). Working in its environment, a TRA choosesamtion to perform based on its current state
‘Qand available actionsc. The action function of a TRA is given as:

DOo T EOOO QB | QQ ©° |
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whergl N 8 @

For instance (give@Q andQ from 1.2),
OGO ROXM QO O |
Moo VL QQ O |
Mo VOIB QQ O |

Agent control loop: manifest steps in which an agent responds and reacts to an external
environment and other agemisring a DR event. The control loop of a sthssed TRA is shown
as follows:

TRA control loop

1: TRA initializes to an initial internal states

Repeat Steps 2 to 5 until a DR event ends.

2: TRA observes environment stafe then generates a perception from
i Qo {.

3: TRA updates internal sta@viat Qcd i QQ © Q

4: TRA selects action to perform Viah o QXD i QQ 0 |

5: TRA performs the selected action.

A.2 Home Agent (HA):An HA resides at a home providing an interface with a TRA via a
gateway (e.g., a dedicated electronics device or a smart meter) and coordinates with an HEM
using TCP/IP communications. Specifically, an HA is designed to respond Roewdht notified

by a TRA. An HA acts to ensure that the instantaneous power demand of the associated home
does not exceed a given DL during a DR event period. As an HA receives a DR event signal, it
attempts to reduce the household power demand by workitig its associated HEM. The
proposed HA is a purely reactive agent. Its architecture is depickeg. 8 14.

HA
Per =see(e) Ag:RE - Ac Ac={apa;..}

see action

Pttt e
Fig. 314. HA architecture

Detailed description of the HA architecture is given below:

Environment = o a continuous environment of an HA is modeled as a finite set of
discrete environment stat€s ‘QhQM KQ . The formal form of an HA environment is given
as O¢ 0 'OQRY . The environment @ changes dynamically according to a state
transformer’Ythat maps a run of agent actidh to next possible environment stdteO . ‘Q N
Ois the initial state of the HA environmenfThe construction of any HA environment state i
denoted byQ is defined as:
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Q  JOYR Q06 AR @~ O

Where O YR "Q&d ¢ Q& ‘@Qe ageninteraction and noagentinteraction parameters as
given inTable 34 below.

Table 34. HA environment identification parameters
Agentinteraction parameter; Non-agentinteraction parameters
1. DR event (DRe) = {DL 1. Time (t, min)

(kW), DR eveniperiod

(min)}

2. Agent message (Agm) = | 2. Electrical parameters (Elec) =
{Sender, Performative, {instantaneous power demand (
Ontology, Content} kW), accumulated energy

consumption (E, kWh)}

Perception || g)»after an HA sees an environmédt® O, it mapsQ to a perceptiord ™
0 Qibased on its knowledge on environmentsQ®@ © 0 , where0 Qiis a set of HA
perception® Qi 0 M B M) . The construction of any HA perceptidnis defined as:

HAG6s criteria to identify i
1:1fQ dOYQE Q@ QBYQE @I Q¢ 1 ADO
2:"YY8Y 00 "YTOGYQ &

3 1 Q0O 0 0 ,whered is a default perception suct
4 that there is no DR event in the system.

5: Else . 3 3 . N
6: i QO O p OHO'YR "QB0 & BN i QN O

For instance,

fQ mhéeoddhdomdd did d dodn ,i QQ © 0 .Thisimplies that at the
initial environment (g), an HA sees the default perception, i.e., no DR event.

fQ pBithit ot d dAYBYOO YDY'Y
0O'Y0) ¢ 0 éRDFOVNB U tpg T, | 'QQ © 0. This implies that an HA receds a
REQUESTmessage from a TRA, a HA then perceives that a DR event has occurred.

fQ p@®hod fpc fit o D@ dE D dn &
o8 & v,i 'QQ © O . This implies that an HA has received a DL with a DR event period
from a TRA.

Agent action = 3t the set of available HA actions specifically for a DR applicatiot &
| h h
Where,

| :do nothing

| :respond to a DR event notified by a TRA

| :send control signal, DL, to an HEM

These available actions determine behaviors of an HA (to be described in detailed in Section

IV(B)). Working in its environment, an HA chooses an action to perform based on its current
perception® ‘Qand available actions A® ‘Q® 6 & The actiorfunction of an HA is given as:
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OO NERD  ©

For instance (give@Q andQ from 2.2),

GHO NI © |
OHo DD O |
OHo NI © |

,wherg N O ®

Agent control loop:of a purelyreactive HA agent is shown as follows:

HA control loop

Loop Steps 1 to 3 forever: .
1: HA observes environment staie then generates a perceptiol

fromi QQ@ © {

2: HA selects an action via 0 0 Q&30 © |
3: HA performs theselected action

B. Agent Behavior Design

One of the most important steps of designing MAS is to design agent behaviors. Fundamentally,

behaviors of an agent are its abilities to react to changes in its external environment as well as its
neighboring entities in pursuit of a system goal(s) oouts goal(s). The agent class diagram
showing the proposed agents and their related behaviors is depiBigd3rl5 and summarized

in Table 35.

<=Java Class=>>
(@ DRActivator
agents

«<<Java Class==
©Filter
agents

& Filter()

@ action():void

\

<«Java Class>>
® UsefulAgentMethods
macsimjx

&FUsefulsgentMethods()

@ createAgent(String, String,int)void

@ registerAgent{Agent. String[]. String[])-void

@ contactAgent(AID,String):void

@ contactSenice(Agent, String, String.int: AlD[]

@ countSubscribingAgents{Agent, String):int

@ seniceSubscription{Agent, String,AlD)void

@ getAgentlDsOfSenvice(Agent, String)-AlID[]

@ sendServiceObject(AID[], String, Serializable)void

@ replyToAgent(AID, String)-void

@ sendObject(AlD, String. Serializable):void

<<Java Class=»
©TRA
agents

<«Java Class=>
@Filter

agents

B Filter()

@ action():void

{

& DRActivator()
@ action():void
@ done():boolean

&TRA()
< setup()-void

<<Java Class>>
GHA
agents

<=Java Class>>

(®DRResponder

FHA()
< setup()void

agents
& DRResponder()

< finishUpdateDataThenReplyAgentCoordinator():void

< takeDown()-void

< finishUpdateDataThenReplyAgentCoordinator()void
< takeDown(AID):void

S

@ action()void

<<Java Class=>

<=Java Class>>

<<Java Class>>

<<Java Class>> <<Java Class>>

<=Java Class>>

@ action():void

@ action()-void @ action()void

Fig. 315. T h e

agent 6s

(©DRResponder (© OfferRequestServer @ DLResponder| |©@DLRequester @ ControlPerformer ®RequestPerformer
agents agents agents agents agents agents
& DRResponder() £ OfferRequestSemver() & DLResponder() & DLRequester() & ControlPerformer() ERequestPerformer()

@ action()void
@ done():boolean

@ action(}:void
@ done():boolean

@ action():void
@ done():boolean

class di

agram

showi

3-20

ng



Table 35. MAS behavior description

Behaviors Send Message Receive Message Description
Filter -Receiver fAAgent d-Sender fiAgent Coor ¢ Agent updates its knowledge of a pow|
-Per f or WBRAQRMY ;e A -Per f or WBQRMy e fi distribution system through communicatig
-Conversation ID|-Conversation | D #f\Ql with the AgentCoordinator agen
ProcessingCompl et Dat aAmended/ Shut t| Specifically,noragentinteraction parameter
-Content iAgent 6s | ofanagent environment are kept updated.
DRActivator -Receiverafiéowagel -Sender- Alyewemgent ¢ Agent notifies all corresponding lowyer
(FIPA Request -Per f or REQUESDe 0 -Per f or AGREE/REEFUSE agents about a DR eventhen requestg
Interaction -Ont ol ogy ADRONto -Ont ol ogy ADRONt ol ¢ participating agents to respond to the ev
Protocol) -Conversati ofiype:D | -Conver sat i oflype: bisf [ accordingly. Specifically, an agent updat
this agendType: lowerl ay er a| agentType:lowerl ay er agenfits corresponding lowdayer agent
- Content -Content fAAcknowl eq environment by exchanging their ager
ARequest RespondD interaction parameters.
DRResponder -Received ayrirglagre -Sender -lfialyiegh earg e nt | Agent responds to a DR event notified by
(FIPA Request -Per f or AGREE/REEFUSE -Per f or REQUESDHe A higherlayer gent. If an agent participates i
Interaction -Ont ol ogy ADRONtol -Ont ol ogy fADRONt ol o{ aDR program, it sends a response mes§
Protocol) -Conversatioflype:D | -Conver sati oflype:D A [ with AGREE performative back to thg
higherlayeragenfTy p e: t hi| higherlayeragentTy pe: t hi s| higherlayer agent. Otherwise, an agent se
-Content fAAcknowl|-Content fRequest H a response message WwithREFUSE
performative. The decision making proce|
and contents of sendingné receiving
messages depend on the proposed
algorithms.
OfferRequestServer| -Recei verafieowage| -Sender-l alyeweragent ( Based onthe FIPA Contract Net Protocol,
(FIPA ContractNet | -Per f or @Pd i ve 0 -Per f or RROPOSERERUSE agent contacts and collaborates with
Interaction -Ont ol ogy ADRONtol -Ont ol ogy fADRONt ol ¢ participating loweflayer agents who takg
Protocol) -ConversationTypedd | -Conversation | B Al partina DR program. It, then, allocates [
this agendType:lowerl ay er a| Type:this agenType: lowerl ay er to each lowellayer agent. The decisio
Content ACFPDLRe(-Content #@Propose DL| making process and otents of sending an
/I OR /Il OR receiving messages depend on the propg
-Receiverafiéowagel -Sender-l Alyewemgent ( DRalgorithms.
-Per f or AGCERTVve 0 -Per f or WRQRMD@NEH
PROPOSAL/ REJECT POROPOSAl FAILURED
-Ont ol ogy ADRONt o -Ont ol ogy ADRONt ol ¢
- Conversation ID -Conversation | DADL
A DL ac c e ptTydelthiseagemt ( Type: this agenType: lowerl ay er
Type:lowerl ayer agent| -Contenti DoneDRI mpl eme
-Content AAIllocat
RequestPerformer | -Recei ved afyrirglagre -Sender -Ifahyiegh earg e nt | Agent negotiates with a hightayer agent
(FIPA Contract Net | -Per f or RROPOSERERUSE | -Per f or @RPb i ve fi for an allocated DL during a DR event. TH
Interaction -Ont ol ogy ADRONt o -Ont ol ogy ADRONt ol ¢ decision making process and contents
Protocol) -Conversation I DLr eques| -Conver sati on-TypeD f [ sending and receiving messages depend
Type: this agenType: higherayer higherlayer agenT y p e : t hi s | the proposed DR algorithms.
agento -Content fA€eBPDODLReql|

-Content APropose

ControlPerformer
(FIPA Contract Net

-Recei ved afyleirglagr
-Per f or INRQRMD@NEARA

-Sender -lfalyiegh eargent
-Per f or AGCERPTWROPDSAL/

Agent passes the received DL levebrfr a
higherlayer agent to its corresponding HEN

Interaction FAILUREO REJECT PROPOSAL The decision making process and contentg
Protocol) -Ont ol ogy ADRONt o -Ont ol ogy ADRONt ol d sending and receiving messages depend
- Conversation ID -Conversation | D-fl theproposed DR algorithm.
ADLac ceptTydelhighed e ( Type: higherayeragenT y pe: t
layeragenTy pe: this g-Content H@AAll ocat el
-Content DLiRecei ve
DLRequester -Recei ved afyeirglagr -Sender -lfalyiegh earg e nt | During a DR event, based on a lowayer
(FIPA Request| -Per f or REQUESHe i -Per f or AGREE/REEFUSE agent o6s belief abo
Interaction -Ont ol ogy ADRONto -Ontol ogy fADRONt ol ¢ requirement, an agent dynamically reques|
Protocol) -Conversation |I-D | -Converati on | D f NepeD| newDL level fom a highedayer agent. For
Type: higherlayer agenfType: this higherlayeragentT y pe: t hi s | example, an HA sends a new request fo
agento -Content i Acknowl ¢ higher demand limit when it believes th
-Content ARequest home power demand requirement
ascending.
DLResponder -Receivelrafiéeowagel -Sender-l alyewemgent ( Agentresponds to a DL level request from|
(FIPA Request| -Per f or AGREE/REECUSE -Per f or REQUESHe lower-layer agent during a DR event. F
Interaction -Ont ol ogy ADRONnto Ont ol ogy ADRONt ol o| example, after a TRA recgs a new DL
Protocol) -Conversation I-D |[-Conversati on I-Typef N request from an HA, it will try to allocatq
Type: lowerlayer ageniType: this lower-layeragentT y pe: t hi s | new DL levels to homes according to t

agent o - Content

AAcknowl edgeDLRe

-Content AfRequest

proposed DR algorithms.
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C. Agent Knowledge Modeling

As there are some common behaviors among agents, a knowledge base is used as a collection
of agent behaviors that provides common behaviors as well as specific behaviors for each type of
agent depending on available agent actidiedle 3-6 summarizes attributes that TR#d HA
inherit or need to acquire by exchanging messages with one another and its external environment.

Table 36. Agent attributes

Attributes | Value | Attribute Value
TRA
-ID String -DL Double (kW)
- AID AID - DL fair Double (kW)
- Rating Double(kVA) | - DL updating time Integer (min)
- Voltage ratio Double - Connected homes Integer
- Configuration (A,B,C-N) - HA IDs ID*
- Priority Integer - HA AIDs AID*
- Loading capability Double (kW) | - HA status Boolean*
- Operating state String - HA elec. panel size Integer(A)*
- Service type String - HA priority Integer*
- DR event Boolean - HA DL request Double(kW)*
- Demand (P) Double (kW) | - HA DRKP Double*
- Energy (E) Double(kwh) | - HA DL fair Double(kW)*
HA
-ID String - Max. demand{{ Double (kW)
- AID AID - Avg. demand{ Double (kW)
- Elec. panel size Double(A) - Max critical load Double

I

- Voltage rating Double (V) - DL request Double(kW)*
- Status Boolean - DRKP Double*
- Priority Integer - TRA IDs ID
- DR event Boolean - TRA AIDs AID
- Demand (P) Double (kW) | - TRA status Boolean
- Energy (E) Double (kwh) | - DL Double (kW)

Note: *indicates an array of that data type.
D. Agent Ontology Creation

As each agent has different knowledge about their interests and functionalities, ontology
provides the way in which common understanding (semantics of knowledge) can be shared
among agentsConforming to the Foundation of Intelligent Physical Agents (FIPA) standards
[98], agents communicate and update their knowledge by exchanging -R@GA (Agent
Communication Language) messages. These messages specify ontology that describes the
structured rassage content expressed by FIBIAlanguage. Generally, an ontology is domain
specific,i.e., it works partiularly with a certain set of agents in a certain environment. In this
paper, the ontology created for sharing information and common understanabmg TRAs and
HAs for a DR implementation Fig 31l6aThreecedseniiadD ROnt o
elements of DRONtology amnceptspredicates andagentactions

Conceptsare expressions used to represent entities with a complex structure defined in terms
of their attributes. Typically, concepts alone are not used directly as the content of an ACL
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message. Instead, they are referenced inside predicgesd, actions, or other concepts. In this
study, there are two concepts: the transformer concept for a TRA and the home concept for an
HA. Each concept has its associated-sobcepts with respect to its attributes. The transformer
concept has ID, DR EvenDL Fair, DL Allocation, and Penalty Factor as sudncepts. The

home concept has ID, Electrical Characteristics, Priority, DR Participation, DL Request, demand
restrike potential (DRKP) as suoncepts.

Predicatesare expressions that indicate the eatrstatus of an agent environment and can be
either true or false. The DROnNtology comprises four predicates as follows:

P1: AcknowledgeDREvent is used by the DRResponder behavior (Shown in Fig. 6) of a TRA
or an HA as the content of AGREE/REFUSHEnessige to acknowledge a DR event notification
and to provide initial information about itself to a higteyer entity (DR AGG or TRA). The
AcknowledgeDREvenpredicate message is expressed as:

(AcknowledgeDREven(this agent: ID) (highelayer agent: ID) this agent: Electrical
Characteristics) (this agent: Priority) (this agent: DL Request) (this agent: DRKP))

P22.ReceiveDL is used by the HAOGs Control Perf

content of anNFORM-DONE message to inform a TRA that an HAshalready received DL.
TheReceiveDlpredicate is expressed as:

(ReceiveDLU(this agent: ID) (highefayer agent: ID))

P3: DoneDRImplementation is used by the DRResponder behavior as the content of an
INFORM-DONE message to inform a high&yer entity (DR AGG or TRA) that the DR
implementation at an agent (TRA or HA) during a DR event period has completed. The
DoneDRImplementation is expressed as:

(DoneDRImplementatiofhigherlayer agent: 1D) (lower layer agent: ID))

PA4:AcknowledgeDLRequest: is used by the TRAOGsS
an AGREE/REFUSE message to acknowledge a DL request sent by a HA. The
AcknowledgeDLRequegtedicate is expressed: as

(AcknowledgeDLReque@his agent: ID) (lowetayer agent: ID))

Agent actionsare special concepts indicating actions that can be performed by either a TRA
or an HA. The DROntology consists of the following five agent actions:

Al: RequestRespondDREveints used by the TRAOGs DRActivato
as the content of REQUESTmessage to notify a DR event and acquire initial information from
its associated HAS he RequestRespondDREvagent action is expressed as:

(RequestRespondDREVdttiis agent: ID) (lowetayer agent: ID) (this agent: DR Event))
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A2: CFPDLRequest s used by the TRAOGs Offer Request Se
call for proposalCFP) message. ThEFPDLRequeshgent action is expressed as:

(CFPDLRequestthis agent: ID) (lowetayer agent: ID) (this agent: DL Fair) (this agent: DL
Allocation))

A3: ProposeDLRequests used by the HAO6s RequestPerforr
PROPOSHNessage. ThEeroposeDLRequesigent action is expressad:

(ProposeDLRequegthis agent: ID) (highefayer agent: ID) (this agent: DL Request) (this
agent: DRKP))

A4: AllocateDLi s used by the TRAOGOs OfferRequest Ser
ACCEPT/REJECT_PROPOSAiessage. ThallocateDLagent action is expressed as:

(AllocateDL(this agent: ID) (lowetayer agentID) (this agent: DL Allocation))

A5: RequestNewDLi s used by the HAG s DLRequester b
REQUESTmessage. ThRequestNewDhgent action is expressed as

(RequestNewDl[this agent: ID) (highetayer agentID) (( ' JO0YQn 6)Ri o
ID
—{ Transformer | DL Fair

DL Allocation
—| Penalty Factor
D]
Electrical Characteristics
Priority
Home }— DR Participation
DL Request
DERKP

DROntology

— AcknowledgeDREvent |—{TRA HA|

Predicates } ReceiveDL |—TRA, HA|
+——{ DoneDRImplementation |—{TRA, HA|
L[ AcknowledgeDLRequest — TRA |

RequestRespondDREvent |— TRA

——Agent Actions— CFPDLRequest —1TRA
ProposeDLRequest —{ HA |

AllocateDL — TRA
] RequestNewDL 1 HA

Fig. 316. DROnNtology for the proposed SDTM
E. Agent Communication and Negotiation Process
Communications between agents are required if an agent(s) cannot solve a given problem(s)

solely by using its own knowledge, or if an agent need to observe its external environment via
other agents. By working together, agents can accomplish the system Agent
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communications are essential in order to exchange knowledge among agents according to their
behaviors and the designed ontology. Two FIPA interaction protocols used in communications
and negotiations among a TRA and HAs are the FIPA Requestdimer&rotocol and the FIPA
Contract Net Interaction Protocol. During a DR event, interactions among agents of the proposed
STDM system are manifested using the sequence diagrams showiigg 3117. The descriptive

detail of agents interactions are given below.

Step 1:During a normal condition, a TRA and HAs update their knowledge about their
external environments (power distribution system) from the AgentCoordinator (AgentCo) using
the Filter behavior.

Step 2:As a DR event occurs in the system, a DRRespondefM&Aareceives a DR event
notification from a DR AGG. The TRA then assesses the operating state of the associated
transformer. If the transformer is still in a normal operating state, the TRA will be prompt to carry
out a DR implementation whenever it opergt state condition changes from normal to
emergency. However, if the transformer operating state is emergency, the TRA will immediately
send aREQUESTmessage (RequestRespondDREvent) to all of its corresponding HAs to locate
participating homes during aRDevent.

Step 3:After the associated HAs receive requests from a TRA, HAs respond back by sending
anAGREEmessage (AcknowledgeDREvent) performed by the DRResponder behavior.

Step 4:After a TRA receive AGREEmessages from all HAs, it sends backP messages
(CFPDLRequestio all participating HAs.

Step 5:Each participating HA sends baclPROPOSHnessage (ProposeDLRequest).

Step 6:Based on the proposed DR algorithm (discussed in the companion paper), a TRA
notifies all participating HAs of thelDL during a DR event by sending ACCEPT PROPOSAL
message (AllocateDL).

Step 7:As soon as an HA receives a DL level, it communicates and sends a control signal
specifying this DL to a HEM to control selected powensive appliances. The HEM then
ensues that the total household power consumption does not exceed a given DL level during a
DR event. Subsequently, it sendsIBFORM-DONE message (ReceiveDL) back to a TRA.

Step 8:If an HA belief about its power demand requirement changes during a DR, éve
will dynamically request a new DL level by sendin@BQUESTmessagéRequestNewDLJo a
TRA.

Step 9:A TRA responds to a DL level request from an HA by sending B&REE/REFUSE
message (AcknowledgeDL Request). Then, a TRA allocates new DL levels to participating
homes by repeating steps 4 to 7.

Step 10: At the end of a DR event, all HAs send dNFORMDONE message

(DoneDRImplementation) back to a TRA. Likewise, a TRA sends laackNFORM-DONE
message (DoneDRImplementation) back to a DR AGG.
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Fig. 317. Sequence diagram of the proposed MAS

3.3 Algorithms for DR Implementation in Residentidlomes

Based on the literature search, there is still ldek of extensive studies on load reshape
assurance at a distribution transformer level thaegy@nduse customerflexibility to control
their appliances. In addition, the adverse impact of a DR event, e.g., transformer overload causing
by a demand reske (DRK) have not been addressed. To tackle these issues, the proposed
algorithm has the following objectives: (1) ensuras instantaneous power demand at a
distribution transformer below a certain DL level (kW); (2) minimizes the potential impact of
DRK at a distribution transformer; and (3) prevents or mitigate customer comfort violations.

It is assumed that a DR event has occurredaablR AGGassigns a Dlanda DR event
duration (hours) to selected distribution transformers. The proposed DR algittevised and
implemented at &R level via a transformer agent (TRA), at the home level via a home agent
(HA), and at the appliance level via HEM.
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331Transformer Agent (TRA)OGs Goal s

A TRA | ocated at a TR acts in pursuit of
objectives are:

1) To keep a total instantaneous power demand at & TRIQ® below a certain DL level
during a DR event. This paper defines two operating sta@soT R as finor mal 06 and
based on the following constraints.

0 0r 6N (Eq. 35)
0 00 o (Eq. 36)

Where,0 j is aninstantaneous power demand of ho@el . N is a number of homeserved
byaTRO wnis a TRO6s | o@l ion gis acdanmaddimifkW)tgiyen to a TRA
by a DR AGG.

A TR is in a normal operating state when none of the above aonistare violated; while it
is in an emergency operating state when at least one constraint is vittlatexild be noted that
this study is based on the assumption that the voltage level at a TR varies within an acceptable
limit specified by ANSI C84.199].

2) To minimize the demand restrike potentiad potential rebound power demand at a TR
level (OY U 0, kWh). This is to mitigate impact aindesired new peak demand (DRK) at a TR
after a DR event ends. TI@'Y U U is mathematically defined as:

oYU b 5, 0 qo (Ea3D)

Where,0  is a similarday historical load profile of a TRBuring the same period as a DR
event.o is a DR event start time is a DR event end time. As an actuedumed
power demand of a TRuring the same perlod as a DR ev@nt i, 7 is unknown0d { is
used with the assumption that homeowners maintain their typlcal behaviors for the same day type
(weekday/weekend) with similar weather conditioi®.Y 0 U serves as a basis to estimate
impacts of DRK as actual required power demands of homes muogltte fulfilled during a DR
event. Explicitly, some appliances might not be able to run as limited DL levels are imposed on
homes.

332Home Agent (HA)G6s Goal s

An HA acts in pursuit of homeowneréds goal s.
an HA works cooperatively with its associated TRA in response to a DR event. In this study,
homeowner s goal s ar e: (1) To a3 sooking and pglug t cri
|l oads) are served at al | ti me; (2) To mitigat

deviations of room temperature and hot water temperature from their preset values; and (3) To
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minimize load compensation times of selectedpliances due to delay from appliances
rescheduling.

3.3.3The Overall DR Algorithm and Message Exchanges between the TRA and HAs

TRA
DRAGS HAjen
Start
DR R_EQI.FST 'A
1. Wait for
DR message s 1. Wait for
__________ TRA (DR message
-7 AGREE/REFUSE
/ ————————— TRA 2. Prepare to participate and
4 - PO, —»|respond to a DR event accordingly
DR REQUEST _ -~ (= i TRA N
[3. Send requests to all underlying HAsf- ===~~~ AR v
HAL...N o A 3. Decision making
e 1 PROPOSE 3.1 Form initial knowledge from TRA
4. Acquire and construct initial knowledge from all HAs\%; HA 1 ,/ ______ 3.2 Propose DL Request based on a
4.1 Receive participation messages from all HAs 5 o s = TRA received knowledge from TRA
4.2 Construct initial knowledge from HAs CFP St i 3.3 Update relationship of DRKP and DL
4.3 Minimize expected DRKP yielding a tentative ---" ) !
control signal for all HAs HAL...N _’ 4 [:)I;OR'M
| -7l o em=== TRA 4. Receive control H,
W e 4 il iy o = -’\' ; NI signal from TRA, then ,> HEM
5. Decision making (DL allocation process) HAl AL il I FOR'W'DQ‘_E; pass it to HEM
5.1 Construct new knowledge based on all proposed | 4CC El’7 Pqup_?‘z s g ;
DL requests, then minimize expected DRKP HA L. ___\_; _rad
5.2 Allocate DL to all HAs _ _’_ '_ _______

6. Update new DL levels based upon request from HA(s)\ «

6.1 Check if HA request for updating new DL level HAjiEN SE -

6.2 Evaluate penalty factors of HAs, then TRA send 1_(!_""_"_{_"_[{( ______ e T T e

reply back to requested HA(s) HA; i €N el
= measure

6.3 Minimize expected DRKP yvielding a tentative CFP  emm==—""
controlsignalforallHAs = j===-==—7

Fig. 3-18. OverallDR algorithm of a TRA residing at a distribution transformer and a HA
residing at a home

The overall DR algorithm for a TRA and a HA is depictedrig. 3-18. Steps TRAITRAY
represent TRA algorithm. Steps HAJA7 represent HA algoritin. They work concurrentlas
follows.

Step TRAL:TRA waits for a DRREQUESTmessage from a DR AGG|T(=|=T] a4 4 X specifying
an allocated DL and a DR event duration

Step TRA22TRA assesses a TR operating state. | f [
Aemergencyo, TRA works with its associated HAS

Step TRA3:TRA sends DRREQUESTmessages to all associated HAs notifying them a DR
event.

Step HA1:HA waits for a DRREQUESTmessage.
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Step HA2:HA responds to the TRA with either &AGREEor aREFUSEmessage. The message
provides the TRA an initial knowledge of this HA: (i) electrical characteristic represents an
electrical meter service ampere ratioga home @ & 1Y © 0 Q3; @ DL request Q0 ),
shown inFig. 319, is formed based on the objective of securing critical lo&®8{ )

and mitigating customer comfort level violatio® 0 ; r given as:

OO 5N 00 ¢ R 0 FR HF]
Eq. 38
h h ( )

A
O0r v & UL}

Where0 v 5 5 randd 5  {areamaximum power demand of critical loads and a
maximum power demand of total loads of a home based on soaNarhistorical data
respectively; and(iii) relationship O'Y0 § O0; between a demand restrike potential
(OYU §) and a DL level'© 0 ;) of a home over a DR event period. This relationship is derived
without the explicitknowledge from a TRA and the other neighboring HRise relationship is
based on an average homeg ofthdisamsetperiod, airaate, ahdodayd p r «
of the week (weekday/weekend). By sampling different level® of; rangng from its upper
bound OO i) to lower bound Q0 5 ) and applying it to Eq. 39, different
values ofO"Y U § can be obtained.

oYU § 0rn 5 O0f Q0 (Eq.39)
st0f 5 O0Fp ™
Using polynomial regression algorithm, an approximd@e¥ U § as a function of D 0, is
empirically represented as a quadratic function (\W4th, w ;, W as coefficients) , depicted in
Fig. 3-20, due to characteris$ of the historical load profile of a honf@ ) and a given

O 0 j defined inEqg. 310as:

OYORO0; @FVO; @FDO; @i (Eqg. 310
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Fig. 320. Example of relationships between DRKP and DL at a home level

Step TRA4:TRA needs to acquire and construct initial knowledge based on information received
from all HAs.

TRAA4.1)The TRA receiveAGREE/REFUSHEessages from all associated HAs.
TRAA4.2) TRA constructs initial knowledge about (fair demand limit levels of all homes
(7 g+ ) defined as:

rh@+ » O0r wMBHOOR (Eq. 311)
+ _ danydo Qe Eq. 3 12
Ttqp944=00f Q . (Eq.312)
OULR e O
R B o0drfYwo Q¢ Q v
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Where, | Jﬂ i+ is defined as a vector containing fair demand limits of all horae§; :h
" 0 ; and (ii) an expected demand restrike potential at a TR le@eY ( f)ﬁ ) that is

calculated based on the relationsifgY 0 § OO obtdned in Eq. 3-10 from all associated
HAs as follows:

[ORAVI™ B OYO g j (Eq. 313)

TRA4.3)TRA minimizes théD'Y 0 0; based on its initial knowledge (from stepRA4.1 and
TRAA4.3 to find a tentative DL level vectorﬂ-(JTI hag- fOr all HAS.
Objective function:

0 "QEOY L Oy B w00 ¢
> " - Eq. 314
WrDLR 5 Wk (Eq )

Subject to:
Equality constraints:

(1)B 00y 5 ©O0O o
Inequality constraints:
(200 5 s O0f g OOR 5 FIXO

Where, O0  is a tentative DL level of a hom& 0. Using Lagrange relaxation
technique with KuhsfTucker conditims, TRA solves this nonlinear optimization problem given
linear and bounded constraints yielgl vector =|ﬂ g™

T Lieg. O0r RO 0 & (Eq. 315
Then, the TRA sendSall for Proposal(CFP) messages.

Step HA3: I n t hi s step, HA tries to minimize appl
OO0 {andO0y  from aCFP message sent by a TRA. Pragmatically, required power
demands of appliances are in discrete steps, the approxi@avedl § obtained from the initial
knowledge of an HA irfEq. 310 does not decrease &80 j increases unless it is high enough to
serve another appliance waiting toemte. Therefore, with additional knowledge from a TRA and
its knowledge on current appliardyeag@®iginat us,
Eq. 310as a piecewise linear function to obtain a more realistic behaviorob §. Intuitively,

an HA will request for a suitabl® 0 g level that it believes enough to serve its corresponding
appliances. An HA also ensures that the requeétéd, is not too high (with reference to its

OO0 ) during that time as an HA will be panalized by a TRA. The steps to obtain the new
updatedO 0 ;andO'YU § O0) are elaborated as follows:

HA3.1)HA acquiresO0 andO0y ffromaCFP message sent by a TRA.
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HA3.2)HA adjusts itsO0 ;5 in Eq. 38to a vectorf =|1 » gik@S explained in the steptA3.2.1
andHA3.2.2
HA3.2.1)HA constructs its belief (g g Jllector defined irEq. 316. This vector represents

minimum required power demands (kW) based orpa#isible combinations afsage statusf
powerintensiveappliances.

LR ™1 R Fe O4. 04 + «<m™  (Eq. 316

Where, 0 B -
Fe O 41—. ds a matrix of combinations of usage status of pewmsive appliances given as:

A Ais a number of beliefs an@ is a total number of appliances.

! h L AR
FeO4.. €& E & (Eq. 317)
[ E U §h

«
=y
y T

h

¢

i kv Rw IS a status of an applian@® 6 in a belief'Q 0 that can be either 0 or Note

hat, for AC, the binary status of @00 means
10 means a ther mostat i Bor\Whh CR and B\bimary t@Qbf or HI
00 neFRmsdbi nary st at udN. DF «gMiDa vectonaortaining rated

power demands (kW) of C appliances given as:

o} e t S

1+ «g®™ YOO QEBAYHO QR (Eq. 318)

Yo QR is arated power demand (kW) of a povirgensive applianc&n 6
HA3.2.2)HA updatesO 0 { as a vectory =|ﬂ, raaccording to théO 0 {, OO0y , and
| ~--fillng the decision criteria explained below:
Step1l: from the reordered| gm _igflictor from min to max valuefind 6 Q& RQQ
I A Qa R gn %%-.mlto QARQA: v r 7 O0f
Step2:start from the elemeri Q & " Cren Stepl a vector| =|7 i gialS Obtained based on the
following conditions:

fFOQAaRAQO: v f 1 OO0 f then

D05 0 QaRQD: & & &
00y, BQARRBE 5 o5 5

Tl . GRIDE AR R ey 31
T IbUﬁ 0QURLQUR v & By

Wi 6QaRAQO; s & U
Otherwise,

rimgu O0f ©OO0f ©0f ©OO; (Eq. 320)

P P PP 20 QaRQAQD ; 5
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Where,0 1 # 5 gis the power demand level (kgf a homeQ® § in which an hourly
average of critical loads will not exceed for 90% of the time. It can be obtained from the historical
load duration of cure of critical loads of a home forming from the same period as a DR event as
exemplified inFig. 321. Regarding the second condition, as HA knows its @, f, it will
try to get a highest demand limit allowance as possible (shov#y.i3-20 so that impacts of
DRK tend to be minimal to the homeowners.

Historical Load duration curve of critical loads of a home during a DR event

06 1 T T T T T T
Historical maximum power : : :
K :demand of critical loads
= : Power demand at 90% confidence that a home's critical
g _____ : loads demand will not exceed this level during a DR event
£03F- I : : _
o [ ;
5 i ;
% | H
a 0.2~ : : _
i f
| :
01+ | 5 .
: :
| :
| :
0 i I I i I \ i I i
0 10 20 30 40 50 60 70 80 90 100

% of time

Fig. 3-21. Load duration curve of critical loads during a DR event of a home

HA3.3) After getting the =|ﬂ i» gialTOM HA3.2 an HA updates the relationship"Y 0 OO0
in Eq. 310as a piecewise linear function, showrFig. 3-22, which is mathematically defined in
Eq. 321- EqQ. 326as follows:

4 Yo O'YU 0QQ0 00r 005
oYU § 00 0'Y 0 UQQ0 | 00y 00 (Eq. 321)
4 Yo 0O'YO 0QQi; 00r 005

a ﬁyw 00 00y (Eq. 322
o ﬁyw 00 00} (Eq. 323
OYOOD OrO00; ©0r000 0 (Eq. 324)
OY0Dd B @000 »r000x O T (Eq.325
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OYOLD ®OFO00; WrI005 5 (Eq. 326)
Where,® ;i 5, ando ;, are obtained fronEq. 310 in order to estimat©®'Y0O D O'YU 0

and’'O'Y U Oof the functionO YU q OO0 based on the vectqf o4 Then an HA send a
PROPOSHNessage with the updat(ﬁdi| > gkdNdOY 0P OD; to a TRA

A piecewise-linear relationship between DRKP and DL at a home level
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|
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H,i,request,1 H,irequest2 H,i,request3 H,irequestd

Fig. 322 Piecewise linear relationship between DRKP and DL of a home

Step TRA5:Once =|1 > ga@nd OY U § 00 of all participated HAs are updated, the TRA
finds the optimal DL levels r £ in which the TRA and HAs mutually agree that thepected
demand restrike potential at a TR lev@l'y U U ) after a DR event will be minimal.

TRADS.1) After receiving allPROPOSEmessagesthe TRA constructs its new knowledge by
forming a new optimization problemThe objective function of the TRA is to minimize
O'YV 0 atatransformer level.

0 QYU 0 0 QB OYO§OD; (Eq. 327)

Subiject to:
Equality constraints:

(1) B 00y 00 o
Inequality constraints:
(2) 00} 00, OO RQO
(3) OO0y 5  ©OOp OO § IO
Where, O 0 ; is an optimal DL level given to a honi@ 0. Using Dual Upper Bounding
Linear Programming, the TRA solves this linear optimization problem given piecewise linea
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objective function and linear and bounded constraints. This yields a demand limit cogredl
vector:p 4 0058005 .

TRAS5.2)TRA aIIocatesn-J;| by sendingACCEPT_PROPOSAmessages to all HAs. Then, the
TRA receivesINFORM_DONE messages indicating that all participating HAs have already

received ther J% and deployed the DL control signals at their corresponding HEMs.

Step HA4: HA receives a DL control signalQ(0 ;). Then, it passes the signal to an HEM.
Finally, an HAsends back alNFORM_DONEmessagéor successful confirmation.

Step HAS:During a DR event, an HA will periodically update its belief due to a change 4n run
time schedule of powentensive appliances. These changes can result from a newly pligged
appliance (e.g., electric vehicle is plugged in), or a condition that leadsstomer comfort
violations. If the HA belief || g m * rggfllanges during a DR event, it will request a TRA for a
new DL as stipulated iBtep HAG otherwise it will check whether or not a DR event has already
ended. After a DR event has alreadynaed, an HA will stop its services and evaluate its
performance by carrying out the performance measure descril&e@pgrHA7Y If it has not, the

HA will again check whether or not it receivesC&P message from a TRAs a result of a
request to updateﬁ-J; sent by another HA. If the HA receivesGFP message, it sends a

PROPOSHNessage back to the TRA as explaine8tep HA3

Step HA6:HA sends eREQUESTmessageo let the TRA know that it needs to update its DL
l evel due t o a ganHimensghedule. if theaHApdcaivasrABGREEMessage, it
constructs a new knowledge from the recei@P message. Then, the HA send®PROPOSE
message back to a TRA as explaine&tiep HA3

Step TRAG6TRA updateqT:l;I based upon the request from an HA to update its cu@eény.
TRAG.1)TRA receives REQUESTmessage from one or more HA asking to change its DL level
(00R).

TRAG6.2)TRA makes the decision to accept/reject the request by evaluatinb iheand the

newly requested fo® 0 , froman( ! ,"@ 0 as follows:

TRAG6.2.1To ensure fairness in distributin@ b o , the TRA evaluates
factors (| ,). Each elemend "G of 3, 0" 80'G defined inEq. 328is a penalty

factor imposed on a hon@ 0.

PR 00;Q06 | 0bp 7QO6 T
0'q . meQ 00;0Q0 . 00y Qo mAQy (4329
S eXo! 00;Q0 _ 00y QO T

Where,0  is a time that a TRA evaIuateHs=|ﬂ as soon as it receives a request from an HA
The 0 "G, (either-1, 0 or 1) of a homé® U is determined based d@ 0 as compared to
00y §interms of energy consumption over time. This term implies an avera@e gfthat
an HA receives of frond too . ||—=|ﬂ is used as a decision criteria whether or not the
TRA will updaten-{i| as being requested by an HA
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TRAG6.2.2 TRA will send AGREE messages all participated HAs based on the following
conditions:
() 0 "G =1, and an HA requests a higher or lower demand limit level. This because the average
of its receivedO 0 , is lower than its fair demand im0 0y .
(i) 0 "Q =0 or-1, an HA can only ask for a lower demand limit level because the average of its
received’ O 0 is the same ('@ = 0) or higher § "G = -1) than its fair demand liin

OO0y .

The TRA will sends EREFUSEmessage back to the requested HA based on the following
condition. Then, the TRA stops the process of upd&didg; of the requested HA.
i) 0 "G =0 or-1, an HA asks for a higher demand itilevel because the average of its received
00 is the samel( "Q = 0) or higher § "G = -1) than its fair demand limitO0  atthe
time the|} 5, is evaluated. )
TRAG6.3)TRA minimizes aO'Y U U; as explained istepTRA4.3given the updated inequality
constraint onth® Oz  of the requested HA as follows:

0Q YQR 6 Qi updated constraint A0 5
1 higherO 0 |, 00y OO0y 5 0O R
1,0,-1 lower'O0 OO0y 5  ©ODLf & 00

Where, O 0 ;, is the currently received demand limit of an HA before it requests for a new DL
level. Therefore, a new Jﬂﬁ‘-. OO0y 800y f for all HAs is obtained. Finally, the
TRA sendsCFP messages to all participated BlAThen, the TRA proceeds to updatqq—%
based upon the DL allocation process explainestéap TRAS

Step TRA7:After a DR event ends, a TRA assesses its performance as follows:

TRA7.1)TRA calculates the Power Exceed Demand Limit (PEDL) index. If PEDL is greater than
zero, it means that a power demand of a distribution transformer (exceeds a
givenO0 o during a DR event.

CA

0 00D 00 o QO (Eq.329

s.t.0 00 i

TRA7.2)The TRA assesses its performance on minimiz@d’ 0 0 by evaluating an actual load
profile of a distribution transformer during a DR eveit (c ompar ed with itds
profile without a DR eventd ; ) during the same period yietdl the indexO'Y 0 O

defined inEq. 330. The smallei0O'YD 5 , the lower impacts of DRK can be expected.

0'YU Uy 0 0 » QO (Eg.330

Step HA7:After a DR event ends, an HA assesses its performance as follows:
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HA7.1) HA calculates the Demand Limit Below Critical Loads (DLBCL) index. If DLBCL is
greater than zero the critical loads are violated during a DR event.

006060 Of 5 1 OD0f QO (Eq. 331)

stOy 5 5 OO0 0 T
HA7.2)HA calculates Comfortable Level Violation (CLV) index defined as follows:
60  OAiT P OAI B Qb

(Eq. 332
OAI B OAI B Q¢

st. OAT D OAI B OAI B
and OAT B OAI B OAIl B

Where,OA | D is a room temperature profile during a DR evédtA | ® is a room

temperature set point of an air conditioner (AQA T P is an AC temperature
deadbandD A B is a hot water temperature profile during a DR evér& | B, is a hot

water temperature set point of a water heater (\WBIR | B is a WH temperature
deadband. CLV index of a home calculated at the end of a DR @événty is compared to

CLV index calculated at the same time period where there is no DR événgy . If a

00w is rot comparablewith@a b , a customero6s comfort | ev
violated.

HA7.3)An HA assesses its performance on minimizi
an actual demand restrike potent@llY 0 § h asfollows:

oYU § 0y 5 0f QO (Eq. 333

Where,0 5 is an actual power demand of a hof®e () (kW) during a DR event.
3.3.4 Algorithm at an AppliancelLevel

After an HA receives a control sign@l 0 ;, it passes the signal to the corresponding HEM.
According to our previously proposed HEM algorithms as describe80jnthe HEM works to
ensure that an instantaneous power demand at home will not exceed the given demé@ndl Jimit
during a DR event. The HEM communicates and sends control signals to allow rescheduling
operation of powemtensive appliao e s according t o homeaawner 6s
accounts for the operating interval of the HEM is imihute interval.
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3.4 An AgentBased Platform to Facilitate DR Implementation in Commercial
Buildings

The knowledge gaps discussed in Section ZpBaipt the development of an agdwised
platform for optimizing electricity usage and implementing demand response (DR) in anahll
medium sized buildings. This main objective of the proposed abgaséd platform is to enable
utilities and independerstystem operator (ISOs) to actively leverage DR at commercial buildings
as a partial substitute for generation reserve or transmission upgrade.

3.4.1. Overview oBuilding Energy Management System (BEMS)

Buildings consume over 40% of total energy consumnpin the U.S., and majority of
commercial buildings are either smgh5,000"Q0) or mediumsized (5,006 50,000°Q0). These
buildings typically do not have existing building energy management systems (BEMS) to manage
their energy consumption due tinavailability of a coseffective solution. Therefore, significant
amount of energy consumptions in these building are wasted.

There are three major load types in commercial buildings. These are HVAC, lighting loads,
and plug loads that are the primdogus of this study.

Various communication technologies are indiseday that allow communications between
the proposed agent platform and load controlleis building. These include:

- Wired technologies, like: Power Line Communication (PLEthernet ad Serial (RS
485)

- Wirelesstechnologieslike: ZigBee, WiFi, Z-wave and EnOcean.

Devices communicating using the same communication technology may utilize different data
exchange protocols. Far BEM system, there are many protocols that are popular or becoming
popular. These are open standard protocols like: BACnet, Modbus, KNXusM Web
(HTTP/HTTPS), OpenADR and Smalgnergy Profile (SEP); as well as proprietary protocols
like: LonWorks and [ALI.

3.4.2 PhysicalLayer and Cyber Layer of the Proposed Agdddised Platform

The proposed system architecture consists two layers: physical layer and cyber layer. The
physical layer is where real physical devices exist. This layer comprises a hutllmigpllers for
HVAC, lighting and plug loads, as well as sensors. The cyber layer represents deakiog
processes where the developed admsed platform residesig. 3-23 illustrates interactions
between relevant actors, systems and technologies required to achieve a specific goal of an
implementation of a DR at a building level.
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Fig. 3-23. Data flow diagram of DRmplementation at a building level

The objective, actors and scenarios are described in more detail below, which manifest how
the proposed MultAgent System (MAS) performs during a DR event:

1) Objective:The main objective is to reduce instantaneousgralemand (kW) of a building
during a system stress condition. The MAS acts in response to a Critical Peak Pricing (CPP)

signal from a utility.

2) Actors: Relevant actors include DR aggregator (DR AGG), agents, and controllers for

HVAC, lighting, and plugoads.

3) Scenarios: These include chronological order of steps to implement DR algorithm during a

DR event.

3.1 In case of a DR event, MAS receives a signal from a DR AGG over a field area network

(FAN) via a FAN gateway

3.2 After receiving a requesMAS reduces electricity usage through an automated DR
algorithm that manages energy consumption of selected building loads.

3.4.3MAS Development for DR Implementation in Commercial Buildings

MAS is the fundamental core of the proposed platform. This section devotes to the discussion
of agents development and its requirements.

Il n order to

develop

MAS for DR

applications

distributed agent platform develapédy Pacific Northwest National Laboratory (PNNL)O[,

[10]], [102 is chosenas the development platform. VOLTTRON is designed to run on-small
form-factor computers and is capable of interfacing with legacy devices, maintaining security and
managing platformesurces, and servicing for applications. VOLTTR@ktform enables the
deployment of intelligent sensors and controllers in residential/commercial buildings and the
smart grid. Distributed agents using péipeer communications in VOLTTRON cooperate to
bring computation closer to data to enable distributed control decisions and data analysis.
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Intelligent agents residing in VOLTTRON are designed to have most of these capabilities:
reactive, preactive, social, mobility, veracity, benevolence, rationabtyd learning/adaptation.

With respect to VOLTTRON architecture and design, the platform consists of communication
services (CS), resource manager (RM), authentication and authorization (AA), directory services
(DS), agent instantiation and packagingPABNd information exchange bus (IEB) modules. For
the proposed BEMOSS software architecture, VOLTTRON provides connectivity and abstraction
capabilities to BEMOSS.

In terms ofconnectivity devices with different communication technologies and different
data exchange protocols are able to integrate into the VOLTTRON platform. VOLTTRON
includes drivers for interfacing with MODBUS BACnet based devices. Drivers can be written for
devices which do not use those protocols based on the availability of ancajmpli
Programming Interface (API) for that device. These drivers then publish data to VOLTTRON
enables a device to communicate, be monitored and controlled by an assigned intelligent agent
with assistance from the Connectivity layer described in the swébdection. A device can also
response to an event triggered by an associated agent or an external environment specified in the
Application and Data Management layer.

In terms ofabstraction VOLTTRON allows applications to communicate with devicesitgia
message bus instead of requiring them to use the particular device protocol. Drivers can be added
to the platform to increase the number of supported devices. This enables developers to develop
an agent to control a device or coordinate multiple devimgardless of communication
technologies or data exchange protocols used.

Fig. 324 shows a number of agents required to implement the proposed DR algorithm. These
agents, are categorized into the following types: (1) platform agents, (2) control agents, (3) sensor
agents, and (4) network agents. Each type of agents has different functionalities as described
below.

(1) Platform agents: These agents include a devitiscovery agent (DDA), a platform agent
(PA), and a demand response agent (DRAE DDA is responsible for detecting the presence of
devices in a building, querying their model numbers, identifying their API interfaces, and
launching control agents to mitar/control discovered devices. The PA is responsible for
monitoring overall platform activities. The DRA is responsible for implementing the proposed
DR algorithm as explained in the Section 3.5. Its main objective is to reduce peak demand
consumption dung a certain period, according to the price signal or the demand reduction signal
received from the OpenADR agent.

(2) Control agents: These agents include thermostat agent (TA), a lighting load agent
(LLA), plug load agent (PLA), and roof top uniteag (RTU). These agents are responsible for
monitoring and control a thermostat, a lighting load controller, a plug load controller, and a
rooftop packaged unit (RTU), respectively. Each of these agents will be automatically initiated
and launched, if thdevice discovery agent discovers a corresponding device. It should be noted
that one control agent is assigned to one hardware device.
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(3) Sensor agentsThese agents ay@wer meter agent (PMA), multi sensor agent (MSA),
motion sensor agent (MSA), and atker sensor agent (WA). These agents are responsible for
monitoring and communicating with corresponding sensors and power meters to obtain their
readings. Similar to control agents, sensor agents are automatically launched after the device
discovery ageindiscovers associated devices.

(4) Network agents: These agents are an OpenADR agent, a mafiie agent (MNA), and a
network agent (NA).The OpenADR agent is deployed as a gateway to communicate nvith a
electricity to receive a CPP signidlreceives émand response request through a web service on
the cloud. It then notifies a DRA with event information.

Agents Sphere of influence Y
MAS Platform fOpenADR

------- organizational relationship
<— interaction

() agent

Environment

Fig. 3-24. Agents architecture to implement the proposed DR algorithm

The subsequent sections discuss MAS developnenenable DR implementation in
commercial buildings in detail.
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A. Agent Architecture

An agent architecture is the fundamental mechanism underlying autonomous software
components that support effective behavior in dynamic,-wedd and open environments.
Theoretically, an agent architecture can range from a purely reactive (or behanon@Bcture
that reacts to an environment in a simple stimuo&sponse fashion to a more deliberative
architecture that reasons about its action based on Belief Desire Intention (BDI) model. Any agent
architecture can fall into four main categories: icodpased, Reactive, BDI, and Layered
architectures depending on its required functionalities and capabilities.

Fig. 325 illustrates an example of a thread pathea&cution of a generic control agent
modeled as a purely reactive agent that reacts to its environment, such as its corresponding Ul,

applications, or other agents.
Start

Load agent configuration

|

Initialize device object

|

Initialize agent

—l

Run DeviceMonitor behavior

Check Message

Run UpdateDevice| |Run DeviceControl Run IdentifyDevice
Status behavior behavior behavior

A |

Done

Fig. 3-25. Control agent thread path of execution
A brief discussion of the thread path of execution is given as follows:

Step1:Agent acquires its configuration including
message publish/subscribe addresses), device information (e.g., IP address, API interface),
database interfaces.

Step 2:Agent instantiates device object from the loaded API interface to be able to communicate,
monitor, and/or control a device.

Step 3: Agent initializes itself based on settings from the previous steps by declaring necessary
variables and connectingith databases and other required services.
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Step 4: With the DeviceMonitor behavior (discussed in the agent behavior design section), an
agent periodically gets the current status of a device by calling a method of an API interface.
Then, it maps keyword and variables to agent knowledge and update both metadata database and
time-series database with the recent device status

Step 5:Receivinga message sent by its corresponding Ul or an application, an agent triggers one
of its reactive behaviors (UpdateDeviceStatus, DeviceControl, and IdentifyDevice) according to a
messageds topic and content as described in tfF

B. AgentBehavior Design

One of the most important steps of designing MAS is to design agent behaviors.
Fundamentally, behaviors of an agent are its abilities to react to changes in its external
environment as well as its neighboring entities in pursuit of @sysgfoal(s) or its own goal(s).
There are three common types of agent behaviors:sbog cyclic, and generic behaviors
explained as follows.

T 600méhot 6 behavior is designed to complete

T 6Cyclicd behavior i & lteaekecgtas thesamde opecation & every C O I
poll time indefinitely unless an agent is Killed.

T 6Genericd behavior i's designed to embedd:

operations depending on the status value. This behavior completes when a given
condition is met.

For example, as shown kig. 3-25, generic control agent behavionche explained as follows:

1 DeviceMonitor behavior is implemented as a cyclibdgor. A control agent will periodically
update its knowledge on a device current status every a specified device monitoring time.

1 UpdateDeviceStatus behavior is implemented as a generic behavior. It is called upon when
other entities (e.g., Ul, applicati, or another agent) would like to obtain a current status and
setting of a device such as current temperature, thermostat temperature set point or thermostat
mode, etc.

1 DeviceControl behavior is implemented as generic behavior. A control agent wileupelace
control parameters (e.g., thermostat temperature set point, change heat/cool mode and fan
mode) by sending a control command using an API interface to change a current status/setting
of a device.

1 IdentifyDevice behavior is used in order to vidyaidentify a device pertaining to a
corresponding control agent. This behavior can be triggered by the Ul sending identify device
message to a control agent.

C. Agent Knowledge Representation
Meta data and timeeries data are two types of knowledge that an agent needs to maintain to
allow its interaction with other entities (e.g., the Ul), as well as its reasoning processes. For each

agent, there are two required tables to model an agent édgeil metadata table and tiseries
data table.
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1 The metadata table is used to model agent knowledge with the data that have no

timestamp, e.g., an agent identifier (AID) or an address of an agent.
1 The timeseries data table is used to model agent kridydewith the rest of the time

stamped data.
Table 37gi ves
knowledge modeling.

exampl e of

Table 37. Metadata of a control agent

C Ommo n

Attributes Data type
- AID (Agent identifier) AID object
- Address (e.g., IP, MAC) string
- Zone string
- Device type string
- MAC address macaddr

met adat a

of

a

Table 38 gives an example of timseries data of a thermostat agent that is necessary for

agent so

knowl edge

mo d e |

i ng.

Table 38. Time-series data of a thermostat agent

D. Agent Ontology Design

As each agent has different knowledge about theerests and functionalities, ontology
provides the way in which common understanding (semantics of knowledge) can be shared
among agents. Conforming to Foundation of Intelligent Physical Agents (FIPA) standards, agents

Attributes Unit
- temperature Fahrenheit
- thermostat mode N/A
- fan mode N/A
- heat setpoint Fahrenheit
- cool setpoint Fahrenheit
- thermostat state N/A
- fan state N/A

communicate and update their knodde by exchanging FIRACL (Agent Communication

Language) messages. These messages specify ontology that describes the structured message

content expressed by FIPBL language. Generally, an ontology is dorrsecific, i.e., it works

particularly with a ertain set of agents in a certain environment. Three essential elements of are

concepts, predicates, and

1 Concepts are expressions used to represent entities with a complex structure defined in
terms of their attributes. Typically, concepts alone are not used directly as the content of

agent actions:

an ACL message. Instead, they are referenced inside predicates, agers, actiother

concepts.

1 Predicates are expressions that indicate the current status of an agent environment and can

be either true or false.
1 Agent actions are special concepts indicating actions that can be performed by an agent.
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E. Agent Communication

Communications between agents are required if an agent(s) cannot solve a given problem(s)
solely by using its own knowledge, or if an agent needs to observe its external environment via
other agents. By working together, agents can accomplish the system Ament
communications are essential in order to exchange knowledge among agents according to their
behaviors and the designed ontology. For the current implementation, two common FIPA
interaction protocols used in communications and negotiations ama@gsagre the FIPA
Request Interaction Protocol and the FIPA Contract Net Interaction Protocol. In VOLTTRON
information exchanges between or among agents are facilitated using publish/subscribe
mechanism built on the ZeroMQ Python modui®|[ The currentconvention that is used to
maintain consistency of topics exchange among agents is by hierarchically naming a topic and
subtopics of an exchanged message. In short, an agent wishing to communicate with other agents
requires to publis a message with theoliowing topic format and content format on the
information exchange bus (IEB).

Topic: topic/subtopic/subtopic
Message content: JavaScript Object Notation (JSON) format
F. Agent Communication with Load Controllers

An API interface allows an agent tormmunicate, monitor and control a device regardless of
its communication technology or data exchange format (pretgpuwdstic). In order to deal with
heterogeneous application programming interface (API) documents offered by different hardware
vendors,thenappi ng mechani sm bet ween agentds knowl e
This mechanism ensures that agent 6s knowl edge
agent ontology used throughout the platform for interoperability among agents antheéhe o
services. The mapping mechanism of an FQPI I nt
3-26.

G. Agent as an Application

With its ability to communicate ith other agents, web services, cloud services and database
interfaces, an agent can also be developed as an application (App). The CPP algorithm as
presented in Section 3.5 is araenple of possible application that has been developed as an
agent. The age application development is depicted-ig. 3-27.

There are five essential elements of the application development architecture.

1) User Interface (Ul): agents accept inputs from a user via a Ul, including activate application,
disable application and update new application setting.

1.1 Activate application: in order to activate application a message with the following topic and

content should be publied on the IEB. This message is picked up by the APPLauncher agent to
start the requested application.
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Fig. 326. Mapping mechanism between agent knowledge and API interface

/uifappLauncher/APPname/agentid/launch

/appLauncher/ui/APPname/agentid/launch/response

ul JuifappLauncher/APPname/agentid/disable

- APP name activate APP/appLaun(;hizf/u|/'/\PPnamc/age:md./‘dxs;a’r)\c.“’re&;por:se

- agentid note: user enable APP to use via Ul

- auth_token

I APPLauncher Agent l over 125 and more channels to
: choose from for fast implementation
launch/disable APP n’\(O\I before developing comprehensive

- APP name O AP interface in connectivity layer
- agent id -

update APP

/app/agent/APPname/agentid/update

settin : ;

g lagent/app/APPname/agentid/update/response
Juifapp/APPname/agentid/update
/app/ui/APPname/agentid/update/response

- APP name
- agentid
path
auth_token
note:

Exchanged topics among agents
Requirements

Fig. 3-27. Agentapplication development
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Topic: /uifappLauncher/AppName/agentid/launch
Message content: {"auth_token": "Token to grant access to App"}

Where, AppName is a name of an application, agentid is an agent identification, auth_token is
a token to grant accefs other agents or entities to use this application.

1.2 Disable application: in order to disable application, a message with the following topic and
content should be published on the IEB. This message is picked up by the APPLauncher agent to
disable tle specific application.

Topic: /ui/appLauncher/AppName/agentid/disable
Message content: {"auth_token": "Token to grant access to App"}

1.3 Update application setting: in order to update application setting, for example update a
schedule for brightnesstting of a lighting controller, a message with the following topic and
content should be published on the IEB. This message is picked up by the corresponding App to
update its setting sent by the Ul or other web/cloud services such as If This ThenFThat)(l

[104.

Topic: /ui/fapp/AppName/agentid/update
Message content: {"auth_token": "Token to grant access to App", "path": "path to the App
setting file (JSON format)"}

2) APPLauncher agent:each application is required to register with the APPLaunchemtagp
that it can be launched once a user activates application to use. In addition, it also serves when a
user would like to disable the running application.

2.1 Activate application: upon receiving a launch App message from the Ul, the AppLaucher
agent looks up the database whether the requested application is validated, registered, and
installed. Then it looks whether the requested agent is available and running by checking with the
Platform Agent. Finally, it checks whether the provided authorizatiken (auth_token) is valid

to launch the requested application. If these conditions are satisfied, the AppLauncher agent
launches the requested application providing application name (APPName) and agentid. The
recently launched application will start toramunicate, monitor, and/or control the control agent
(e.g., thermostat agent, plugload agent, or lighting agent) using the APl between the application
and data management layer and the operating system and framework layer (App and OS API).
Once the AppLancher finishes launching the requested App, it replies to the Ul by sending back
the following message:

Topic: /appLauncher/ui/AppName/agentid/launch/response

Message content: {"result": "success/failure"}
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2.2 Disable application: upon receivingli@able message from the Ul, AppLauncher agent looks

up whether the requested agent (agent_id) is available and running by checking with the Platform
Agent. Finally, it checks whether the provided auth_token is valid to disable the requested App. If
theseconditions are satisfied, the AppLauncher agent disables the requested application. Once the
AppLauncher finishes disabling the requested application, it replies to the Ul by sending back the
following message:

Topic: /appLauncher/ui/AppName/agentid/didiesponse

Message content: {"result": "success/failure"}
3) Application (App): App is designed to communicate, monitor, and/or control agent(s). The
steps and requirements for developing App in the platform are the same as developing an agent
with addtional capabilities providing APIs between layers. After an App is successfully launched
by the AppLauncher agent, it starts to communicate with a control agent using App and OS API.
In order to control a device, the App needs to publish a message witbllthveng topic and
content on the IEB.

Topic: /app/agent/AppName/agentid/update/

Message content: {"control parameter": "setting"}
For example, to change a mode and temperature set points of a thermostat according-to a user
defined schedule, the theostat scheduler App with an agent_id = '1TH571a4760189f" needs to
publish the following message to IEB.

Topic: /app/agent/thermostat_scheduler/1TH571a4760189f/update/

Message content: {"mode": "COOL", "setpoint": "72"}
4) Control Agent: Upon receivingcontrol message from the App, a Control agent (e.g.,
thermostat agent) changes the setting of a corresponding device (e.g., a thermostat) accordingly
by using the APl between OS layer and Connectivity layer. Once the Control agent successfully
changes deuk setting, it replies back to the App by publishing the message with the following
topic and content to IEB.

Topic: /agent/app/AppName/agentid/update/response

Message content: {"result": "success/failure"}

5) If This Then That (IFTTT): IFTTT [105 can be seamlessly integrated with any App by
simply adding an interface betwedné¢ | FTTT and an App agent. The
channels availablen IFTTT that an agent can communicate. This can be, for example, an email
channel. In this case, an agent can send or receive an email from IFTTT. This can be used to send
an abhrm message to the building administrator tafypdtim/her an important citemstance in a

system, e.g., device failure or malfunction, as well as to notify the building administrator for any
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conditionbased maintenance requirements. The crucial benefit of integrating IFTTT with agents
is that it allows all possibilities to intefawith third party hardware devices, web services, and
cloud-based applications. As a result, this feature enables rapid test and development of agent
functionalities in the case that some API interfaces for required devices or services are not
available n the connectivity layer. Some of interesting IFTTT available channels, for example,
are email, SMS, Pushover, SmartThings, Weather, Wemo, Nest Thermostat, etc.

3.5 Algorithm for DR Implementation in Commercial Buildings

It is assumed that a DR evestcuss andan electric utilityassigns a DR event signal and an
event duration (minutes) to a buildinbhe overall objective of the proposed DR algorithm at the
building level is toimprove efficiency of a power grid operation by participating i€réical
Peak Pricing (CPPgvent This section propose an algorithm in response to the received CPP
signal as follows.

3.5.10bjective Functions

To improve efficiency of a power grid operatiam response to a CPP signal at a building
level. This is a multbbjective optimization problem having objective functions as follows:

- Minimize power demand during a peak summer period when a CPP event is called out

- Minimize occupant comfort violation

- Minimize impacts of demand restrike after a CPP event

- Minimize time tocontrol device operation to avoid demand restrike after a CPP event

3.5.2Prerequisite Subtasks for DR Algorithm Development

In order to develop the DR algorithm based on the mentioned objective functions, there are
preliminary subtasks needé&mlbe carried out as follows.

Subtask 1: define occupant comfort conditions

Subtask 2: explore energy/power savings opportunity of HVAC loads
Subtask 3: explore energy/power savings opportunity of lighting loads
Subtask 4: explore energy/power savingparfunity of plug loads

Each subtask is discussed in detail as follows:
Subtask 1: Define occupant comfort conditions

According to American Society of Heating, Refrigerating, and@anditioning Engineers
(ASHRAE) [105, a conditioned air of a buildingith these properties: 1. cleanliness, 2. odor, 3.
temperature, 4. relative humidity, 5. movemgemtre required to be within comfort ranges.
HVAC comfort conditions: ASHRAE established standard which outline indoor air quality

(IAQ) for indoor comfort caditions that are acceptable to 80% or more of a commercial
buil dingds occupants as:
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U lndoor comfort condit i onsi7%degeeE farlwinterd73f c o mf
T 79 degree F for summer.

Relative humidity (RH) is approximately at 50%.

Air velocity is at 30 feet/minute or slower.

Air ventilation requirement is 20 cubic feet per minute of outside air for each occupant.
Carbon dioxided 0) concentration is less than 1,000 ppm.

[T I et

Specifically, according to ASHRAE standard-8613 [L0g, indoor comfort condition
(thermal comfort) which is a state of mind that separates from equations for heat and mass
transfer and energy balances can be formulated #smgy g e r 0 sanalysts 06 oTihd level
of comfort is characterized using the ASHRAE thermal sensation stabde(39) as shown
below. This introduces an index naiy predicted mean vote (PMV) that uses the ABHR
thermal sensation scale to find an average thermal sensation response from a large number of
people.

Table 39. ASHRAE Thermal Sensation Scale

PMV value Sensation
+3 Hot
+2 Warm
+1 Slightly warm
0 Neutral
-1 Slightly cool
-2 Cool
-3 Cold

The sensation of thermal comfort is significantly determined by narrow ranges of skin
temperature and sweat evaporation rate depenc
people doing a less active activity might feel comfortable at higher skiretatopes and slower
evaporation rates as compared to people doing a more active activity.

Fangerds PMV correlation is base@ gandthehe i de
sweat evaporation rat&) ( 5 ) requi riendal féo rc o ptr t condition
Rohles and Nevins (1971).

Y O@® T vy | (Eq. 334)
n ® TTQ ;i p@ o (Eq. 335
Where,
Y i . Required skin temperature for optimal comfort conditians,
N F . Rate of metabolic heat generationp 7IQ0
n k. Required sweat evaporation rate for optic@infort conditions® 6Q'Q0

The rate metabiz heat generationr)( ), the difference between the metabolic heat
generation and that converted to work (e.g., working, walking, or running), is given as follows:
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no: 0 0 (Eq. 336)

Where,
M ; Rate of metabolic generation per unit DuBois surface arégf) Qo
0 ; Human work per unit DuBois surface aréap 78'Q0

According to Fang&®&0oraeMV is mamlyaefined as m duhcyion ofssix |
variables: air temperature, mean radiant temperature, air velocity, air humidity, clothing
resistance, and activity level. It is the index that represents the average respoasgeohamber
of people. The arrelation between PMV and thermal load is defined as follows:

00w op LoD N 8 T8t ¢ (Eq. 337)
Where,
PMV Predicted mean vote
L : Thermal loadp 01EIQO

Given the optimal comfort conditions, the thermal load, L, is defined as the difference
between the rate of metabolic heat generation and the calculated hdabriosse body to the
actual environmental conditions. The thermal load, L, is given as:

0 N i QY Y QQ Y Y
pPUB 5
ey p@ o (Eq. 338
WX & Y (¥ ¥ ™iooe
W
Where,

Q Ratio of clothed surface area to DuBois surface arekb

Q Convection heat transfer coefficiett,0 ' Qox

Y Average surface temperature of clothed bady,

Y Air temperaturet.

Q Radiative heat transfer coefficiedt,0 T Qor

Y : Meanradiant temperature,

W : Required saturated humidity ratio at the skin temperature

W ; Air humidity ratio

In Eq. 3-39, the clothing temperature cannot be obtained directly, howesan ibe calulated
as follows:

Y Y 'Q QY QY

Y p Y'QQ Q

(Eq. 339)

Where,
Y . Effective thermal resistance {flue) of clothing,; Qo X6 6 6
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The other three parametef@HQhO ¢ Q can be approximated as:

N pa8t 1 T]0 0O ™Mwaé
Q  ogrv @O 0 mhae  (F9-340
(74 w 8
0 aod® PP Y (Eq. 341)
T™® U o
QT 6 OTIQN (Eq. 349

Regarding the ASHRAE standafib2 013 A Ther mal Environment Cc
Oc c u p aldd, yhé ASHRAE comfort zone, generatbg [107 and shown inFig. 3-28, is
usedto represent the suitakileermal comfort inside a building based on the PMV values between
-0.5 and +0.5 given the metabolic rate at 1.1 met and the clothing level at 0.5 clo (typical summer
indoor). This ASHRAE comfort zone representation can be used to determine a thermostat
cooling temperature set point that prodsiadermal environment conditions acceptable to the
majority of occupants a building.
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Fig. 328. ASHRAE 552013 temperature relative humidity chart

Furthermore, as PMV is the aveeagsponse of a large number of group of people, the
empirical relationship between the percentage of people dissatisfied (PPD, %) with a thermal
environment as a function of the PMV, showrrig. 3-29, is given as:

D0O0prNMnNw@ 8 8 (Eq. 343
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| — PPD = 100 - 95.¢(-0.03353.PMV~4-0.2179.PMV"2)|
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Lighting load comfort conditions: According tothe Illuminating Engineering Society of North
America (IESNA) standard 902007 fL08, the illuminance recommendations (lux) for lighting
levels within each building space is giveriliable 310.

Table 310. IESNA recommended illumination levels for building spaces

Building Type Space Type Maintained Averagg  Measurement
Illuminance at (working) Height
working level (lux) | (1 meter = 3.3eet)
Educational Buildings Play room, nursery, classroom 400 at0.0m
Lecture hall 400 at0.8m
Computer practice rooms 30 at0.8m
Classrooms 300 at0.8m
Office Buildings Single offices 300 at0.8m
Open plan offices 400 at0.8m
Conferenceooms 300 at0.8m
Hospitals General ward lighting 300 at0.8m
Simple examination 500 at0.8m
Examination and treatment 1000 at0.8m
Hotel and restaurants Selfservice restaurant, dining room 100 at0.8m
Kitchen 500 at0.8m
Buffet 100 at 0.8m
Sport facilities Sport halls 300 at0.0m
Wholesale and retail salg Sales area 500 at0.8m
Till area 500 at0.8m
Circulation areas Corridor 50 at0.0m
Stairs 50 at0.0m
Restrooms 300 at0.0m
Cloakrooms. washrooms, bathroomsg 300 at0.8m
toilets

Plug load comfort conditions: Building administrator and tenant can assign priorities to their
plug loads (e.g., desktop computers, printers, coffee machines, etc.) according to their need.
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Subtask 2: Explore energy/power savings opportunity foan HVAC system
Fig. 3-30 illustrates essential componem$ a typical HVAC system which includes a

compressor, a condenser, an expansion device, and an evaporator.

Cooling Tower

Cooling Water X

Cooling Cooling
P ump water out water in
Condenser
Expansion Compressor
Valve P
refrigerant loop
Chilled Evaporator Chilled
water in water out
Chilled Water
: Pump
Air Handler

Fig. 330. HVAC sygem

Power demand of a compact HVAC system (rooftop terminal unit, RTU) is given as:

0 0 0 0 0 0 (Eq. 344

Where,

0 . Instantaneous power demand of RTU (W)

. Instantaneous power demand of a chilled water pump (W)
. Instantaneous power demand of a compressor (W)

. Instantaneous power demand of a cooling water pump (W)
. Instantaneous power demand of a cooling tdae (W)

. Instantaneous power demand of arraindlng unit (W)

CaCaCaCaCacC

In order to reduce power demand and energy consumption of RTU, technically, there are five
strategies as follows:

1. Change cooling/heating set point

2. Controladamper poition

3. Change supply air fan speed according to ventilation requirement e.g.limit)

4. Use temperature sensor(s) to improve the accuracy of space temperature measurement and
use occupancy/presence sensor(s) to adjtletrmostatemperature set point or mode

5. Change a thermostat fan mode
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Even though power demand/energy saving opportunities for each of the proposed strategies
are known and identified, the explicit calculation of power demand reduction for each action
taken is dficult to obtain. This is due to heat gain and heat loss in a building or a specific zone
depending on many factors, such as the heat gain from lighting equipment, building equipment,
building occupants, etc., as well as heat gain and loss throughhgugldvelope. Therefore, taken
into account the mentioned hurdle, in this study, the power demand reduction of each performed
action can be estimated by using the parameter estimation technique to find the estimated power
demand of RTU after an action (e.mcrease a thermostat cooling temperature set point) is taken.

In order to reduce the power demand of RTU, the-t@nging fruit action is to increase a
thermostat cooling set point. To find the power demand reduction, the prerequisite is to find the
electrical and thermal coupling characteristic of RTU to determine the sgtatdypower demand
of RTU after the thermostat cooling set point has been increased. This study proposes the
mathematical model representation of a relationship between a ctarpgrature set point and
a power demand of RTU as follows:

[

QD o, . D %

Y 00 0 % Yo (Eq. 345)

Qo Qo

%0 O

% O 007— (Eq. 346)
00

2

CA

. %0 O
% O “T (Eq. 347)
00

CA

0 6 0 % 0 % 0 % Q 7 (Eq. 3498

Cc

Where,

: dynamic load time constant

: dynamic load function

. static load moell

. transient load model

. initial real power value

: new thermostat cooling temperature set point

. previous thermostat cooling temperature set point
. time

. time delay between tgperature changend response
I . static load model exponential index

I . transient load model exponential index

O O X X C1CicCrICr—
o o

The goal of this mathematical model representattan,3-451 Eq. 3-48, is to find a steady
state power demand of RTWU ( after a thermostat cooling temperature set point is changed from
%0 to %o Using curve fitting and parameter estimation algorithms with the objective function
shown inEq. 3-49, parameters: ,1 ,T,0 ,0, and0 can be estimatl.
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o)
c
Q

a Q¢ (Eq. 349

Where,
0  : parameter to be estiheal
0 . corresponding value of a parameiebased on its model
M . total number of training samples

The desired resulisf this step is to obtain the model that can predict:

1. The amount of power demand reduction or increment when a thermostat cooling
temperature set point is raised or lowered.

2. The rate of a room temperatuiges when a compressor is not working., the building
thermalresponsavhen an RTU does not operafe (Y )

3. The rate of a room teramturedrops when a compressor is workirig., the building
thermal responsehen an RTU is in operatio ("Y)

4. The impact of occupancy level, i.e., number of people inside a room, a zone, or a building,
tod Y andod Y.

Eq. 3-45- Eq. 3-49 can be simplified such that these desired results are obtained by estimating
building thermal responseboth when an RTU is operation and when an RTddes not operate.
The electrical and thermal coupling characteristic of RTU is then modeled based on these
constants.

The thermal responsef a building when an RTU does not operaie”Y ) is estimated by
keeping the thermostat cooling setpoigher than the room teperature. The, the room
temperature will rise over time depending upon heat gain and heat loss through building envelope,
lighting equipment, building equipment, and building occupants, etc. The amount of power
demand reductionhe duration for a room beperature to increase to a new cooling setpoint, and
the duration for the power demand of an RTU to descend to a new -staéelyare predicted
based on the estimated builditigermal response

The thermal responsef a building when an RTU is in operatiod (Y) is estimated by
keeping the cooling setpoint lower than the room temperaturen, e room temperature will
descendover time depending upon heat gain and heat loss through building envelope, lighting
equipment, building equipment, and building occupants, etc. The amount of power demand
increment, the duration for a room temperature to decrease to a new cooling setpoint, and the
duration for the power demand of an RTU to ascend to a new sttatéyae predicted based on
the estimated buildinthermal response

Empirically, the relationship between cooling setpoint and room temperature over time to
eval uat e thérmal teshonse® 6 “Y , 6 "Y) as a function of an average outdoor
temperature can be represented by the linear regression model as follows:

0"Y — — JY R (Eqg. 350
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Y i . average outdoor temperature during 12:00 pm to 6:0@ pm (
0"Y . buildingthermal respons@® “Y oro6 “Y)
— h— . learning parameters of the linear regression model eetweildingthermal

responsand an average outdoor temperature

Hypothesis:

Tw — —I (Eq. 351)
Parameters: —h —
Cost function:

b—Fh— 2 aw w (Eq. 352
ca

Goal: 3

a Q&p 0—h— (Eq. 353)

Where,

m : a number training examples obtained from measurement of a room temperature
0 —h— : cost function calculated from-h—

"Q w : hypothesis of parameterix an ith iteration

W : actualvalue of parameter to be estimated-th iteration

Typically, the cost functiom —h— given inEq. 352 is a convex function, therefore the

optimization prokem defined inEq. 3-53 can be solved by using the gradient descent algorithm.
The steps of findig & "Qé; 0 —h— are explained as follows.

Step 1: Start with initial values efh—

Step 2: Change values-efh —to reduce) —h— by simultaneously update-h — as:

h

—D — | ,forj=0andj=1 (Eq. 354)
Where,
| : learning rate
Step 3: lteratively change-h — until:
0 —h— 0 —h— - (Eq. 355
Where, 3
0—h— . cost function calculated from-h— in the previous iteration
0—h— . cost function calculated from-h — in this iteration
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Thesame technique can be applied to find the power demand reduction of an RTU in the case

gradient descent stopping criteria

that another control action (e.ghange damper positipis taken.

Nonetheless, there is another factor that can impact the obtaunelihg thermal response

both 6 "Y , & "Y which is an occupancy level of a room or a zone. Since people generally
generate heat (both sensible and latent) to the environment they inhabit, if there is a variation on a

number of people inside a room or a zone, it can segmifly impact the valuesf thed Y

0 Y [109. Therefore these values have to be adjusted accordingly based on the occupancy level

with the following factors to consider.

1. Zone type designation: This depends on structure, room location, and furnishing ASHRAE
defines bur zone types (A, B, C, and D) to quantify heat storage effect based on their heat

gain and heat loss characteristics, as showiahie 311.
2. Occupant activity level: sensible heat generatdfiQ Pand latent heat generatioh (O
of each person based on their activity inside a space are shdwanien312.

3. Occupancy density: estimated number of people inside a space can be calculated as shown
in Table 313. Cooling load factor adjustmen® (0 JO since heat storage effect can
substantially reduce sensible cooling load, sensible heat gain of a space is reduced by this
factor. Table 314 showsd 0 "@ken into account a total hours that people are in a space, a

total hours after people entering a space, and a zone type designation.

Thus, taking into account number of people in a space the andd "Y are adjusted due to
sensible heat gain and latent heat gain from peéglewing the equations below:

Where,

VOO
0 00
000
YTy

f 6 "YOO 600 (Eq. 356)

f 6 000 (Eq. 357)

8 Y i B Y (Eq. 358)
8 Y B Y (Eq. 359)

sensible heat gain from peopte ¢ 7&2)
latent heat gain from peoplé O 1)
number of people
sensible heat generation from each pe(éoo & 2\ Qi
latent heat generation from each per@am Q@ ) Qi
cooling loa factor adjustment

cooling capacity of a RTU (Btu)
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Table 311. Zone type$ interior rooms

Zone Parameters Zone Type
Room location Middle Floor| Ceiling Type| Floor Covering| People and Equipme]
Single story N/A N/A Carpet C
N/A N/A Vinyl D
Top floor 2.5in. Conc. With Carpet D
2.5in. Conc. With Vinyl D
2.5in. Conc.| Without * D
1.0 in. Wood * * D
Bottom floor | 2.5in. Conc. With Carpet D
2.5in. Conc. * Vinyl D
2.5in. Conc.| Without Carpet D
1.0 in. Wood * Carpet D
1.0 in. Wood * Vinyl D
Midfloor 2.5 in. Conc. N/A Carpet D
2.5in. Conc. N/A Vinyl D
1.0 in. Wood N/A * C

* The effect of inside shade megligible in this case

Table 312. Heat gain from occupants in conditioned spaces

Activity Sensible Heat| Latent Heat
(6 07 O] Qi| (0 0/ ) Qi
Seated at theater 225 105
Seated, very light work 245 155
Moderately active office work 250 200
Standing, light work (retail store 250 200
Light bench work (factory) 275 475
Walking, 3 mph (factory) 375 625
Bowling 580 870
Heavy machine work, lifting 635 965
Athletics, gymnasium 710 1090

Table 313. Typical occupancy density ranges
Building type | "Qof0 Qi i

Office 100 to 200

Educational 100to 175
Medical treatment| 50 to 100
Assembly 15to 20
Restaurant 20to 30
Retail 30to 75

Warehouse 500 to 1000
Apartment house | 300 to 500
Singlefamily house| 500 to 1000
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Table 314. Sensible heat cooling and load factors for people and unhooded equipniej® (

Hours after people enter spameequipment turned on
Total Hours Peopld 1 2 3 4 5 6 7 8 9 10
Are in Space
Zone Type A
8 0.75] 0.88] 0.93| 0.95| 0.97 | 0.97| 0.98| 0.98 | 0.24| 0.11
10 0.75] 0.88] 0.93| 0.95| 0.97 ] 0.97| 0.98 | 0.98 | 0.99 | 0.99
Zone Type B
8 0.65]| 0.75/0.81|0.85| 0.89] 0.91| 0.93| 0.95] 0.31| 0.22
10 0.65]| 0.75] 0.81| 0.85| 0.89| 0.91| 0.93| 0.95| 0.96 | 0.97
Zone Type C
8 0.61] 0.69] 0.75/ 0.79| 0.83] 0.86| 0.89| 0.91 | 0.32| 0.26
10 0.62| 0.70| 0.75| 0.80| 0.83 | 0.86| 0.89 | 0.91| 0.92| 0.94
Zone Type D
8 0.62| 0.69| 0.74| 0.77| 0.80| 0.83| 0.85| 0.87 | 0.30 | 0.24
10 0.63]| 0.70| 0.75| 0.78 | 0.81| 0.84| 0.86| 0.88 | 0.89 | 0.91

Subtask 3: Explore energy/power savings opportunity of lighting loads

In order to reduce power demand and energy consumption of lighting loads, a mathematical
model is devised that can predict:
1 The amount of power demand reductionrmmrement when the brightness of lighting
loads decreases or increases
1 The relationship between the illuminance and the brightness level

The relationship between the power demand and the brightness level of a lighting load
givenas:

¥ — —DipQ (Eqg. 360
Where,
0 . instantaneous power demand of a lighting load (W)
—_— . estimated parameters of linear regressiagiel of0
0i,Q . brightness level of a fluorescent or LED lamp (range from Q@0%)

Empirically, the relationship between illuminance and brightness level can also be represented
as a linear functiogivenas:

VADANE Q —Bi,Q (Eq. 361)
Where,
‘08 & 6 & "Q% ibuinidsfice measured at 0.8 meter from the height off the floor (lux)
—_ — . estimated parametep$the linear regressing model betwékuminance and
the brightness level
0i,Q . brightness level of a fluorescent or LED lamp (range from Q@0%)

3-60



Technically, the brightness (%) of fluorescent or LED lighting load dependseovoltage
applied to it. Therefore, the etlonship between the power demand of a lighting load and its
brightness as well as the relationship between the illuminance of a building space and a
corresponding light brightness level can be empirically represented by the linear regression
model, as féows.

Hypothesis:
OCw — —I (Eq. 362
Parameters: —h—
Cost function:
b—F— 2 0w o (Eq. 363
ca
Goal:
a Qep U —h— (Eq. 364)
Where,
X : 0ipQ
m : number of training samples from measurements
0 —h— : cost function calculated from-h —
Q w . hypothesis of parameter x in athiiteration
(@) . actual value of parameter to be estimatedtimiieration

Typically, the cost functiom —h— given in Eq. 3-63 is a convex functio, therefore the
optimizatian problem defined iEq. 3-64 can be solved using the gradient descent algorithm. The
steps of findingd 'Q¢; 0L —h— are explained as follows.

Step 1: Start witfinitial values of—h—

Step 2: Changealues of—h —to reduca) —h— by simultaneously update-h — as:

h

—D — | ,forj=0andj=1 (Eg. 365
Where,
| . learning rate
Step 3: lteratively change-h — until:
0 —h— 0 —h— - (Eq. 366)
Where, 3
0—h— . cost function calculad from—h— in the previous iteration
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0 —h— . cost function calculated from-h — in this iteration
- . gradient descent stopping criteria
There are four strategies used to reduce energy consumption and power demand of a lighting
load as follows:
1. Dimming control: change supply voltage to dim lighting loads
2. Daylight control: usdluminance measurements from ambient light sensor(s) to measure
adjust lighting loads
3. Occupancy control: use occupancy/presence sensor(s) to turn on/off or dim lighting loads
4. Timescheduled control: schedule time to turn on/off or dim lighting loads

The power demand reduction resulting from performing these actions can be obtained from
the proposed linear regression model, which can be solved using the gradient descent technique as
elaborated above.

Subtask 4: Explore energy/power savings opportuity of plug loads

Power demand of a plug load is given as:

¥ Y D (Eq. 367)
Where,
0 . power demand of a plug load (W)
Y . status (on/off) of a plug load
0 . power demand of a corresponding agpiie (W)

A plug load controller can be used to turn on or off appliances/devices based on their assigned
priority (critical or noncritical) given by a building administrator and tenanis. of
specific equipment, device, or appliartan beobtamd fr om its correspondin
or directly from measurement.

3.5.3The Proposed DRigorithm to help improving efficiency of a power grid operatian
response to a Critical Peak Pricing (CPP) signal at a building level

In this section te DR algorithm for load control in buildings with respect to a CPP signal is
devisedto help improwng efficiency of a power grid operationTypically, a CPP event
notification is sent one day in advance of a scheduled event. The triggers of a CPP event are, for
example, dayahead load or price forecast, forecast of extreme or unusual temperature conditions,
and a system emergency of a wilif ISO. The proposed DR algorithm is devised such that the
CPP event is separated into three sequential stages so that agents can perform proper
optimizations in each stage. Those stages are-@PRestage, a CPP event stage, and a@ieBt
stage.

A. The Overall Goals for DR Implementation at a Building Level

A demand response agent (DRA) acts as a gateway between a building and an openADR
server that communicates through a cloud service. After receiving a CPP signal from an

3-62



OpenADR agent, a DRA pursues the systensds ove
thermostat agent (TA), lighting load agent (LLA), plug load agent (PLA) to control and adjust
devicesd settings given knowledge on devices
power meter agent (PMA), mulsensor agent (MTA), motion sensagent (MSA), and weather

sensor agent (WSA). The overall systems goals for DR implementation of a CPP event are
elaborated as follows:

1) Tomi ni mi ze the buil ding®s j)and power demamd0d§)y cons
during a CPP event

min (O ) =min( 0 QP (Eq. 369
0 B 0 g B 0 g B 0 s (Eq.3-69)
Where,
0 . total instantaneous power demand of a building (W)
0 . start time of a CPP event
0 ; tlme that a CPP event ends
L 3 : power demandf RTU unit i (W)
0 g . power demand of a lighting load unit i (W)
0 8 : power demand of a plug load unit i (W)
0 . total number of installed RTUs in ailtling
0 . total number of installed lighting loads in a building
0 total number of installed plug loads in a building
2)Tom ni mi ze occupantsdé6 comfort violation inde
Fl ~ ~ ~
a Q&0 w0 a Q¢ OOV L S VL W Shm'Qc
R
oo B #I o
ﬁ | AQ ] QO
o \N’MM~(Eq.37O)
h i AQEI I OI ET AT AET 1 Ol EEIF“_,?\II)‘A
: ETT O ET AT KA °
R
d 0000 i 0W0O0i FrSQO
i
Where,

0 w0 : comfort violation index
0 . total number of zones in a building
o] A . start time of a pr€PP period
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o i end time of a posEPP period

0-@ Predicted mean votalue of a zone i

0-6 b Predicted mean vote value that corresponds to 10% in PPD

00% : Percentage of peopigssatisfied (%)

#1 level of# / concentration in a zone i (ppm)

# 1/ . upperlevel of# / concentration in a building (ppm)

ET1 1 Oi ET AT A Aower limit of illuminance for lighting based on a building type and a

zone type according to thESNA standard 90-2007 [L09 (lux)

ET1 1 Oi ET AT Aelel of illuminance in lux for lighting im zone (lux)

i Owooi j . statusofacriticall oad during a normal condit

i Owooi j : statusofacritical oad i (®FON®)1, AOF

3)To minimize demand restrike that wil!l I mpos
event ends

During a CPP event, a demand restrike of a build®g (V) is calculated ast®wn inEq. 3
71 Technically, O'Y U estimates the rebound potential of the power demand of a buiding
resulting from DR implementation during a CPP event where some devices are not able to run or
partially run. After a CPP event, if all of those devices start to run at the same time, an overly
increase of power demand (so called a demand restrike) can inevitably happen.

h

a "QO'Yu a Q¢ i A j
. (Eq. 371
I AD p Qo
6 6 8 6 8 6 8 (Eq' 372)
0 5 0 § & (Eq. 373
v i DR (Eq. 374)
6 h i(‘)(I)(‘)Olﬁ h i(‘)d)(‘)(')iﬁﬁ
D i (Eq. 375
Where,
9 YO demand restrike of a building (W)
0 f historical power demand of a building in a normal condition (W)
0 § K . power demand of an RTU unit i when it is operating (W)
0 A . rated power demand of an appliance unit i (W)
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0ipR i . brightness level of a lighting load in % after a CPP event (%)
i Owooi p r . status of a plugload i after a CPP event (W)
i Owoo6i p i : statusofa plugload iduring a CPP event (W)

4) To minimize time to start restore ( ) and time taken toestore (Y ) all settings
back to a normal condition in thwstCPPstage

| E E) 0 h 8
0O i 8  (EqQ. 376
0 R 8
| ETY Y i s
Yoo 8 (Eq. 377)
Yoo 8
Where,

o] : time taken by al/|l contr ol agent s

back to their normal conditions
o] i . time taken by a TA to start to restore a RTU setting back to normal

condition
o] i . time taken by a LLA to start to restore a lighting load setting

back to normal condition
o] i . time taken by a PLA to start to restore a+goitical plug load setting

back to normal condition
Y : time taken by all control agent s

and buildingds environment back to
Y i . time taken by a TA to finish restoring a RTU setting and bring a room

comfort (i.e. room temperature, @vel) back to normal condition
Y i . time taken by a LLA finish restoring a lightingald setting and

bring a room illuminance to normal condition
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Y i . time taken by a PLA to finish restoring a noitical plug load status
back to normal condition

At the end of a CPP event, aftefOdY U is evaluatedactions to mitigate the potential impact
ofOYband minimize ti me t arngsandroom comrs domdition arelte vi c e ¢
be taken by the DRA in coordination with control agents and sensor agents. In addition, taking
comfort constraintsnito account, the main criteria to select an action to be performed is to give
higher priority to the etion that mitigates comfort violation; while giving lower priority to the
action that does not lead to a reduction in comfort violation.

In order to achieve the desired objectives above, there are three sequential stages to implement
the proposed DR algorithm for CPP: {£8P stage, CPP stage, and goBP stage, shown in
Fig. 331

Thermostat Lighting Load Plug Load

~
>

Status
5
>

h

| | ON —

Cooling setpoint
rightness level
>

B

> OFH >

>

>
Normal pre-CPP CPP post-CPP Normal Normal pre-CPP CPP post-CPP Normal Normal pre-CPP CPP post-CPP Normal

Time (hrs) Time (hrs) Time (hrs)

Fig. 331 Three sequential stages to implement the proposed DR algorithm

B. A day before a CPP event

Fig. 332 illustrates the equence diagram of the proposed agdmsday before a CPP event.
As shown, a electric utilitysends a notification given a date and time of a CPP event one day in
advance to an OpenADR agent via a http webhook (push API call). An OpenADR agent, then,
requests a demand response agent (DRA) to help reduce power and energy demand of a building
duringa CPP event using the FIPA Requé#ten protocol. An OpenADR agent sends a message
with fwlregmuesger formative to a DRA specifying t
event is true. A DRA, representing a building operator, replies back topeeADR whether it
can participate in a CPP event by sending a
Subsequentl| vy, a DRA s ewmldesn omepsesrafgoersmawiitvhe fursei gnu
When protocol to other control agents. This is to notify elmeick which agents are available to
participate in a CPP event. An agent wishing to participate in a CPP event sends back a message
with fiagreeo performative. Otherwise, an agent
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C. Normal stage before are-CPP stage

Fig. 3-33 shows the sequence diagram of the agents during a normal stage prior-@PPpre
stage. In this stage, three hours before an estimatgdRiPestage of each control agents, a DRA
sends a message with fArequest o performative us
t hat have previously fagreeo to participate ir
still available to pdorm actions based on the proposed DR algorithm.

D. Pre-CPP stage

In this stage, as shown kig. 3-34, the proposed agents select optimal actions to achieve the
objectives mentioned in the previous section. Actiorsach agent action are elaborated below:

D.1 Demand Response Agent (DRA):

A DRA coordinates with control agents (thermostat agent: TAtilig load agent: LLA, and
plugl oad agent PLA) given the knowledge on devi
sensor agents (power meter agent: PMA, nagdtisor agent: MTA, weather sensor agent: WSA,
and motion sensor agent: MSA) as shownFig. 3-39. l'ts main goal s to
electricity consumption to the period prior t
power demand and emgrconsumption during the CPP event to be minimized while the occupant
comfort is not violated or less violated as possible.

D.2 Thermostat Agent (TA)

Thermal load during a CPP event can be shifted to th€pre stage by performing the pre
cooling acton. By lowering the cooling temperature set point, cooling capacity froqmpr&h€PP
stage can be carried over to the CPP period. Thus, there is less need for an RTU to operate during
a CPP event in order to maintain indoor air temperature within thefisgecomfort range as
defined in [LOG. In this study, there are two parameters that determine control actions of a TA:
temperature set point (), and fan statu€ON/OFF).

To help tle DRA to achieve its first goab minimize power demand)() and total energy

consumption©@ ) of a building during a CPP everd TA will take the following action
during the preCPP stage.
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OpenADR DRA TA LLA PLA

Electric utility @ . . .

‘@

:request-when

agree/refus

1+ day | HTTP WEBHOOK ; i
before CPP . _ " . '
' FIPA Request-When Protofol ! ' !

: . request-when . . : .

] L} " 1 [ ] [ ]

! E‘ agree/refuse | ! ! !

; FIPA Request-When Prothcol : :

: " .request-when " : "

' : . > : :

. ' ' agree/refuse . ' '

1 : :< I . :

. ' ' FIPA RequestaWhen Protocol . '

. ' s request-when : : '

[ [ ] L} q T ’| 1

. . . : agree/refuse | .

1 ] I‘ T ] ]

E ' ' FIPA Request-When Protocol '

" " ]

: " €

-

Fig. 332 Sequence diagram of the proposed agents the day before a CPP event
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DRA

©

TA

FIPA Request Protocol |

LLA

©

PLA

3 hour | request > ' :
before CPP agree/refuse s ' :
e ' ' :
; 1PA Requ¢st Protoc ! !
! request FIPA R _|r Protocol : :
. ' agree/refuse ' :
rt : : :
' FIPA Request Protocol ; ;
' request ' i >
' : : agree/refuse !
:‘ L] L] 1
Fig. 3-33. Sequence diagram of the proposed agents during a normal stage prior-@Péptage
DRA TA LLA PLA
besinni f ! FIPA Request-When Protocol i i H
eginning of | . . ' ' '
pre-CPP ¢ inform-result/failure + prpa poguest- When Protocol ! :
» | inform-result/failure . p1pp Request-When Protocol !
E : : inform-result/failure |
-

Fig. 3-34. Sequence diagram of the proposed agents during@RiPestage
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With the constructed believe, a TA selects an optimal thermostéihg temperature set point
before a CPP eventY R ) so that a RTU is not likely to operate during a CPP period
taken into account a buildinthermal respons¢d “YH) Y ) of a zone or a room inside a
building. Therefore, the preooling action is requiredo shift aml minimize electricity
consumption of A RTU during a CPP event. During tlps=CPPstagea TA lowers the cooling
temperature set point of its corresponding thermostat from a normal cooling temperature set point
Y r ) to a new coohg temperature set point before a CPP e\@rit ).

Rather than changing a thermostat cooling set point instantaneously, a set point is gradually
lowered over a period of time with multiple stepsq Q1 i ) at an interval

of YO  (a TA control decision)

R o R

Since control actions of a TA are directly related to the PMV index andleé@l, a TA also
helps the DRA to minimize the comfort violation index (CVI). In order to achieve its goal, the
average room temperature should be as close as the room temperature that the value of PMV is
equal to zero. However, CLV during a CPP eveningge important therefore the weight of a
CLV during the preCPP stage is low. A TA will try tonaintainCLV during the preCPP stage to
be within the range as specified by the ASHRAE standa2i083 [LO§).

Based on its belYevie, TBHds ¢ haso affecsthefdentand
restrike of the corresponding RT(Y L ) and the time taestore the temperatuset point
back to its normal setting prior to the gE&@P stageA TA select acooling temperature set point
before a CPP everftY A ) that will minimize the difference between the thermostat
cooling temperature set point durirg CPP event("Y i ) and the normal cooling
temperatee set poin("Y i ). This action lead to minimizing bothe impact ofO"Y 0 and
the time torestore thermostat temperature set point badts normal settingfter a CPP event.

Based on the above criteria, a TA performs actions during-&pRe stage, shown Irig. 3
35, by sending control signals to its corresponding thermostat with the settings calculated using
Eq.3-78- Eq.3-82

V.
. oY _ - .
Y L (Eq. 379)
4 gh 4 s Y
5 0n | Y'Y
R I f Yoo BY (Eq. 379
YY 'Y i Yooh (Eq. 380)
Y'Y A
(oQni . o . (Eq. 381)
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Yo 2ioQni , o i P (Eq. 382

thermostat preooling temperature set poiitt )
indoor air temperare that the calculated PMV is zeno
lower bound of an indoor air tempéuee that PMV =0.5 which is still
within the ASHRAE standard 58013 [LO€] limit &
building thermal responsehen an HVAC does not operate 7'Q
building thermal responsehen an HVAC operatest 7'Q
duration of a CPP event (hr)
thermostanhormal cooling temperature set poirt
" : steps to change frofY R to"Y R
different betweerY R to"Y R L
interval to change a thermostat cooling temperature set pmmintrél
variable of a TA, hr)
change in thermostat coolingriperature set point at every interval
Yo ot
:dur at i on edolingactibbiefere pCPP everit

Thermostat

~
L

Cooling setpoint

Tcoofing JOF “\

Tronl{ng pre=CPP

—>
Normal  pre-CPP CPP post-CPP Normal

Time (hrs)

Fig. 3-35. Control actions of a thermostat agent duringeaCPP stage

It should be noted that Y andd 'Y are t he TAOS | earnabl e
Section 3.5.B subtask 2.
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D.3 Lighting Load Agent (LLA) there are two parameters that determines the control action of a
LLA: status (AONO, d@@%)O) and brightness (0

Since increse or decrease in the brightness of a lighting load during-@PReperiod will not
contribute to a reduction in energgnsumption during a CPP event, a LLA does not need to take
any action during a pr€PP stage. Furthermorehanging the brightnedsvel during a preCPP
stage is neither contributing to prevent the comfartation index (CVI)from being violated, the
demand restrike from lighting load©(Y 0 ) to happen, nor reducing the time that a
LLA takes to restore the operation of the lighting load back to its normal setting. Thus, a LLA
does not need to take any action during theGiP@ period as shown ikig. 3-36. However, the

current statusi(0 @0 0 i R and its maximum power demand of a lighting load
(v r ) is saved by a LLA to be used later in the next event stage.

g Lighting Load

EI\

2

&

B riﬂarm B'n.pre—(.‘t’}’
Normal pre-CPP CPPEvent  post-CPP Normsﬁ
Time (hrs)

Fig. 3-36. Control action of a lighting load agent during a-@feP stage

D.4 Plug Load Agent (PLA) there is one parameter tlgdtermines the control action of a PLA:
status (ON/OFF).

Since changing the status of a plug load during aORE stage will not contribute to the
reduction in power demand and energy consumption during a CPP period, occupant comfort
violation, impacts © demand restrike potential from plug load®"Y 0 ), and time to
restore settings after a CPP event, a PLA does not need to take any action during this time as
shown inFig. 3-37. However, the plug load current statisq w0 0 i and its
maximum power demand) ( i ) is saved by a PLA to be used later in the next event
stage.
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Plug Load

Status

N
ON sta tuspiugioad pre—CPP —
Starusp! kgload norm
OFF >
Normal  pre-CPP CPP Event post-CPP Normal
Time (hrs)

Fig. 3-37. Control action of a plug load agent during a-@RP stage

E. CPP event stage:

In this stage, the proposed agents will select optimal actions to achieve the objectives
mentioned in the previous sectidctions of each agent are given as follows:

E.1 Demand Response Agent:

During a CPP event, a demand response agent (DRA) coordinates with control agents:
thermostat agent (TA), lighting load agent (LLA), and plogd agent (PLA) given the
knowledge ofsensor agents: power meter agent (PMA), weather sensor agent (WSA), multi
sensor agent (MTA), and motion sensor agent (MSA) as depickad.iB-38.

E.2 ThermostatAgent (TA} there are two parameters that determine control actions of a TA:
temperature set point () and fan status (ON/OFF). The DRA
account during a CPP event to determine the <cc

To minimize apower demand and an energy consumption of an RTU, a TA change a
thermostat cooling set poifity i ) to the value that RTU is not likely to operate during a
CPP eventThis cooling set point is the value that a TA believes that an RTU is less likely to
operate when room temperature increases from the value at the endhof@feP stage to the
end of a CPP event.

In order to minimize CLV during a CPP event, a TA wiké appropriate action(s), e.g.,

lower a thermostat cooling set point or turn on a fan in order to maintain the PMV index within
the range specified by the ASHRAE standare2633 [LO]).
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DRA TA LLA PLA

:. l{l"lPA Query Prolocol+ | | l

1 . 1 1 1
beginning of : query-if % ' :
CPP 54 agree/refuse . ' |

' inform-t:f/failure | " "

< ' : :

E query-if FIPA Qucriy Protocol >E E

E‘ : agree/refuse : E

54 : inform-t: f/failure : "

" : ; FIPA Query Protocol : :
"query-if ' ' '

. query _ . y!

¢ ' ' agree/refuse |

< : : inform-t:f/failure

' FIPA Request Protocol E E E

end of :< inform-done/failure | FIPA Request Protocol ; .
CPP E‘ : inform-done/failure ! FIPA Request Protocol '
E‘ " . inform-done/failure |

Fig. 3-38. Sequence diagram of the proposed agents during a CPP period
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To minimize the impact of demand restrike potent@ Y0 ), a TA ensures that the
difference between the selected thermostat cooling set point during a CPP¢vent{ ) and
the thermostat cooling setpoint during a normal conditiod@ (5 ) is minimal. Therefore,
the estimated time taken back frémn roto’Y R iIs minimal providing théuilding
thermal responsehen RTU is operatingd(Y ) .

Based on the above criteria, a TA performs actions during a CPP event stage, SRigwar in
39, by sending control signals to its corresponding thermesta the settings shown i&q. 3-83
Eq. 3-86.

. 0"y - .
v Yo T3 Mo h Y (Eq.383
4 gh Y i 4
Y'Y
0 R 0 i 5y (Eq. 3849
yY 'Y ; Yoo (Eq. 385
Y el Uc (Eqg. 386)
Where,
Y i . thermostatooling temperature set point during a CPP e¢ent
Y i . thermostat preooling temperature set poirtt )
0"Y . building thermal responsehen an HVAC does not operate 7'Q
o] . duration of a CPP event (hr)
4 8 . upper bound of an indoor aiemperaturehat PMV is 0.5 and still
within the ASHRAE standard 58013[L0§ limit &
o i : time that RTU is likely to start during a CPP e i)
0 § . start time of a CPP event (hrs)
Y'Y difference between thermostatcooling setpoint during a CPP event
and a thermostat cooling setpoint{oaoling temperature setpoint and
Y statusof a fan during a CPP event
In addition, it should be noted that”y i s t he TAOGs | earnabl e

Section 3.5.B subtask 2.
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Fig. 3-39. Control action of a thermostat agent during a CPP event stage

E.3 Lighting Load Agent (LLA) there are two parameters that determines the control action of a
LLA is the brightness(©®1 00%) of its associated |lighting
taken into account during a CPP event to determine the coltse @6 s act i ons.

A LLA can reduce the brightness level of a corresponding lighting load to minimize power
demand and energy consumption during a CPP peftit. respect to the IESNA standard 90.1
2007 [L09, a LLA tries to keep an illuinance level of a room to a level that is not lower than the
recommended average illuminance level based on a building type and a room type. In addition,
LLA will make sure that the reduced brightness I€tiel "Q) does not create the high demda
restrike of a lighting load after a CPP event ends.

Based on the above objectives, a LLA performs actions during a CPP event stage, shown in
Fig. 340, by sending control signals to its corresponding lighting load thi¢ settings shown in

Eq.3-89,
.o QO a0 dQE Q& Q
61 Q p8t WO (Eq. 387)

_ The difference between lighting load power demand during a normal stage andeePP
Y0 can be evaluateas inEqg. 3-88. Thus, the estimated power demand of a lighting

load during a CPP event is givenkn. 3-89.
Y0 — ¥%iQ— 61 Q 6i1Q (Eq. 389

Y0 (Eq. 389

C
S5

CA
S5
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Where,
0i Q . brightnesdevel of light bulb(s) during a CPP evdfb)
061 Q . brightness level of light bulb(s) during a normal condi()
Q& & 6 & Q¢ ®& willuminance level of a room during a normal stgige)
Q& & 6 & 'QE wE& wiinimum illuminance level of a room that is maintained during a CPP
period which is recommended Hye IESNA standard 90-2007

[109 (lux)

— h— : estimated parameters of linear regressing mioekeveen illuminance
and brightness level

Y0 . difference between lighting load power demand during a normal stage
and a CPP eveliwV)

— h— . estimated parameter of linear regressing model betp@eer
demand of a lighting load and brightness level

Y61 "Q . difference between brightness level during a CPP ewedta normal
stage(W)

: power demand of a lighting load during a CPP e{@ft
: power demand of a lighting load during a normal s{@ue

Ca C=
0¢ 3¢

Lighting Load

Brightness level

Bri Bnpre—CPP |

norm

Brig,,

—~

-
Normal pre-CPP CPP Event  post-CPP Normal
Time (hrs)

Fig. 3-40. Control action of a lighting load agent (LLA) during a CPP event stage

E.4 Plug Load Agent (PLA)one parameter that determines the control action of a PLA is the
status (ON/OFF) of its associated plugountoad.
during a CPP event to determine the course of actions of a PLA.

A PLA can change the status of its correspo
demand and energy consumption during a CPP period. There are two kinds of loads that a PLA
can beassigned to: critical load and nontical load. To minimize comfort level violation in a
building during a CPP event, a PLA will avoid turning off critical load$LA will not take any
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action during a CPP event to minimize the impact of demand restaketo minimize time to
restore settings.

Based on the above objectives, a PLA performs actions during a CPP event stage, shown in
Fig. 341, by sending control signals to its corresponding plug load with the settings sh&gn in
3-90. Thus,the estimated power demand of a plug load during a CPP svgnen as ireq. 3-
9L

pUOORQM OCEAOEDOEAAI

Lowooi v 40600l OCAEDI 1 AOEdE 4 (EI 30
0 i l e (Eq. 391
Where,
i 0Owooi . status (1=ON/0=OFF) of a plug load
0 i . power demand of a plug load durin@RP event (W)
0 . rated power demand of an appliance (W)
g Plug Load
&M 1 1 [ 1
1 L} 1 [ ]
" ; ' '
ON : 1 status lugload .pﬂ'—f.:”f’
S:atuspf gload norm g ]
L} L}
L] L}
L] L]
OFF ; Sratus;)!ug!r)ud.('f’f‘ : )
Normal  pre-CPP CPP Event post-CPP Normal
Time (hrs)

Fig. 341 Control action of a plug load agent (PLA) during a CPP event stage
F. PostCPP stage:

In this stage, agents will select optimal actions to achieve the overall system objectives.
Actions associated with each agent are given as follows:

F.1 DemandResponse Agent (DRA):
After a CPP event, a demand response agent (DRA) minimizes the impact of demand restrike

by coordinating with control agents: thermostat agent (TA), lighting load agent (LLA), and plug
load agent (PLA) as shown kag. 3-42.
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DRA TA LLA PLA

@ FIPA ContractNet Protocol .

beginning of | ¢fp .’E ; '
post-CPP | propose/refuse ! ! "
:< 1 1 1

cfp FIPA Contrac}Net Protocol ' !

" ; propose/refuse - "

e v : "

L cfp ' FIPA ContractNet Protocol ' '

- : ' >

E< ; ' propose/refuse |
'reject-proposal/accept-proposal ’E X .

E‘ inform-done/failure! ' :
,reject-proposal/accept-proposal E »E E

< " inform-done/failure | :

E reject-proposal/accept-proposal . . .

T . P

:< . . inform-done/failure |

E FIPA Propose Protocol ' ' '

during - propose/refuse * ' '
cpp ) : '
post- .reject-proposal/accept-proposal ' ' '

Fig. 342. Sequence diagram of the proposed agents during ZCp#speriod
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This is with the goals to minimizeccupant comfort violation as well as to restore their settings as
quickly as possible. In short, a DRA will try to slowly increase the total power demand of a
building to avoid the rebound effect. Control agents will gradually change all set pointtoback
normal settings.

F.2 Thermostat Agent (TA)two parameters that determine control actions of a TA include
temperature set point () , and fan status (ON/OFF). The DRA
account after a CPP event to determine the cairaetions of a TA.

After a CPP event, the main goal of a TA is to minimize occupant comfort violation. This is
accomplished by reducing the thermostat cooling setpoint from the level during a CPP event
Y i ) to the level at th@ormal condition (Y i ). The TA also has the other goal,
which isto minimize the impact of ® Y0 . This is accomplished bgommunicating with a
DRA to find out when to lower the thermostat temperature set point ffdm  to
Y r . Italso ensures that the total restored power demand of all loads wikaesdethe
maximum of the historical power demand of a building during the normal condRaher than
changing the thermostat camdj temperature set point instantaneoualy A will gradually reduce
the thermostat cooling setpointover a period of time with multiple steps
ioQni . . at everyd0  (a TA control decision)This is to avoid the rebound

of RTU power demand as well as to minimize the time taken to restore the thermostat cooling
setpoint back tits normal stage.

o

Based on the above objectives, a TA performs actions during a CPP event stage, as shown in
Fig. 343, by sending control signals to its corresponding thermostat with the settings gisgn in
3-92- Eq.3-95.

C e Y
LoQni ., o . 5 By (Eqg. 392
Y Y Y& (Eq. 393
Y'Y A
(oQni . o . (Eq. 394
0 Qoo . 0 dioQni . o . P (Eqg. 395
Where,
ioQni . o . : steps to change frofiy Foto’Y B
0"Y . building thermal responsehen an RTU is operating 7'Q
Y'Y difference betweefiy roand’Y R L
0 time step interval to change a thermostat cooling set poamtrol variable of
5 a TA, min)
Y'Y : change in thermostat cooling temperature set point at every inéervalt
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Y i . thermostatooling set point during a CPP event
Y i . thermosat cooling set pointuring a normal stage.
. time taken to change cooling temperature set point from

Y oo’y R (hr)

h h

Thermostat

~
-

Cooling setpoint

Tcoah’ng {CPP

Tcooimg JIOFML \Twaimg post—CPP

cooling ,pre-CPP

~

-~
Normal  pre-CPP CPP post-CPP Normal
Time (hrs)

Fig. 343. Control action of a thermostat agent (TA) during a{6&&iRP stage

F.3 Lighting Load Agent (LLA) one parameter that determines the control action of a LLA is the
brightness(0 100 %) of iits corresponding |igbtakemg | oa
into account after a CPP event to determine tF

To minimize ocupant comfort violation and impacts of a demand restrike, a LLA
collaborates with a DRA to find out the optimal time to increase the brightness of associated
lighting load from the level during a CPP evelt i ( Q) to the normal leveld i "Q ). A DRA
will determine whether the total restored power demand of all loads will not exceed the maximum
historical power demand of a building during a noro@idition. In addition, &LA will also try
to restore the brightness back to the normal leveal (Q ) as quickly as possible.

Based on the above objectives, a LLA performs actions during the restore stage, shigwn in
3-44, by sending control signals to its corresponding lighting load with the settings shola. in
3-96.

51 Q 51 Q 61 Q (Eq. 396)

The difference between lighting load power demand during a CPP event and its normal
operating condition¥0 can be evaluated as bfyg. 3-97. Thus, the estimated power

demand of a lighting load when it comegk#o a normal stage is givenky. 3-98.

Y0 — ¥i1Q— 61 Q 61 Q (Eq.397
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0 i 0 i Y0 (Eq. 3998

Where,
61 Q . brightness level of light bulb(s) during a CPP e\@tt
61 Q . brightness level of light bulb(s) dog a normal conditio(%)

Qaaod Nt dhe cz)l‘ﬂmminance level of a room during a normal stélge)
Qa a 6 & Q¢ @& wi@nimum illuminance level of a room that is recommendethby
IESNA standard 90-2007 [LO9 (lux)

— — . estimated parameter of linear regressing model between illuminance
and brightness level

Y0 . difference between lighting load powesrdand during the normal
stage and a CPP evdhY)

— = . estimated parameter of linear regressing model between power
demand of a lighting load and brightness level

Y61 "Q . difference between brightness level during a CPP esgedtthe

normal stagéWw)
: power demand of a lighting load during a CPP e{@ft
. power demand of a lighting load during a normal s(&de

Ca C2
0¢ ¢

Lighting Load

Brightness level
Y
>

=~
3

Brlprefcf-‘i-' BrlpoxrfCPP'_

3

Bricp,

b

>
Normal pre-CPP CPPEvent post-CPP Normal
Time (hrs)

Fig. 3-44. Control action of a lighting load agent (LLA) during a pG&P stage

F.4 Plug Load Agent (PLA)one parameter that determines the control action of a PLA is the
status (ON/ OFF) of its correspondi ntakenpntoug |
account after a CPP event to determine the ¢

There are two kinds of loads that a PLA can be assigned to: critical load acdtimah load.
To minimize occupant comfort level violation during a restore event, a PLA coordinates with a
DRA to return the status of a plug load to its previous st&WLA coordinates with a DRA to
find an optimal time to change the status of a-aoni t i c a | plug |l oad from
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quickly as possible while the goal of minimizing the impact of demand restrike is also taken into
account.

Based on the above objaes, a PLA performs actions during a restore stage, showig.in
3-45, by sending control signals to its corresponding-aatical plug load with the settings
shown in Eq. 3-99. Thus, the estimated power demand of a plug load during a restore stage is
given as shown ik&q. 3-100

pOOhQIQO Gooi j P £y 299
Lomooi y o 06000 Ho 6 i n (EG- 399

0 A i B o) (Eg. 3100
Where,
i Owooi . status (1=ON/0=0OFF) of a plug load during a restore stage
i 0@ o i . status (1=ON/0=OFF) of a plug load during apfP stage

0 i . power demand of a plug load during a restore stage (W)
0 . rated power demand of an appkce (W)

£ Plug Load
=
n M
status plugload ,pre-CPP Statusplug!aad Jpost—=CPP
ON —
Statuspl- koload norm
status .
OFF plugload CPP N
Normal  pre-CPP CPP Event post-CPP Normal
Time (hrs)

Fig. 3-45. Control action of a plug load agent (PLA) during a goBP stage

3-83



4. CASE STUDRESI DENMEAL HO

This section presents a case study of the Smart Distribution Transformer Management
System(SDTM) to assess the effectiveness of the proposed DR algorithm to alleviate power
system stress conditioaselaborated in Section 3.3.

4.1 Description of the Case Study

The case study of the proposed Smart Distribution Transformer Management (SDTM), is
shown inFig. 41.

e . e Physical Layer

| - H STy e st
d, =1 \\\ T“:\(.Sim“ Power Distribution Network <= MATLAB/Simulink

Home Energy Management <= VT HEM

MATLAB link w/ HEM & TCP/IP connection

Transformer
Agent (TRA)

> Cyber Layer

Multi-Agent System (MAS) < JADE (Java Agent
Development Framework)

Reliability
signal =—) _~

/ &.\ll\;;\tl: l,\\“l\ Link between Physical Layer and Cyber Layer

Distribution

S Tt {PhysicalLayer | MAS link w/ MATLAB <> MACSimJX

Fig. 4-1. Case study of the proped SDTM

The physical layer comprises a distribution network with a sipbkese distribution
transformer serving three homes. The distribution network is modeled in MATLAB/Simulink;
and the DRenabled household appliances are modeled in the Home Energygdtaent (HEM)
environment 110).

The cyber layer consists of the proposed MAS (discussed in Section 3.2 and developed using
the Java Agent Development Framework (JADE)]] platform) and the HEM (stardlone
software developed ifL[LL1]). MAS comprises multiple distributed intelligent agents residing at
their corresponding physical devices. The HEM is responsible for monitoring power
consumption of DRenabled houseiid appliances and controlling appliance status during a DR
event baed on preset homeowner preferences. In the cyber layer, therelRA(resides at the
simulated distribution transformer) and thi¢as (resides at each simulated home).

The middleware called MACSImJX112 is used to link the MAS with the distribution
network modeled in MATLAB/Simulink. The HEM is linked with the distribution network and
its corresponding agent via TCP/IP communication.



To enable realvorld implementation ofhe proposed approach, a smart grid infrastructure
that supportswo-way communication®etween a distribution transformer and its connected
homes is required; an example of which has been discussetidn [

Table 41 summarizes attributes of the distribution transformer under study. Parameters,
appliances ratings, and customer preference settings of three homes served by the transformer
discussed above are summarizedable 42.

Table 41. Distribution transformer (DT) attributes and DR event

Attribute Value Attribute Value
DT ID (G2101CC3700 | DT operating state Normal before 17:10
DT rating 25 kVA Home IDs (served by 950009001
this transformer) 950009002
950009003
DT voltage ratio 7.2kVv/120/240V DR event Occur at 17:10
DT configuration BN 00 16 kW
DT loading capability > 25 kW DR event period 17:1071 19:00

Table 42. Home attributes and customer preference settings

Home 1 Home 2 Home 3
(HA1,HEM1) (HA2,HEM2) (HA3,HEM3)
Home parameters:
ID 950009001 950009002 950009003
Size 1,833'Q0 2,559'Q0 1,310"Q0
Elec. meter service amp 150 A 200 A 100 A
Voltage rating 120/240 V 120/240 V 120/240V
Appliances ratings and customer preference setting:
1. Air Conditioner (AC) Priority #1
1.1 Rating 1.92 kW 2.60 kW 1.92 kW
1.2 Temp set point 76 220G 74 20 76 20
1.3 Start time Before 17:00 Before 17:00 After 17:40
2. Water Heater (WH) Priority #2
2.1 Rating 3.80 kw 4.50 kW 3.80 kW
2.2 Temp set point 110 10Q@ 120 10G 115 100
3. Clothes Dryer (CD) Priority #3
3.1 Rating (heat/motor) 2.88/0.18 kw 4.90/0.377 kW 2.88/0.18 kw
3.2 Start time 17:00 16:50 -
3.3 Required run time 60 min 60 min -
3.4 Min ON time 20 min 20 min 20 min
3.5 Max OFF time 15 min 15 min 15 min
4. ElectricVehicle (EV) Priority #4
4.1 Rating 3.3 kW 3.3 kW 3.3 kW
4.2 Start time 17:05 16:30 17:45
4.3 Required run time 200 min 145 min 180 min
4.4 Model Chevy Volt Nissan Leaf Chevy Volt
5. Household load Note: CL = critical loads; HH = household loads
5.1 Max CL during DR 0.52 kw 1.82 kW 0.52 kW
5.2 Max HH during DR 8.29 kW 11.26 kW 3.82 kW
Assumptions:
DR event 16 kW imposedl7:1071 19:00
Residents (N) 2 people 4 people 2 people
N during a DR event 2 people 3 people 2 people (after 17:40
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This case study is used to demonstrate how the proposed MAS and its algoritmeol @s

Section 3.3 can perform a demand managemaefstaibution transformer and a home levels
during a DRevent. This case study assumes that a DR event has occurred as a result of stress
conditions causing by an unanticipated contingency in a transmission system (e.g., loss of
generation or loss of transmission line).

4.2 Simulation Results

To assess theffectiveness of the proposed DR algorithm, this section compares the
simulation result of the proposed DR algorithm with the result of the simple DR algorithm.

4.2.1 Simulation Results of the Proposed DR Algorithm

The simulation result of the proposedlgorithm is shown in Fig.-2 for the distribution
transformer and Fig.-4(a), 44(b), and 44(c) for the home 1, 2 and 3 respectively. The
chronology of the events during a DR period is discussed in detail below:

At 17:10hrs, after receiving the D&Rent signalQ0 o , TRA takes no action since the
transformer is in its normal operating state.

At 17:26hrs (), the TRA is in emergency statd ( is higher thadO0 o ). The TRA,
then, starts to work with participating HAs according to the proposed DR algorithm. After the
DL allocation processes, the TRA aIIocatpi of 6.72 kW, 6.81 kWand 2.47 kW to HAs 1, 2,
and 3, respectively based on the TRA beliefon@® 0 and HAs6 beliefs
demand requirements.

At 17:45hrs (), HA3 requests the TRA for a higher DL as its belief changes due to the
homeowner has just aved home and plugged in his EV. Since the average DL that the HA3
currently receied is lower than its fair DL, the TRA4adlocate - =, 4 of 5.76 kW, 6.60 kW and
3.64 kW to homes 1, 2 and 3 respectively. Noticeably, the t|me that the EV is chaagednd
17:50hrs due to the higheriority AC is still in operation at the time theBM3 receives DL and
is turned OFF at around 17:50hrs. Notice that the power demand of homeafhcahome 2 at
decrease one minute after HEM1 and HEM2 receives theTis delay accounts for the
operating interval of HEM, which is in-thinute interval.

At 18:20hrs (), HAL requests the TRA for a lower DL as its belief changes due to the CD

has finished its operation. The TRAa#ocate =, 4 of 4.34 kw, 7.81 kwWand 3.85 kW to HAs
1, 2 and 3 respectively.

At 18:29hrs (), HA2 requests the TRA for lawer DL as its belief changes due to the CD
has finished its operation. The TRAa#ocatesy 4 of 5.76 kW, 6.39 kW and 3.85 kW to HAs
1, 2 and 3, respectly.

At 18:51hrs (), HA1 requests the TRA for a higher DL as its belief changes due Wkhe
starts to operate as a result of hot water temperature drops below the preset value. Since the



average DL that HAL currently received is higher than its fairtbe TRA retains the current
DL allocation. However, according to the load priority prefeeesetting of home 1, the WH is
turned on resulting in EV charging being on hold.

According to Fig.4-3, the transformer load profile with DR () is keptbelow the given
OO0 o during the DR event. The TRA¢$essedRiéhiand i nde
restrike potential of the transforme©{Y0 0 is 3.31 kWh. This can be considered as
equivalent to a 3.31 kW increase in the transformer load for one hour due to load compensation
of deferred appliances. In addition, the instantangouger demand of all homes are controlled
below the aIIocatecﬂl—J;| (Fig. 44(a), 44(b), and 44(c)) . According to the H/
measuresall DLBCL indexes are zero as critical loads of all homes are served during the DR
event. Customer comfofte vel s are al so nodwviawdelsdtad 1% s al |
different to theird 0 @ . This implies ACs and WHeperations are not affected by the DR
event. Table 43 summarizes the actual demand restrike poter@a¥ @ § ) of each home
and the delayed completion times of CD/EV, which represent additional goqu@red for
CD/EV to finish its operation as compared toatiginal schedule.

Table 43. Simulation results summary of the proposed DR strategy
Home 1 Home 2 Home 3
oYU § f 1.49kWh | 0.65kWh | 1.12 kWh
CD delayed completion tim{ 20 minutes| 39 minutes -
EV delayedcompletion time| 26 minutes| 26 minutes | 20 minutes

4.2.2 Simulation Results of the Simple DR Algorithm

The simple DR algorithm is chosen based on the fact that emergency demand response
programs (EDRP) are not widely used at a distribution levely@ogt electric utilities have little
knowl edge on homesdé6 characteristics. Account
demand limit to all homes as 114, this paper implements the simple DRy@&ithm that
allocates dixed fair DL during a DReven based on homesdé el ectrice
ratings defined ifcq. 3-12in Section 3.3.

The simulation results of the simple DR algorithm are shown in F&fo4 the distribution
transformer and Fig.-8(a), 45(b), and 45(c) for the homes 1, 2 and 3, respectively. The
chronology of events during a DR event is elaborated as follows:

After receiving the DR event signaD 0 o with 16 kW DL from 17:10 to 19:00 hrs at

, the TRA immediately allocates fair DLs bas

ratings. These are 5.33, 7.11, and 3.56 kW for HA1, HA2 and, HA3 respectively. These DL are
retaineduntil the DR evenends.

According to Fig. 43, the total instantaneous power at the transformer) (is kept below
the givenO0 o during the DR period (the TRAO6s PEDL
The assessed demand restrike potential of tmsformer ©'Y 0 0) is 7.58 kWh. This can
be considered as equivalent to a 7.58 kW increase in a load of the transformer for one hour due
to load compensation of appliances that have been deferred. This can cause an undesired



transformer overloadccondition as well as undewoltage problem as the impacts of DRK
Nevertheless, the instantaneous power consumption of all three homes

following a DR event.

are controlled below the aIIocatendJ (Fig. 45(a), 45(b), and 45(c)) without violating their

critical loads levels (&l
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Fig. 45. Simulatin results of the simple DR strategy showing instantaneous power, demand
limit, and demand restrike potential as well as the operations of eimteggive appliances of
each home without DR (dotted line) and with DR (continuous line) of: (a) home 1;r{i® 2p
and (c) home 3.

Table 44 summarizes the &wal demand restrike potentid(Y U § ) of each home and
the delayed completion time of CD and EV.

Table 44. Simulation results summary of the simple DR strategy
Home 1 | Home 2| Home 3
OYO R 5 2.95kWh| 1.82 [2.72kWh
kWh
CD delayed completio 68 61 -

time minutes | minutes
EV delayed completio 49 45 49
time minutes | minutes| minutes

4.3 Simulation Results and Discussion

Considering performance measures of the TRA and HAs, the proposed DR algorithm
considerably reduce thdemand restrike potential both at the transformer [€@eY @ 0) and
the home level@'Y 0 § as compared to the simple DR algorithm. The asse&&do 0 of
the transformer is 3.31 kWh with the proposed DR algorithm representing &6&6tion
compared to the 7.58 kWB'Y 0 0 with the simple DR algorithm. The lesser the demand
restrike potential at the transformer level implies the lesser the chance that an overload condition
at the transformer occurs following a DR event. Atltbene level, it can be seen that the delayed
completion time of scheduled appliances (CDs and EVs) are substantially reduced as well as the
demand restrike potential of all homes. The HEM also successfully performs load shifting and
rescheduling. Hence, thproposed DR algorithm is more efficient and effective than the simple
DR algorithm in mitigating the undesired impacts of the DRK.



Based on the PC -88200PU @8.60&HA 12GB RAVE and Windows
7 64Dbit operating system, the algorithm computation time is in order of several hundred
milliseconds for the TRA to allocatgsp='1i| or reallocate"-=|i| to HAs according tahe request
from the DR AGG. This computation time is considered sigffitly fast to perform control at

the distribution transformer and the home levels as appliances are typically controlled at minute
intervals.



5. CASE STUDYOMMERCI AL BUI LDI NG

This section presents the case study to assess the effectiveness of the proposed DR algorithm
in commercial buildings in response to a critical peak pricing (CPP) signal as elaborated in
Section 3.5. Theroposed DR algorithm has been tested and validated with the base case with no
CPP event. The singleone Potomac conference room at the Virginia Tech Architecture building
in Alexandria, VA is selected as the test location. In addition, the impacts «d spaupancy
level to the load profile during a CPP event are also presented.

5.1 Description of the Case Study

In this case studyt is assumed that CPP event is notifiewb a building operator one day in
advance through an OpenADR web service, @nedevent starts at 13:04 hrs and ends at 16:04
hrs on 06/19/2015.

I n order to achieve the desired objectives
CPP event, minimize occupant comfort violation, minimize demand restrike after a CPP event,
and minmize time to restore all settings after a CPP event), the three sequential steps described
in Section 3.5 have been performed to find effectiveness and efficiency of the proposed DR
algorithms.

The chronology of the CPP event is as follows:

1) An electic utility notifies a CPP event to the agdmatsed platform (developed in this work
and discussed in Section 3.4) via the OpenADR agent through the HTTP webhook one day in
advance prior to the CPP event on 06/19/2015 t8r@4 p.m. to 16:04 p.m.

2) The penADR agent, then, informs a demand response agent (DRA) of a CPP event.

3) A DRA implements the proposed DR algorithm with respect to the desired objectives on
06/19/2015. On the scheduled event, there are 15 people inside the Potomac conference room.

4) A DRA works with control agents: thermostat agent (TA), lighting load agent (LLA), and
plugload agent (PLA) to execute decisions (e.g., thermostat agent to change temperature set
point, lighting agent change brightness level of a light, or plug loadt agexmange status of a
switch) based on the proposed DR algorithms in Section 3.5.

In order to verify and validate the efficiency and effectiveness of the proposed DR algorithm,
the results of (i) the DR case study: where there is a CPP event on tieedbday are
compared with the results of (ii) the base case: where there is no CPP event on the day in which
the outdoor weather conditions of that day are similar to the corresponding values on the
observed day in the DR case stutty.order to inspecand compare all stages both in the DR
case study and the base case, the study period is six hours covering the normal stage prior to the
pre-CPP stage, the pt€@PP stage, the CPP stage, the {&RP stage, and the normal stage after
the postCPP stage.

Finally, in the last part of the this study, simulations to find effects on occupancy level to the

energy consumption of the RTU are conducted to demonstrate the effectiveness of the proposed
algorithm with variation in number of people in a space.
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5.1.1 Description of the Test Site

The Potomac conference room 310, showrFig. 51, in the Virginia Tech Campus in

Alexandria, VA is used to demonstrate the proposedoptatand developed algorithms. This
building is selected because it does not have an existing building automation system and relies
on a facility manager to maally manage energy consumption in the building. It has been
reported that energy consumptiontbé building is often wasted atudents set the thermostat

set point lower during their classes and left the setting on over nights/weekends, lightings, and
other plug loads were also left on. There is no such a system that can tell the facility manager
what has happened or there is something wrong in the operation of building equipment. There
are mainly three kinds of electrical loads inside this conference room: HVAC, lighting and plug

loads, as depicted IRig. 52.

(1)

HVAC

AY;

(1)

(1)

=B thermostat

[l] lighting

@ receptacle

Fig. 52. Potomac conference room 310 floor plan



5.1.2 Seup of the proposed Ageriased Platform and Sensors/Controllers Installation

In order to test and validate the proposed DR algorithm presented in Section 3.5, selected
sensors/controllers have been installed or replaced in the Potomac conference ragnis3éd
in Table 51. These sensors/controllers are used with the proposed-lzapad platform to
provide required data and capabilities to change and configtiregsein response to a CPP
event. The ageritased platform serves as the control unit for these devices, and has been
deployed in ODROID U3Y9. It hosts a number of agents, including OpenADR, DR, TA, LLA,
PLA#1, PLA#2, PLA#3, PMA, WSA, MTA and MSA.

Tablke 51. List of devices installed/replaced in the Potomac conference room

Category Devices Agent Detail Quantity
Thermostat ICM Controls 12020116 [TA Communication: Clou 1
control the rooftop uni
(RTU)
Lighting loadcontroller  [Philips Hue color ambianLLA Communication: LAN 1
starter kit L17]
Plug load controller Belkin WeMo Insight PLA#1, PLA#2 /Communication: 3
Switch [11§ PLA#3 WLAN
Power meter Wattnode WNGE3Y-208 |PMA Communication: 1
MB [119 Modbus TCP/IP,
measuregower
consumption of the
RTU
Hub/Coordinator SmartThings Hub12( - Communication: Clou 1
Sensor Netatmo weather statiWSA Communication: Clou 1
[12]]
Sensor Aeon Labs multi sensMTA Communication: Z 1
[127] Wave
Sensor Proteus M5 WiFi motigMSA Communication: 1
sensor 123 WLAN

Fig. 53 shows those devices mapped on the floor plan of the Potomac conference room and
their corresponding control agents:

1 the thermostat agent (TA) to monitor and control the ICM Controls 12020 thermostat that
used to determine the operation of the Trane packaged rooftop unit;
the lighting load agent (LLA) to monitor and control Philips Hue light bulbs;
the plug load agenttl (PLA#1) to monitor and control the desktop computer;
the plug load agent #2 (PLA#2) to monitor and control the printer;
the plug load agent #3 (PLA#3) to monitor and control the air purifier;
the power meter agent (PMA) to monitor electrical daienfthe Wattnode power meter;
the weather sensor agent (WSA) to monitor weather data from the Netatmo weather station;
the multi sensor agent (MSA) to monitor illuminance level of the room from the Aeon Labs
multi sensor that links to the SmartThings Hub
i the motion sensor agent (MSA) to monitor motion inside the conference room from the

Proteus M5 WiFi motion sensor.

= =4 -8 -8 _-4_5_-9



In this figure, the demand response agent (DRA) receives the notification of the CPP event
from the OpenADR agent.

Plugload Agent

Power Meter Agent @ (PLA#1) WIS#3
(PMA) s Belkin WeMo = =
Wattnode Modbus Insight Switch (WIS #1) ' e ’
Power Meter . PLA#3
Zlgl:::tn(o;gt Air Purifier
Desktop - .\ Multi Sensor - o s L
PC p‘ ~/Agent (MTA) Lighting Load
== . X T . Agent (LLA)
- \ Philips Hue
¢ Z Aeon Labs
> ICM 12020 Multi Sensorl
Packaged RTU o Printer
@ .‘ Netatmo Weather o WI§#2
Motion Sensor| Proteus Station - o O
Agent (MSA) | Motion . PLA#2
Sensor I
BEMOSS b
) EWN !
2 SmartThings
. Hub

9 DR Agent  Weather Sensor
DRA Agent (WSA)

. 4

OpenADR Agent

Fig. 53. Potomac conference room floor plan, indicating locations of sensors/controllers and
corresponding agents

5.2 Case Study Results and Discussions

This section presents the results of the case study with and without the CPP event by
compaing energy consumption and power demand of the conference room. Section 5.2.1
presents this results for all loads combined. Sections 5.2.2 and 5.2.3 look at HVAC load and
lighting loads, respectively. Sections 5.2.3, 5.2.4 and 5.2.5 report individudbphligata of the
desktop PC, the printer and the air purifier, respectively.

5.2.1 Comparison of the Total Energy Consumption and Total Power Demand of the Potomac
Conference Room between the Base Case and the DR Case Study

Fig. 5-4 andFig. 55 illustrates the totgbower demand0 ) of the conference room 310 for
the base @ase and the DR case studgspectively. The total power demand aggregates the power
demand of the packaged RTU, the lighting load, the desktop PC, the printer, the air purifier in
this room, presented over theh6ur period. The power meter agent (PMA)aswes the RTU
power demand. The lighting load agent (LLA) measures the power demand of the lighting load.
Three plugload agents (PLA#) measure power demand of individual plug load in the room,
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including the desktop PC, the printer, and the air purifiéde comparison of theotal energy
consumption©@ , the maximum of the total power demamoax@® )), the minimum of the total
power demandniin(® )), and the average total power demaadetagel )) of the conference
room 310 for both the normhbse case and the DR case study are summariZedbia 52.

Table 52. Comparison ofhe total power demand and the total enexgysumption of the
Potomac conference room 310 for both the base case and the DR case study

Parameter Six-hour period (12:00 18:00 hrs) CPP period (13:04 16:04 hrs)
Basecase DR case | % decreasg Basecase | DR case| % decreass
max(Q ) 491 kW | 4.70 kW 42.8% 491 kW | 0.98kwW | 80.0%
min(0 ) 1.41 KW 0.95 kW 32.6% 1.42kW | 0.95kW | 33.1%
average )| 1.76 kW 1.67 kW 5.1% 1.81 kW | 0.97 kW | 46.4%
0O 10.54 kWh| 10.02 kWh 4.9% 5.41 kWh |2.90 kWh| 46.4%

Table 52 shows thathe peak demand is reduced by 88@ting the CPP period. This as a
result of agentsdé control &9 t 4.9 kW in tthaubase nage t h e

to the max) ) = 0.98 kW in the DR case studylhe total energy consumption is reduced by 46
% during the CPP period where tBe = 2.90 kWh as compared © = 5.41 kWh in the base

case.

However, when considering the dwur period from 12:00 to 18:00, the overall energy
consumption is only reduced by 4.9%, i.e., the base©@age10.54 kWh, while the DR ca%e
is 10.02 kWh.This implies that there are compensation actions perfbimgethe agents to pre
condition the space before the CPP event occurs, and restoration actions after the CPP event

ends.
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5.2.2 Comparison of the Energy Consumption, Power Demand, and Configuration of the
Packaged RTU between the Base Case and the DR Case Study

Fig. 56 andFig. 57 illustrate the plots of RTU power denwversus the thermostat cooling
set point and th room temperature during the study period ofteixr from 12:00 to 18:00 hrs
for the base case and the DR case stuglpectively. It should be noted that the power demand
of the RTU is monitored by the PMA, the TA monitors the thermostat cooling setgual the
room temperature.

Table 53. Summary of energy and power demand of the Rdrlboth the base case and the
DR case studgompares the energy usage, maximpower demand, minimum power demand,
and average power demand of the packaged Bring the sixhour period, the pr€PP stage,
the CPP stage, and the p@RP stage of both the base case and the DR case study given the
corresponding thermostat coolingt point configuration iffable 54.

Table 53. Summary of energy and power demand of the Raruboth the base case and the DR

case study
Parameter Six-hour period PreCPP CPP PostCPP
(12:00i 18:00hrs) (12:247 13:04hrs) (13:047 16:04hrs) (16:047 17:14hrs)

Base casg DR case | Base casg DR case | Base casg DR case | Base casg DR case
maxQ® ) 3.29kW | 3.63kW | 3.29kW | 3.56 kW | 3.37kW 0.37kW | 3.19kW | 3.63 kW
min® ) 0.36 kW | 0.35kw | 0.36 kW | 0.36 kW | 0.36 kW | 0.35kW | 0.36 kW | 0.36 kW
average ) | 0.69kwW | 0.84kW | 1.08kW | 1.77kW | 0.72kW | 0.36 kW | 0.56 kW | 1.41 kW
O 4,10 kWh | 5.010kWh | 0.70 kWh | 1.18 kWh | 2.16 kWh | 1.08 kwWh | 0.65 kWh | 1.64 kWh

Table 54. Settings of the ICM Controls 12020 thermodtatboth thebase casand the DR case

study
Parameter PreCPP CPP PostCPP
(12:24i 13:04hrs) | (13:04i 16:04hrs) | (16:047 17:14hrs)

Base casq DR case| Base casdq DR case| Base cas¢ DR case
max('Y ) T48F 14F T14°F 78°F T14F 78°F
min("Y ) T48F T1°F T14°F 78°F T14F T4F
average(y ) T4F 72.05F 74°F 78°F 74°F 76°F
i 0WOOi iONOl AONG AONO AONGg AONOl A ONGJ(

Table 53 showsthe energy consumption of the RTU during the CPP deariche DR case
study © = 1.08 kWh) is reduced by 50% asngoared to the corresponding value
inthe base cas® f = 2.16 kWh). The maximum power demand of the RTU during
the CPP period in the DR @study,il A@ ; & = 0.37 kW, is almost 90% lower
than the corresponding value in the base case whév& = 3.37 kW. This is due
to the RTU does not need to operate during the CPP to maintairtfert condition of the
conference room as a resof the precooling process taken by the TA. However, the overall
energy consumption over six hours of the RTU for the DR case stdy( =4.46
kwWh) is higher than its correspondivalue of the base cas® ( ,  =4.10 kWh). This is
due tothe heat loss during the peceoling process in the pi€PP stage and the pexsioling
process in the po&EPP stage of the RTU in the DR case study.



4.0 RTU power demand vs Cool setpoint vs Room temperature (basecase)
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Fig. 56. Base Case: power demand of the packagdd RT
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Fig. 57. DR Case Study: power demand of the packaged RTU

With the realworld experiment during a normal condition when there is no CPP event, the
linear regression models that explain thermal responsef a building when the RTU does not
operate @ Y ) and thethermal responsef a building when the RTU i operation ¢ "Y) are
given in Eg. 51 and Eg. 52 shown inFig. 58 and Fig. 59, respectively. These regression
models are obtained based on the algorithm propos8éction 3.5.B subtask Zhe estimated
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parametes of these linear regression models are learned by the thermostat agent (TA) during a
normal condition and being used during in the DR case study to perforcogerg, hold
temperature during a CPP period, and perform-posting process.

The thermal esponsef a building when an RTU does not operdie’Y ) is estimated by
keeping the thermostat cooling setpoint higher than the room temperature. Therefore, the room
temperature riseover time depending upon heat gain and heat loss through lguddirelope,
lighting equipment, building equipment, and building occupants, etc. due to the change in
outdoor weather conditiofiY ). The amount of power demand reduction, the duration for a
room temperature to increase to a new coadiepoint, and the duration for the power demand
of an RTU to descend to a new stesstgte are predicted based on the estimated building
thermal respons&hen an RTWoes not operate.

The thermal responsef a building when an RTU is in operatio@ (Y) is estimated by
keeping the cooling setpoifdwer than the room temperature. Thereby, the room temperature
descend®ver time depending upon heat gain and heat loss through building envelope, lighting
equipment, building equipment, and building ocaupa etc. due to the change in outdoor
weather condition”Y ). The amount of power demand increment, the duration for a room
temperature to decrease to a new cooling setpoint, and the duration for the power demand of an
RTU to ascend to a nesteadystate are predicted based on the estimated ibgikthermal
responsevhen an RTU is in operation.

0"Y T3t @Y R oP ¢ (Eqg. 51)
0"Y e OY R ¢ B w (Eq. 52)
Where,
Y i . average outdoor temperature during 12:00 pm to 6:0@pm (
0"Y . buildingthermal respons@® “Y ord “Y)
— h— . learning parameters dié linear regression model between buaiighermal

responsand an average outdoor temperature



Building thermal response BT

TL07)

5o vs Average Ambient temperature

| — BTnop = 0.06*Tambient + -3.12|

Building thermal response (57T,,,° F/hr)

035 75 30 e 20 95
Average ambient temperature (°F)
Fig. 5-8. Base Case: relationship between relative humidity and room temperature of the

Potomac conference room 310 overlsourperiod from 12:0G 18:00 hrs
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Building thermal response BT vs Average Ambient temperature
\ — BTop = -0.15*Tambient + 20.89 \ | |

Building thermal response (57, F/hr)

70 7|5 B!D 8|5 Qb 95
Average ambient temperature (°F)

Fig. 59. DR Case Study: relationship between relative humidity and room temperature of the
Potomac conference room 310 overlsour period from 12:00 18:00 hrs
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Fig. 510 andFig. 511 illustrates the relationship between the relative humidity (%) and the
temperaturef the Potomac conference room 310 over 6 hours period for the base case and the
DR case studyrespectively.Table 55 compares relative humidity, room temperaturedpted
mean vote(PMV) value, percentage of people dissatisfied value, and comfort violation index
value between the base case and the DR case study. It should be noted that the relative humidity
(® a QQQo%) and the room temperaturer ( ) are monitored by the weather sensor agent
(WSA) and the thermostat agent (TAgspectively.

Table 55. Summary of the temperatuireelative humidity of the Potomac conference room 310
for both base case and the DRe&atudy

Parameter Six-hour period PreCPP CPP PostCPP
(12:00i 18:00hrs) (12:247 13:04hrs) (13:047 16:04hrs) (16:047 17:14hrs)
Base case DR case| Base casg DR case| Base case DR case| Base casg DR case

max(Y ) 75t 78t 75t T4¢ 75t 77.5¢ 75t 78t

min(’Y ) 73t 71t 73.5¢ 71t 73t 72t 73t 73.5¢t
averagelY ) 74.04¢ 7454 74.22¢ 72.06L T4¢ 75.9¢ T4+ 75.67¢
std(Y ) 0.55¢ 1.90¢ 0.52¢ 0.99: 0.58t 1.57¢ 0.49: 1.34¢
max(® & ' QQQY (¢ 66% 71% 65% 68% 66% 71% 66% 68%
min(® & QQQY) dJ 62% 62% 62% 63% 63% 63% 64% 62%
average(

g 64.77% | 65.84% 64% 66.50% | 64.7% | 66.18% | 65.43% | 64.85%
® a QQQ0 w

std(® & QQ QY w| 0.93% 2.56% 1.22% 1.99% 0.64% 2.35% 0.68% 2.16%

max® 0 § 0.18 0.42 0.05 0.42 0.18 0.25 0.18 0.34
max0 0 D 6% 9% 5% 9% 6% 7% 6% 7%
Yooi 73t 71t 73.5¢ 71c 73¢ 77.5¢ 73t 78t
@ & QAN © 64% 63% 62% 63% 64% 63% 64% 64%
min(® 0 @ 0.00 0.02 0.00 0.05 0.00 0.02 0.00 0.05
min(0 0 O 5% 5% 5% 5% 5% 5% 5% 5%
Y or 74.5¢ 74.5¢ 74.5¢ 741 74.5¢ 74.5¢ 74.5¢ 74t
@ G QAP © 65% 68% 65% 67% 65% 68% 65% 67%
6 w0 0 0 0 0 0 0 0 0

The temperaturé relative humidity charts for both cases are also plotted and compared with
the ASHRAE standard 58013 as shown iRig. 512 - Fig. 519 for the sixhour period, the pre
CPP stage, the CPP stage, and the- &%t stage.

It can be seen ifig. 512 andFig. 513 that the TA acts to keep the rooentperature and
humidity within the limits specifiethy ASHRAE Standard 52013 [LOg| at all time in both the
DR case study and the base case.

From Table 55, the maximum PMV of the DR castudy is 0.42 (PPD is 9%jvhich is
lower than the standard PMV at 0.5 and PPD at 10%. The corresponding room temperature and
humidity for this PMV are 71 ard 63%, respectively. This condition happens during the pre
cooling process of the TA.
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Fig. 510. Base Case: relationship between relative humidity and room temperature of the
Potomac conference room 310 overlsour period from 12:00 18:00 hrs

Relative hpmidity vs Room temperature (CPP)
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Fig. 511. DR Case Study: relationship between relative humidity and room temperature of the
Potomac conference room 310 overlsour period from 12:00 18:00 hrs
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75 _ Relative humidity - Temperature Chart .
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Fig. 512 Base Case: relationship between relative humidity and room temperature of the
Potomac conference room 310 over thehsixir period

75 R‘elative humidity - Temperature Chart (DR case) .
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Fig. 513. DR Case Study: relationship between relative humidity and room tempevathee
Potomac conference room 310 over thelgxr period
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Fig. 514. Base Case: relationship between relative humidity and room temperature of the
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Potomac conference room 310 during the @RP stage
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Fig. 515. DR Case: relationship between relative humidity and room temperature of the
Potomac conference room 310 during the PRP stage
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Fig. 518. Base Case: relationship between relative humidity and room temperature of the
Potomac conference room 310 during the {i2RP stage

Fig. 519. DR Case: relationship between relative humidity and reonperature of the
Potomac conference room 310 during the {i2RP stag
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