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SUMMARY

Smart grid technologies have been in rapidwgh over the last decadd.arge
portion of thesetechnologies arexperienced amalgamatiavith the power distribution
infrastructure. Bst integration of these technolog@s have greatimpactonthe power
distributionsystem.There exist opportunés for residentiaknergy resources armnart

loadsvia increased controllabilitio provide house level benefits

The impact of distributed energy resources (DERS), electric vehiclesfiplug
hybrid electric vehicles (EVs/PHEVs), and smart applianceshemlistributiongrid has
been studied from different aspects in the literature. The results of these studies suggest

the following

a) the impact, generally, is beneficial in terms of environment, economy, and
reliability; however, it can be more beneficiay bmplementing controls to
maximize the beneficial impaeand,

b) in the absence of additional controls, a negative effect was identified
regarding the service lifetime of power distribution system components

particulardistribution transformers.

This research presents a new class of a smart house energy management system
that can provide management and control of a residential house electric energy without
inconvenience to the resident$ the houseand without overloading the distribution
infrastructureln this research, the management system manages one house; however, the

management systean providecontrol services to more than one residential house.
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Furthermore, the system camovide energy management serviceer a commercial

building, if it is gopropriately sized.

The smart house energy management system that is presenteddisséitation
deployssmart controlstrategies tanaximize the beneficiaéffectsthat are associated
with house energy resources aswhart applianceslt can alsolessenthe unfavorable
effect on the lifetime of distribution component$he management othe impact,
whether favorable omot, requires properly designed control algorithmfer the
coordinateduseof smart devicesind intelligent ontrol of charging cycles &&V/PHEV

battery,housebattery, and other resources in the house.

The implementation of these coois reqiires an infrastructuréhat exploits
advancedsmart grid technologiesThis infrastructurecontinuously monitas the house
power systemoperation determine the reattime model of the house compute better
operating strategie®ver a planning period of timeand enables control of house
resources In other wordsthe smart house energy managemesystemmanagse the
houseenergyresourcessuchas EV/PHEV andsmartloads in a way that the power
infrastructurecomponents are not overloadbdyond permissible limitsthus avoiding

unnecessarkpss of service lifetime

The smart house energganagement systeprovides benefits for the good of
utility and customer. Ircase of variable electricity rates, the management system can
reduce the cust omEhe besefitd can lee lalséendedtogorovide 0 s t .
ancillary servicego the utility such as control of peak load and reactive power support
assuming that thigs worked outunder a certaimutually beneficiabrrangemenbetween

the utility and customer
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This researchresulted inranovel smarhouseenergymanagement system that can

optimize and control the operation @house Thisis achieve without inconvenience to

the customerand overloading the infrastructur@he work describes the following
contributions: 1l)the development of an advanced house infrastructure that can provide
reattime management of the house,t2¢ formulation of thehouse optimization model

in a way that benefits both the utility and customewithout inconvenience to the
customerand without overloading the distribution transform8y the developmenof
physically basedand detailed electrothermal model of a ceégr distribution
transformer, and 4) the development of physically based and detailed electrothermal
models of various house energy resources and controllabletntmollable appliances

including batteries, dishwasher, refrigerator, and air conditioner.
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1 INTRODUCTION

This dissertation presents a new smart house energy management system that
provides smart control functions to optimally schedule house DERs and smart appliances.
This Chapter introduces current smart grid technologies andiscussespenetréon
potential of these technologies at a residential house level. Alsgliasterpresentshe

research motivatiorkey contributioss, and outlines the reminder of this dissertation.

1.1 Smart Grid Technologies

In recent decades, the modernization of thectdcal grid has attracted the
attention of world leaders, power and energy entities, and policy méatiularly the
act of 2007has amplified the need to accelerate the ongoing effort by power utilities,
system operators, and other stockholdersneet smart grid goalgl]. As a result, a
growing number of new smart grid technologies, such as DERs, EVs/PHEVs, smart
appliances, and advanced measureraadisensing meters have seen amalgamation with
the existing power gridConsequentlythe marketshare ofthese advanced technologies
has been dramatically increas&tatisticsabout the market share of these technologies

are presented in the next section.

1.2 Penetration Potential of House DERs and Appliances

In terms of DER peetration, the New England Independent System Operator

(NE-ISO) expected that DERs will providgpproximately2.855 GW by2021;, 800 MW



of the totalestimatewas forecastedo be supplied by solar photovoltaic (PY¥3]. In a
house/building leve[3], the U.S. Energy Information Administration (B) projected
that house/building solar PV is expected to generdfe GW in the year 204@&s
illustrated in Figure 1. Other types of energy distributed generations installation
projectiors, sorted by generation technologyeshovn in Figurel.
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Figure 1. Distributed generation projection[3].

One of the important cornerstones of flieire power grid is the houdé]. Smart
grid technologies related tohmuse have been rapid developmerandthe marketshare
of these technologies iexpected tofurther increase. In a worldwide scaleparket
analysts expected thdte market value of smart appliances reach over 26.1 bilién
dollars in 2019[5]. In an optimistic study6], it was estimated thaDemand Response
(DR) enablechouse appliances could generate as high as $59 hillidhe U.S.by 2019
Furthermore, benefits related to DR could get up to $16 billion redticémgeed for new

generation power plantgs]. Deployment of smart grid technologiesuch as smart



appliances with smart controtan deliver full range of benefits, particularly benefits
related to end user.

Realizing the potential of DR, the Federal HyerRegulatory Commission
(FERC)hasprovided an assessment of teS. national demad response potentigr].
One of the conclusions is that, by the time the report was written, the majority of demand
response comes from large commercial and industrial customers, pritfagugh
interruptible tariffs and capacity and demand bidding programs. However, the residential
classwas found torepresentshe most untapped potential for demand resporise
particular, 10% was approximately the maximunpotential of residential pda load
reduction by the year 2019, if full customer participation is achieved as illustrated in
Figure 2. This 10% is equivalent to 100 GW. As a resultsidential demandavas
specifically stressed for more carefahd thorough analysis8]. In fact, it was asserted
that ahieving smart grid technical goadsll not fully realized without capturing benefits
associated with the hou$4]. With currenttechnology advancement in communication,
information technology, automation, and computing poweemand response

applicatiors can be extended to engage individual custamers
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Figure 2. The U.S. potential demand response (2019Y].



Due to environmentaland sustainable energgdwantagesof EVYPHEVs
compared with coventional transportation means that depend on fossil finel
penetration of EM®HEVsand other green technology based vehidesticipated will
grow significantly in the worldwide markein the U.S, the projected masdk portion of
EVs/PHEVswas nearly 4.5% of the national fledty 2030as illustrated inFigure 3.
Higher EVs/PHEVspenetrationscenariosvere also depictedn Figure 3 [9]. Although
these projectionsnight be quite high, these statistical projecsiovere suppoted by
other studie$10, 11]. These smart grid technologies are integrated with an already aging

power distribution infrastructure. This aging power infrastructudésisussed next.

PHEVs/EVs on the Road (million)
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5
e ——
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asfil== Mational Research Council—Probable A Obama Target (1 million by 2015)

Figure 3. Projected EVs/PHEVs by 20309].

1.3 Aging Power Grid Infrastructure

In most developed countries, large parts of existiegtrical grid infrastructurean
be datal back to thel960s A recent survey of over 400.S. electric utilities revead
that the topgpressing issue facing utilities is old infrastruct[t&]. One ofthe important
components of anpower distribution systemsi distribution transformersMaintaining

thesetransformers represent a significant cost of electric utiitgl annualinvestment.



According to FERC, distribution transformers can account for abe2@9® of total
distribution capital spending in a yefr3]. Despite the fact that larger transformer had

become more efficient, smaller distribution transformers had in general dedi#jed

Large penetration potential of House DERs and appliance with aging distribution
infrastructure pose significant challenges for power grid utilifiée question becomes
how utilities can manage smooth integration of advanced smart grid technologies without
adding more stress on existing electric power infrastruciiure.answer of this question

is framed in the following section.

1.4 Research Motivation and Key Contributions

The objective ofthe research is tdevelopa smart house energy management
system that controls and optimizes the operation of a house. The integration of DERs,
smart appliances, and EV arepegted to have an impact on the distribution elegmit.

In particular, theproliferation of EV is expected ttax existing infrastructure of the
distribution system anttis reliability in supplying customerdn contrast, present day end
users have resources (DERs and smart applianceshrthagxpected to alleviate the
burden orthe infrastructureif appropriatdy used Therefore, the goal of thigesearchs

to develop a smart house energy management system that makes use of available
resources at the house level and perform optimization functions that benefithboth
utility and customer.The management systemorks without inconvenience to the
customer and without overloading the distribution transformrich elongate the

lifetime cycle of thetransformer.



To acheve this goal,a novel house infrastructure was designedajor
componentf the infrastructuravere developedThe mathematical formulation of the
house optimization model was developedway that provides benefits for the power
utility provider and end customewnithout incurring any inconvenience to the custome
and without overloading/overheating the transform@iso, house level DSE was
mathematically formulatedio perform optimization and estimation, models of important
appliances and DERs at the house including distribution transformer were needed.
Accordingly, rew electrothermal model of a centap transformer was developed.
Furthermore, houseenergy resources and loads, whether controllable or not,

electrothermal models were developed.

1.5 Dissertation Outline

In the following Chaptes, the specifics of themart house energy management
systemare provided Specifically, the dissertationis divided as follows:Chapter 2
introducesexisting literature revievand important background information related to the
research topicThe advanced house infrastructigelescribed irChapter3. In Chapter4,
the house optimization model is presented. Then, the modeling methodology used to
develop various devices is discussid Chapter 5 Chapter6 describes the house
distributed state estimation. i@hapter7, the soltion methodology used to solve the
problem is discussed In Chapter 8, demonstrative examples of the house models
including the distribtion transformer are presented. Alsenmbnstrative case studies of
the house energy management system are presentohpter9. Finally, Chapter10

summarizesesearch conclusionsontributions, and directions for research future



2 LITERATURE SURVEY AND BACKGROUND INFORMATION

2.1 Introduction

This chapter provides literatureview and background informationelated to the
researchtopic. Firstly, a literature review on the impact of integrating distributed
generation resources and smart appliances on the power distribution grid is provided.
Then, current residential demand response programs and their satisfactory level of
customer comfort are discussed. After flzabackground overview of existing research in
house energy management systéopic is provided. The last section provides a
discussion abougxisting residential loads and transformer thermal models.

2.2 Residential DERs and Smart Assets Impact on the Distribution System

Thederegulations of the electric power system and customers desiedimable,
economic, and clean energy hawmereasedhe interess in DERS. Previouspenetration
potential andnarket share stigticsthat arepresented irChapterl are an indication that
the proliferation and integration of distributed generation resources, smart appliances, and
EVs/PHEVs will take placén a large parin the residential sectoilhis integrationis

expected tdhave an impact on thgowerdistribution system.

In the literature, the impact ofDERs smart appliances, and EVs/PHEWss
found that theimpactis generallyexpected to béeneficialfor the grid[9, 15-24]. Yet,
electric utilities expressalso a growing concern about several issues including voltage
stability, system protectionissues related to PV variability, and the possibility for

overloading/overheating power distribution apparatus and their service li{&4has].



On theassetsservice lifetimein particular, the impaatf integrating EVs/PHEVs
on distributionsystemcomponentssuch as distribution transformers and local cirguits
wasdiscussed andnalyzed in many researphojects To characterize the impact of EVs
integration on the distributiogrid, Uriate andHebnerperformed a study on 735 homes
with 100 EVs that were randomly placg29]. Theydid a system simulation over 24
hours and concluded that utilities should express worry regarding possible owveyload
conditions. This isin particular true with fast adaptation of EVs on a sindlstribution
feeder. The study also expressed further concern regarding the stagaltbf of the
distribution transformer insulation, specifically during peak dafyshe year Ureh, in
[30], adopted more random loads from EVs/PHEVs without careful planning and found
that this strategy may expose the already aggtegtical infrastructure to become
susceptible for overloading conditions. Ureh also found that the load resulting from an
EV can be as large as four times that of a reggilsgd house loadrigure 4 is an

illustration of an actual |Bd of a house with 3.7 kW EV charging betweeft30 am.
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Figure 4. An actual house profile with EV charging[30].



Fast and urmordinated chargingf EVs posed greater threat to the distribution
transformer liféime service as concluded [81-33]. This is, particularly, true with high
EV power consumptioriTo avoid that, Masourat al. proposed a smart and coordinated
EVs charging approad34]. However, cordinated control approach might fail to work
well with a large cluster of EVS/PHEVs. On anothesearchShafieeet al.investigated
the impact of EV on the distribution grid and verified that the peak load is also a big
concern, especially in the wintseasorj35]. To avoid these adveasy impact,Trovao in
[36] showedthat a comprehensive control strategy of EVS/PHEVS is neced3aeyto
the uncertainty nate of EVs/PHEVsPapadopoulost al. used gprobabilistic approach
and found that the distribution transformer thaisresponsible of serving 96 customers,
was in fact overloaded37]. In an attempt to propose a solutiaythors of [8, 38
suggested to install solar PV to counterpart the increment &wdat. power howeveris
an intermittent resource. Sihis might not be a solution. A small scale micro camebi
heat and power (mick@HP) was also suggested to be installed in the ho{3€. But,

this solutionrequires infrastructure modification of theuse.

Due to the expected proliferation of controllable appliances in the house, DR is
foreseen to offer a better solution and can potentially improveetiadility of thepower
systemoperation[40, 41]. A brief reviewregarding current DR practices and customers

approval from these progranssdiscusseaext.
2.3 Current Status of Demand Response and Customer Satisfaction
For decads, DR has beemplementedn the form of direcfoad control (DLC) of

end user loads, whicpermits thepower utility providerto interrupt electricityto large

size commercial or industrial load8ecause of the large potential of DR, wlas



recognized byFERC as one of top three important initiativgd2]. With current
technology advancement in communication, automation, and computing power, DR
applications can be extended to engage indalidtustomersin a smart approach.
However, the effect would be reduced without ugangper residential load modedsd
appropriate control$43, 44]. This sectionfocuseeson DR programs that are related to
residentialcustomersDR programs are employéyy electric utility supplieto make use
of the available energy in a more efficient way without the need for nmdrastructure
installation. An excellent classification of DR programs is showrigare5.
Demand Response Programs
—* [ncentive Based Programs (IBP)

(Classical
—* Direct Control
—* Interruptible/Curtailable Programs
Market Based
—* Demand Bidding

—* Emergency DR
—* Capacity Market
>

Ancillary services market

—* Price Based Programs (PEP)

Time of Use (TOU)

Critical Peak Pricing (CPP)
Extreme Day CPP (ED-CFPP)
Extreme Day Pricing (EDP)

Real Time Pricing (RTP)
Figure 5. Classification of deman response programg45].

DLC and loadinterruptible programs occur where the electricity suppiieasual
casesprovides incentive to participated consumers form ofbill credit or discount
rate. An example of a conventional DLC is to cycle off the air conditioner of half of the
consuners periodically for 15 minutes anlken on for 15 minutes; do cycle the vater
heater off for three hours arthen on for three hourf46]. Heffner and Goldman

performed acase studyo analyze feedback impact on customers energy consumptions

10



[47]. Thisstudyi nvol ved resident i alnthe stgly iermdity sdé par
providel the participants feedback about their energy consumption, which idclbde
time-of-use information and some tips of how to shift electricity usema peak timeo
off-peak period. The study conclutihat over the three months test peripda r t i ci pant
shifted theirppower demand from peak to gdeak period.

With the advent of electricity markets, special DR progravese introduced,
where participants are rewardetbney based on the amount of curtailed load during
critical times. When electricity tariff is dynamics, price based programee also
introduced; the main goal here is to flatten the demand curve by offering high price
during peak time and lower pricerihg off-peak time Chassinand DeSteese performed
a field case studyto analyzethe impact of communicating the variable price to the
customer on the peak load. The study resuéteepresented if48, 49]. With a twoway
communication system, DR performance using controllal@eiceswas tested. The
controllable devicesvere five water pumps, two diesel generators, micro turbine, and
112 residential participants. Two capacity constraints for a virtual feeder connecting all
participantswere consideredin the study However, reults for the 500 kW feeder
constraintperiod are only presented. Each controllable devizas managed by a price
signal thatwassent through the internet and updated every five minutdsiglme 6, the
results ofthe 500 kW comstraint case are shown. It is shown that not only peak

shifted, but also tvasreduced for the aggregated residential thermostatic loads.
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Figure 6. Actual and baseline thermostatically controlled load48].

Other classifications of DR programs were providef5i 51]. However, these
programs require consumerso6 participation.
demand interruption in a time when it might ieeded by the customer. The current DR
programs, generally, underscore the comfort of end user. To consider end user comfort,
several solutions were proposed. These solutions are discussed in the following section.

2.4 Current House Energy Management Systes

In thepower utility control centerlaysone of the most critical components that is
the energy management system (EMS). It is used by system operators to monitor and
control the power system. Critical applications are performed by EMS sustatas
estimaion (SE) and optimal power flow (OPRBasically, data coming from the field
though SCADA systemare usedusuallyto perform SEResults of the estimation are
used to optimize the operation of the system (OPF) and other functions needed for the

operation of the power systenThe increase integration of renewable resources, storage
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systems, EM®HEVsand smart appliances in the distribution system have urged toward
EMS modernizationOne of the proposed lstions is the distributed EMS.

Extensive literatte exists on the topic of optimal scheduling and control of a
house appliances arghergyresources (EVs/PHEVS, energtorage, PV rooftops and
other possible resourcedjo alleviate the negative effects of integrating EV, two main
approaches were idenétl in the literature; these are the use of battery energy storage
systems (BESS) and load managemé&ntevaluate the former approadViardira et al.
investigated the impact of residentiZESS on theggregategower demand profilavith
the presence ahanyresidential rootops solar PV[52]. They concluded that the average
and peak aggregated power demand was reduced. The contributiorbaftdmg storage
systemson residential and commercimlad was analyzeth [53]. It was found that the
battery storage systems assisted in shifting and smoothing the peak demand.

The second main approach tessenthe undesirable impact of EVon the
distribution powegrid is to provide loadnanagemenior house loadsOne mainmethod
for managing houséoad is DLC approach54-58]. Electric Power Research Institute
(EPRI) hasidentified three classes of DLC schemes to assess the economiclandatec
performance; those artraditional DLC, enhanced DLC, andoordinated endser
switching[54]. Ruiz et al. adoptedtiraditional DLC and created a framework to control
domestic appliances including thermostatically controlled loads (TCLs) using linear
programming (LP]55]. In a similar approach, Shel#¢ al. designed a profit based DLC
using LP[56]. Ning in [58] used DLC of heating, ventilating, and -amnditioning
(HVAC) systemto provide load balancing service. To reduce thad scheduling

problem complexity, Abraset al. in [59] adopted a multagent paradigm to schedule
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smart appliances. Mulagent approaclwas found toperfectly be suited for sptially
distributed loads. Similarly, Mohseniset al. used the same approach to establish an
interaction between end users themselves instead citikgr relation using tweway
communication infrastructurehey usedgame theory to solve the schedgliproblem
[60, 61]. Similarly, Suhareaet al. [62] developed a control box to share energy between
participants and make use of the available energy consumption to performIdatdire
demandpredictian.
Computational intelligence methodsere also used to schedule the heus
appliancesfuzzylogic, neual network and intelligent lockp table wereimplemented
to create a house energy management system, where fuzzy&syassumed to produce
inputsrules andneuralnetwork was assumed to dirébese inputs to proper outpys,
64]. To maximize benefits associated with house energy management ,system
coordinated scheduling approasasproposed using particle swarm optimization (PSO)
to schedule residents appliandé®]. Gudi et al. [66] useda binary particle swarm
optimization (BPSO) to optimize theperation of household appliances. To know the
current condition of the grid, Moholkar if67] developed a fuzzy inference system
where rule based systemas implemented to control residential smart appliances.
Antunesel al. used gnetic algorithn{GA) to select appropriate control actidiGs].
Deterministic @proachesvereused too. 1169], Ikegamiel al. developed optimal
operation scheduling module for domestic appliances using mixed integer linear
programming(MILP) algorithm. Using the same optimization algorithm, Esteal. in
[70] studied the impact of price signals on @ukehold power demand. Theyodeled

major residential appliances to minimize energy cost and maximize resmftrt by
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rescheduling domestic appliances. Tischer and Verbic used dynamic programming (DP)
instead to get more robust resylif4]. Followed by Changel al. proposed a coordinated

DP to achieve redime power balancing72]. Thentheyproposed new methodologio
decentralize the@roposedcoordination schemgr3]. Danielel al. in [74] used Markov
Chainto model electricity price and energy usageyusel online learning application

to identify costumer behavior and then schedull®mestic appliances to minimize
discomfort and overall cost. Ifir5], based on the projection of the electricity price,
residential appliancesere scheduled. On the other harah algorithmwas proposed to
schedule the operation of domestic applianbased on inputs from enders (user
preference) 76, 77]. Similarly, Bozchaluiel al. [78] developed a system that optimizes
the operation of residential assets with automated decision making-tmreddased on

the customer preference and with minimum discomfort lémed. similar way Molderink

e al. [79 80] adopted three levels method with local prediction to manage domestic
appliances with minimum level of customer discomfort. Smart HVAC conixitls
advancedfunctionalities incorporatim minimum customerdiscomfort were introduced

and presented i181-83]. In case of standlone house, Yamauchl al. designed a new
energy management system that vgorkell when the house is disconnected from the
main power grid[84]. To perform load management, appliances models are required.
Next, literaturereviewaboutexisting models ipresented.

2.5 Overview of Loads and Transformer Thermal Models

This section provides discussion regardiexjsting distribution transformer and
house appliances modelé\ny house energy management system requicesirate

modek of house appliances for better decision making. To determine whether ar not
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distribution trasformeris overheatdor when the air conditioner should be tedon or

off, the thermal behavior of the model (transformer, house,f r i g eshauld be €)
considered Although there are many researevere done to model phenomenon
associated with a hoesuch as solar irradiang®s], house oaworlgblaand 6s be
heat gains by occupan{87], few effortswere made to model heat relationships of
domestic appliances.

To bridge that gap, Pard al. developed a generic thermal model for electrical
appliances suitabl for house appliancg88]. Then they proposeda methodology to
estimate the modahermal parameterf39]. For TCLs,a general model of electric
heatingwaspresented by Bompasd al. in [90] to analyze the impact of resistive heating
loads aggegation. In[91], Costanzoel al. used graypox methodology to model
refrigeration system that is suitable for residential application, whias then
implemented to predict the systgrawerconsumptionAlso, Costanzcel al. proposeca
methodto estimate the thermal parameteadiCL usng maximum likelihood estimation
algorithm. In[82], Thomasel al. presented a simplified thermal model of HVAC that can
be usedto optimize air conditionepperation. Similarly,Tashtoushet al. developeda
detailed thermal modeb quantifyenergy losses in all different parts of HVA@2]. To
achieve that purpos¢hey developeda thermal model for eacpart of HVAC zones
including heating coil, cooling, humidifier, fan, ductwork, and mixing box. Also,
Shunsukeel al. developed a thermal model for heat pump and HYA@ich thenwere
considered pastof a microgrid simulaion [93]. Talyor el al. developed simplified

thermal models for most of house appliani&:§.
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Fewwork discussed the developmentadhermal model of centeap distributed
transformer that is annected to residential housk [24, 95], a thermal model of a
centertap transformer with nindiot spotswas presented. Authors used the model to
perform an assessment of the impact of EV/IPHEVs on the distribution power grid
infrastructure.Additionally, an estimation methodologyas presented to compute the
thermal circuit parameters. On a largalsctransformers (power transformers), several
thermal modelswere presented in the literaturd-or example, a simple modelas
developed byEEE transformer committeg96]. Also, Susael al. developed a thermal
model forpower transformer considering temperature spots for the core, winding, and oil
tank [97-99. In addition, Sus&l al. presented an empirical data based methodology to
estimate thermal model parameters. Similarly, Swiftal. presented an equivalent
thermal model for power transformer to determine hot spot temperft®@ 101]. In
[102, Qingquanel al. presentedresults ofa comparison lieeen the previous three
models. The comparison waased on computer simulationnéthersimplified thermal
model was developed andsuggested to beised to approximate temperature inside
transfamer [103. Moreover, genetic algorithm (GAyasalso imgemented to obtain a
good estimation of the thermal circuit parameters.

2.6 Summary

Literature review and background information related to the research topic were
presentedThe proliferation of EV is exgcted to taexisting distribution infrastructure
and can potentiall reduce the distribution transformer service lifetiilowever, this

unfavorableémpactcanbe managd
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Two approaches were presented in the literature to lessamthigrablempact,
1) the useof battery energy systems ar®) house lods managementhrough DR
solutions It was found that battery storage syssemhether house battery bank or EV
battery, can potentially alleviate the probldtrwas also concluded that management and
control of the house appliances can lessen the proatemfurther can provide other
services to the utility. Combination of both approadh@severin a comprehensive one

IS not implemented yet.

Current house energy management systems ignore full costumer convenience.
Furthermorethey did not considethe nanagmentof a house without overloading the
infrastructure. Without careful monitoring ofthe distribution transformerloading
condition the service lifetime couldbe significantly impacted.Also, most of current
house energy management systems used lisedp models of house appliances.
Furthermore, some of these energy management systems did not consider thermal model
of house loadd.ack of effective and proper models may result into inaccurate outcomes.
Therefore, a better solution is imperative toisexspecially with current advanced
technologies in the power systdield. This research provides a new energy management
system fora house without incurring any discomfort tahe customer and without
overloadingthe distribution transformer; thus elongathe service lifetime.To design an
effective house energy management system, an advanced infrastructure is necessary. This

infrastructurds discussed in the ne&hapter
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3 PROPOSEDADVANCED HOUSE INFRASTRUCTURE

3.1 Introduction

This Chapterprovides disussion regarding thadvancedhouse infrastructure.

The smart house energy management system uses a novel infrastructure that exploits
stateof-the-art technologies such as distributed state estimation (DSE), smart appliances,
advanced communicationsglectrothermal models of important components, and
advancedptimizationmodels The main advantage of this energy management system is
that it enableseattime management andontrol ofthe house that is monitored with all
components that are connected ke thouse(i.e. distribution transformer and house
appliances) The management system worksthout changing the life style of the
customer. In particular, the physical system considered isnréisearchconsists ofa
distribution transformerservice drop,and one residential hous&he house includes
DERs andseveral controllale/noncontrollable appliances.

The key components d@he advanced house infrastructure: dn@use DERs and
appliancesnodels houseDSE, andadvancedptimizationmodesk. In this Clapter, he
advanced house infrastructuie described Further discussionregarding the key
component®f the infrastructure and how thisfrastructure works are provided.

3.2 Advanced House Infrastructure Development

This section introducethe infrastructue that is required for the proposed house
management systenThis new infrastructurevas designedo optimize the power
operation of thehouseaccording to selected objectivgsrovide assistance to thygid

operations via ancillary servicd# needed) ensure the customeronvenience and
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elorgate the service lifetime odlistribution devices, in particularthe distribution
transformer because it is the most volatile device in the systEine keypointsof the
overall newapproach aréhe following

a) coordinated integratioand operatiof house DERS, battery storage system, EV,
and appliancewithout overloading/overheating the distribution transforavst

b) no inconvenience to the customeirs. nolife style changes of the customer.

Next section prodes description of thedvanced housefrastructure

3.2.1 Description of theAdvanced House Infrastructure

The new approach assumes thatrttmmitoredhouseis equippedwvith some DERs
such as roefop solarPV, energy storage system, and controllable/oomtollable
appliances. The advantages of implementing this new approach are many. The major one
is that it enable for reattime management and control of all the different components
that are connected to th®usethat the customéutility owned. Thereforethe burden of
integrating new loads, such as BHY lessened and furth@rcreasesnore integration of
renewable generation resources at dimtribution systemFurthermore, it enabdethe
implementation of different optimization functiorisr the operabn of the houseo
extract the maximum benefits to both utility and custorAdrthese aravithout incurring
any inconvenience to the eagser and without overloading/overheating the distribution

transformerAn illustration of the house infrastructureraponents is shown migure?.

The advanced housénfrastructure consists of the following major parts)
physically based models of every component in the house systeloding the

distribution transformer andhouse DERs and applianged) communication
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infrastructure,c) housedistributed state estimation, d) advancedoptimization models
ande) house parameters (loads and weather conditions) forecasting.

However, he following major parts of the advancéafrastructure are discussed
in this dissertation

a) physically based models of the house devices,

b) house distributed state estimatiamd

c) advancedaptimization.

Next, a discussion regarding how the advanced infrastructure works is provided.
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Figure 7. lllustration of the proposedhouse advanced infrastructure.

3.2.2 How Does the House Infrastructur&/orks?

The advanced house infrastructure works falows: measurements, GPS

synchronized or noeGPS synchronizedfrom various power componenin the house
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system are collectedDistribution transformer, duse DERs and house appliances
measuements can be collected by IEDs, for examaleniversal metering devi¢é04],
and then transmitted to the hou&ES by Home Area Network (HAN).These
measurements are senttte houseDSE to perform estimatiof the house state3he
outcome of thestateestimation is a reliable and validated fgale model of the entire
houseincluding the distribution transformefhis validated model of the house is then
used by the smart house energy management system to perform optimization.

An important function of the smart house energy management sysem i
optimization. Results of the optimizationodelare basically in the form of scheduling
control signals of the house DERs and smart appliances. These control signals could be,
for example, EV and battery bank charging/discharging, open/close smartesygatart
dishwasher operation. Besides the 4#téak modelof the house that iprovided by the
DSE, the optimiation model requires datasuch as solar irradiance and outside

temperature, for the entire planning horizon, which are forecasted.

3.3 Summary

An advanced house infrastructutet canprovide reatime energy management
of housecomponents including distribution transfornediscussedA description othe
infrastructureoperationis provided The following Chapters presenisdussionof major
parts of theadvancednfrastructure (a) optimization, (bhouse devices mote and (c)

houseDSE
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4 HOUSE ENERGY MANAGEMENT SYSTEM OPTIMIZATION

4.1 Introduction

This Chapterpresents théouseoptimization model The smart house energy
management systeprovides benefits by solving a particular optimization problem for
the good of utility and customer. For examplecase of variable electricity rates, it can
optimize the cost of electricity by utilizing the capabilitiesholiseresourcesAlso, the
smart louse energynanagement systeoan provide control of peak load if the utility
request$ assuming that this service is provided for a fee or some economic arrangement
In case of need by the utility, tlemnart housenergymanagement system can provide
information of how much voltage contriblcan provide The @timizationresuls arein
the form ofcontrol signals transmitted lilie smarthouseenergymanagement systeta
eachcontrollablecomponentin the houseln this researchit is assumed that themart
house energynanagement systemrovidescontrolsto one housethat is fed by one
distributiontransformer as illustrateid Figure8. However, the management system with
its optimization functionality can provide managemeamtrhiore than one house as this a
quit usual configurationln this Chapter the mathematical formulation of the house
optimization model with two different objectivespsesentedThese two objectives are:

(a) minimization of ostlae (bypeakioadroetrobs t ot al e

4.2 Mathematical Formulation of the House Optimization Problem

The smarthouse energy management system provides benefits fotheattility

and customer by solving a particular optimization problem. As mentioned earliee, the
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are several functions the smart house energy management system can provide. In this

dissertation, two different functions are implemented, which are discussed below.

Figure 8. lllustration of one smart houseconnected to acenter-tap transformer.

4.2.1 Minimizatonof Cust omer 6s Tot al Energy Cost

One of the optimization objective functions that teenart house energy
management system can provide isnimimize the total energy codbr the customer
over a period of time in an envimment where the electricity rate varies. This particular
objective primarily benefits the customer in terms of reduced cost in the bill. It also
benefits the utility in terms ofmaking sure that the distribution transformer is not
overloaad nor overheatd beyond allowed limi& The price of electricity is assumed to
vary on an hourly basis. Therefore, theal here is to minimize the customer's total
energy cost over a period of time subject to meeting the customer convenience and
observing every componerdtings and constraint$he mathematicaformulation of the

optimization model is given below. The objective function is formulated as follows
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(ET. B 8 Yam O (1)

where®w andO are the voltage and current states at the point of common coupling
(PCC),C¥is theelectricity variableprice, andk is the time interval of planningorizon

and equdal s 1,2, é,
The modelobjective function is subjetd

Qe I MU TH B (2)
Constraint(2) represents the electrothermal house model at each time interval
and vectorsx®, uX andnturepresent state variables, control variables, and forecasted
parameters of the house model, respectiv@lye electrothermal model of the house
consists of allhouse DERs, house appliances, whether controllable or not, and the
distribution transformer. Theynthesisprocedure of the electrothermal house model is

explainedlater in thisChapter

To represent the operational voltage constraints at everyinaithe houseand current
capacity limit constraints for each devitieat is part of the house systeneach time

intervalk in the planning horizorthe followingtwo limits are considered

&

@ o of7Q (3)
Q

0¢

0 0 © @

wherew is the voltage state variable agd & @ areminimum and maximunvoltage

magnitude limits at every we in the house systerf© is the current through variables

and0 & "0 areminimum and maximuneurrent magnitude limits for every device in the
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house modellt should be oted thatw & "O are states in théouseelectrahermal
model

To maintain the refrigerator temperatuirsside the fresh food compartmentthin
permissible bounds aralso ensure that temperature is according to the customer setting

at each time intervadd of the future planning perigdhe next limitis enforced

where 'Y is the temperature state inside the refrigerator, which is part of the

electrothermal model of the refrigerator, aévd & Y are he minimum and maximum

temperature bounder the temperature in the fresh food compartment
To ensureghatthe customer convenientemetby maintaining the temperature inside the
housewithin the set boundat each time intervat of the planning perid, the following

limits is considered

Y Y Y HQ (6)

where”Y is the monitored temperature state inside the house, which is part of the

thermal model of the house, and &Y are the minimum and maximum

temperature boundsf the temperature inside the house

Two control variables are considered for each one of the refrigerator and the air
conditioner electrothermal models. The refrigerdtasicallyis turned on/off to mainain

the temperature inside it within permissible limits. Similarly, the air conditierteirned

on/off to maintain the monitored temperature inside the house within set limits. These

control variables are given by
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To ensurethat the hot spot temperature inside the distribution transformer is not

exceeding the maximum permissible temperatumé& at every time intervak of the

planning window horizonthe followinginequalityis considered

.,Y "O“W H ’?‘Q (8)
where”Y is the hot spot temperature state, whgcpart of the electrothermal model

of the distribution transformer that is also part of the entire electrothermal model of the
house represented ). HSToermissibie IS the maximum allowed limit of the hot spot
temperature of the transformer.

To model the maximum and minimum charging/discharging power of each one of the
electrothermal models of the house battery bank and EV batterfglitwing limits are

enforced
0 0 v hQ, 9
O 0 b A Q, (10
where0 QU are the charging/discharging power at every timeriml k for the

house battery bank and Ebattery respectively. Note that is part of the house

battery charger model and the minimum and maximum charging/discharging power are

O andd , respectively.Similarly, 0 is part of the EV charger model atie

minimum and maximum charging/discharging poweraeandﬁ , respectively.

To be able tocontrol the dishwasher operation, which consists of several cyclesetthe

of corstraints given by(11)-(17) are considered In particular, the time limit of every
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cycle i during the operation of the dishwashermodeled by emfrcing the following

congraint

"YW B 6 ; YATQ (12)

where6 N T1ip is the dishwasher control variable for every cyateevery time
intervalk of the planning periadYand”Yarethe minimum and maximam number time

slots for every cycle. Note thét  is part of the electrothermal model of the house.

To model the cycle operatiprwhich is assuned to work without interruptignand
enforce the sequential process of dikhwashercycles, thefollowing threeinequalities

(12)-(14) are introduced

6 5 i phi v mph! @Q, (12
6 5 0 5 i TATQ s, (13
i i 1 adQ closh, (14)

wherei N T1ip is an additional slack variable every time intervak of the planning
horizon Note thati is part of the electrothermal model of the house.
To guarantee that there is no delay between the cywesselves during the dishwasher

operation the followingequalityconstraint is considered
i 6 5 | mhlWQ chfsdt, (15)
To ensure that the dishwasher cycles work within the customer allowed time (customer

setting), the following inequality is introduced

6 5 Y Rhl 4Q, (16)
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where”Y i Characterizes the customer time preference intemvadvery time

intervalk of the planning periad
To make sure that every cycle during the dishwasher operation meets the energy

requirement, the followingqualityconstraint is imposed

B o6 ;0  ORYQ a7

where0  andO are the powerand energyprofiles for every cycleat everytime
intervalk of the future planning horizon.
The housenodel states and controls initials are given by the following

e O M 60 he| n, (18)
wherexo andupare the vectors represent the house model states and control initial values,
respectivelyx(U) is thevector represents the house states valu€sTiis concludes the
optimization model with the objective s
Next is the mathematical formulation of the optimization model of the house with peak

load control

4.2.2 HousePeak Load Control

Another objective function that thesmarthouse energy management system can
provide is tocontrolthe housepeak load over @lanning period of timeThis function
becomes much more desirableaireasserved by verticallyegulatedutilities. Thegoal
here is to minimize the peak load of the house system over a day subject to meeting the
customer conveniencand observing every component ratings and constrairts.

objectivemathematicaformulation of the problem is given by

'Ele @ (19)
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where® is the peak load of the house and therefore

G Yah 0  AQ (20)
wherew andO are the volige and current states at the point of common coupling
(PCC) andk is the time interval ofthe planningh or i zon and N.dlgsu al s 1
objective function is @bject to limits and constraints given [§2)-(18). One major
equality constraint is the electrothermal model of the house, which is represer®d by
The construction method dfat constrainis presented in the next section.

4.2.3 Electrothermal Model of the House

The equaty constraint given by2) represents thelectrothermal model of the
houseincluding the distribution transformerhis constraint is derived as follows: every
device model in the house including the distribution transformerjgeehtor, air
conditioner, t her mal mo d e | of tdhematicalu s e,

eqguations and then castarone standard formepresented by the following

L Qe o WA Q (21)
where the vectok is given by LN . The vector® represents the through variables of
adeviceat each time interval of the planning period of timand vecorsx¥, u*, anditu
represent external and internal state vdrias, control variables, andorecasted
parameters ofthat device, respectively. Then, the electrothermal house model is
constructed by appl yi(KCh atkeach odudfdhe haduse axc ur r er
follows

E mQe dEE QQi

Qe I MH . 8 (22
08 0'Q0H & D OENH SEQL QO QI
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4.3 Summary

In this Chapter the mathematical formulation of ti®use optimization modesd
presented. Althouglthe smart house energy management system can preeidzal
functions, only wo different objectivesare consideredFirstly, the formulation of the
problem with the mini mi zgytostasmpreserted.tTher,the ust o
formulation of the problem withhouse peak loadontrol is discussed. Part of both
formulations is the equality constraint representedd)y The methodology thatvas
adopted to construct this ediy is also presentedTo be able toconstruct the
electrothermal model of the house, a mathematical model for every device in the house
including the distribution transformemwas developed. Discussion regardinthe
development of thenathematical modelof every component irthe house including
DERs, appliances and distribution transformeseforeit becomes irna standard syntax

given by(21) is presented in the negthapter
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5 HOUSE SYSTEM COMPONENTS MODELING

5.1 Introduction

One d the keys to have a successful house energy management system is to have
accurate models fahedistribution transformer andarious house components including
DERs and domestic applianc8here are severapproaches the literature that can be
usedto designing systemsnd developing model$lowever, physicalihbased modeling
with object orientation approach is oné the most desire@pproachesbecause it is
based on how the system lays out in the physical warldhis approachthe physical
compnent is represented by a detailed, yet well understood, abstract mathematical
model. This mathematical model is then used to simulate the physical component and
further develop various applications. In ti@hapter the modelingtechniquethat was
used tomodel the distribution transformer and various components of the house is
presented. Additionallythe Quadratic Integration methdldat was usedto integrate the
modelis discussedFinally, new electrothermal models for important componenthe

houseincluding the distribution transformer and important appliancealacepresented

5.2 Object Orientation Modeling Approach

The objet orientation approach is generally usén designinga device,
application or system by applying thebject oriented paragm and visual modeling
throughout thedevelopment life cyclesThe advantages of this approach are maoge

are listed below
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1 provides a unified syntax to all variol®usecomponents, associates controls,
and facilitates advanced applications such gsite estimation, protection, and
optimization,

1 simplifies communication between various parts of tthevice, application,
system in an efficient and reliable mannethautlossof anyinformation,

i facilitates and simplifies the integration @fnew deviceapplication, orsystem
with already existing coponents (Plug and Play concepihd

1 this generalization enablesandardization for utilizing and exchangiaglevice
modelamong applicationsThus,advanced smart grid applicatiooan be easily
implemented
Next, discussion regarding the modeling procedbeg wasused in thigesearch

starting from extracting the mathematical model until casting the model in a standard

syntax ispresented

5.3 Description of DeviceModeling

5.3.1 Modeling Procedure

Every devie in the houséncluding the distribution transformeoes through a
number of steps before i castin one unified syntax (standard) form. The modeling
procedurghat wasused to model various devices that are part obtharthouse energy

managementystem is illustrated ifrigure9. This procedure is explained fadlows,
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Mathematical Model Extraction

!

Separating Real and Imaginary
Parts of the Model

!

Model Quadratization

!

Model Integration (Quadratic
Integration)

!

Standard Form (SCAQCF)

Figure 9. House DERs and appliances modeling procedure.

1. Mathematical Model Extraction:

An abstractmathematical mdel of any devicethat is part of the smart house
energy management systesnderived basetiow thephysicaldevice is in the physical
world. This model isformulated as a set dihear and nonlineadifferential algebraic
equations (DAEsand algebraiequations in terms adlevicestate and control variables.
Device states could be external or internal st&ramples of external states axdtages
at the deviceterminals. Exampke of internal states argtate of charge othe house
battery bank, actuahting of the air conditioner, and temperature inside the hduse
differential equations part of the derived mathematical model is then cassiipée

compact form as follows

o~ 'Q Ty 'dev
D 522D she 6 —2f 23
1L Qo 1t Qo0

8

whereas the algebraic equatiaithe model are cast in the following form
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I(t): Vector defining the through variable of the model.
X(t): Vector defining the external and imet state variables of the model.
A;: Identity matrix of the differential equations defining the linear part of the through
variables with appropriate dimension.
A, Matrix defining the coefficients of the differential equations part of the through
variabkes with appropriate dimension.
B;: Matrix defining the linear part of the differential equations with appropriate
dimension.
B,: Matrix defining the coefficients of the differential part with appropriate dimension.
Bs: Matrix defining the linear part of éhalgebraic equations with appropriate dimension.
Feq Matrix defining the quadratic pauf the algebraic equations with appropriate
dimension.
Keq Vector definig the constant part of the algebraic equations.
2. Separation ofReal and Imaginary Parts

In this step, the model is separated into real and imaginary parts. Basically,
voltages and currents phasors are expressed with their Cartesian coordinates (

@ &0 'O M. These complex equations are separated into two real equations.

35



3. Model Quadratization:

The mathematical modedescribed previouslys then quadratized. Simplgny
nonlinearequation that imbovedegree twas redued to degree not higher than two.
addition nonlinear functions, for example exponential function or logargHomction,
need to be quadratize@his can balone by applying Mclaurin seriegxpansion to the
function and then reduce the higleder terms to twoThe reduction from high order
into not more than twa@an be achieveddy introducing slack variables, as necessary.
Several examples of function or system quadratization can be fo{iba51i07].

4. Quadratic Integration:

The resultingquadraticdifferential and algebraisystemarethenintegrated using
stateof-the-art integration methodhe Quadraticlntegrationmethod[108. For a system
of equations, whether linear or nonlinear, especially for stiffesyst when power
electronics with IGBTs switches or induction machines are part of the model, the
guadratic integration method has exhibited superiority over other integration methods
such as Trapezoidal methdd07109. Some of the advantages of thigegration
method are:

1 absolutely stable numerical integration method

1 free of numerical oscillation,

9 forth order method Solution is achieved with highumerial accuracy and
precision, and

9 fast convergence with low number of iteration.
The quadratic methoid formulated lased orthree point collocation methodnd

it is usedto convert thesystem ofequations intaa set of algebraitinear orquadratic
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equatiors. The concept of the quadratic integration method is illustrat&ure 10. It is
unlike the Tapezoidaintegration method, wheithe systemmodel states are assumed to
vary linearlythroughoutthe time step the quadratic iegration method is assumed that
within every integration time stegh)( the system states variablegry quadraticallyln
principle, wthin everyintegration time step of lengt which isdefined byan interval
[UH h,Q, the two end point[Ui h] and x[(, and themidpoint X, , is defined bythe
following equation(x, = x[ Uh / 2), can define a quadraticfunction in the interval

[UHh,Q. This function ighenintegrated in the time intervalgh,( resuting in a set of

algebraic equations for this integration step. The solutiothefquadratic system of
equations i s o0 brhethodnNotk that itha resNleng algebracsequations

areeither linear or quadratic.

To show the difference betweermet quadratic and trapezoidal integration
methods a case study of a series RLC cirau#smodeledand simulatedResults of this
case including the difference between #®etwo integration methodsre reported

in Appendix A
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Figure 10. lllustration of quadratic integration method
5. State and Control Algebraic Quadratic Companion Form (SCAQCF)

In the last stepthe state andontrol variables are separated ahén formed
according tothe State and Control Algebraic Quadratic Companion HB@AQCF)
given by(25) in amatrix notationand(26) in adetailed notationThe mainadvantage of
the SCAQCF model is thahis formulationgivesa generalized andnabstract model for
any component afe house including the distribution transformehich is independent
of anydevicetype It is alsosuitable for implementatioof objectorientedalgorithms for
any applicdon. More details concerning the extraction of the final model in SCAQCF

format is provided irAppendix A

T SCAQCF in a matrix format

~

W ® o 0w © 6 60 o6 w0 o 0 , (25
1 SCAQCEF in detailed format
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x: the external and internal states at tiramd timet;,.
u: the control variables at tinteand timet,,.

Yeqw Matrix defining the linear part of device state variables.
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Feqx matrix defining the nonlinear part of device state variables.

Yequ matrix defining the linear part of device control variables.

Fequ matrix defining the nonlinear part of device cohtrariables.
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Feqxu Matrix defining the nonlinear part of device state control variables.

Beq Vector defining the constant part of device model.
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tm: @ middle point in the integration time step

5.3.2 Thermal Modeling

To determine whether or ndor example the transformers overheted or when
the air conditioner should be turnedn/off, the thermal behavior of the model
(transformer, house, refrigerat@nd other devicgsshould bemodeled Using the
analogybetween thermadl electrical physical laws, thinermodynamis of any thermal

device can be modeled by

"YO 0 oY h (27)
- QY .
: 28
00 0 ’Qbh (28)
- (OA") . .
06 6 —— "OYYoh (29
Q0

where T is spot temperature in°C], 0 is heat flow rate in [Btul Cy is thermal
capacitance in [BtUiC], andGy, is thermal conductance in [Bf@.h]. The computation

of the thermal parameters in any thermal device is presented next.

5.3.2.1 Thermal Parameters Computation

In this section, the computation methodolothat wa used to estimate the

thermal parameters, thermal conductance and capacitadisgussed
1) Computation of Thermal Conductance Gi)

In principle, the heat at each temperature spot is experienced a thermal resistance
as it propagates to other temperatspots. The reciprocal of that thermal resistance is the
thermal conductance, which is defined as the quantity of heat transmitted bétweeen

temperature spet Thermal conductance parameters are estimated considering rated
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parameters of the device suah rated current and rated temperature. Basically, steady
state equations of the device model are used to estimate the numerical values of the
thermal conductance between temperature spbtsreason for this approach is the fact

that for devices, such asansformers, the manufacturer provides the steady state
operating temperatures under full loading conditions. This information is then used to
estimate the thermal conductandessome cases, the number of thermal conductances is
larger than the numbeof the device model equation$n this case, each thermal
conductances represented by a percent of@lective main thermal conductance. Next

the thermal capa@hce computation discussed
2) Computation of Thermal Capacitance(C)

The thermal capa@nce or heat capacity is defined as the amouriheheat
energy required to raise the temperatoyeone unit It is a function of the volume, mass
density, and specific la¢ of the matter as given by

0 wE 00 , (30)
where
Vol is the volume in [,
} is the mass densitk§/m],
Cp, is specific heat Btu/kg.’C],
Note that, the procedure of computing both thermal conductance and capaaitance
performed automatically.

5.3.3 Smart House Energy Management System Devices

Thefollowing deviceswvereconsidered part of tremarthouse energy management

system: electrothermal model tfe distribution transérmer, electrothermal model of the
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house, smart dishwasher, electrothermaddel of arefrigerator, and electrothermal
modelof anair conditioner. Other house loads, such as lighting, cloth washer, and dryer,
were modeled as a time variable load. Distributed energy resources, such -#@sproof
solar PV, residential battery bank, and BWat ismodeled as lithium ion batterwere

also considered Averaged models of battery charger, -DC boost converter, D@C
inverter, and all associated control circuits, such as thermostat control and maximum
power point tracking controlyerealso considered. It should be noted that thesecdsvi

can be connected together in different configuration as they exise physical house.

This facilitates modeling different houses with different arrangemémtthis research

the model domain is the quadynamic domain. In this domain, the slowowing
behaviors such as house temperature and battery state of charge are captured. On the
other hand,electomagnetic transient phenomemae not of interest and thus not
consideredNext, the models of the distribution transformer, house DERs, and house

appliances are presented.

5.4 Electrothermal Model of a Single Phase Distribution Transformer

The distribution transformer isne of the most important devicea the
electrothermal model of the housend it is the most volatile equipment in tloeerall
housesystem. Typical residential distribution transformea &ngle phase, two winding
transformer withsecondarycentertapped; and usually is connected to one or several
house(s) through a service drop. The service drop is, in most oasdsead wireshat
areconnected from power provider pole, where the transformer usuallyasesidential

house These distribution transformers are usually rated 7.2{0.220)kV with power
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ratings up to 50 kVA. Depending on the application, special configuraifothe
distribution transformecan exist It is a usual practice to use a pole mounted transformer
in case if the power is provided to a residential custoMermal voltage rating of these
types of transformers is 1410V phase to neutral and 2230 Vtwo phasesFigurell
shows the distribution trsformer interface window inWIinIGS program. In the

following sections, the electrothermal model of the transformer is described.

- ‘: - = | B
_Copy | Print Help
M | Cancel
{§JHouse Electrothermal Transforme Circuit Number 1
10.0 - Side 1
Transformer Rating (kVA) kV Rating 7.2
Terminal Names Series Resistance (pu) 0.00428

Series Reactance (pu) 0.03422

A L1
Side 1 Bus Side 2 Bus
PRIBUS1 NN SECBUS1 Core Conductance (pu) 0.0068 i
N L2 Core Susceptance (pu) ’T |

~ Side 2
kV Rating 0.24
Series Resistance (pu) 0.00699
| TCASET | TCASEB |  TCASER | TCASEL Series Reactance (pu) | 0.01309
Top Case Temp Bus Bottom Case Temp Bus Right Case Temp Bus Left Case Temp Bus
TAMB —Transformer Dimensions & Qil Volume -

Tank Height (in) 25.0
Tank Outer Radius (in) 9.0
Qil Volume (Gal) 6.0

Ambient Temp Bus

Figure 11 Electrothermal transformer model userinterface in WinlGS program
5.4.1 Electrical Model
The electrical model is used to compute the cetatertransformer electrical
currents for a specific electric load demand. In this research, a staidemitalmodel
of a single phasdistribution transformer with a centiap at the secondary winding was
considered.This model canadapt vaious voltage and power ratingsThe electrical
model circuit is illustrated irFigure 12. This centetap distributiontransformer was

implemented to provide a low voltage to a residential hoisa service drop.
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Figure 12 Electrical circuit of the center-tap transformer.

5.4.2 Thermal Model

Transf or mer 0 son lifer expeatdnty and nogetdolading icapabilities
depend on several factors. However, it is determined primarily by the hot spot
temperature in the transformdt .is, therefore essential to predict thermimladingof the
transformer during normabadingsand, in particular, during abnormadverloadng)
conditions.Furthermorethe improved knowledge of transformer thermal characteristics
can predict the expectestrvice lifetime ofdistribution transformer insulation. This can
indicate whether the transfoer is properly sized foa particular application or not.
Therefore this improved realization can

a) allow the enhancemenf transformeroperation and

b) provide better load management optimization decisions.

In this section, the development of a new thelrmodel is discussed.

Although there are thermal models of the transformer in the literature, it is
concluded that a new model is needsdconcluded i2.5and2.6. Most of these existing
modek were mainlymodeled anddeveloped for power transformeapplications and
werelacking accuracy in terms ¢émperature spots numbén this researcha new and
detailed thermal model of a single phase cetapr distribution transformemwas

developed This model enables better monitoring of the gradient temperatures and thus
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accurate estimation ¢lie hot spot temperatuesd loss of insulation lifeThe process of

developing the thermal model is explairtzEow.

5.4.2.1 Temperature SpofBefinition

The first sep of developing a thermal model of a cestgr distribution
transformer is tadefine and selea number of temperature spots and to determine their
locations. For a bettenonitoring of rapid temperature change andoable tdocate the
hot spot temperature insidea centertap transformer with high accuracg, total of21
temperature spotwere selected.The bcation ofeach one othese temperature spots is
illustrated inFigure 13. The referencéemperature of the thermalodelis the ambient
temperature External temperature spots of the transformer electrothermal model
(transformer case temperature spots) were designed toekamalconnections to an

ambient temperature spot theiconnected ta reference temperatungodel.

i
| T |
/ O TBOT )
: | °.|. C
Oil High Sde caseB LOw $de
Winding Winding

Figure 13 Single phase centetap transformer temperature spotslocations
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Each temperature spotbsiefly explainedas the following:
1 Primary Winding Temperature Spots:
The transformer primrg winding wasdivided into three segments as illustratedFigure
14. Each one of these segmentas assumed to hawetemperature spot located in the
middle of the segment. In total, there are three temperature spots aothimdp!
"Y : High-side temperature spot for segment oné@j.[
"Y : High-side temperature spot for segment two’@]]
"Y : High-side temperature spot for segment threé@j.[

1 Secondary Winding Temperature Spots:
The transformer secondary windingissegmented into two main parts as the following:

1) Secondary winding part between phas@ndNN.

2) Secondary winding part between phas@andNN.

Each one of these pamssdivided into three segments as illustratedrigure 14, where
each segmentvas assumed to hawe temperature spot located in the middle of the

segment. In total, there are six temperature spots as the following,

"Y : Low-side temperature spot for part one segment orf€in [
"Y : Low-side temperature spot for part one segment tw2Ch [
"Y : Low-side temperature spot for part one segment thré€Jn [
"Y : Low-side temperature spot foam two segment one ifi¢].
"Y : Low-side temperature spot for part two segment tw8@h. [
"Y : Low-side temperature spot for part two segment thre¥Cih [

1 Transformer Core Temperature Spots:
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The core of the transformevas divided into bur regions as illustrated iRigure 14,
where each ongvas assumed tbave a temperature spot located in the middle of the
region. In total, there are four temperature spots as the following,

"Y : CoreTop temperature spéar region one inC].

"Y : CoreBottom temperature spot for region two €.

Y : CoreRight temperature spot for region three%@]|

"Y : Coreleft temperature spot for region four fiC].

1 Transformer Oil Tank Temperature Spots:

The transformer oil tankwasdivided into four sukspaces, where each owas assumed
to havea temperature spot. In total, there are four temperature spots as the following,

"Y : Top of the Oil temperature spot for region one’®]]

"Y : Bottom of the Oil temperature spot for region two’@][

"Y :Right of the Qil temperature spot for region thre€’@j [

"Y : Left of the Oil temperature spot for region four i€,

1 Transformer Case Temperature Spots:

The transforrar casewasdivided into four segments, where each ovas assumed to
havea temperature spot. In total, there are four temperature spots as the following,

"Y :CaseTop temperature spot for region one 98]

"Y :CaseBottom temrature spot for region two if{].

"Y  : CaseRight temperature spot for region three%a]|

"Y : Caseleft temperature spot for region four fiC].
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~ | 2 ] gr?g:tge, Segment 3 —f ||_2 ~
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7 7 . \\
P / Core Region 2 \ N
High Sde Low Sde
Winding Winding

Figure 14. Segments ofransformer primary winding, secondary winding,and core
5.4.2.2 Thermal Parameters Selection

The first thermal element is the thermal conductarigg).(For every selected
temperature spot in theansformer thermamodel, it was assumed thahere are 21
thermd conductances connected to Additionally, it was also assumed that there is a
thermal capacitanceC(,) for every selected temperature spot in the model. The thermal
capacitancevas assumed to beonnected between the correspondiemperaturespot
and a specific temperature spot that is nearittoThe connections of these thermal
capacitances are providedTiablel. The third thermal element is the heat souftere
were 13 heat sources assumedhie modelLocation of thee heat sources are provided

in Table2.

Table 1. Transformer thermal model thermal capacity.

Thermal Capacitance Cy,) Spot 1 Spot 2

Ch1 Th1 Ter
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Ch2 Th TeL
Chs Ths Tcs
Cii1 T Ter
Cii2 TL12 Tcr
Cii3 TL13 Tcr
Cio1 Tio1 Tcr
Ci22 Ti22 Tcr
Cia2s Ti23 Tce
Cer Ter TroTt
Ccs Tce TsoT
Ccr Ter TroT
CeL TeL TioT
Crot TroT Tcase T
Cgor Teot Tcase B
Crot TroT Tcase R
Ciot TioT Tcase L
C:CaseT TCaseT TAM B
CcaseB TcaseB Tave
Ccaser Tcaser Tave
Ccasa TcaselL Tave

Table 2. Transformer heatsource

Heat Source (F)

Spot

~
g

V)

Th1
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0 Th2
0 Ths
0 T
0 TLi
0 T3
0 Tio1
0 T2z
0 Tios
0 Ter
0 Tcs
0 Ter
0 TeL

54.22.1 Computation of the Trafsrmer Model Thermal Parameters

1) Transformer Thermal Conductance (&

For estimating the transformer thermal conductances, manufacturer data of steady
state temperatures at various points of the transformer under full loading conditions were
utilized. Noe that these temperatures can be also measured in the laboratory
Transformer model rated temperatures at every temperature spot are providéte B
These rated temperatures are used with steady state equations of themeansfodel to
estimate the transformer thermal conductances. Tikexevery large number of thermal
conductances in the transformer model. To estimate them all, each thermal conductance

wasrepresented by a percent of a main thermal conductance. Thisdede number of
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thermal conductance into only 21, which can be estimated easily. Then, all other thermal

conductances can be calculated using the assumed percentage proijoieendix B

Table 3. Center-tap transformer r ated temperature at eachtemperature spot.

Temperature Spot Rated Temp [C]

Y 103

Y 95

Y 91

B

105

100

95

2| <<

94

93

92

94

88

92

90

80

70

77

73

65

N EIEIE IR I IR ISy
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Y 59

Y 40

2) Transformer Thermal Capaitance (G)

Each thermal capacitance in the transformer mage computed by29). The
volume of the space surrounding a temgiure spot in the transformer, howewean be
computed by

weE a“l Q (3
where
r is radius of the tankn], and

his the height of the tankn].

In particular,the following assumptions were made whke volume of each part of the

transformemwascomputed:
1 Inner radiusof the transformewas assumefle% of the outer rads.

1 A number of inchesveresubtracted of the transformer height due to bushing as

necessary. Some manufacture provides exact height without bushing.

1 Each winding side volumeas assumed to be 2% ofdhresulted transformer

volume (@re andwindingsvolume).

5.4.2.3 Transformer Loss of Insulation Life (LOIL)

The degradationof the transformer insulation life attributes to three different
factors moisture, oxygen, and temperat(igd, 96]. Each one ofhese factors contributes

separately to the degree of the transformer insulation degradation; therefore, they must be
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controlled independently. The contamination of the transformer oil resulted from either

moisture or oxygen can be controlled by the tiamser OilPreservation System [OPS].

Thus, moisture and oxygemvere excluded from the analysis provided in this
research; anthe transformewasassumed to be well dried and oxygen freevdsonly
assumed that the temperature factor wde only facto considered in the loss of

insulation life (LOIL) of the transformer computation procedure.

LOIL during time intervalt can be explained by the equivalent total life hours
consumed divided by the predefined normal insulation life, which is usually given

hours. Thus, LOIL can be computed using the following equé6n1(

00 olQo 8 —— 9 (32)

where

Thotspoi HOt Spot temperature at time t fiK],

t: time period in ],

A & B: Empirical constants depending on the design of the transformer. Numerical values

of A & B are summarized imable4.

Table 4. Transformer empirical A & B values[111]].

Constant 65 °C Insulation System 55°C Insulation System
A -11.269 -11.968
B 6328.8 6328.8
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5.4.3 Mathematical Model of the Distribution Centefap Transformer

Using the selected thermal parameters, the thermal circuit of the distribution
centertap distribution was devagbed. The detailedelectrothermal model of eenter tap
distribution transformeis provided inAppendix B

5.5 HouseDERs and AppliancesModels

Physically based models of majppuseDERs and applianceseredeveloped. A
description oach one of these modételuding DERs an@ppliancecontrollable/non
controllable)is briefly discussed. Note thahe discussion in this sectias focusedon
providing description regardingresidentialsmart house. However, the house model can
be used to represent a commercial builgihgroperly sized.

5.5.1 Thermal Model of the House

A thermal model of a single stphouse withtwo bedrooms andwo bathrooms
wasdeveloped. The layout of the house is illustrated-mure 15. The model provides
an estimationof all selectedtemperaturespotsinside the houseThese temperatures
impact the opetion of thermal loads that are connected to the house such as the

refrigerator and air conditioner.
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17 | Accept |
1 i? Thermal Model of the House Cancel |'
Circuit Number 1
QBed1 Bus
| QBED1 TEast Bus |
QBed2 Bus Bath 1 —» TE
QBED2 —» Bed 1 TNorth Bus
' QBath1 Bus Kitchen —> TN
[ QBATH1 TWest Bus
QBath2 Bus > W |
[ QBATH2 — Bath 2 TSouth Bus |
QK Bus Living Room > TS
QK —>] Bed 2 TTop Bus I
aL Bus G —» TT
QL —>] J
Ambient Temperature Bus
TAMB|

Figure 15 Thermal housemodel user interface in WinlGS program.

5.5.1.1 Definition of theHouse ThermaWodel Parameters

An approximately 1200 ft single story house Wi two bedroomsand two
bathrooms wasonsidered. Té housewas simplified to have six main spaces as the
following: two bedrooms, two bathrooms, kitchen, émohg room. Extra spacesuch as
closets and storageseremerged with their associated space. The thermal parameters of

the housaredefined as the following:
1) Temperature Spots Selection

To monitor gradient temperatures of the thermal model of the house, several
temperature spotwereselected. Precisely, 17nperature spotwereselectedLocation
of each one of theseemperaturespots is illustrated irFigure 16. Specifically, every
spacewasassigned two temperature spots; a niamperaturespot and an internal wall
temperaturespd. To capture the temperature outside the homals, every cardinal

direction including the top direction of the housasassigned aemperature spofThe
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reference temperature of thieermal model is the ambient temperature. The external
temperature sgs of the thermal model of the house (external temperature spots) were
designed to have connections to an ambient temperature spot that is connected to a
reference temperature mod€he definition of each of the spot temperature is given next.
1 Bedroom One Spots (Bed1l):
Tgear Bedroom 1 temperature spot fiC].
Tgedri: Bedroom 1 internal wall temperature spot’@][
1 Bedroom Two Spots (Bed?2):
Teedz Bedroom 2 temperature spot icC].
Tged2i: Bedroom 2 internal wall temperature spot’@][
1 Bathroom One Spots (Bath1l):
Teathz Bathroom 1 temperature spot icC].
Teahz1: Bathroom 1 internal wall temperature spoti@][
1 Bathroom Two Spots (Bath2):
Teathz Bathroom 2 temperature spot ic].
Tgath21: Bathroom 2 internal wall temperature spofi@].
1 Kitchen Spots (K):
Tk: Kitchen temperature spot ifd].
Tka: Kitchen internal wall temperature spot i&].
9 Living Room Spots (L):
T.: Living room temperature spot ifiG].
T Living room internal wall temperature spot ficC].

9 House Externd Spots (L):
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Te: Easttemperature spot ifC].

Tn: Northtemperature spot ifC].
Tw: Westtemperature spot iffC].
Ts Southtemperature spot iffC].

Trop Top of the houseemperature spot ifC.

Tavse T, <

Figure 16. Thermal house model mternal and external temperature spotslocations

2) Thermal Conductance:

For every temperature spot in the model, thexeone or several thermal
conductancesvere connected to it. In the thermal modelwias assumed thathe main
space spot has a thermal conductance connected to the internal wall temperature spot.
The internal wall temperature spgasassumed to have thermal conductances with all its
direct connected temperature spots such as external wall, top, andpmabesAlso, it

was assumed that thergas a thermal conductance between every internal temperature
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spot and its direct neighboring temperature spots. To illustraterarenal RC circuit for

bedroom is shown inFigure17. The samevasalsoapplied for other spaces.

TAMB

TAMB
TBedZ

Bath2- |

TL- |

Figure 17. House kedroom, RC thermal circuit .

Thermal conductance circuit parametgrsere computed considering the house
rated temperatures as providedTable5. To estimate the model thermal conductances,
steady state equations of the thermal model of the house with rated temperature were
used.Becausehere islarge number of thermal conductances inrtadel,each hermal
conductance was represented by a percent of a main thermal condutaacesultthe
number of thermal conductarecevas reducedrhen, all other thermal conductances can

be calculated using the assumed percentage providgzbendix C

Table 5. House thermal modelrated temperature at each temperature spot.

Temperature Spot Rated Temp [C]
Toed1 15
Toedz 16
Toedz 15
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Thedz 16
Tgath1 17
Tgathti 18
Tgath2 17
Tgath2i 18
Tk 16
Tkl 18
T 15.5
T 16.5
Te 48
TN 48
Tw 48
Ts 48
TTop 48
Y 50

3) Thermal Capacitance:

Connections of eacthermal capacitance are providedTiable 6. The thermal
capacity for every sga in tre house is computed considering the sum of every element
heat capacity inside that particular space. For example, bedrnbenmal capacity is
computed by

6 6 6 6 E (33
Below is a summary of the assumed thermal capacitances:

Cgedz The sum of the heat capacity of every element inside bedroom one *CJBtu/
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Cged1 i The heat capacity of the wall for bedroom one in [#&{)/

Cgedz The sum of the heat capacityefery element inside bedroom two in [BXT.
Cgedz i The heat capacity of the wall for bedroom two in [B8J/

Csathz: The sum of the heat capacity of every element inside bathroom one #C]Btu/
Cgath1_i The heat capacity of the wall for bathrooneadn [BtuPC].

Csathz The sum of the heat capacity of every element inside bathroom two ifiGBtu/
Ceathz i The heat capacity of the wall for bathroom two in B8/

Ck: The sum of the heat capacity of every element inside the kitchen ii¢Btu/

Cx_: The heat capacity of the wall for kitchen in [B.

C.: The sum of the heat capacity of every element inside the living room iffQRtu/
C._: The heat capacity of the wall for living room in [BiQ].

Ce: East side spot heat capacity in [BEJ.

Cn: North side spot heat capacity in [BY0].

Cw: West side spot heat capacity in [By.

Cs South side spot heat capacity in [Bai/

Crop. TOp side spot heat capacity in [BiQ].

Table 6. Thermal house model hermal capacitance connections

Thermal Capacitance Ci) Spot 1 Spot 2
Caed1 Toed1 Thedz!
Caed! Toedz! Te
Caed2 Toedz Thedzl
Caedz! Thedzi Ts
Caath1 Tgath1 Tgathzi
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Caathzl Tgathzi Tn

Caath2 Tgath2 Tgath2

Caath2! Tgath2i Te
Ck Tk Tk
Ck-i Tkl Trop
CL T Te
Cra T Tw
Ce Te Tams
Cn Tn Tams
Cw Tw Tams
Cs Ts Tams
Crop Trop Tame

5.5.1.2 Thermal House Mathematical Model

The thermal circuit of the houseasassumed to have 44 thermal conductances,
17 heat capacdits and 6 heat sources. Thest order differential equation given {29)
wasused to derive the thermal model of the house. Mbdelequations for the thermal
house modeére provided in a compact form iAppendix C The house thermal model
provides interfacing capabilities with models that inject thermal loads such as air
conditioner and refrigerator. The air conditioner model is discussed next.

5.5.2 Electrothermal Air Conditioner Model

An electrothermal modeof an air conditioner house loaslas developed.The

modelwas assumed to inject heé&tooling) to the house througsix output ductsThe
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model window in WinIGS program is shown kiigure 18. Typical air conditioner load

voltageis line to line with voltage ranges between 24D V.

i | -
Copy Print Help
{1:1 [ m Accept
===uw | Air Conditioner House 1| cancel
Circuit Number 1
— Air Conditioning Rating AIC Operation Signal Bus
Air Conditioner Rating (Bturh) 35000.0 HVACSIG_A
Rated Voltage (V}irms) 240.0
Power Factor 0.9 QBed1 Bus
— TBED1_A
— Thermal P s
Hom. Coeff. of Perf. (COF) 25
QBed2 Bus
Import Thermal Data From File ‘ — TBED2_A
1|v |
Time(hh: :55) Relative Humidity (%)
1 1:00:00 100.000000 - QBath1 Bus |
z 20000 100.000000 Bus Name ¥ TBATH1 A |
3 3:00:00 88820000 HOUSE-' L1 o -
4 4:00:00 74.020000 -
5 5:00:00 5
[-] 8:00:00 46.260000 . et
T 7:00:00 41.360000 In Service & I
B s .
5 55610 = 50000 Out of Service
10 10:00:00 25.300000
T T1.00.00 27.490000 hdl [ HOUSE1_L2 QBath2 Bus
+—| - F— TBATH2_A
Number of rows 24  — Update Table
AIC Thermal Characteristics QK Bus
€23 Relative Hurglidity [3] | TK—A
|| -
i 75.0
| E QL Bus
l E 50.0 — TL_A
g 25.0
0.004, . , ; ; .
EIcRSoc i oo su}uuu 20000 - QAmb Bus

— L [ TAMB_A
Update Plot }—1

Figure 18. Electrothermal air conditioner model user interface in WinlGS program

Electrical and thermal circuits of the electrothermal air conditioner are illustrated
by Figure19. Output powershown in the top part dfigurel9, is a function of actuadir

conditioner (BR)atingand coefficient of performance (COP).
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Figure 19. Air conditioner electrical and thermal circuit model.

As shown inFigure 19, the air conditioner model generates headnotedby
0 , and injectsthis heat to the house vi&ix ducts. Eaclone of these ductwas
designed to providecooling according to specific amourdf 0 as follows:
ki =22.86, k, = 22.5%, ks = 7.5%, ks = 7.5%, ks = 15%, andks = 25%.

The hea(cooling)generated by the air condiber model is a function afominal

size ofthe air conditioner, ambient temperature, relative humidity, and COP. The model
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was developed with aontrol signal terminathat sets taeceive on/off control signal
command (i) from the thermostat control model to control the operation of the model. It
should be noted that BR and C@reassumed to vary over time based on the ambient
temperature. Typical BR and COP characteristics are illustratEdyiume 20. Basically,

the air conditioner actual heat rating changes based on the ambient temperature. As the
temperature drops, the actual heat raimgeases Similarly, the air conditioneCOP
improves when the temperature cools down as shovimotiom part ofFigure 20. The

mathematical model of the electrothermal air conditioner is providagpendix D

Actual Heat Rating, Nominal Rating = 0.035 MBtu
T T

0.045 ‘
=
& 0.04- 1
=
o 0.035 
m
0.03 ‘ ‘ ‘
20 25 30 35 40

Temperature [°C]
Actual COP, Nominal COP =2.5

20 25 30 35 40
Temperature [°C]

Figure 20. Top: Air conditioner actual heat rating (BR), Bottom: Coefficient of performance (COP)

5.5.3 Electrothermal Refrigerator Model

The second appliance that injects heat to the house is the refrigerator. In this
section, a physically based electrothermal model of anmpinted refrigerator with two
compartments, fresh food and freezer, is discussed. The madatonnected to the
kitchen main temperature spot, assuming that the refrigerator is in the kitchentleside

house. However, the refrigerator can be placed in a different location. Typical voltage
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connection is line to neutral with voltagengesapproximately from 110 V to 140. The

refrigeratos model interface window iWinlGS program is illustrated ikigure 21. The

mathematical equations of the model are provided in a compact foAppendix E

Details about the model are provided in the following sections.

X sl
~ “F I.m Accept
|Refrigerator Load Model House 1 Cancel
Circuit Number lf
Bus Name
HOUSE1_L1  —oo Kitchen

< In Service

- Qut of Service

Temperature Bus

Power Rating (W) ’T
Rated Voltage (V)(rms) | 130.0
Power Factor ’T
Efficiency | 085

Coeff. of Performace (COP) | 3.5

HOUSE1_NN 8500 +j| 27.84
P (W) Q (Var)
Refrigerator Rating Refrigerator Size and Dimensions

Fresh Food Compartment Cap. (ft’) 12.8

Freezer Compartment Capacity (ft)) 3.7

Import Data From File

Figure 21 Electrothermal refrigerator model user interface in WinlGS program

5.5.3.1 Refrigerator Electrical Model

The electrical load is computed according the refrigeratorspecified rated

power, approximated efficiency, and coefficient of performance (COP). This informati

can be found on the manufacturer datasheet. dlbetrical

refrigeratoris illustrated inFigure22.
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Figure 22 Electrical circuit model of the refrigerator

5.5.3.1 Refrigerator Thermal Model

The electrothermal model of theefrigerator provides an estimatioof all
temperature spots in the refrigerator. The thermal parameters of the rédrgama

defined as the following:

55.3.1.1 Refrigerator Thermal Parameters

1) Tempeature Spots:

To monitor gradient temperatures of the refrigerator model, seven temperature
spotswereselectedFigure23 shows the location of each one of these temperature spots.
Specifically, the fresh food compartment of tlefrigeratorwasassigned a spot; and the
freezer compartmentasalso assigned a spot. Due to the temperature difference between
the internal and external wall of each one of the compartments, two temperature spots
wereselected for each of the internaldaexternal walls. These selected temperature spots

are listed as the following,
Ti: Fresh food compartmentaintemperature spot ifC].

Tiiw: Fresh food compartmentternal wall temperature spot itC].
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Tiew: Fresh food compartmeseixternal walkemperature spot irfC].
Tt Freezer compartment temperature spof@j. [

Tiziw: Freezer compartmeiternal wall temperature spot Q]
Tizew Freezer compartmeskternal wall temperature spot ifd].
T« Kitchentemperaturepot in fC].

2) Thermal Conductance:

It wasassumed that for every temperature spot inréfiegerator there one or
several thermal conductancesre connected to it. Below is a summary of the assumed

thermal conductances,

Gr: Thermal conductance between the fresh food compattmass and the fresh food
compartment internal wall in [BtY%C h].

Gt Thermal conductance between the freezer compartment mass and the freezer
compartment internal wall in [BtY%C h].

Griw-izive Thermal conductance between the fresh food compartmienbal wall and the
freezer compartment internal wall mass in [BEuh].

Griw-frew: Thermal conductance of the fresh food compartment wall in {Gthl.

Griwizew Thermal conductance of the freezer compartment wall in {Bthf.

Grrewizew Thermalconductance of the fresh food and freezer compartments external walls
in [Btu/°C h].

Grrewk: Thermal conductance between the fresh food compartment external wall and the

Kitchen air mass in [Bt4C h].
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Grewk: Thermal conductance between the freezer paytment external wall and the
Kitchen air mass in [BtdC hl.

3) Thermal Capacity:

It wasassumed that there is a thermal capacitance associates with each one of
fresh food compartment and freezer compartment. The thermal capacitance is connected
between theorresponding spot and a specific reference as providédhle7. Below is

a summary of the assumed thermal capacitances,

Ci: The sum of the heat capacity of every element inside the fresh food compartment in
[Btu/°C].

Criw: Heat capacity of internal door mass in the fresh food compartment ii¢Rtu/

Crew. Heat capacity of external door mass in the fresh food compartment ifgBtu/

Ci: The sum of the heat capacity of every element inside the freezer compartment in
[Btu/°C]

Criw: Heat capacity of internal door mass in the freezer compartment ifqRtu/

Crew Heat capacity of external door mass in the freezer compartment ifGBtu/

4) Heat Sources:

There is one main heat sourdeprovides cooling to both the flesfood and
freezer compartments alown inFigure23. Injectedheat to the fresh food compartment
wasassumed to bek{ = 60%) of the totayeneratecheat bythe main heat sourcélso,
injected heato the freezer compartmewas assumed to the resk,(= 40%), of the total

generatedheat by thanain heat source of thefrigerator.
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Figure 23. Refrigerator thermal circuit elements andtemperature spots locations

Table 7. Electrothermal refrigerator t hermal capacitanceconnections

Cir Tir Ttriw
Crriw Thriw Trew
Chrew Trew Trar
Cr T Ttziw
Ctziw Tziw Trzew
Crzew Tizew Tkar

55.3.1.2 Computatiomf Thermal Quanties
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Methods used to compute ttedfrigerator modethermal capacitance amkdermal
conductance are present&sifollows:

1. Thermal Capacitance ()
The compartment main thermal capacitgs computed considering the sum of
each element heat capacity insitlat compartmen(34), including cool air, various types
of vegetabl es, fruits, meat s, dairy produc

elements considered in each one of the refrigerator compastment
6 6 6 E 6 , (34)
The heat capacity of every element inside the compartment, fresloifdiebzer,
is a function of elemennass and specific he@5). Data regardingvery elemenmas
and specific heat can be found in reference books sydiiasl13.

0 ao, (35
where m is the mass of the element in [kg] a@p is the element specific heat in
[Btu/kg. °C].

When all heat capacities are computed, their volumes can be then calculated by

wE aar, (36)
whereVol is the volume of the element in fhand} is the mass densityf the element
[kg/m].

Air Heat Capacity

Air is assumed to fill the volume of the refrigerator less the sum of the elements

volumes. To computair heat capacitythe followingequation is used
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0 WE "0 . (37)

Door Opening andvlassChange

There are two other factors thaére assumed tonpact the compartment thermal
capacity, when t he compartment 0s deor i S
compartment is experienced some changes. In case of door opening, the duration of time
while the door is opened is assumed to be enough for the entire cold air to escape and get
replaced with airthat has the kitchen temperature. In addition, the voluriet was
occupied bycold air is the same d&stchen temperature air, unless if there is an internal
mass change. To account for that, the temperature inside the compartment is reinitialized.
For example, if the fresh food compartment door is opened, &we initialized

temperature value is compuat using the following equation

) ) & Y Y 5 YooY
Y Y S A (39)
0 0

whereCirq00riS the heat capacity of the air mass with kitchen temperature.

In caseof the compartment mass changes, thermal capacities for elements that
experience mass change become different and should be recomputed. For example, if the
watermass is increased by 5#bthe fresh food compartment, the heat capacity of water
has to change. The extra mass is assumed to have a kitchen temperature. As a result, the
temperature at the main spot inside the compartment has to be reinitialized and the sum
of the all elements dat capacities,Cy, should be updated. The new initialized

temperature value is computed as the following
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6 Y Y Yo Y Y .
- o h 39
(0] Yo ( )

whereaCy; Iis the thermal capacity due to the extra mass element change.

Note that hese changes arecorporated in the model in re@e. Although
equationg34),(38), and(39) are expressed for fresh food compartment, these equations
werealso implemented for freezer compartment with relaeddes

2. Thermal Conductance ():
Thermal conductance parametexgre computed considering the refrigerator

rated data including tad temperatureas provided irrable8. Also, it wasassumed that

the thermal conductance between internal walls of the compartment? isf @@ freezer

door thermal conductanceln addition, the thermal conductance betweer th
compartments external wallsas assumed to be 100 times the thermal conductance
between kitchen air mass temperature and fresh food compartment external temperature.
To compute thee conductancg steady state equations of thedel that is given by

(E.1)-(E.11) wereused.

Table 8. Rated temperature at eachtemperature spot (°C).

Temperature Spot Rated Temperature [C]
T 2.0
Triw 5.0
Ttrew 28.0
Tt -5.0
Ttziw 0.0
Tzew 28
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Tk1 33.0

5.5.4 Dishwasher Model

A dishwasher loads mathematically modeled as a constant active and reactive
power. Based on the dishwasher efficiency and rated powes,output power is
computed. Typicaimodel connection is line to neutral. Also, typicabhage is 110
140V. Figure 24 shows the dishwageh model interface window iWVinIGS program.
Therearetwo factorswereassumed to impact dishwasher power consumption: load level
inside the dishwasher and dishwasher power priofil@very cycle. The model equations

of the dishwasher are provided in a compact fordppendix F

5.5.4.1 Dishwasher Load Level

Three different load levels were assumed to represent the dishwasher internal
loading. These are higimedium, and light, which corresponds to 100%, 75%, and 50%
of the dishwasher power profile. T8&three load levels are summarizedTiable 9. It
should be noted that when the load level is set for a particular operation,dHerldlaat

operation cycles are fixed and cannotthanged until the end of the operation
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Figure 24. Smart dishwashermodel userinterfacein WinlGS program.

Table 9. Dishwasher load levels

Load Load Level in % of the Dishwasher Power Profile
High 100

Medium 75
Light 50

5.5.4.2 Dishwasher Power Profile

The dishwasher operation can be modeled assuming different power gidfdes
115. Fixed power over the operation cycle profilealso widely used.To reflect more
realistic energy consumph, a detailed power profilavas considered. For every

dishwasher operation, wwasassumed that theegefive different cycles as the following:
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prewash, main wash, rinse, rinse and heat, and drying cycles. The duration of time for
every cycle varies @pending on the dishwasher. However, the overall duration of time
for one dishwasher operation is usually ranged betweer260 minutes. Brief technical
explanation of each one of these stages is provided next:

1. Pre-wash:
In the prewashcycle, water is pmped and sprayed to loosen particles stuck on

dishes, utensils, pans, and other stuff inside the dishwasher. Water sprayed is not
heated up and usually regular in temperature. The water is then pumped out to
prepare the dishwasher for the neytle

2. Main wash:
After the prewash cycle, fresh water is sprayed and mixed with the detergent.

The water used in this cycle is heated up to become 128 °F (507 70°C).
When the cycle is over, the water is pumped out.

3. Rinse:
With a cold water, the inside dislasher is sprayed to clean the residuals from the

previous cycle.

4. Rinse and heat:

In this stage, water is sprayed again. Rinse aid soap could be mixed with sprayed
water. Water temperature is increased up to abouf4@0°C). By the end of

the cycle, bt water is pumped out.

5. Dry:
After pumping all the water in the previous cycle, a heating element positioned on

the bottom of the dishwasher is used to provide more heat and dry the left of

water and kills bacteria.
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The power profile and time duration favery cycle are presented fingure 25.

The yaxis is in percentage of the dishwasteedpower.
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Figure 25. Dishwasherpower profile.

5.5.5 Variable Load Model

To accaunt for other house appliangesich asvasher, dryer, and water heatar,
time varying loadwas developed.The variable loadis modeled mathematically as a
specified constant active and reactive power fary time period. The model caalso
adopt different voltageatings Figure 26 illustrates the variable load meldwindow in
the program inWinlGS program. The basic electrical circuit is illustratedrigure 27.

The mathematical model in a compact form is providefippendix G

76



|

R i

— Eg‘

Copy Print Help

ariable Single Phase Load

Accept |

Cancel |

Circuit Number | 1

First Node| HOUSE1_L2 “

Second Node| HOUSE1_NN 4

P

A
Import Load Data
| kw KVAR
1] 0181750 | 0.087240 -
2| 0192500 | 0.092400
3| 0119500 | 0.057360
4] 0231000 | 0.110880
5| 0107500 | 0.051600
6] 0213750 | 0.102600
7| 0126500 | 0.060720
8| 0.066500 | 0.031920
9| 0162750 | 0.078120
10| 0.035250 | 0.016920
11| 0159750 | 0.076680
12| 0148250 | 0071160
13[ 0.082250 | 0.039480
14| 0367750 | 0.176520
15 0830750 | 0398760 -
A

Update Table |
Datapoits | 95
Rated KV |0.120000

Variable Load

0.90

0.60

Load [KW] & [KVAR]

0.30

0.00

0.00 20000

Update Plot

Time Interval [sec] | 900.000000

40000 60000 20000 o
Time (sec)

Figure 26. Variable load model userinterface in WinlGS program.
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Figure 27. Electric circuit of the variable load model.
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5.5.6 Roof-Top Solar Photovoltaic (PV) Model

A physically based model of a PV array with solar cell (single dioday
developed. The solar cell model is based[dbg. The model is a dependent on the
environment conditions, i.e. temperature and saladiance. Figure 28 shows the
equivalent electrical circuit od single diode solaredl. The mathematical model of the

PV solar cell is provided in a compact formAppendix H

| -~
3 L] Wl R Ven P
O, R, i

| Voo T

Figure 28. Equivalent electrical circuit of the solar cell

Data regardingsolar arraycharacteristics are usually provided by the solar
manufacturer except series and parallel resistad@sompute them, an algtrm was
used to find the optimized values of the both resistatia¢ssbasedon [116.

5.5.7 Electrothermal Model of a Battery Energy Storage System (BESS)

Battery based, energy storage systwas modeled as part of the smart house
energy management system. There are several types of battery technologies that could be
used for energwtorage However, the mostly and widely used type for solar PV and
house application iseadacid battery technology because it is economically attractive,
easily maintained, and can last fa long time. Several dynaminodels ofa lead acid

battery ae aleady developed and existthe literature. The mathematical model of lead
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acid batterywas extracted from[117-119. Then, an electrothermal, third order, and
physically based modelasdeveloped The model accounts for the following:

1 The model is dynamic and built mainly for lead acid batteries.

1 Surrounding and internal battery temperature variatiasconsidered.

1 Internal gassing curremtasmodeled.

1 Batteryseltdischarging characteristiwasneglected.

The battery circuit model is shown kigure 29. Figure 30 illustrates the battery
of lead acid type nael window in the program iVinIGS program. Two switheswere
considered to control the operation of the model. The first switch is to determine the
status of the battery, standby or connectat the second switch igsed togovern the
batteryds mode of operation, c madelgin @ag or

compact form for every mode of operation is provideAppendix L

|
‘ - -
rl z i % 4 TR ‘ :I:Le amb
v, %oy g e
Y = %
~ ; :
I, Vi i %«—o soc
|

Figure 29. Circuit model of leadacid battery.
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Figure 30. Lead acid batterymodel user inteifface window in the program

5.5.8 Electric Vehicle (EV) Model

A physicaly based electrothermal model of EV battemas developed. In
particular, the EV is modeled as lithium ion battery with appropriate [4i26. The
model accounts for the following,

1 The model isin the quastdynamicdomainand was developed to model mainly
lithium ion batteries.
1 Surrounding and internal battery temperature variatiasconsidered.

1 Battery seldischarging characteristigasneglected.

The circuit model of the lithiunoin battery is shown iRigure31. The lithium ion
battery moel window in the program iWinIGS program is illustrated ifigure 32.
There is one control switch added to the mode to identify the stattise dbattery,
standby or connected. The mathematical model of the electrothermal lithium ion battery

cast in a compact form is providedAppendix J
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Figure 31 Circuit model of lithium i on battery.
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Figure 32 Lithium ion battery model user interface inWinlGS program.

5.5.9 Power Electronics Converters Models

The house systerwas contractedby power electronics converters. Averaged

domainwas adoptedwhen convertersvere modeled. Next, discussion regarding every

converter model considered in tihesearchs provided.

5.5.9.1 Single Phase Averaged BIQC Boost Converter Model

Boostconverters are uséd regulate the input voltagsuch as the house solar PV

array voltage, which is an unregulated dc voltage. The output is a stepped up and
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regulated dc voltage by the duty ratid, Typical switching frequency used is 60 kHz.
The circuit diagram of thecddc boost is shown ifigure 33. The modelvasdeveloped

in WinlGS program and the window of the model is illustrateigure 34.

1, v, Moo,
v I, [‘i l, ~
2 op o\
D

Figure 33 Equivalent drcuit model ofa dngle phasedc-dc boostconverter.
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Figure 34. Averagemodel of dc-dc boost converteruser interface inWinlGS program.

The modelvasdesigned to work with threentrol schemes as the following:
1) DC voltage control This control maintains a constant dc output voltage.

2) Real power contral This control maintains a constant real output power.
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3) Maximum power point tracking (MPPT) control This control was also
developedo extract maximum power out of solar PRhis control basicallyegulates the
converter duty cycle) to maintain a constant dc output voltage. There are several
MPPT algorithms such as perturb and observe (P&O), incremental conductance (IC),
fuzzy logic, current sweefl21]. However, perturb and observe (P&O) algoritinas
implemented. A schematic diagram of (P&fS)illustrated inFigure 35. The algorithm
exploits the relation between the output power and the voltage of PV to determine
whether increasing or decreasing the duty cy€le compact model that descrltbe
averaged single pba dedc boost converter in the frequency domain and with every

control schemes given inAppendix K

VIK] and I[K]

\ 4 A4 A4 \ 4

Decrease Increase Increase Decrease
Duty Cycle Duty Cycle Duty Cycle Duty Cycle

Figure 35. Perturb and observe (P&O) algorithm.

5.5.9.2 Single Phase Full Bridge DEC Inverter Model

Inverters are used to convert input dc current or voltage to ac current or voltage

waveform, which is controlled by the modulation indé®, The circuit diagram of a
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single phase dac inverter is shown ifigure36. The modelvasdeveloped in WinIGS

program. The user interface window is showfrigure36.
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Figure 36. Equivalent circuit model of the single phase full bridge DEAC inverter.
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Figure 37. Average model of deac inverter user interface inWinlGS program.

The model is equipped with two controls as the following:
1) VQ Control: This control maintains an input dc voltage equals to a dc reference

voltage and constant reactive power equals to an imaginary power reference.
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2) PQ Control: This control maintains a constamtal and imaginary power equal to

a specified real and imaginary power references.

The mathematical model with every control is provideAppendix L

5.5.9.3 Battery Charger Model

The batterychargerwas modeled aa single phase edc buckboost converter.
These types ofonverters are used to step up or down the input dc voltage. Stepping up
the input voltage can be achieved by using the boosterter. Onthe other hand,
stepping dowrthe input voltagecan be done by using the buck converter. The output
voltage is controlled by the duty ratid, The circuit diagram of the budboost converter
is shown inFigure38. The modelwasdeveloped in WinIGS program and the window of
the model is illustrated iRigure39. One of the main functions of the battery charger is to
monitor the state of charge (SOC) of the battery that it monitors and enbateabe
charge inside the battery does not exceed the minimum and maximum charge limits

which areset by the user.

~ L R ~
\/1 ~. AR]M (‘Y‘Y‘Y‘\~( \~AAA2 .~\/3
l, v, Voo,
VL l, -
2 op» gé J 1_0\4].
sOC D

Figure 38 Equivalent circuit model ofa sngle phasedc-dc buck-boostConverter.
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Figure 39. Battery charger dc-dc buck-boostuser interface inWinlGS program.

The mathematical model of the bubkost converter is provided fAppendix M
The model is equipped with two different controls as the following:
1) DC Voltage Control This control maintains an input dc voltage equals to dc
reference voltage.
2) Real Power Contral This control maintains a constant real power equals to a
specified real power reference.

5.5.10 Miscellaneous Models

Other devices that are not part of the previous sectisnsh as reference

temperature and thermostat contrglime discussed in this section.
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5.5.10.1Ambient Temperature Model

The eletrothermal model of théouse consists of sevemkectrothermal devices
such asthe distribution transformer and air conditioner. These electrothermal devices
need to be connected to a reference temperature, in most caseshat aisbient
temperature. The circuit model of thenbient temperature model is showrFigure40.

The user intdace window of this model iMVinIGS program is illustrated iRigure41.

O T

Figure 40. Equivalent thermal circuit diagram of ambient temperature.
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Figure 41 Ambient temperature modeluser interface inWinlGS program.
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Most of electrothermal devieein the houseare connected tcseveralambient
temperature model Far example, external temperature spots of the distribution
transforner (Case Spots) are connectathbient temperature model. Similarly, the
external temperature spots of the thermal house model are connected to another ambient
temperature model. Note thadth ambient temperature models are not necessary having
the same temperaturdsor example,fithe EV is inside a garage, where the temperature
inside the garage is controlled, then the reference temperature of the EV is different than
the reference tempmture of the distribution transformer. The model equations in

compact form are provided #ppendix N

5.5.10.2Thermostat Controller

The thermostat controller monitorst@mperaturespot that is connected ib It
comparesthat temgraturewith the customer preference temperature setting. Based on
the results, a control signal is sent to the air conditioner to turn it on or off. The model
accepts several temperature settings at different times. The equivalent circuit diagram is
illustrated in Figure 42. The user interface window iWinlGS program is shown in

Figure43. The model equations in the frequency domain are providagpendix Q

T,

éﬁ 2

U (& 21

Figure 42 Equivalent circuit diagram of the thermostat
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Figure 43. Thermostat user interface inWinlGS program.

5.6 Summary

To obtain accurate estimation of the beustates, accurate models of house
energy resources and appliances are imporidiet. nodelingnethodologythat was used
to model distribution transformer and var®o house, energy resource, battery energy
storags, and appliancess presented in thiChgter. A physically based and object
oriented modeling approach was used to model various components of the electrothermal
model of the houseA novel and detailed electrothermal model of a cetapr
transformer was developed. The model is able to provigmsurementdor 21
temperaturespots.Also, otherelectrothermal modslof important DER and appliances

were presented.
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A thermal model of a single stotyouse with six roomsvas developed. This
model has the capability to be interfaced with appliaticasinject thermal loads such as
air conditioner and refrigeratofn electrothermal model of an air conditioner is assumed
to provide the house with cooling only presented in thi€hapter The air conditioner
cools the house through six ducts; eack was connected to a room in the house.
detailed electrothermal model of a tounted refrigerator with two compartments was
developedThe model is connected to the main kitchen temperature spot, assuming that
the refrigerator is in the kitcherFurthemore, a dishwasher with five cycles was
developed. The poweonsumptiorof the dishwashewas assumed to lepacted by the
level of internal loading of the dishwasher and the cpceer profile. The rest of the
house appliances were modeled as timéte active and reactive power. Two types of
batteries, leaccid and lithiurmion, electrothermamodelswere developedAn average
model of a battery chargés also presentedRequiredpower electronics converteasd
necessary contrglsuch as thermaat controller and MPPTwere also developedh the
next Chapter the third major component of the advanced house infrastructure that is the

house distributed state estimation is discussed.
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6 HOUSE DISTRIBUTED STATE ESTIMATION

6.1 Introduction

The next majorcomponentof the advanced housefriastructure is house DSE.
Firstly, ageneraldescriptiorregardingthe house DSE is discussefidditionally, various
house DSHunctionsare explained. Secondlthe house DSEmathematical formulation

is presented.

6.2 HouseDSE Description

A houseDSE is discussed in this section. The house DSE is performed at the
house level by utilizing local resiime measurements and data that are obtained from the
house. These data are obtained by looalering devices that monittine house which
are thersent to DSE. The house DSE is set to receive various measurements and fit the
receiveddata into araccurate model.

A general illustration of the house DSE is shown Rigure 44. House
measurements are obted by various metering devices at the house leVhkse
measurements are compared with the house model values, which is obtained from the
electrothermal model of the hous€he outcome is theesidualerrors. To perform state
estimationa standard ledassquareslgorithm is used. This algorithm is used to minimize
the sum ofthe errors squared and provitlee best estimate of tHeuseexternal and
internal states. If the results of the estimation processe not satisfactory, this mighe
an indicatin of the presence of bad data. Statistical hypothesisng methodscan be

used,which arebased on the clsquaretest to check the presence of bad ddfabad
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data are present, they canitbentified based on their normalized residual valaesican
beremoved from the measurement. skhis process is repeates necessaryOtherwise,
the best estimates of theuse external and internsthtes are calculated and canused
as an input for numerouapplications.In this research, the outcome of heustate

estimation isutilized by the smart house energy management system to provide

optimization.
Dishwasher R \ \\—>
IED S
QGoordination
House Level | e
|
Refrigerator Sate | House Sate
IED i ) ) ‘ Estimation
Estimation >
Hectric
Vehicle >
IED Bad Data Identification and
(Gorrection, Rejection) House Energy
» Management
Other > System
Physically Based Models of Distribution Transformer, House Appliances, and
Resources

Figure 44. A general functional description of thehouse level DSE.

The schemeexplained beforeesultsin monitoring the housé reattime [122
125. Theoutcome of thenouse DSEare a collection of external and internal states of all
components states that are connected to thesenoExternal states include phasor
voltages. On the other hand, internal states are algebrdymamic states which are exist
inside the device. Examples of internal states are various tempesatigeinside the
house and E\battery SOC Measurementsvill also include the control variatdeof
controllable deviceswch as dishwasher operation tiraed converter controllers. The

mathematical formulation of the DSE is discusigethe nextsection
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6.3 House DSE Formulation

In this section, the formulation dfie houséDSE is provided.Mathematically, the
house DSE consists of: Devices, State Set, MeasurementsSet, State Estimation
Algorithm, Detection anddentification ofBad Data andError Analysis.The process of

the estimation is illustrated Figure45.

Data Gathering from the House
(Device Model, Connectivity, Measurement)

'

House Sates x Identification

'

Build Measurement Model, h(x)

'

Perform Sate Estimation

'

Detection and Identification of Bad Data

Perform Optimization using Real Time Model
of the House

Figure 45. House state estimation procedure.

1) Double Phase Device Model

Due to single phase loadfgeders, system imbalan¢esnd asymmetries are
commonin the distributiorcircuits To capture this, theouse devicebaveto be modeled

on asingle phasesing the physical model of eadhvice

2) State Set
The state set defined as the set of the voltage phasors of every node bbtise
that describes the operating condigoFor everynodei of the house,the following

electricalstates can be defined as
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W Wy W W 8 (40)

3) Obiject Oriented Measurements

The measurementsynchronizedor nonsynchronizegdare expressed & linear
and nonlinear functions in terms of the states of order at most quadraticobjbet

orientedgeneric fornof the measurement is as follows

o

4 © BOr® Brdpow , (41)
wherez is the measured value is the constant ternay; are the linear coefficient$
are the nonlinear coefficientanddy is the error term.

4) State Estimation Algorithm

The state estimation algorithm is solvesing leat square approach, whetee
objective is to estimate the stated hereforethe problem is formulated as follows
i Edw ® (42)
where & Qo handW is a diagonal matrix whose naero entries are equal to the

inverse of the variance of the measurement ergivsn by

o 0aoies (43)

Then, thebelowiterative algorithmmis used to obtain the best estimate ofttbasestates

@ ®w Ow0O Ow a Qw , (449
wherewrefers to the best estimate of the state vectorHaigdthe Jacobian matriof the
measurement equation&t each time step of the estimation, the contributions of each

measurement to the information tm& H'WH and the vectorH"W(h(X)-z) must be

computed.
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5) State Estimation Accuracy Quantification

Chi-square tess used to quantifynie accuracy of the estinmatand the estimation
confidence. Given the number of measuremenégd the number of statasthe degrees
of freedom can be calculated as= m Calculating the value &6

the estimation confidence level is given by the probability

0i.. — p8& 0Oi.. - p8& Oi-8 (45)
For an acceptable confidence level, the accurdcthe solution is computed via the

covariance matrix a®llows
0 Ow dow o, (46)
wherecdfdenotes the true state value aotthe estimated value, and computed as

0 w0 . 47)
Once the information matrix of the solution has been computed, the standard deviation of

a component of the solution vector is given by
, 6 00 (48)
whereCy(i,i) is thei™ diagonal entry of th€,.

The estimates of the measurements can alsorputed as

® Qdw, (49)

which covariance matrix is proved to be,

6 "O0Ow0O 08 (50)
In the end, the house DSE providesl+ttme model of the house. The estimated

states of the house model are usedooptimization.
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6.4 Summary

In this Chapter the houseDSE is discussed. A general description of the house
state estimation ialsoprovided.A house state estimation is set &rfprm estimation on
data and measurements that are gathered by metering devices at the house. The estimator
uses aleast squares algorithm to perform house state estimatorther, the
mathematical model of the house DSE is formulated and preséfttedormulation
includesdevice modelingstate set, measurements object orientation, numerical solution,
and bad data identificatiof.he outcome of the estimation is a rgale model of the
house that is set to be used by smearthouse energy magamentsystemto perform

optimization.
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7 OPTIMIZATION PROBLEM SOLUTION METHOD

7.1 Introduction

Due to the quadratization processhat was implemented when modeling
distribution transformerhouse DERsandappliances, the electrothermal model of the
houseis a largeset of quadratic equalitgnd inequalityconstraints. Therefore, th®use
optimization model is a Mixed Integer Quadratically Constrained Programming (MIQCP)
problem. In this Chapter piecewiselinear approximation technique is discussed. This
techniquewas used to approximate the quadratic terms in the optimization niaxel.
provide optimal control variableshat yield optimal house states trajectprynodel

predictive controasutilized. This advanced contrigl explained in thi€hapter

7.2 Piecewise Linar Formulations

To solve the optimization problerRLA techniques are used to linearize quadratic
functionsthat exist in theoptimizationmodel[126, 127]. It should be noted that PLA

applieson separable functions. Someagnples of separable functions are
Mo Qo MQa o % cad a8 (52)

Also, the following examples are neeparable functions

Mo Q. © o B (52)

7.2.1 a-Formulation

There are several techniques of linepproximationpne ofthesetechniquess a

formulation[12€. To illustrate this method, a simple example is considered. Corsider
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simple function with only one quadratic term to be approximated. This function is given

by

Qe wh (53

andx is a continuous variableounded by

T ® & (54)
The curve of the functiogiven by(53) within the boundd-2.5is shown in black
in Figure46. This curve is divided into three pieces that are approximaidstraight
lines;each onef these pieceis bounded by two breakpoints. These lines are represented
by linear equations. This approximation can be expressed mathematically in different

forms; oneof these formss thea-formulation, which is describdoklow.

2

- X

(2.5,6.25) __,

6l ——yPLAOfx ?

Figure 46. Piecewise linear approximation o{53) using a-formulation .

Letx;= 0, % = 1, X3 = 2, andx, = 2.5denote four selected breakpoints along the
x-axis in Figure 46. Letf(x)) = O, f(x2) = 1, f(x3) = 4, and {xs) = 6.25denote to the

corresponding function valugbkat are shown ifrigure46. So, any pointx between two
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breakpoints is the weighted sum of these two breiakp. Now, consides, 8y, as, anday

are nonnegative weights and their sum equals 1. TB8n¢an be approximated by

W TM_ p_ C_ ¢cd®_h (55
W T_ p_ T_ @&y h (56)
_ _ _ _ ph _ m8 (57)

Also, it should be noted that at most two adjacentan be nonzero. This
condition together with the last constraint form a special order set of type 2 (SOS2).
Therefae, any quadratic term in the form (83) in the house optimization model is
replaced by a slack term, for exampleAlso, three equality constraintepresented by
(55)-(57) are added to the house optimization model.

7.2.2 Elimination of Bilinear Terms

The electrothermal model of the house represente@)byontains two types of
quadratic termsf;(x) = x* andf, (x,y) = xy. Theformeris a single variablesquared term
and it is a separable function can be approximated asiagnulation But, the latter is a
bilinear term that is noseparable function. This sectiopresentsa method to
approximae a function with a bilinear term. Consider two variableandy; and the
product of them is given by

Qofo @b (59)
wherex andy are continuous variables and bounded by

® @ & h (59

w w w38 (60)
The nonseparabldunctionf(x,y) given by(58) can be converted into a separable form by

introducing two new slack variablgs andg,, which are defined as
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o 2o oh
C
2 2o os

Now, the bilinear termy can be replaced @nequivalent separable function

Qoy "Q  Q,

(61)

(62)

(63

which can be easily approximated using the method explained in the previous section.

The additionatwo slack varialdsg; andg, are bounded by

NI N|O
e
e
@)

W W Q

(64)

(65

Therefore, for any bilinear term in the house optation model, two slack

variables represented I§1) and(62) are added to the model. Further, the bilinear term

is replaced by63); and eachsingle quadraticvariable can be pproximated usingg

formulationasexplainedbefore In addition, the newglack variables are bounded (84)

and(65). Next, model predictive control is discussed.

7.3 Model Predictive Control

The optimization model of theolise is formulated to provide optimal control

over a future horizon (planning period). Model predictive control (MPC) is an advanced

method to control the future behavior of a dynamical system to achieve specific objective

and meeting the dynamical systeonstraintd128 129. The goal of implementing the

MPC is to compute the future trajectory of treubecontrol variables that optimizine
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future states of the house. To illustrate the conaepfor parts ofMPC are explained
below.

1. The HouseOptimization Model

It is the model that MPC uses to predict future evolution of the house states
order tooptimize the control variables. The optimization model not only covers the
current time, but also during the future course of the house states. The detailed

formulation of thenouseoptimization model is presented 3nlL
2. Moving Horizon Window

It is fromnton + N, which is denoted by 2 iRigure47 (a). Note that the length
of this horizon window is kept during the entire process. When the horizon window
moves to the next step, shownHhigure 47 (b), the moving horizon window becomes
form n+1 to n+N+1. The length of the horizon window could be for example an hour,

two hours, or even a day.
3. Planning Horizon

The planninghorizon of MPC dictates how far we wish the future & tlouse
states to be predicted.istequal to the length of the moving horizon winddvyandit is

represented by 3 iRigure47 (a).
4. Receding Horizon Control

One of the outcomes of the optimization problem solution at evepy istthe
control variables at the current and future time steps i.e. complete trajectory of the control

variables. It is only the first control variable vector at the current time is implemented and
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the moving horizon window is moved one step. This prased performed until the end
of the planning period.

To summarize, the general scheme of MPC works as the following: 1) Initial
values are obtained from the state estimation, 2) Solve the optimization problem for the
entire planninghorizon, 3) Only impment the first controls at the current time step and

ignore the future controls, 4) move the window horizon one step, and 5) Back to 2.

A

k=n+1 k=n+2 k=n+N+1

Figure 47. lllustration of the model predictive control concepts

7.4 Summary

In this Chapter the methods that were used when developingotanization
problem are presented. Tha formulation that was used to approximate a single

quadratic variable is explained in ti@&hapter Also, theelimination procedure of any
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bilinear term that exists irhé house optimization model is discussed in @limpter
Moreover, model predictive control that was utilized to provide optimal control variables
to yield optimal house states trajectory over a planning horizon window is explained in
this Chapter The owerall optimization model has around 15552 variables before the
relaxation. After the relaxation, the model has 55872 variables. It should be noted that the
number of total variables is impacted by the total number of planning horizon. For
example, the prasus number of variables is with 10 minutes time step for one day. With

5 minutes time step, the total number of variables will double. Average execution time
for the problem with 10 minutes time step for a day was found to be around 5 minutes
and 46 secads on a laptop that has the following characteristics: Windows 7 with Intel
i7, 2.8 GHz, and 4 GB installed memory. With more advanced computers, the execution
time would be reduced.he following Chapters present demonstrative case studies about

the houseomponents models and the smart house energy management system
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8 DEMONSTRATIVE CASE STUDIES : HOUSE MODEL

SIMULATION RESULTS

8.1 Introduction

This Chapter provides ednonstrativeexamplesfor house systensimulation
results and examination a@omponent perforamce such asdistribution transformer,
house DERsand house applianceNote thatall the modelsfor the house components
are alreadyresentedn Chapters. The firstsectionpresentsesultsfor the electrothermal
model of distribution transformer. Thexampleprovides characterization of the model
respase rise timelt presents also the computation resultshef transformer loss of
insulation life for two different loading conditionsnormal andextreme. The second
section presents results feeveralhouse simulation In these simulations, the house
consists of tansformer, DERs, and applianc@fese simulations are: 1) tvgimulatiors
for the hous operationunderdifferent loading andenvironmentalconditiors and 2) a

simulation forthe house operatiomith regularand improved house wall insulation

8.2 Transformer Model Case Study

8.2.1 System Description

A 13.8 kV systenwas developetb test the electthermalcentertap distribution
transformer model. The test system consists of mainly slack generator, power
transformers, transmission line, distribution substation (13.8 kV), overhead distribution

line, and theelectrothermaldistribution transformeras illustrated in Figure 48. The
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secondary windingf the transformeis connected to &ariableload. The transformer
external case temperature spots are connectedamiient temperatunmode| whichis
consideredhe referenceéemperature for the thermal mod®arameters related to the

electrothermatlistributiontransformer are presented next.

~ o
5
S ST
NOT Aoy P b—‘j\
N y.

\ /

& |
é ol

Center-Tap Transformer

Figure 48 Transformer test system single line diagram

The electical circuit parameters for a 10 kVAistribution transformer are
provided inTable 10. Temperature data for the City of Atlanta for August P813are

illustrated inFigure49. Peak temperature was about’8land occurred at 2 to 5 pm.

Table 10. Case study tansformer electrical impedance @arameters

Z; [pu] 0.00428+j0.03422
Zu1, Zus [pul] 0.00699+0.01399
Ym [pu] 0.0068+j 0.09

Atlanta, 08/28/2013

ﬁ

10 1 1 1
12:00 am 6:00 am 12:00 pm 6:00 pm 12:00 am
Time [hour]

N
o

Temperature °C]
N
[6)]

Figure 49. An example of anbient temperature condition.
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The daly load profile is shown ifFigure50. During the 18 hour of that day, the

transformer experienced a peak load equals 1.2 pu.

1.5 T T T

Load [pu]

0 | | |
12:00 am 6:00 am 12:00 pm 6:00 pm 12:00 am
Time [hour]

Figure 50. Hourly load with 1.2 pupeakload connectedto 10 kVA transformer.

To compute the transformer various thermal capacities, volume ofevery
transformer part such as tank and caswas computed. The computation of the
transformermodel parameterss based orthe transformerphysical dimensions and
volumetric quantig of oil datg suchdatacan be found in the transformer manufacture
data sheetin this case study, physical data fod0and 25kVA ABB transformes were

used. These data are summarirediable11.

Table 11. ABB transformer physical parameters (dmension andoil volume) [13(Q.

10 kVA 25 kVA
Height h [in] 220 242
Radiusr [in] 8.27 9.0
Oil Volume [U.S.Gal] 5.8 7.92

Given the height and radius data, the transformer overall volume including the
transformer case volumeas computed. The case volumeas computed using the
transformer inner and outer radius. This case volwagsubtracted from theansformer

volume. Next, the oil volume was subtracted from the transformer volume resulting in an
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approximation of the transformer less oil volume, representing the total volume for
transformer core and winding§hen each one of the transformer windsngolumewas
assumed to be 2% of total core and winding voluiaale 12 summarizeghe volume,

mass densityspecific heat, anteat capacity foeach parbf 10 kVA ABB transformer

Table 12 Volume, massdensity, specific heat, andheat capacity foreach partof 10 kVA ABB

transformer.
Vol [m?] ()[kg/m’] C, [J/kg.°C] Cu [Btu/ °C]
Primary
o 0.00098865 (Copper) 898 385 Cr=3399.01
Winding
Secondary
o 0.00098865 (Copper) 830 385 CL=3399.01
Winding
Transformer
0.047455628 (Iron) 7874 450 Ceore = 168150
Core
Transformer _ _
_ 0.02195537 | (Mineral Qil) 80 1860 Coi = 32669.6
Oil Tank
Transformer
c 0.00607296 (Steel) 7874 450 Cease=21518.3
ase

Finally, the thermaktapacities werelivided by the total numbesf temperature
spots assigned to each part of the transforifiee. computation for 10 & 28BB kVA

transformer thermal circuit values was performed thedesults areshownin Table13.

Table 13 Thermal circuit parametersresults for ABB transformers.

Thermal Capacity [Btu/ °C] 10 kVA 25 kVA
Ch1, Gz, G, 1133.019609 1453.1590
Ci11, Clia, Clas, Cog, Cioo, Cios 566.5098 726.57953
Cer Ceg, Cer, CeoL 42037.382166 53915.221
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Crot, Csor, Crom, Clot 8167.00615 11011.90910
Cecaset Ccases Ccaser Ccasel 5379.584307 7008.34387
Gn1 0.9392 2.34804
Gh2 4.9646 12.41160
Ghs 9.2251 23.06277
G 1.3173 3.29348
G2 5.1539 12.88472
Guis 15.9001 39.75033
Gia1 6.6761 16.69016
Gi22 12.7690 31.92241
Gi2s 13.8044 34.51093
Ger 114.4823 286.20563
Ges 342.9088 857.27202
Gcr 411.6648 1029.16195
GeL 638.6320 1596.57994
Grot 93.6341 234.08525
Ggot 557.5581 1393.89515
Grot 235.7097 589.27419
Giort 608.0865 1520.21629
GcaseT 179.2948 448.2369
Gcases 1091.0020 2727.50508
Gcaser 264.8116 662.0288
Gcasel 487.5559 1218.8897
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Three cases were simulated to test tleeteothermal transformer model: a) rise time of
the transformer waveforms, bhprmal loadingand c) extreméading.

8.2.2 Rise Time Characterization

Theobjective of this case is to analyze the rise time of temperature waveforms for
the transformer model. This case was simulated with sgeond time step. Results are
reported for two differenttransformerratings 10 and 25 kVAfor three different
manufactuers ABB, Power Partners, and Cooper Power Systeors10 and 25 kVA
ABB transformerstemperaturavaveformsat Thy, Tii2, Tce, Tror, and TcaserSPOtS are
shown inFigure51 (a) & (b), respectivelyThe simulationwas performed afllows. no
load was considered in the beginning of the simulatynthe end of thdirst half hour,
full load equals 100% of the transformer ratimgs connected to the transfoer

secondary side. The reference temperature duringrtheasion was fixed at 46C.

a) Temperature waveforms for ABB 10 KVA

100 ‘ ‘ ‘ :
g — T
g 80+ o E TL12
© Tes
8 60f LT
§ Tc R

40 L L L L ase

0 0.4 0.8 1.2 1.6 2
Time [hour]
b) Temperature waveforms for ABB 25 KVA

__ 100 ‘ ‘ ‘ ; T
e h2
% 80r — 9 TL12
g —Tos
g 60f 1 Tror
@ T
'_ —

40 ) ) ) ) CaseR

0 04 0.8 1.2 1.6 2
Time [hour]

Figure 51 10& 25 ABB kVA transformer temperature swaveforms
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Approximate rise times are reportedTable 14 for three different manufactures
ABB, Power Partners, and Qoer Power Systems with 10 and 25 kvaings Physical

data used testimatethe rise timewveretaken from the manufacture data sHa&0, 131].

Table 14. Transformer temperature waveforms gproximate risetime in [min].

Manufacture 10 kVA 25 kVA
ABB 20.45 19.3
Cooper Power Systems 21.55 20.4
Power Partners Inc. 22.15 17.72

The rise time of temperature signals depends on transformer manufacture
specification and transformer rating. AccordingTiable 14, the parameters indicate that
the thermal time constants are in the order of 15 to 25 minutes. This means that there is
plenty of time for thesmarthous energy management systemstthedule the use of
electricity and avoidverloadingthe transfomer.

8.2.3 PeaklLoading

The objective of this case is to compute LAdk a transformemwith normal peak
load that is comparable to the transformer rativgr a day Temperature data presented
in Figure 49 were used for the temperatureference model. éurly loaddata that are
shown inFigure 50 were connected to the secondary winding 18f kVA transformer
LOIL and cumulative LOIL resultare reported imable 15. The hot spotempeature
and location (spot nameye provided, too. The computationsre based on aging rate
constant equals 14580 and normal insulation life equals 150086. expected

transformer loss of insulation life during the™iSour (peak load) was 0.0016173 %eT
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expectedLOIL of the transformerunder studyduring the entireday was found equals

0.004 %.

Table 15. Aging calculation for 10 kVA transformer and for 24 hours with peak loading.

e Load Amb. Hot Spot | Spot LOIL (%) Cumulative
(pu) | Temp. °C) | Temp (°C) | Name LOIL (%)

0:00:00 | 0.599 20.611 42.785 L11 | 0.00000017 0.00000017
1:.00:00 | 0.577 20.000 40.576 L11 | 0.00000012 0.00000029
2:00:00 | 0.555 20.000 39.038 L11 | 0.0000001Q 0.00000039
3:00:00 | 0.544 19.389 37.680 L11 | 0.00000008 0.000@047

4:00:00 | 0.544 19.389 37.678 L11 | 0.00000008 0.00000055
5:00:00 | 0.566 18.889 38.684 L11 | 0.00000009 0.00000064
6:00:00 | 0.655 18.889 45.397 L11 | 0.00000025 0.00000088
7:00:00 | 0.844 19.389 63.448 L11 | 0.00000287 0.00000376
8:00:00 | 0.955 20.611 77.083 L11 | 0.00001552 0.00001928
9:00:00 | 1.021 23.278 87.868 L11 | 0.00005386 0.00007314
10:00:00| 1.054 26.111 94.967 L11 | 0.00011739 0.00019053
11:00:00| 1.077 28.889 100.798 L11 | 0.00021773 0.00040827
12:00:00| 1.088 30.000 103.394 L11 | 0.00028490Q 0.00069317
13:0000 | 1.099 30.611 105.504 L11 | 0.00035352 0.00104669
14:00:00| 1.099 31.722 106.616 L11 | 0.00039574 0.00144244
15:00:00| 1.11 31.722 108.128 L11 | 0.00046083 0.00190327
16:00:00 1.2 31.722 121.067 L11 | 0.00161726 0.00352052
17.00:00| 1.077 31.111 103.043 L11 | 0.00027480 0.00379532
18:00:00| 0.977 30.000 89.145 L11 | 0.00006211 0.00385743
19:00:00| 0.91 27.778 79.057 L11 | 0.00001960 0.00387704
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20:00:00| 0.877 26.722 74.332 L11 | 0.00001116  0.00388820
21:00:00| 0.866 26.111 72.527 L11 | 0.00000897  0.00389717
22:00:00| 0.82 25.000 67.834 L11 | 0.00000502  0.00390218
23:00:00| 0.788 24.389 62.801 L11 | 0.00000264  0.00390483

8.2.4 ExtremeLoading

In this casethe objectives to compute LOIL for a transformer widxtremepeak
load During the 18 hour of the daily load presented ithe previous sectignthe
transformer experienced laad equalsl.4 pu. LOIL and cumulative LOIL resuligre
reported inTable 16. The hot spotemperature and locatiosgot namg are provided,
too. The computationsvere basedon aging rate constant equalgl580 andnormal
insulation life equald50000.The expected transformeOIL during the 18 hour (peak
load) was0.02679 %.The expected LOIL of the transformer under study during the

entire day was found equals 0.029 %.

Table 16. Aging calculation for 10 kVA transformer and for 24 hours with extreme loading

—_ Load Amb. Hot Spot Spot LOIL (%) Cumulative
(pu) | Temp. CC) | Temp °C) | Name LOIL (%)
0:00:00 | 0.599 20.611 42.784 L11 | 0.000000169 0.000000169
1:00:00 | 0.577 20.000 40.575 L11 0.000000122 0.000000291
2:00:00 | 0.555 20.000 39.037 L11 0.000000097 0.000000388
3:00:00 | 0.544 19.389 37.678 L11 0.00000007¢ 0.000000467
4:00:00 | 0.544 19.389 37.678 L11 0.00000007¢ 0.000000546
5:00:00 | 0.566 18.889 38.684 L11 0.000000092 0.000000638
6:00:00 | 0.655 18.889 45.398 L11 0.000000247 0.000000885
7:00:00 | 0.844 19.389 63.447 L11 0.000002873 0.000003757
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8:00:00 | 0.955 20.611 77.083 L11 | 0.000015523 0.000019281
9:00:00 | 1.021 23.278 87.868 L11 | 0.00005386(C 0.000073140
10:00:00 | 1.054 26.111 94.967 L11 | 0.000117384 0.000190524
11:00:00 | 1.077 28.889 100.797 L11 | 0.00021771€ 0.000408240
12:00:00 | 1.088 30.000 103.394 L11 | 0.00028490§ 0.000693148
13:00:00 | 1.099 30.611 105.503 L11 | 0.00035350€¢ 0.001046654
14:00:00 | 1.099 31.722 106.615 L11 | 0.00039571§ 0.001442371
15:00:00 | 1.11 31.722 108.127 L11 | 0.000460785 0.001903157
16:00:00 | 14 31.722 153.443 L11 | 0.026797767 0.028700923
17:00:00 | 1.077 31.111 103.078 L11 | 0.000275797 0.028976720
18:00:00 | 0.977 30.000 89.147 L11 | 0.00006215| 0.029038836
19:00:00 | 0.91 27.778 79.057 L11 | 0.000019605 0.029058440
20:00:00 | 0.877 26.722 74.331 L11 | 0.000011163 0.029069603
21:00:00 | 0.866 26.111 72.527 L11 | 0.000008967 0.029078570
22:00:00 | 0.832 25.000 67.834 L11 | 0.000005017 0.029083587
23:00:00 | 0.788 24.389 62.801 L11 | 0.000002643 0.029086230

Datathat areprovided inTable 15 and Table 16 indicate thatthe transformer
LOIL can experience substantial increase whenever there is high load. Titus, w
appropriate management and control of the haaserollablecomponentsthe service
lifetime of the transformer can bextendedMoreover the outcome of the transformer
LOIL computation can show if this specific transformer is appropriately size@ for

particular application or not.
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8.3 House Characteristics Case Studies

In this section, two case studies apeesentedto show the operational
characteristics of the hous&he house consists of all models tlae presented in
Chapters. To show the response of the house dpdiiferent loading and environmental
conditions, two different dayswith different loading andambient conditions were
simulated. The second case shotke houseoperation results whethe house wall
insulationwasimproved First, a description of the housest systenis discussed

8.3.1 Description of the House Test System

A test case system withouseDERSs, EV, and house appliances vaa@veloped.
The system consstof a 13.8 kV slack generator, 13.8/115 kV deitay power
transformer, transmission line, 115/13.8 kV wilaly power transformer, and a
distribution network consists of two poles as showrFigure 52. The electrothermal

model of the house is connected to the system via pole 1.
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Figure 52 Power systemat the systemlevel in the housesimulation.

The house model, which represents the phydicaiseunder considerationis
shown inFigure53. A single phase electrothermahnsfomerrated 10 kVA 7.2/0.24 kV
is usedto connect the house with the power giitiV and house battery are located

outside of the housareference temperature model is connected to each dherof
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Figure 53 House polein the smulation.

The details of the house are showrFigure54. The house has solar PV, battery
bank (lead acid) EV battery(lithium ion), and appliances including air conditioner,
refrigerator, dishwasher, dryer, washer, water meated other. The house, additionally,
includes power electronics cearters, associates controls, and the thermostat, which is

connected to bedroatemperature spot as shownHigure54.
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Figure 54. House with appliances in the simulation.
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Actual environmental conditions and appliances loadilaga for a single story
housewereused The house is located in in Glasgow, Kentucky US. Thesa mhclude
solar irradiance dataambient terperature, relative umidity, and appliances loading
condition Theyarefor July I and 29" of 2012 andcbresented from 6:00 afar 24 hours.

Solar irradiance, ambient temperature, and relative humidityfdatiuly ™ and
29" are presented iRigure55. The data arpresenteavery 10 minutesSolar irradiance
data are presented Figure 55 (a). In July 29", the solar PV can supply power to the
house that is greater thaéime solar PV powein July T In Figure 55 (b), the ambient
temperature®f the house for both days are showrhe peak temperatureas about
40°C at 04:50 pm in July . Similarly, the peak temperatuveas31.6°C in July 29" at

01:00 pm.Relative humidity data for bothagls are presented kxigure55 (c).
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Figure 55. Data for July 15'& 29", a) solar irradiance and b) ambient temperature.
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The house appliances includirgasher, dryer, water heater, and ramngere
represated by an aggregated several time variable active and reactive power load model.
The aggregated data fitese appliances for July' and 29 are illustrated irFigure 56

(a) and(b), respectively

a) Active & Reactive Power at July 1%
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Figure 56. House data for July ' & 29th, a) relative humidity and b) appliances load.

Dishwasher electrical parameten® provided imrable17. The smart dishwasher
wasset to operatene timeat 5:00 pm with highnternal loading in July . Similarly, it
was set to operate one time at 11:30 pm with high internal loadidgly 29". Both

dishwasher operations time duration vwasumedo equall00 minutes.

Table 17. Dishwasher input data.

Pf=0.9 Total Time Duration Per One Operation= 100 m Connection LINN

Refrigerator model parameters are providedaible18. The refrigerator food and
freezer compartments capacity are:8L%° and 3.7ft>. The temperature set for the

refrigerator for both days, July'and 29, was 2.5 with C deadbandThe refrigerator

117



was assumed to be half fuliuring the entireJuly I day. But in July 29 the
refrigerator was assumed to expeie several internal heat capacity changes due to
opening therefrigeratordoor and internal load changes. In particular, there was a large

heat capacity change at 06:00 pm.

Table 18. Refrigerator input data.

Prefrated=100 W | Vrms= 130V Efficiency = 0.85

Pf=0.95 COP=3.5 L1-NN

An air conditioner with six ductsvas alsoconsidered.Model parameters are
provided inTable 19. The air conditioner operatiowas controlled by a thermostat
controller with emperature reference that are varies based on the resident desires. The
thermostat controller, in this case, monédithe main bedroomtemperature witha

deadbancequalsl °C. Table20 presentshe thermostasettingsfor bothJuly 1% and 29",

Table 19. Air conditioner model parameters

Heat Rate =35 kBtu Vrms= 230 V Nominal COP = 2.5

Pf=0.85 Thermostat Controlled Connection L1.2

Table 20. Thermostat control settingsin July 1%'and 29".

Time 06:00:00 am | 06:00:00 pm| 08:00:00 pm| 10:00:00 pm
Temperature|  July 1* 26 24 22 22
Setting {C) | 5y 20 29 24 24 21

House rooftop solar PVwas sized asfollows, 6 panels with 60 cells in each

panel. Characteristics for every ghrare provided inTable 21. Perturb and Observe

MPPT algorithmwasused.
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Table 21 Houser oof-top data parameters

Rated Power =0.26 kW/panel Voc=38.3V Isc=9.09 A

Rs= 0. 4 q Ro=850 q P&O MPPT Algorithm

For both days July*Land 29", EV batterywas rated 24 kWh with 3.3 kW
maximum charging/discharging. To avoid deep charging/discharging, the minimum and
maximum SOC limitavere0.1 and 0.9In addition,EV wasassumd to be connectetb
the houseat 600 pm Residential battery bankasalsoincluded. The battery bankas
rated 2.4 kWh with rated 0.3 kW charging/discharging. Minimum and maximum SOC
were 0.1 and 0.9. Power electronics convertarsre used with typicalparameters.
Simulation case studies that are presented in thiapter were performed withO
secondgime step Next, simulatiorresults for house normal operatiare presenteébr
July *and 29"

8.3.2 House Simulationfor Two different Days

This section pesents the simulation results of the house normal operation when it
was simulatedfor two different days, July®land 29" of 2012. The totahouseload is
depicted inFigure57 (a). The peak loadsere12.4 kW and 9.82 kW foruly 1% and 29",
respectivelyA higher loadwasobserved during July®1 Thiswasdueto several factors;
one of thesdactorswas frequent operation of the house air conditioriEnis frequent
operation of the air conditionevas due mainly to the highambient temperature at that
dayas shown irFigure55 (b). The transformer hot spot temperature waveforms for both
days areshownin Figure57 (b). The peak transformer hot spot temperature®127°C

and 80.2C for July £'and 29", respectively. Due to largenergyconsumption and high
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ambient temperaturi@ July T, the distribution transformer hot spgemperature most of

the daywashigher than irduly 29",

a) House Total Load on July T & 29"
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Figure 57. (a) House total load and (b) transformer hot spot temperature, for both July®iand 29".

The house dishwashectave and reactive powdor July T and 24" are shown in

Figure58 (a) and (b), respectivelyn both days, thelishwasheoperatd at the exact set

time by the customer

a) Dishwasher Active & Reactive Power on July 1t
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Figure 58 House dishwasherctive and reactive power for both July 1 and 29".
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Bedroom temperature, thermostat setting, and the house air conditioner control

waveforns for July I and 29" are shown irFigure 59. In July £ the temperaturén

bedroom wasmaintained within the set temperature as showfigare59 (a). Similarly,

in July 29" bedroom temperaturevasmaintained within the set temperature as shown in

Figure 59 (b). The thermostat was connected to bedrodirmonitoredthe temperature

inside bedroomand senbn/off signal to the air conditionefhe air conditioner receide

a command signal from the thermostat to turn on/off. ddwerol signals of the house air

conditioner for July 1st and $@reshown inFigure59 (c).
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Figure 59. () House bedroomtemperature on July 1%, (b) on July 29", and (c)houseair conditioner

control signal on July 15 & 29",

The house refrigerator waveforms in JuRand 29" are shown irFigure 60. In

Figure60 (a) and (b) the fresh dod compartment main temperature is shownJtdy 1

and 29, respectively The temperature inside the fresh food compartmestmonitored
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by a thermostathat wasset at 2.5C with 1°C deadbandDue tointernal heat capacity
changesaround 6:00 pmthe temperature inside the fresh foad July 29" was
reinitialized as shown inFigure 60 (b). As a resultthe compartmenheat capacityvas
recomputedThe heat rate responses of the refrigerator for Jigntl 24" are showrin
Figure 60 (c).When the temperatureexceededthe upper set limit, the refrigematr 6 s

electricmotor turned on to cool the refrigerator
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Figure 60. (a) Refrigerator fresh food compartmentmain temperature on July 1%, (b) on July 29",

and (c)refrigerator heat rate on July 15'& 29",

Similarly, Figure61 shows the house refrigerator waveforms during two hours of
the days, July Land 24" The waveforms are shown from 5:@én to 7:00 pm.The
refrigerator main temperature at the main spot on Jilig 5hown inFigure 61 (a). In
Figure61 (b), the refrigerator temperature on July’29 shown. InFigure61 (c), the heat

rate waveforms for both days Jul§fand 29" are shown.
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a) Refrigerator Main Temperature Spot on July £
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Figure 61 (a) Refrigerator fresh food compartment main temperature on July T, (b) on July 29",

and (c) refrigerator heat rate on July F'& 29"

8.3.3 House Insulation Improvement

This case presents the simulaticesultsof the house for July*lonly, but with
two different house walls insulatioriBhe fouse datdor July I provided in sectio8.3.1
regardingsolar rradance, ambient temperatunelative humidity and appliances loads
were considered in this casén this case, e house walls insulatiowas changedby
consideringdifferent thermal conductivities of the wallsTable 22 preents thermal

conductance parameters for three different insulation cases, A (base), B, and C
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Table 22. A (base) case, B case, and C cabermal conductances of the house

Thermal Conductance Gy,) [Btu/°C.h] | Case A (Base) CaseB Case C
Goed1 7.87/0 7.87/0 45
Goed2 7.87/0 7.87/0 45
Gbath1 2.6250 2.6250 1.5
Gbath2 2.6250 2.6250 1.5

Gk 2.6250 2.6250 1.5
GL 8.7500 8.7500 45
Goedzl 0.664 0.5595 0.18
Goedz 0.7159 0.5932 0.2®
Gbathz| 0.50%4 0.4013 0.126
Gpath2 0.6031 0.4640 0.18
Gk 2.8292 2.2117 0.704

GLi 0.5394 0.4557 0.14
Ghousee 14.1032 14.0661 8.0
GhouseN 12.1745 12.321 7.144
Ghousew 3.86T7 3.7578 2.269
Ghouses 9.0683 9.0158 5.387
GhouseTop 17.9142 17.6113 9.9%

Bedroom temperature and hesa air conditioner control signal are shown in
Figure 62 with insulation A parametersAlso, bedroom temperature and house air
conditioner control signal with insulationdd Cparametersre shown irFigure 63 and
Figure 64, respectively The insulation parameters for C case are better than B; and the

insulation parameters for B case are better than the baseTteséemperature inside
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bedroom wasmonitored by a thermosthtsed onone temperature profile settinBased
on Figure62 andFigure 63, the air conditionedid not operate quite frequenttite house
insulation was improvedSimilarly the air conditioner in case Cddiurn on fewer times

than in case B as illustratedkigure63 andFigure64.
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Figure 62 (a) House bedroomtemperature and (b) house air conditioner control signalwith

insulation A on July 1%
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Figure 63. (a) House bedroomtemperature and (b) house air conditioner control signal, with

insulation B on July T°.
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a) Bedroom1 Main Temperature with Insulation C on July e
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Figure 64. (a) House bedroomtemperature and (b) house air onditioner control signal, with

insulation C on July 1%,

8.4 Summary

This Chapterpresentsseveraldemonstrativesimulation resultdor distribution
transformer, house DERs and house appliances modetnsformer rise time
temperature waveformand transforner LOIL simulation results are presentedlso,
simulationresultsfor the house operation for different two days that are characterized by
different environmental loading conditisare presentedin addition in this Chapter a
simulation of thehouse opration with regular and improved house wall insulatias

performed and the results warempared.
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9 DEMONSTRATIVE CASE STUDIES: SMART HOUSE

ENERGY MANAGEMENT SYSTEM

9.1 Introduction

The smart hose energy management systesn demonstratedhrough two
exampes A descriptionof the house test system is provided. Aicessarydata and
related information that are required to perform the case studies are also pr@dested.
a demonstrative case study of the system without the smart house energy management
system is presentedifter that a demonstrative case study of the smart house energy
management system with the objectitee minimizet he resi dent i al cCus
energy cost over a dag presentedThe last section presenssother demonstrative
exanple of the smart house whehe objective of the optimization model is to provide
peak load control of the customerer a day

9.2 Description of House Test System

The housetest systenthatis presentedn section8.3.1is reugd in thisChapter
Actual data for a single story housere utilized. Datareported in sectioB.3.1for July
1%, which include solar irradiance data, ambietémperature, relative humidity, and
appliances loading conditionwere considered Provided datain section8.3.1regarding
house componentfor July T were also considered. These data are fehvwaasher
refrigerator, air conditioner, thermostat setting, solar PV, EV, and house batidry b

The smart house energy management systenwas assumed to provide

management and contré@r the. In this case study, three devieesre assumed to be

127



controllable: 1) smart dishwasher, 2) electric vehiidétery and 3)housebattery bank.

The control however, must notviolate any of the systemconstraints customer
convenienceor overloading the transformer beyond the allowed lihghould be noted

that the customer indicated that the dishwasher must be ready by 9:00 pm, house
bedroom main tempeature should be maintained according the temperatupreated

in Table20, and EV battery must be fully charged by 6:00 am.

9.3 Simulation without the Smart House EnergyManagement System

The distribution transformer active powaevithout implementing any control
strategy is presented the top ofFigure 65. The house loadvaspeaked to 12.4 kVet
09:37 pm which was higher than the transformer rating. Twemperaturepeakswere
observedas shown irthe mttom ofFigure65. These are 11% at 6:11 pm and 12°C at
09:41 pm. These pealexceedd the permissible temperature (185). The increasén
the temperaturemay increase¢he deterioration of the transformer insulation life.

Electrothermal Transforemer Load with no Control
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Figure 65. Top: Transformer active power, Bottom: Transformer hot spot temperaturewith no

management system.
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Figure 66 shows thedishwashercharacteristics duringhe simulation including
active and reative power when the house is naintrolled by the smart management
system. The dishwasher gt at the scheduled time, at 5:00 pm andeehalfter 100

minutes as shown iRigure66.

Dishwasher Active & Reactive Power with no Control
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Figure 66. Smart dishwasher active and reactive power characteristics with no management system.

The second controllable device is EVwasassumed that the EV battery lwase
fourth of its rated capacity when was connected to the house. The EXsoriginally
scheduld to start charging as soon as it@nected to the house power, i.e. at 06:00 pm.
The energy storage and charging/discharging power of the EV battery are presented in
Figure 67 (a) and (b). The EV battery staetl charging withmaximum charging power
(3.3 kW) at 6:00 pm.
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Figure 67. EV battery characteristics with no management system.

Similarly, the house battery was assumed to have 10% of its rated capacity at the
starting of the simulation at 6:00 afNormal charging/discharging scenario was used.
The battery bank was charged to full capacity during the day; and provided the house
with power during the night. The battery bank energy storage and charging/discharging
power are shown iRigure68(a) and (b).
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Figure 68. House battery characteristicanvith no management system.

94 House Operation with Minimization of Cus

The section presents the simulation results of the system gtaty when the
smart house energy management system is d$exobjective of the house optimization
modeli s t o minimize t he coues dne dagThé agptimizationa |
wasperformed every ten minutes for 24 houBJROBI program, the acathic version
5.6.3 was used to solve the optimization problgi82. The program implemented

branch and bound algorithm and took about 4 minutes to solve the profdiams.
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distribution transformer active power is presentedh@ top ofFigure 69. The peak
transformer power wad.69 kW, which isbelow the maximum allowed limit (10.0 kW)
around 10:30 amin the bottom ofFigure 69 presents the transformér; hot spot
temperature. The maximurarhperature was 90%€ at 10:35 amwhich is less than the
temperature permissible limit

Electrothermal Transforemer with Cost Minimization
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Figure 69. Top: Transformer active power, Bottom: Transformer hot spot temperaturewith cost
minimization.
Figure 70 shows thedishwasheractive and reactive power. It is shown that
dishwasher operatiowas shifted andrescheduled to start at 7:20 pm. Also, it is shown

that the dishwashavorked without interruption.

Dishwasher Active & Reactive Power with Cost Minimization
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Figure 70. Smart dishwasher active and reactive power withcost minimization.
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EV battery chargingvasoriginally scheduled to start as soon as it is connected to
the house. However, with thesmart house energy management systdaY
charging/discharging timewas intelligently rex<heduled The energy storage and
rescheduled charging/discharging power of the EV batterypresented iRigure71. By
the deadline time, 6:00 am, tleV battery was charged ugo the maximum limit.
Similarly, the management d¢gen use the housebattery lank to reduce the cost over
that day by rescheduling charging/discharging power as showigume 72. It metthe
deadline with half the battery capacisasavailable to be used the next day.
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Figure 71 EV battery characteristics with cost minimization.
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a) Battery Bank Energy Storage with Cost Minimization
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Figure 72 House battery characteristicawith cost minimization.

The thermostat controllenonitored bedroomtemperatureduring the day; and
provided a control signal to control the operation of the air conditiomsEdroom
temperature and thermostat setting are showsigare73 (a). Similarly, he refrigerator

main compartment temperatuaed the refrigerator set temyature areshownin Figure

73 (b).
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Figure 73 Temperature at different locations of the housevith cost minimization.
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The customero6s tot al ener gy C O swas for

reducel by around 15%. Moreoverheé peak demand and transformer hot temperature

werereduced by 2.8% and B.5%, respectively.

9.5 House Operation with Peak Load Control

This section presents the optimization results of the system under study when the
smart house reergy management system is used to provide peak load control over the
planning period, a day. The optimizatiams performed every ten minutes for 24 hours
using GUROBI program, the academic version 5[@3]. The distribution transformer
adive power is presented in the upper parEigiure 74. Thepeaktransformer powewas
to 9.9 kW below the maximum allowed limit (10.0 kW) around 08:05 pm. The bottom
part of Figure 74 presents the trarmfmer Li; hot spot temperature. The maximum

temperature was 10€ at 08:1Gom.

Electrothermal Transforemer Load with Peak Load Control
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Figure 74. Top: Transformer active power, Bottom: Transformer hot spot temperaturewith peak

load control.
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Figure75 showsthe active and reactive power the dishwasher. It is shown that

thedishwashewasshifted to start at 6:10 grandit workedwithout interruption.

Dishwasher Active & Reactive with Peak Load Control
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Figure 75. Smart dishwasher active and reactive power with peak load control.

The EV battery chargingvas originally scheduled to start as soon as it is
connected to the house powarcuit. But, with the smart housenergy management
system, the EV charging/discharging capabilitisseused tdevelizethe peak load over
the day.The energy storage and charging/discharging power of the EV battery are
presented ifFigure 76. By the deadline time, 6:00 am, the car batteagcharged ugo

the maximum limit, 90% of the rated capacity as showriguire76 (a).
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Figure 76. Electric vehicle characteristicswith peak load control.
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Similarly, the management system used the battery bank capableiyetzethe
house peak load by rescheduling charging/dischgrgower of the battery as shown in

Figure77. At the end of thelay, the house battery had about 50% of its capacity.

a) Battery Bank Energy Storage with Peak Load Control
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Figure 77. House battery characteristicawith peak load control.

During this case, ddroom temperature was maintained according to the
customer setting temperature as shownFigure 78 (a). Similarly, the refrigerator

temperature was also maintained around the set temperature as shayunai@8 (b).
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a) Bedroom1 Main Temperature
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Figure 78 Temperature at different locations of the housevith peak load control.

Over the planning period, the management system prbddeouse peak load
control. The peak loadvas reduced by around 20%. Alsthe peak transformer hot

temperaturavasreduced by 18.9%.

9.6 Summary

In this Chapter two examples are presented to demonstrate the smart house
energy management system. Required data and information related to the house are
provided in the first sectiomhen, a demonstrative case study of the system is presented
to show the operation of the house without the smart house energy management system.
This is followed by two examples when the smart house energy management system is
used.First, a demonstrati case studgf the smart house energy management sygem
presentedto minimize ther esi dent i al cust ome thé planning t a | e

horizon After that, a seconddemonstrative exampl®f the smart house energy
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management systema presentedo provide peak lad control of the customer ovére

planning horizon
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10 CONCLUSIONS, CONTRIBUTION S, AND FUTURE

RESEARCH DIRECTION S

10.1 Conclusions

Large penetration of DERs and EVs/PHEVs on the power distributionigrid
expected to take place in the nearufet In addition, massivedeploymentof smart
appliances is expectefue to the expected penetration of EVs/PHEN9articulay
more stress is expected to occur on thewer distribution system components.
Neverthelessthe unfavorableimpact on the sysem can be averted with appropriate
management and cont r ontludiogfbattery ehergy steragéssandr e s o
smart appliancesFurthermore smart utilization of these resources cateviate the
powerdistributionstressesind increase the ralility of the delivery system. This can be
achievedoy providing further important ancillary services such as control of peak load or
reactive power support

Toward that goala smart house energy management systasdeveloped. The
smart house energy anagement system can provide smart conttolghe house
controllable devicesn orderto mitigate unfavorable impacts resulting from integrating
new loads, suctas EV, andfacilitate more integration afleanenergy resourcesuch as
solar PV at a residntial level Furthermore, the smart house energy management system
canmaximizeotherbenefits associatedith house DERs and appliances for the good of
utility and customer. All these functions are performeihout inconvenience the
customer and withoubverloadig the distribution transformer, which elongates the

service lifetime of the equipment.
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The operation of themart house energyanagement system requit@sadvanced
houseinfrastructure This advanced infrastructucentinuouslymonitors the geration of
the houseand provide smartcontrol functionality of the housecontrollable devicesn
such a way that the distribution transformer is not overloaded, thus avoiding unnecessary
loss of service lifetime At the same time, thiasdvanced house friastructure provides
smart load management services to the utiliifhe major key components of the
infrastructure arephysicallybased models of important components of the house, house
DSE, andadvancedhouse optimization model Measurements gatheredoin various
houseenergyresources and loads, distribution circudsstributiontransformer, switches,
and other are collectday metering deviceand sent to theouse DSHo perform state
estimation. The final result is a reliable rtiabe modelof the house that is used hye
smarthouseenergymanagement system to perform optimizatibiote that, thesmart
house energynanagement system can manage a commercial building as wile if
systencomponents are appropriateized

Key componentsof the infrastructure were developed. Advanced house

optimization model was developed for two different objective functions: 1) minimization
of cust omer 6s t o tpravidingecongal @f the hausespeak adlthe 2 )
optimization model includes the phgal and operational system constraints, which
ensure full customeronvenienceThe electrothermal model of the house, which is part
of the optimization model, is constructed from house components sucbntertap
distribution transformerouse aicorditioned spacedjouse DERs, anbouse important
appliances These house important componemisre physically modeledwith object

oriented approachThis helped unifying the format of varioushouse devices,
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applications, and associated controls. Therefooesesystem expansiowith new loads

can be handled easilQQuadratic integration method was implemented to convert models
with differential equations into algebraic. All thes®dels(in algebraic form)vere then
unified in a standard syntax, named SC®R format.House DSE was formulated to
provide reaitime model of the house before executing the optimizafibe.optimization
modelis MIQCP and solved afterelaxation.a-formulationtechnique wasmplemented

to approximateall quadratic terms in the kige optimization modelAlso, MPC with
receding horizon was implemented to optimally compute the house future control

variables that optinze the house states trajectory.

Demonstrative case stugs are provided to show transformer model
characteristics antlouse operation under different conditioBgveral case studies were
developedo simulatea centertap transformerOne study was developed to characterize
the transformer model temperature signals rise tiroe. different transformer ratings,
temperatve waveforms rise time was found betweer205minutes. This amount of time
is plenty for thesmart house energyanagement system to provide transformer load
managementAnother case study was developed to compute the transformer LOIL. When
the transformeload was peaked to 1.2 pu, the LOIL at that hour was estimated to be
0.00%%. On the other hand, transformer LOIL wa82%6 when the peak load was 1.4
pu. This concludes that when the transformer load increase, transfaorsodation
deteriorates fasterTherefore, with better transformer load management, transformer
service lifetime can bextended Several demonstrative examples are presented for the
house components To showthe response ofhe housecomponentsmodels during

different environmental andoading conditions, houseomponents models were

141



simulated for two days, July*and July 28 2012. Another case study was developed to
simulate the house operation when the house wall insulation was improved. When the
house wall insulation was improvethe ambient temperature impact on the temperature
inside the house was reduced. Therefore, the house air condwiasdound to workess

frequently.

Two demonstrative case studies are presenteshdav proof of conceptof the
smarthouseenergymana@ment systemln both cases,he househasall modelsthat
were developed in this research including cetdpr transformer, dishwasher, air
conditioner, refrigerator, battery storages, atiter. In both casesthree deviceswere
controllable. Thesewere dishwasher,EV battery, and house batterlirst, the house
operation was presented without a smart house energy management Byshésrcase,
the transformer peakoad was 12.4 kW and the transformer hot sppéaktemperature
was 127 °C. Both the loacandtemperaturareabovetransformer permissible linsit The
smart house energy management system was demonstradeose with two different
objective functions: 1) minimization of
control. The manageamt system controls the house in a smart way that benefits both the
utility and customer and works without inconvenience to the customer and without

overloadng/overheating the distribution transformer beyond permissible limits.

For the first objective faction the smart house energgnanagement system
shifted the dishwasheistartingtime from 5:00 pm to 7:20 pm, worked for 100 minutes,
and was already finished by the deadline at 9:00 pm. Further, the smart house energy
management system controlled BYdhouse batteriesharginddischarging intelligently

to achieve the minimum energy cost. EV was also fully charged by the deadline time at
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6:00 am, which was set by the custonMoreover, he transformemew peakload was

9.69kW and the transformer new pefor the hot spot temperature was 9%C3

To provide services to the utility, with an agreement with the custasscond
objective function was considereghich is to control the house peak lo#dl this case,
the smart house energyanagement systemovedthe startingtime of the dishwasher
from 5:00 pm to 6:10 pm, worked for 100 minutes, and was already finished by the
deadline at 9:00 pm. In addition, the smart house energy managementisjsieantly
rescheduld charging/discharging of both \E and house batteries to levelize the
transformer load. EV was also fully charged by the deadline time at 6:00 am, which was
set by the customein this case, e transformernew peakload was9.9 kW and the

transformer new peak for the hot spot tempeeatas 103C.

10.2 Contributions

This researchprovides the following contributions: 1) the development of an
advanced house infrastructure that can providetimsal managemerdand controlof all
components that are connected to a houséhe2jiew formulation of the house energy
management system optimization model in a way that benefits both the utility and
customer, without inconvenience to the customer and without overloadimgerheating
the distribution transformer, 3) the development of physicallyedbaand detailed
electrothermal model of a centiap distributiontransformer, and 4) the development of
physically based and detailed electrotherfelattrical models of various house energy
resources and controllable/roartrollable appliances includingnergy storagbatteries,

dishwasher, refrigerator, and air conditioner.
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10.3 Future Research Directiors

In this research, smart house energy management system that providetgmeal
management and control of a hougthout inconveniento the customer wadeveloped.
Several research extensiansvery part of the houssnergymanagement systecan be
considered Additional considerations that are a direct follow up to tusrent work
could be todemonstrate the house management systemdafdrent enwonmental and

loading conditionsThis work wasot done irthis current research.

Several house appliances were modeled. However, some other important
appliances were nanodeled in detaisuch as washer, dryer, and water heafé¢ater
heaterusuallyconsumes high energy hereforedeveloping an electrothermal model for
it could improvethe house system performand@therappliancessuch as washer, dryer,

and rang can be also modeled in detarhich were ignored in this current research

The smart buse energy management system can perform several functions.
However, in this current research only two objective functions were implemented. A
possible extension i® implement other objective functions such rmaximization of

reactive power support asgstem loss minimization.

The formulation of the house optimization model assumed that the only
controllable components in the house are: dishwasher, EV battery, and house battery
bank. Furtherhouse appliancesuch as air conditioner, washer, dryer) avater heater
can be considered controllabléonsidering these appliances to be controllable by the
smart house energmanagement system could leadtetter optimization results, i.e.

better sang and better load levelization.
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The physical system undeonsideration in this research was one house that is fed
by one distribution transformeAnother potential research directiontclet the smart
house energy management system provides management and control for more than one
house fed by one centwp transformer.This extra considerationwould give the

management system extra controllable components that could lead to extra benefits.

Finally, the application of using the re@ine model of the house, which is the
outcome of the house DSE, is not ited to only optimization. Other advanced
applications can be also implemented such as sd#ésggprotection of the entire house.
further, the real time model of the house can be synthesized with other house models that
have the same time tag by an upleel management system, for example a distribution
energy management system, to perform higher level applications such as optimizing the

operation of thentiredistributionfeeder
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Appendix A Object Oriented Modeling

Appendix A.1Mathematical Model in the Standard Form

The quadratized model of a device can have any combination of a differential
equation part, linear part, and quadratic part. The differential equations involved the

model can be cast the following equations format

[ . ’Q e~ . . ’dev
H 5 2D dwo 6 —-h (A.1)
s Qo 1t Qo

5

whereas the algebraic eqigais are cast in the below form

‘@ w0 O wo
o 0Wwo Go 0O o UL h (A.2)
é
where
';Q(:)"' o 0
|Qo|’| R R
o B o W O
D '""€ "h o A,
T[ ||T[ 1 e
W w 0
ugu

i(t): Vector defining the through variable of the model.
x(t): Vector defining the external and internal states of the model.
n: Number of intemal and external state variables

Differential equations:

A;: ldentity matrix defining the linear part of the through variables with appropriate

dimension.
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Az: Matrix defining the coefficients of the differential part of the through variables with

appropride dimension.

B1: Matrix defining the linear part with appropriate dimension.

B,: Matrix defining the coefficients of the differential part with appropriate dimension.
Algebraic equations:

Bs: Matrix defining the linear part with appropriate dimension.

Feq Matrix defining the quadratic part with appropriate dimension.

Keq Vector defining the constant part.

Appendix A.2Quadratic Integration Method

The differential equations of the quadratized model that is cast in the form of
(A.1) have to bantegrated yielding to algebraic equations. The method used to perform
the numerical integration is called Quadratic Integration. Simply, this method performs
the integration over three pointé-h), x(t.), andx(t) that defines a quadratic function in

the interval {-h, t]. Thus, when the function is integrated over time interta, ], it

yields
Q C Q.
o - & Q — - o™ O 0
(0] o
Q, G (ON
0 —wWwo Q —wo —wWo 0O W0 wo 10
(0] o

And when it is integrated over time interval, t.], it produces
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Since A; is the identity matrix, sized according to the number of through variables in

(A.1), andA; can be assumed to be zdids the pseuddnverse oD, which is given by
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Thus, the final form after the integrationpisrformedcan be written as the following

TU o~ (‘L)C‘) 5>
B [ON0) oo W h (A.4)
T
where
Hd 00md Q 00 "QDH"Q

Appendix A.3Final Form of AQCF and SCAQCF

Both forms shown ifA.2) and(A.4) are expressed in one matrix form as the following
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L, W00 0O wo
(0¢] 1mHwo O wo »
T . WO I & 0oL
o W . S L A.5
(03] wo 0O O @O (A-5)
n o O wo n
u é U
- ®o 0 v s . Q.
w 5o U wo Q U 0 h (A.6)
w o Q T
- 6 T .
() 00 T 6 h (A.7)
0 '0"0h (A.8)
0 '0"0h (A.9)

where

Yeq Matrix defining the linear part of the model.

Neq Matrix defining the contribution from the previous timesstates.

Meq Matrix defining the contribution of the previous time step through variables.

Keq Vector defining the constant part of the model.

Appendix A.3.1 Matricesand Vectors Dimensions

Assume that there arestate variables witin equations. Also, assume thatete
are m equations are differential equations for the through variables amd) (@re
algebraic equations. Therefore, the dimension of the matrices and vectors defining the

AQCEF is given by the below table:

w (nby 1) wo (n by 1) 0O (2n by 2n)

(nby 1) wo (n by 1) ® (2n by 2n)

Tt
Tt
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'mn Q1 mpy1 w; (n by 1) G (2n by n)
6 M m (n by n) 0 (2n by 2n) 0 (2n by n)
o) 08 @ O (2n by 2n) 0 (2n by 1)

O (2n by n) @ (2n by 1)

0 (2nbyn) |0 KO | (nbyn)

Appendix A.3.2 Network Synthesis

At each node of the system, the connect

current lav is applied. The solution of the network is then achieved at ttiamel t,,. To
accomplish this, the set of internal device equations are appendethgyiétd the

following expression

0 Qo mh (A.10)

0 Qo mh (A.11)

where

i“(t) is the device current injection from devicat time t.
i“(t,) is the device current injection from devicat time t,.
A“is the incident matrix given by

ph QB¢ ANONQL VO ¢ ¢ Qad AN
m £8®i 0Qi v

Similarly, the terminal voltage for each devidit) is related to the constructed nodal

voltage vector(t). This canbe mathematically expressed by
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where

I: a 2 by 2 identity matrix.

(A.12)

The device currents in the system of equations expressed by the final AQCF in

(A.5) are eliminated with the use of equati¢h 10) and (A.11). The resulted set of

equations is only in terms of the external and internal state variables. Thus, the set of

eguations can be pressed by the following format

wo

Qoo oo W .
wo

Appendix A.3.3

The system of equations represented AyL3) i s

Network Solver
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Newt on

method is particularly chosen because it is ideally suited for the solution of quadratic

equations. Specifically, the solution is given by the following expression
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w O

n
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€

'l
h(A14)
1

v

wherev is the iteration step numbdgg iS the contribution from the previous time step

given by(A.6) andJ, is the Jacobian matrix of equati¢h.14). Particularly, the Jacobian

matrix takes the following form
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Note that the SCAQCF form of the model can be easily deduced from the AQCF form.

Appendix A.3.4 Quadratic and Trapezoidal Integration Case Study

The RLC circuit that was used in the simulation is showfRigure 79. Circuit
parameters are tabulated Trable 23. The results of the simulation of the capacitor
voltage and inductor current are shownFigure 80 and Figure 81, respectively. The
absolute gor of the circuit inductor current for the trapezoidal and quadratic integration
methods compared tohe analytical solution is shown kigure82. The vertical axis is
logarithmic scale. In this particular caske tquadratic irggration method is found to be

almost threerders of magnitude more accurttan thetrapezoidalmethod

Table 23 RLC circuit parameters.

R = 1 q L=10 mH cC = 20

Simulationtime =0.1sec | Ti me st ep |V=p plitOEd ¢“mo

<
NN,
—

Figure 79. Series RLC circuit.
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Time domain model of the circuit

[OVINe) y
> % Pyn (A.16)
Qo 6
QQ p Y P
_\ 1 _u By " I3 o, \ “ \ A.l
o5 50 0 0Qo OpﬂIOl OB ¢“mo 8 (A.17)

The time domain equations are formulated in the standard format and then quadstize

necessary as the follomg

QD o .
mr —— Py (A.18)
Qo0 6
Q"Q .
Mt —— w oh (A.19)
Qo
\ p‘ 'Yu \ p Se 7w \ “ )
M o® o6 00 T T opplti VEcTOS (A.20)
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Figure 80. Capacitor voltage waveform
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Figure 81 Inductor current waveform.
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Figure 82 Absolute error of the inductor current between the analytic solution and trapezoidal and

guadratic integration methods[109.

155



Appendix B  Single Phase Centefap Transformer Moe|

Appendix B.1Mathematical Model

The mathematical model of the distribution transformer is presented in this appendix.
First, the electrical model is discussed, and then the thermal model is provided. It should

be noted that the model of the transformer is in theiglymamic domain.

Appendix B.1.1 Electrical Model

Model equations of a single phase ceégr distribution transformer ardvgn by the

following equations

0 do oo o (B.1)
© © (B.2)
O wWww ww EwO (B.3)
‘O © ° (B.4)
@] Ww Ww Ewo (B.5)
0 0 0
1t 18 OW  OW Eoooo Eoooo ® © ?oo O (B.6)

Appendix B.1.2 Thermal Model

The model equations of the thermal model of a single phase -teptaansformer are

given bythe following set of equations
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- —  ©° - = (B.28)

0 0000 Jd 03 3 3 OO0

EquationgB.1)-(B.28) cast into a&compact matrix form as follows

() & V] (B.29)

Yeq Matrix defining the linear part of the model.

Keq Vector containing the constant part of the model.

Note that ther@8 states witi28 equationsare identified
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Appendix B.2Model Thermal Conductances

To compute the thermal conductance, ecpstage of each one is assumed based

on the below table§able24-Table44.

Table 24. Transformer T,; conductances

Th1 Conductances | (%) of G
G hin2 20
G hi_ns 9
G i1 6
G 1112 5
G h1 113 4
G121 3
G h1_122 2
G h1_Les 1
Ghier 7
G hi_cs 5
G hi_cr 3
G hict 10
G h1_Tot 3.5
G h1_gor 2.5
G _h1_rot 1
G h1_tot 8
G _h1_caseT 2.5
G _h1_cases 1.5
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G_h 1_CaseR

1

G_h 1_CaselL

5

Table 25. Transformer T;,, conductances

Thz Conductances| (%) of Gy,
G h2 h3 20
G o1 3
G h2 112 3.5
G h2 113 3.5
G o121 3
G o 122 3.5
G h2 123 3.5
G hocr 5.5
G h2_cs 5.5
G h2_cr 2
G ho_cL 10
G h2_TOT 1
G _h2_soT 1
G _h2_roT 0.8
G h2 Lot 8
G _h2_caseT 0.5
G _h2_cases 0.5
G _h2_caser 0.2
G _h2_casel 5

Table 26. Transformer T3 conductances

169




Ths Conductances| (%) of Gz
G h3 111 1
G_h3_L12 2
G h3 L13 3
G h3 121 4
G h3 122 5
G h3 123 6
Gz cr 5
G hs_cs 7
G _hs_cr 3
G hsa 10
G h3_Tot 2.5
G _hs_soT 3.5
G _h3_roT 1
G hs_LoT 8
G _h3_caseT 1.5
G _h3_caseB 2.5
G _h3_caser 1
G _h3_casel 5

Table 27. Transformer T,;; conductances

Tir11 Conductances| (%) of G.i1

G L1112 15

G 11 113 12
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G L1121 9
G 111 122 6
G 111 123 3
G i1 cr 6
G 111 cB 4
G 111 cr 7
G 1oL 3
G 111 ToOT 5
G L11_BoT 3
G L11_RroT 5.5
G 111 Lot 1
G L11_caseT 3
G L11_caseB 2
G L11 caser 5
G L11_casel 0.5

Table 28. Transformer T

L12 conductances

TL12 Conductances

(%) of Gz

G L12 113 15
G L2 121 12
G L12 122 9
G L12 123 6
G Lz et 4.5
G L2 cB 3.5
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G 112 cr 6
GuLc 2.5
G 112 ToOT 3
G 112 BoT 2
G 112 ROT 3.5
G 112 LoT 1
G L12_caseT 2
G L12_caseB 1
G 112 caser 3
G L12_casel 0.5

Table 29. Transformer T,3 conductances

TL13 Conductances

(%) of G.13

G L1z 121 15
G 13 122 12
G L13 123 9
G st 3.5
G L1z cB 3
G L1z cr 4
G lusc 1
G L13 TOT 3
G L13 BoT 2.5
G L13 ROT 3.5
G L13 Lot 0.8
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G 113 caseT 2

G 113 caseB 1

G _L13_caser 2

G 113 _casel 0.2

Table 30. Transformer T, ,; conductances

Ti21 Conductances| (%) of G21
G 121 122 15

G 121 123 12

G o1 cT 3

G 121 cB 3.5

G 121 cr 4
GacL 1

G 121 ToT 2.5

G 121 BoT 3

G _121_RroT 3.5

G 121 Lot 0.8

G L21_caseT 1

G 121_caseB 2

G 21 caser 2.5

G 121 casel 0.2

Table 31 Transformer T,,, conductances

Ti22 Conductances| (%) of G2

G 122 123 15
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G l2ct 3.5
G_L22_CB 4.5
G 122 cr 6
G 22 cL 2.5
G 122 ToT 2
G 122 BoT 3
G 122 RroT 3.5
G_L22_LOT 1
G 122_caseT 1
G 122_caseB 2
G 122 caser 3
G 122 casel 0.5

Table 32 Transformer T,,3 conductances

Ti23 Conductances| (%) of G
G 23 ct 4

G 123 cB 6

G 123 cr 7
G2z a 3

G 23 TOT 3

G 123 BoT 5

G _L23_RroT 5.5

G 123 LoT 1

G _L23_caseT 2
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G 123 caseB 3

G 123 caser 4.8

G 123 casel 0.2

Table 33. Transformer Tcr conductances

Tcr Conductances | (%) of Ger

Gcres 7
G cter 10
Gera 10
G crroT 8
G cr BoOT 2
G ct RoT 5
G cT LoT 5
G cT caseT 5
G cT_caseB 1
G cT caser 2.5
G cT_caselL 2.5

Table 34. Transformer Tcg conductances

Tce Conductances| (%) of Geg

G cB cr 10
Gce cL 10
G cB_ToT 2
G cB BoT 8
G cB ROT 5
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G_CB_LOT 5

G cB_caseT 1
G _cB_caseB 5
G cB caser 2.5
G cB caseL 2.5

Table 35. Transformer Tcg conductances

Tcr Conductances| (%) of Ger

G croL 7
G cr ToT 4

G cr BOT 4
G _cr_roT 12.9
G cr Lot 1
G_cr_caseT 2
G _cr_cases 2
G _cr_caser 5
G_cr_caseL 0.1

Table 36. Transformer T¢. conductances

TcL Conductances| (%) of Goo

G cL ot 4
G cL ot 4
G_cL_roT 2
G cLtor 12.9
G cL caseT 1.25
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G_CL_CaseB 1.25

G_CL_CaseR 0.1

G cL_casel 4.5

Table 37. Transformer Tror conductances

G toT BOT 5
G_tot_ROT 10
G toT Lot 10
G 10T caseT 15
G 10T CaseB 2

G 10T caser 7.25
G ToT Casel 7.25

Table 38. Transformer Tgor conductances

G Bot RrROT 10
G gort LoT 10
G BoT caseT 2
G BOT caseB 15
G BOT caser 7.25
G BOT casel 7.25

Table 39. Transformer Tgrot conductances

G RroT_LoT 4
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G ROT caseT 6

G Ror_caseB 6
G ROT caser 10
G ROT casel 1.3

Table 40. Transformer T, ot conductances

G LoT caseT

G LoT caseB 5.75
G LoT caser 1

G LoT caseL 10

Table 41 Transformer TcasetcOnductances

G ' CaseT_CaseB

G_CaseT_CaseR 8
G_CaseT_CaseL 8
G_CaseT_amb 27.5

Table 42 Transformer TcasesCOnductances

G _CaseB_CaseR

G_CaseB_Casle 8

G_CaseB_amb 27.5

Table 43. Transformer TcaserCONductances
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G_CaseR_CaseL 4

G_CaseR_amb 21.9

Table 44. Transformer Tcasel CONductances

G_CaseL_amb 27.5
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Appendix C Thermal Model of a House

The mathematical model of the single story house with two bedrooms and two bathrooms

Is given by the following equations

Q
; 2. . c1
n 6 Ty Y o Y Y (C.1)
: 2 .y Y 0 Y Y (C2)
d ° Qo '
: 2 .y Y 0 Y Y (C23)
d ° Qo '
] Q 1% Y "O Y Y (C4)
d ° Qo '
: N R (C5)
IR .
: 2oy oy oy (C6)
T °9s '
Qv vy Qg vy 2 .y
9 Qb ° Qo ° Q0o
2% o Y Y "0 Y v
C7
"0 Y Uy oY 'Y O Y 'Y (€.7)
0Y 'Y O Y 'Y
: Qg oy Qg vy
% Q9 ° Q0
"0 Y oy "0 Y oy
0 v v DY v oy ey (C8)
o Y Y O Y 'Y
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O O O G O
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(C.9)

(C.10)

(C.11)

(C.12)



Ol o

Ol o
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(C.14)

(C.15)

(C.16)



Qo

o Y Y O Yooy (C.17)
Y Uy 0 Y Y
w62y oy Qv oy vy
° 9o ° Qo

O Y Y O Y Y O Y Y
0 Y Y 0 Yooy €19
"0 VY "0 vy
"0 VY 0 Y Y

O & @ (C.19)
Tt w

, where

0 N n n n n n 1 1 N N n n

G Y Y Y Y YUY Y Y Y Y Y Y

o Y Y Y Y Y Y

Yeq Matrix defining the linear par
Keq Vector containing the constant part of the model.
Note that ther@0 states witt80 equationsare identified

To compute the thermal conductance, a percentage of each one is assumed based

on the below table§able45-Table55.

183



Table 45. House Tyeq1) cONductances

G _Bed1iE 12.5
G _Bed1in 12.5
G Bed1iTop 7.5
G _BediiBatil 20
G _BediiBathal 20
G _Beduki 20
G Bediii 20

Table 46. House Tyeqg2 cONnductances

G Bewie 12.5
G Bewis 12.5
G BewiTop 7.5
G _pewiBath2! 20
G el 20

Table 47. House Tyam1; conductances

G path1iN 12.5
G pathiiTop 7.5
G bpath1iki 20
G bpath1iLi 20
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Table 48. House Tyamz conductances

G bath2iE 12.5
G_bachITop 7.5
G path2iLi 20

Table 49. House Ty, conductances

G_K|Top 7 . 5

G« 20

Table 50. House T, conductances

G us 12.5
G uw 12.5
G_un 12.5
G Lmop 7.5

Table 51 HouseTg conductances

G e 20
G ETop 20
G s 20
G Eavs 27.5
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Table 52 HouseTy conductances

G aw 20
G_NTop 20
G nawvB 27.5

Table 53. House Ty, conductances

G ws 20
G_WTop 20
G wams 27.5

Table 54. House T conductances

G_STop 20

G samB 27.5

Table 55. House Trq, conductances

G_TopAmb 27.5
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Appendix D Electrothermal Air-Conditioner Model

The mathematical model of the electrothermal air conditioneivengoy the following

equations
. 0 fo! ‘ L
(0] — p 0 0 (D.1)
W W
0 Q ‘
0 S— p 6 0 (D.2)
W w
™t 1810 (D.3)
n oY Y 00 (D.4)
A 0 "Y Y 00 (D.5)
n 0y "Y 0 0 (D.6)
n oY Y 0 0 (D.7)
n oY Y 00 (D.8)
n oY Y 0 0 (D.9)
A oY Y Y Y YUY @'Y 0
. (D.10)
V) 0] V) 0] U U
. o) 0 @
0 —— p 00 (D.11)
ouv
0 O O®E Q0 (D.12)
- oY
0 —p 6 0 (D.13
a
0Y oY p8 L|J0.)C,T[8TT[UCGQ)Y O C (D.14)
G P a D.1
p p 'Q(b[‘l T[Epu ( . 5)
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vy
. oW

000
T[81p0(pn8rpn(px%d'5'Y oC (D.16)
EquationgD.1)-(D.16) cast into a compact matrix form as follows
O & @ & o0 ® (D.17)
m () W
, Where
0 0 0 m N n n n n n n h
W W w o Y Y Y Y Y Y Y
® 0 0 0 6Yd 600

Yeq Matrix defining the linear part.

Feq Nonlinear and differential parts of the model.

Keq Vector containing the constant part of the model.
Puvac: Air conditioneractive power consumption iv[W].
Quvac Air conditionerreactive poweconsumption infVATrl].
Viated: Rated voltage rms of air conditioner in [V].

Eff: The air conditioner electrical efficiency.

pf: Power factor of the device.

Gs. Heat source internal thermal conductance, added for numerical stability purpose in

[MBtu/k°C h].

0 : Heatrategenerated by thair conditionerin [MBtu/h].
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Obeds € 1. Igeat rate through variables in [MBtu/h].

Teear € . Temperature across states variables #C[k

Kiactor: @ conversion factor (MW ~ 3414 MBtu/h).

BR,: NominalBtu rating of the air conditioner system (at°85 in [MBtu/h].
m: Fraction of the cooling load [uriess].

COP,: Nominal cooling oefficient ofperformanceat 35°C) [unit-less].

}: Outside relative humidity [%]

Ki, é dKConstant based on the houseolatyof ducts.

a: scale factor equals 1000.

u;: Air conditioner On/Offpowerservice given by

up: Air conditioner operation control signal

mh 6160 "0°0
ph  8¥60 0
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Appendix E ElectrothermalRefrigerator Model

The mahematical model of the electreermal refrigerator with six temperature spots is

given by the following equations

O —— p 660 (E.D)
0w
W W
2 Y Y 2 Y O Y (o}
n o — (0] 0] 0] .
Q Q
© © (E3)
O Y O Y O O Y o Y o©
R O°Y o YO WOY O YO QO Q0 (E4)
- L 0
0 p 66 QO —. (ES)
ooV
Q .. .
T8t O o Y O Y O O Y o Y O
(E.6)
OYo Yo Q0
T8t = Y Y C = Y Y
0 96 0 0 o} 96 o} 0
Y O Y O O Y O Y O (E.7)
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, where
© 0 0 n
W W W

n

Y O

“y

0
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(E9)

(E.10)

(E.11)

(E.12)



C

® Yo Y o0 Y O YO Y o0 Y o
I: Through variables of the model.

V: Across external states variables of the model.

Y: Internal states variables of the model.

Yeq Matrix defining the linear part of the model.

Feq Nonlinear and differential parts of the model.

Keq Vector containing the constant part of the model.

Pr. Maximum active power consumption of the refrigerator in [MW] computed as the

following,

Qr Maximum reactive power consumtign of the refrigerator [MVAr] computed as the

following,
0 0 OAAT OfQ
u;: Refrigerator On/Off status (main service of operation).

o0& 00U
ph 0 ¢ 0 Qi00

u,: Refrigerator temperature control.

M YQ'QI QQAIQD € i
ph  YQQI QQUIIDO6 ¢ i

Keactor: A conversion factor (1 MW ~ 3.414 MBtu/h)
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Prated: Rated power of the refrigerator in [W].

Viaed: Rated voltagems of the refrigerator in [V]

Eff: The refrigerator lectrical efficiency. A value of 0.8 is typical for a refrigerator.
pf: Power factor of the device. A value of 0.9 is typical for a refrigerator.

COP: Coefficient of performance. A value of 3.5 is typical for a refrigerator.

ki andky: Constant dependsn the refrigerator manufacture design. Typical values are

0.6 and 0.4 respectively.

0 : Heat flow rate of the refrigerator [MBtu/h].

n : Heat flow through variable 1 [MBtu/h].

N : Heat flow through variable 2 [MBtu/h].

Ti: Fresh fooccompartment temperature spot kiQ].

Ttz Freezer compartment temperature spokie].

Triw: Internal wall of the fresh food compartment temperature sp&f@j.
Trew: External wall of the fresh food compartment temperature sp&?@j.[
Tizw: Internal wall of the freezer compartment temperature spéf@i [

Trew External wall of the freezer compartment temperature sp&f@j.[

T Across external state variablédnenterminal 1temperaturespot in [KC].
Tio: Across external state variaikitchenterminal 2temperaturespot in [KC].

Gr: Thermal conductance between the fresh food compartment mass and the fresh food

compartment internal wall in [MBtufc h].
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Gt Thermal conductance between the freezer compartment mass and the freezer
compartment internal wall in [MBtufic h].

Griw-iziwe Thermal conductance between the fresh food compartment internal wall and the
freezer compartment internal wall mass in [MBE@H].

Grriw-rew. Thermal conductance of the fresh food compartment wiliBtu/k°C h.

Griwtzew Thermal conductance of the freezer compartment wall in [MBEuUFg.

Grewizew Thermal conductance of the fresh food and freezer compartments external walls
in [MBtu/k°C h].

Grrewk: Thermal conductance between the fresh fomapartment external wall and the
Kitchen air mass in [MBtufiC h].

Grewk: Thermal conductance between the freezer compartment external wall and the
Kitchen air mass in [MBtufiC h].

Gs. Thermal conductance of the heat source in [MB@/K].

Ci: The sum of the heat capacity of every element inside the fresh food compartment in
[MBtu/k°C].

Criw: Heat capacity of internal door mass in the fresh food compartment in [M8ju/k

Crew. Heat capacity of external door mass in the fresh food compartment tu{kKE].

Cw: The sum of the heat capacity of every element inside the freezer compartment in
[MBtu/k°C].

Criw: Heat capacity of internal door mass in the freezer compartment in [MBju/k

Crew Heat capacity of external door mass in the freezer compattin [MBtu/KC].
Voly: Fresh Food Compartment Capacity ir][ft

Vol Freezer Compartment Capacity ir[ft
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dsei Refrigerator desired internal temperature #Clk Typical value is 45 °C.
dyeagband Temperature control dedzhnd in [RC]. Typically, it is 1-2 °C.

It should be noted tha&i(t) is the sum of each element heat capacity, including cool air,
inside the fresh food compartment at every timk is mathematically expressed as the

following:

, where

a&Ciro(t): Thermal capacitancef element O in the fresh food compartment at time

[MBtu/k°C].

a&Cir(t): Thermal capacitancef element 1 in the fresh food compartment at time

[MBtu/k°C].

& i2(t): Thermal capacitanceof element 2 in the fresh food compartment at time

[MBtu/k°C].

& qi(t): Thermal capacitancef elementi in the fresh food compartment at time

[MBtu/k°C].
i: The total number of elements inside the fresh food compartment.

Also, Ci,(t) is the sum of each element heat capacity, including cold air, inside the freezer

compartment at every timelt is mathematically expressed as the following:

v .

, where
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&, o(t): Thermal capacitancef element 0 in the freezer compartment at titne

[MBtu/k°C].

&Ci,1(t): Thermal capacitancef element 1 in the freezer compartment at titne

[MBtu/k°C].

&, (t): Thermal capacitancef element 2 in the freezer compartment at titne

[MBtu/k°C].

&r(t): Thermal capacitancef element in the freezer compartment at tinte

[MBtu/k°C].
j: The total number of elements inside the fresh food compartment.

Note that data regarding both refrigerator and freezer elements are specifiedcsvthe
file found in the device folder. This file contains the following information,

Time when the event takes place enter the form (hh:mm:ss)
Door openings for both fresh food and freezer compartments.

Mass in kg) for every element inside both the frésbd and freezer

compartments.
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Appendix F Dishwasher Mathematical Model

The mathematical model of the dishwashernveig by the following equations

z

3 0 K0!
O _—
®

P 6 0606d& (F.1)

0 Q
. p 6 0606a (F2)
@

W
, where:

Paw. Maximum active power consumption of the dishwasher in [W] computed as the

following,
¥ 0 0QQ
Quw: Maximum reactive power consumption of the dishwasher [VAr] computed as the

following,

0 0 OAAT OnQ

u;: Dishwasher On/Off status (main service of operation),

n fo G ¢ 0 BF
p FO'ad GidE v WiQQ

uy: Dishwasher load level variable. It is specified according to the chosen input load level

as given inrable9.

us: Power consumption at each stage of the cycle. During every aycW)l change
according tahe stage. Every stage of the simulation is determined based on the progress

of the simulation time inside the cycle. Secan be evaluated as the following,

6 TR UYO 0 Yo 6 T
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Yo o THO YO O T® o
M UY0 6 TWo YO O T®o

Yo 0 ™o YO O T8

™ VYO0 0 1 YO o 0O

z: a unit step function defed by

Prated: Rated power of the dishwasher in [W].

Viaed: Rated voltage in root mean square value of the dishwasher in [V].
Eff: The dishwasher efficiency. A value of 0.8 is typical for a dishwasher
pf: Power factor of the device. A value of 0.9 is typical for a dishwasher.
t.: Duration time for one full cycle of the dishwasher in [min].

toi: Thetime ati when the dishwasher is turned on in this form [hh:mm:ss]. For multiple

operations, the dutian time of full cycle should be taken into account.

The model then is cast intccampact matrix form as follows

O

L Go 0 (F.3)
, where
O O O h
W W W

I: Throughvariables of the model.

V: Across external states variables of the model.
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Yeq Matrix defining the linear part of the model.

Keq Vector containing the constant part of the model.
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Appendix G Variable Load Model

The mathematical model of the variable load is givethie following equations

z

0

0 (G.1)

6 @ o
® o
v (G2)

O @ o
W W
, where:

P.(t): Load active power consumptiontahe t in [MW].

Q.(t): Load reactive power consumption of the dishwasher [MVAr] computed as the

following,

The model then is cast intccampact matrix form as follows

O s v (G3)
U

, where

O O O h

W W W

I: Through variables of the model.
V: Across external states variables of the model.
Yeq Matrix defining the linear part of the model.

Keq Vector containing the constant part of the model.
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Appendix H Solar Cell Mathematal Model

The mathematical model used for the solar cell is represented by the following equations

O 0 0VQ® w o © o H.1
“on P Ty (H.1)
. . R 4
@) O U va (H.2)
. e L @O YY
0O O 0 YYFQon P (H.3)
(C30V)
0 Y Y 0
v (H.4)
0 QY
O : (H.5)
n
YY Y Y (H.6)

, Where

I: the array output current [A]

V: the array output voltage [V]

lpv: Light generated current [A]

lpv,w Light generated current at the nominal condition [A]

lo: the reverse saturation or the leakage current of the diode [A]

Re the equivalent series resistance of the
R: the equivalent parallel resistance of t
lsc,n Short circuit current provided by the data sheet [A]

Vocnr Open circuit voltge provided by the data sheet [V]
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S Current solar irradiance [WAh

S.: Nominal solar irradiance = 1000[W#mn

T: Weather temperature [K]

Tn: Nominal temperature = 273.15 [K]

V:: the equivalent thermal voltage of the array [V]

Ns: the number of cells in ses provided by the data sheet

a Diode constant 10 a O 1.5

Ki: Short circuit current temperature coefficient provided by the data sheet
Kv: Open circuit voltage temperature coefficient provided by the data sheet
k: Boltzmann constant = 1.3806503 x*£(QU/K]

q: the electron charge = 1.60217646 X1[C]
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Appendix |  Electrothermal LeadAcid Battery

The lead acid electrical circuit is shownHigure83.

Figure 83 Equivalent lead acid electric circuit model

Appendix I.1 Mathematical Model
Main Branch

The main branch voltage is a function of the state of charge and the electrolyte

temperature and given by

O © O ¢Xo—p YOO (1.2

, Where

En: Open circuit voltage in [V]

Emo Open circuit voltage when the battery is full of charge in [V]
T: Electrolyte temperature iiC]

SOC State of charge

Ke: Constant in [VIC]

The main branch resistem and capacitance are given by
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Y Y 48008 (1.2)
6 tTY (1.3)

, Where

R: the main branch resistance in [ q]
C;: the main branch capacitance in [F]

Roo Constant in [ q]

DOC: Battery depth of charge

{: the main branch time constant in [sec]

The main brant second resist&e is given by

Y Y Qg p YOOTp Qwh OFo (1.4)
, where
Ry: is the main branch second resistance in
Ro: Constant in [ q]

Az1: Constant

Azo: Constant

Im: The main branch currem [A]

I": Battery nominal current in [A]

The terminal resistance of the battery igegi by

Y Y p b p YOO (1.5)

, where
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R: the resistance in [ q]

Rw: Constant in [ q] athedbateryiduddfcshargeo t he val ue

Ag: Constant

Parasitic Branch

The behavior of the parasitic branch is strongly-hie@ar. However, the value of
the current flowing in the branch, which is a function of the parasitic branch voltage, can

be computed by the Tafel gassingurrentrelationship which is given by

0O wo (1.6)
, WhereG; is
"O 'O Qa L 4 (1.7)
wﬂw— o p ~ .
, and thuR, is
Y ® O JO (1.8)
, where

lp: the current flowing in the parasitic branch in [A]
V,: The parasitic branch voltage in [V]

Gpo: Constant in [S]

Vpo: Constant in [V]

A, Constant

Ti. Electrolyte freezing temperature fiC]
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Charge and Battery Capaity

The extracted charge &is given by

0o 0 0 tQt (1.9)

The aveaged current can be computed by

(O] orti p (1.10
The capacity of the battery, weh is a function of the battery currdnand the electrolyte

temperature, is gen by the following

_— Y
s Vo= p =y
& EY _ (1.12)
5 o O
P P B
, Where
Qe the extracted charge in [AahdQi,;; is the initial extracted charge in [As]
U The integration time variable
t: the simulation time in [sec]
Kc: a constant
Co : no load capacity at 8] in [Ah]
3-andu: constant
The state of charge and the depth of chargeiaes dpy the followiry equations
YOO6 p O TOTHY (1.12)
006 p 0 X0 RY (1.13)
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Thermal Model

oY . -

—, pf0 O ——— (1.149)
)

, Where

Cw: Thermal capcitance in [WHIC]

Ri: Thermal resistance ifiQ/W]

Ps: The heat power loss in the parasitic branch in [W]

Ta: Ambient temperature or the surrounding temperatur®Cih [

Appendix 1.2 Charging Mode

The mathematical model of the lead acid battery in the charging reagigein bythe

following compact equations

0 0w (1.15)

0O Ow (1.16)

W O w ® 0O 0O O0Ow (1.17)

m 0 Ow w 6 Ew R (1.18
Qo

W 0 0w o (1.19

™ w w O O ¢xXo'Yp YOO (1.20)

mt 6 10 (1.22)

™t Y Y p 6 p YOO (1.22)

w0 ol (1.23

™t YO 6 TiY 6 miY O (1.24)
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™t O0® O HY 60 RY 0 (1.25)
QY p . Y Y
= 7 0 1.2
A Y R I (126
™t YO p (1.27)
Mt YO p (1.28)
Mt YO p (1.29
Mt O THY ULVO: p ~ (1.30)
o Y
VD 0: p W
Mt 6 0 RY o (1.31)
p v P 5
- Y
VD 0: p W
™ 6 aiY o (1.32)
P U p 5
: s 2 .0 0
mt Y Y Qo p YOOTp Q6 A= (1.339
™t 0 "0 Q¢ 1 3 il 1.34
Wh— o P I (1.34)
0DQoN TE
™t O — (1.35)
™t Y Y a#006 (1.36)
M™m 0 0w w O (1.37)

For simplicity, equationfl.15)-(1.37) can be cast into @mpact matrix form as follows

0

5% o5 6 (1.39)
Tt w

, where
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G O ® o Y Y Y O 0 0 0 6 YWYO60(6650O 0
0 O O6mY 60 RAY & 'AiY
Appendix 1.3 Discharging Mode

The mathematical model of the lead acid battery in the discharging mode is gitlen by

following compact equations

0 0w (1.39

0 0w (1.40)

m 0 0w (1.42)

W 0 0w ogw R (1.42)
Qo

™ w w O O ¢CXo—p YO (1.43)

™t 6 10 (1.44)

™t Y Y p 6 p YOO (1.45)

w0 (1.46

™t YOO h— 6 mh— O (1.47)

Mt O0® O h— 60 h— 0 (1.48

™ Go e v (49

™t YO p (1.50)

™t YO p (1.52)
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™ 6mh— 0V6: p — (1.52)

LO: p —
™t 6 0 h— o (1.53
PO P
Vo6 p =
™t 6 Oh— o (1.59
P U p 5
0QmA TE
mt O — (1.59)
mt Y 'Y a800 6 (1.56)

For simplicity, equationfl.39)-(1.56) can be cast into @mpact matrix form as follows

- Od‘) 0O O (1.57)
Where
O ©O 0O nh
W W W
G O O Y Y O 0 6 —wYooe0ouLo6™O 0O O

6 M— 60 h— 6 th—
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Appendix J  Electric Vehicle Model

Appendix J.1 Lithium lon Battery Mathematical Model

v, ¢l g

.=

Figure 84. Equivalent electrical circuit of lithium ion battery.

In this section, the battery model is reformulated according to the standard fdewiae

that is as the following

0 (J31)
0 ® 32
, Where x is given by
M ® Ow w Qb w (J3)
m O o & Y Yo (34)
™ © ® O YOO ®YO00 &Y)0d YO—od (J5)

, and the coefficients are listedTiable56 below

Table 56. Terminal voltage polynomial coefficients

® TPCp ®  pHGT ® oYX ® o®yYp
Q... P L
T8t ﬁbYU © f)_l Of —0 (J6)
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T8t o 20
40 =59

0o Q8 —0 — (37)
, whered 0 is the electric power losand given by
™ 00 Y Vo o (J8)

The other three fitted to thé%legree polynomials are

| 0 O OO0 dw J9)
I —o © W—0 O— 0 (J.10)
YO —o 0 Q—0 Q—0 (312

where the values of the coefficisrare givenn the below table

Table 57. Polynomails coefficients

@ TMMEET|® TEULVUCPU | THBOULUL W

W c¢po@T W ™npPYolw pdru g

Q 8o |Q m@iprnwy |Q T X Wo

The compact form is

0 ® (312

0 (313

m 0 & & Y Y (314)

™ ® ® O OYOO®YOIO ©'Y)O YO— (J.15)
W o 0w o QW o (3.16)

Mt 0 0OY Ow o (J17)

™t YOO p YOO (318

W | o O OO dw (319
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m - O O0— 00— (J20)
M YO— Q Q— Q— (J21)

For simplicity, equation$J.12)-(J.21) canbe cast into @ompact matrix form as follows

2 59 b o8 (322
, Where
O "0 O h
W W W
® ® O w Y000 | O 1 — YO—

A: Matrix defining the linear part.
N: Nonlinear and differential parts of the model.

C: Vector containing the constant part of the model.
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Appendix K Averaged Model of DEDC Boost Converter

The averaged model of the -dc boost converter has three different control
schemes, dc voltage control, real power control, and maximum power point tracking
control. The compact model of each one of them is listed in separate sectigrth&irst
model of the averaged 4fc boost converter with dc voltage control in compact form is

presented.

Appendix K.1DC Voltage Control

The mathematical model of the-dc boost converter with dc voltage control igeg by

the following equations

O 0 @ o w (K.1)

0 0O V6w (K.2)
0 0w (K.3)

0 VW (K.4)

™wm ® ® p O® ® (K.5)
Mt Op O O (K.6)

Controller 1: Voltage control
T3t w W W (K.7)
For simplicity, euations(K.1)-(K.7) canbe cast into @ompact matrix form as follows

0

5% o5 6 (K.8)
Tt w

, where
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®w w w O

A: Matrix defining the linear part.

N: Nonlinear and differential parts of the model.

C: Vector containing the constant part of the model.

Note that ther& states with7 equationsare identified

Appendix K.2Real Power @ntrol

The mathematical model of the-dc boost converter with real power control is given by

the following equations

O 0O Vow w (K.9)

0 0 Q6w (K.10)
0 0w (K.12)

0 Vw0 (K.12)

W © o p 0w (K.13)
mt Op O O (K.14)

Controller 2: Real power control

O®w o =h

CA

T3t °
O

(K.15)
O "Ymst 0 N o

For simplicity, equationéK.9)-(K.15) canbe cast into @ompact matrix form as follows

o
0

©opo8 (K.16)
Tt w
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® 0w w O

A: Matrix defining the linear part.

N: Nonlinear and differential parts of the model.

C: Vector containing the constant part of the model.

Note that ther& states with7 equationsare identified

Appendix K.3Maximum Power Point Tracking (MPPT) Control

The mathematical model of the-dc boost converter with MPPT control is’gn by the

following equations

O 0 MQbw w (K.17)

‘0 0O Q6w (K.18)
0 0w (K.19)

0 Vw0 (K.20)

W © o p 0w (K.22)
mt Op O O (K.22)

For simplicity, equation§K.17)-(K.22) canbe cast into @ompact matrix form as follows

0

59 § & (K.23)
Tt W

, where
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A: Matrix defining the linear part.
N: Nonlinear and differential parts of the model.
C: Vector containing the constant part of the model.

Note that ther® states witl6 equatonsare identified
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Appendix L  AveragedFull Bridge Model of DGAC Inverter

The averaged model of a single phase full bridgadmverter with two different
control schemes, voltageactive power (VQ) control and activeactive power (PQ)
control is developedlhe compact model of each one of them is listed in separate section.
First, the model of the averaged-ac inverter with VQ control in compact form is

presented.

Appendix L.1VQ Control

The mathematical model of the-dc inverter with VQ control is given by the folMing

equations
0 0 ® W (L.2)
O 0 ® W (L.2)
O 0 @ w (L.3)
0 o @ o w (L.4)
™ 0 o Wa o o (L.5)
Mt ‘0 &0

(L.6)

OVt Ow w YXOw
™ O O ® (L.7)
@t 0 a0 0 ® (L.8)

For simplicity, equationél.1)-(L.8) canbe cast into @ompact matrix form as follows

KO)

o Y o o0 ® o (L.9)
Tt w w

, where
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O 00 0 0O h

® 0 0 a

Yeq Matrix defining the linear part.

Feq Nonlinear and differential parts of the model.

Keq Vector containing the constant part of the model.

Note that ther& states with7 equationsare identified

Appendix L.2 PQ Control

The mahematical model of the eac inverter with PQ control isigen by the following

equations

0 0 w W (L.10)
O 0 ® W (L.12)
O 0 @ o w (L.12)
0 o @ o w (L.13)
W™ o 0 Moo o (L.14)

Mt ‘0 &40
(L.15)

OVt Ow w YIOw

™t 0 YOO o (L.16)
@t 0 D00 ® (L.17)

For simplicity, equationé..10)-(L.17) canbe cast into aompact matrix form as follows
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, Where

O 00 0 0O h

O w W a

Yeq Matrix defining the linear part.

Feq Nonlinear and differential parts of the model.

Keq Vector containing the constapart of the model.

Note that ther& states with7 equationsare identified
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Appendix M Averaged Model of DEDC Buck-Boost Converter

The averaged model of the-dc buckboost converter has two different control
schemes, dc voltage control and real power cbnfitee compact model of each one of
them is listed in separate section. First, the model of the averagddlmwost converter

with dc voltage control in compact form is presented.

Appendix M.1DC Voltage Control

The mathematical model of the averagedddcbuckboost converter is give in the

following compact form

O 0 Qbw w (M.1)
O "0 QbH @ (M.2)
0 0® ® (M.3)
0 0h (M.4)
(@)
WG o pT o O (M.5)
O (@)
e —P ‘0 (M.6)
O
m o o @ (M.7)

For simplicity, equationéM.1)-(M.7) canbe cast into @ompact matrix form as follows

O(I) 0 O (M.8)
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®w w w O

A: Matrix defining the linear part.

N: Nonlinear and differential parts of the model.

C: Vector containing the constant part of the model.

Appendix M.2Real Power Control

The mathematical model of the averageddic buckboost converter is givein the

following compact form

O 0 QH (M.9)
0 0 Q6w (M.10)
0 Om © (M.11)
0 0n o (M.12)
(@)
WG pT o O (M.13)
O (@)
m -0~ o (M.14)
O

. o ) 0.

T8t 0 Ow —=h
0 (M.15)

O Ymst 0 D o

For simplicity, equationéM.9)-(M.15) canbe cast into aompact matrix form as follows

0

89 o 6 (M.16)
Tt w

, where
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® w o O
A: Matrix defining the lineapart.

N: Nonlinear and differential parts of the model.

C: Vector containing the constant part of the model.
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Appendix N Ambient Temperature Model

This appendix presents the mathematical model equations in the frequency
domain in a compact form for the ambient temgiure. The ambient temperature is

modeled as heat source behind a thermal resistance.
The model equation is given by

n O 7Y 7Y (N.1)

, Where

N : heat flow rate in [MBTU/h]

T1: Temperaturén [k°C]

Gi: Thermal conductance in [MBTUKTC]

Tams Ambient temperature input by the user@][and converted internally to Ig]
After separahg the real and imaginary part

R 0 Y Y (N.2)
B 0"Y (N.3)

EquationgN.2)-(N.3) cast into acompact matrix form as follows

O Ow U (N.4)
Where,
O /R n h
w Y 'Y
" O m -~
() T O h
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Appendix O Thermostat Model

This appendix presents the thermostat mathematical model equations in the

frequency domain and in a compact form.
The model equatiorsigiven by

T8 ey (0.1)
Y 0 (0.2)

where

0a: heat flow rate in [MBTU/h]

T1, To: Temperature terminals in&]
u;: Air conditioner control signal

After separahg the real and imagary part

e ey (0.3)
e ey (0.4)
nooY 6 (0.5)
Ny (0.6)

Equationg0.3)-(0.6) cast into a compact matrix form as follows

O ®w U (0.7)
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T 7T TU TU
) Tl.'Tl.'Tl.'Tl.'I‘;l
TP
T TP
Tt
. Tt
V) .
(0]
Tt
, m Y Y Y
© oh Y Y Y

, andTsetis the setting temperature afglis the thermostat deadband temperature.
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