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ABSTRACT

The traditional operation paradigm in power systems is to disgaintrollable generators
to follow a variable electricity demandn such a way the objective of reattime
generatiorbad balance is achieve@he power system infrastructure is designed to meet
the highest level of demandonsequentlyit is underutized during offpeak periods.
Hence, peak shaving helps to reduce capital investment, opeeatthgnaintenance cast
With theincreasingpenetration ofenewable energy resousf®ERS), the requiremerfor
traditional generatort® provide electricitys decreasing, themn-line generatoiGreserve

are decreasing Hence RERs require additional reserve to defend the fluctuating
generation. Therefore, additionalancillary serviceresources are requiredswch as

frequency control services

Conceptually, to control sonleads to follow power productionis possiblewhich was
proposed in the 1980%0 help to provide peak shaving and ancillary servicekhe
advantages a@ domestic electric watdreater (DEWH) make & primary candidate for
direct load control DLC). The operationof a conventional DEWHs dependenbn its
internalthermostat, whiclieacts to watetemperature directly and is uncontrollable
external relayan benstalled to &ercise controbn conventional DEWHsut the internal
enduser comfortmay not beguaranteg under the relay contralithout temperature

measuremest



In the thesis, an individual DEWH state estimation method is introduced to prvide
reference forsekcing control actions Based onhotwater consumption patterns and
characteristics of hewater consumption activitieghe worst cases are considered to

maintainthe enduser comfortwithout temperature measurement

A customer satisfaction prediction index (CSPI) is proposgtgethe comfort level of
DEWH uses, without temperature measurem&ndnd is generated by a timearying
weight matrix Subsequent hetvater consumption is considered in the CSPRIpeak

shaving algorithm based on the CSPI is proposed in the thesis.

As DEWHs are resistandeatingdevices, they can be used to provide frequency control
servicesfor utilities. DEWHs can beaggregated aa virtual frequency control provider
(VFCP) to provide fequency controlindernormal and contingency conditions, athe
available capacity is estimated and sent to the sysparator (SOfor its controk. Two

control algorithns areproposed to provide frequency contservicesby the VFCP.

Theresults of this thesis show th&l) The enduser comfort can be maintained without
temperature measuremsmtith the proposed individual DEWH state estimation method
(2) The proposed peak shaving metlmeduces morning peak by 24.0%, and evening peak
by 31.3% (3) The FCPcan be aeffectiveresourceo provide frequency controt power

systens under different situations
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1 Introduction

1.1Background

A fundamental responsibility @power system operator (SO) is to balance generation and
load in reaktime [1]. Global electricity demand hasxperiencedsignificant growthfor
decadese.g.,an increase of 4% (900TWh) in the year 2018 and 3.9% in Q]9
Traditionally, the power system infrastructure is designed to meet the highest livael of
[3]. More generators, transmission lineand transformers are required to matble

electricitydemandyrowthand maintain the generatitoeid balance

1.1.1 Peak Shaving

The power system is underutilized during -piéak periodslue to high peakalley gap
The peakvalley gap of the powedemand is as high as 40% to 50% in some cdfes
industrialized countrie$4], and keepsgrowing [5]. To make full use ofthe system
infrastructures, the pealalley gap should be reducededk $favingis a wayto reduce
such gap byeducingthe demandduring peak periodgg], as shown in Figre 1.1. Such
reductionwill lower the requirement aheinstalled capacityleading to reducedosts for

infrastructure andhaintenance

Implementing peak shaving will benefit not only power enterprises but also custdhers.
time-of-use (TOU) electricity priceeflects the cost of producing electricity basedinra-

day consumptiomlemand7], [8]. The TOUpriceis the highestduring peak periods and
1



thelowest during valleyeriods(as shown in Figre1.1). For example, e electricity price

during valley periods ($ 0.065 per kWh) is about halfhat duringpeak periods ($0.134
per kWh) in Ontario, CanadBeak shavingan be used to redutm@ad demand during high
price periods,thus resulting in economic benefits for industrial, commercial, and

residential customersTherefore peak shaving methedare favorable for both power

system enterprises acdstomers.
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Figure 11 Peak shaving and valley filling

1.12 Frequency Control
Overthe pastecades, thshare of renewable energy resourcesR8Esuch as wind and

solar powel9]i [12], is rapidly increasingn electricity marketsThe installed capacity of
global RERs hasbeenincreasedoy more than 5% in 2017, three timbigherthanthe

increment ofthe total energy consumtin. The rewly installed renewable capacity will



grow by nearly 4% globally in 2020, re@ng almost 200 GWbf accumulative installed
capacity and he RERs areexpected to reacamore than 15% of total energy consumption
in 2025[13]. The increasing use of RERs hasee meritsa) generatinglectricity that
producano greenhouse gas emissions from fossil fuelstiliging sustainablenergy that
never runs oyandc) requiing less maintenance than traditional generafinesemerits

make RER awise choicefor power systems

However thegreatestlisadvantagef RER is thatthe energyupply is lesstablethanthat
of conventional generatof$4]. Because RBRsrely uponthe weatheconditionsi.e.,wind
turbines need wind to turn the bladéeeseweatherconditionsarehighly variabldeading
to volatile RER generatiorence manyresearches work on wind and photovoltaics (PV)
generation foreca$15]i [18]. The fluctuating RR generatiorposeschallengego power

systembalancing

Grid frequency reflectdieinstantaneougeneratioribad balancan the power system. The
frequency is required to remain close to its nominal védueh a0 Hzin China and0

Hz in North America) When the generation exactly meets the demand, the frequency is at
its nominalvalue When the generation becomes lower than the demand, the frequency
decreases from its nominal valWhenthe generation becomes higher than the demand,
the frequency increases from its nominal valliee frequency control servisere

provided by generators or flexible loads in traditional power sysieajs[22].

The power system frequenasan be controlledn three stepsprimary, secondaryand
3



tertiary frequency contto
1 Primary frequency control (PFC) is designedio stabilize the frequencyhen
unbalanceconditionsoccurbetween generations and loaB&C is the first active
response of resources to arrest the grid frequency devialiloagrid frequency is
maintainedvithin permissible limits, but a steadyate deviation from the nominal
frequency remainsheresponse timef the PFQs typically less than 30 seconds

[23].

1 Secondary frequency control (SFC) is used tarestore thegrid frequency to its
nominal valueafter the PFC The active power is modified bg centralized

controller The SFCis typically completedvithin 15 minuteg23].

1 Tertiary frequency control (TFC) is introduced to the systeni the grid
frequencystill cannot be restoreafterthe SFC[22], [24]. The TFC ishe automatic

or manual change in the working points of the participating generating units

Therelationshipamongthe three frequency control methodsl®wn in Figure 1.2.

Thenumberand magnitude ajrid frequency deviationareincreasd due tothe increasing
penetrations of volatile RERBMore frequency control reserves #rereforeaequired25].
However,the percentage of conventional generatorpinver systemss reduced by the
increasing RER then the frequency control resergapacity isdecreasedTherefore,

additional resources are required to provide frequency control services.
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Figure 12 Response time of diffent frequency control services

1.1.3 Direct Load Control for Peak Shaving & Frequency Control

Thermostatidoads carbe used aflexible energyresourcesThe loadsinclude heating,
ventilation, and air conditioning (HVAC) units, domestic electric water heaters (DEWHS),
and refrigeratorf26]i [31]. They can balirectly controlled without affecting the endser
comfort due to theithermal inertiaSuch direct load control (DLC) can chardgely load
profilesfor peak shavingandregulate reatime electricpowerfor frequency contrd28]i

[31].

Electricity consumption by DEWHsastaken up a high percentage of total consumption
in the local power systeng.g. 18% in the U.S[32] and 19% in Canadd33]. The
residential electricity consumption is hightependat on the consumption of DEWHs
[34], [35], and the peak periods the power system demarate approximately the same
with the peak periods @EWH consumptio32]. Furthermore, the high thermal inertia
of hotwater tanks offers hugepotential of modifying their duty cycles without affe}

theenduser comfor{36]. Hence DEWH is agoodcandidate for DLC.
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The pilot programof the U.S. Department of Energy thaontrolled water heatemwith
temperature sensors to provide load shift and curtailment services, hadshown the
potential of water heater control in powertgyss[37]. Two pilot studiesverecompleted

in 2015, which contrééd water heaters based on temperature information andeshow
positive results in providing ancillary servicg8]. CanmetENERGY ltha program on
Energy Research and Development, whilemonstratethe demand response potential of
water heaters based on temperature measurerf83jtsWashington State University
Energy program also contted water haterswith temperature measuremerdsprovide

serviceq40]. The potential of water heatenssverified throughthese programs.

DEWHs are typically controlled by a hysteresis contrallsing an internalthermostat
based on @resettemperature setpoint anddaad bandincluding bothlower and upper
temperaturdimits). When the temperature falls below the lower lithie DEWHturns on
andkeeps heating until the temperature reaches its upperTihgty the DEWHTturns off
and a new cycle beginshe hysteresis controller guarant¢esenduser comfortSmart
water heaterbave controllable setpoints and can be controlled on/off at any[4itjie
[43]. Howeve, smart water heateese rarelydeployedn practicedue to high cost Thus,
only conventional DEWHSs are considered in the thddie setpoins anddead bansl of
conventional DEWHsare uncontrollable therefore, anexternal relay is installed to

exercse contras.

Figurel.3 shows the diagram ofaneelement conventional DEWH witim externatelay,
6



the external relays connected in series withe DEWH The setpoint inormally set
manualy and israrelychanged in practic&Vhen the relay isn, theon/off state o0DEWH

is consistent with that affs local thermostaiWhen the relay is off, the DEWid off. Hence,
when the local thermostat is dhe control ora DEWH can reducéhe electricitydemand

by turning off the externatelay. Whenthelocal thermostat is off, the external relay cannot
changethe electricitydemand[44]i [46]. Such oroff statelogics of the DEWHand the

external relayaresummarizedn Tablel.1

DEWH Internal

% ':; ; Power Supply

Thermostat

- e

Setpoint

Heating Element

Figure 13 Diagram of a DEWH with mexternal relay



Table 11 States of DEWH

Relay States
DEWH States

ON OFF
ON ON OFF

Thermostat States
OFF OFF OFF

When the external relay is on, the hysteresis controller works as usual to maintain the end
user comfort. However, when the relay is off, the DE@&H no longeheat water and the
enduser comfort guaraeed bythe hysteresis controller is lost. Hence, maintaining the
enduser comfort with the external relay is the main challenge when controlling
conventional DEWHSs. 28], [29], [32], [47], [48] reattime temperature measurements
are used to control DEWHs. Howeyelemperature measurements require to add
temperaturesensors on each DEWH, which increase the dost®quipmentand the
requiremenftor communicationnfragructures Hence DEWH temperature measurements

are impracticafor cost reasonslo maintain the endser comfort without temperature

measurements is one of the main objectofebe thesis.

1.2 Literature Review

1.2.1 State Estimatiomof Individual DEWH

External relayss that shown in Figure 1m3ay lead tdheloss ofenduser comfort which
i's originally guar ant e eadditis glsot&EWwHmplemdno c a l t
temperaturemeasurementsHence, DEWH stateshould be estiated and providea

reference during control to maintaime enduser comfort.



Someexising DEWH control algorithmswvere based on temperature measurement
controllable setpoint$28], [29], [32], [47], [48] Realtime temperaturemeasurements
were usedo estimatehuman behaviar Therefore, DEWHs ould be preheated before

large hotwater consumption activities occurred

In [28], the hotwater consumption was estimated dackcastedbased orgiven water
usage patterns and the measured temperature inform&udssequently, the control
decisions were generated &keinforcement learningnethodto minimize economic costs.

Up to 50 temperature sensors were implemented atalrcerater usage was assumed.

Net-zero energy buildingin theNetherland were demonstrated [49]. Smart meter data
for domestic hotvater consumption @re collected for these buildingsThen online
optimization modelsverebuilt to represenbccupant behaviors based this information.

Finally, the datadriven optimal heating schedules were generated automatically.

Roma Spur «tl. [50], [51] extracted hetvater consumption profiles based on temperature
measuremestor flow rates and durationsf hot-water consumptionThen occupant
behaviors were calculate®ufficient time to reheat the water before the next demand

occurrencevasreservedo maintainthe enduser comfort.

All in all, the consideration of subsequentsaatter consumption helps to generate more
effective control actions on DEWHSs, buemperature measurements during condrel

impractical. Hence, an individual DEWH state estimation is required, not only to estimate
9



the DEWH state to maintatheenduser comfort without temperature measurersdnit

also totake into accourthe effects ohotwater consumption.

1.2.2 Direct Load Control Algorithms for Peak Shaving

Therewere different control strategies for controlling DEWHSs for peak shanegrir et
al assigned the water heaters in an area into séMedsandcontrolled each bgifferent
fuzzy controlles [52]. Theutility distribution profileswere levelediia shifting the DEWH
peak @mandto off-peak periodsThese fuzzy logic controllenseead the temperature
i nformation, wutility power demand, and cus"

the maximum and minimum temperatures for DEWHSs.

In [53], a hardwae design of smart home energy management system was proposed with
the applications of communicaticand sensing technolags Then a machine learning

algorithm wasused to control water heaters and other devices to reduce total electricity
costs. Human advities, water heater temperature, customer preferences, and other

information were required.

Khalid et alintroduced Qearning andactiondependent heuristic dynamic programming
that reducedthe peak demand anthe economiccost [32]. A statespacemodel was
defined. The states werghe temperature of hatater, instantaneous hoiater
consumptiorflow rate, and estimated grid laathree menbership functionsvere usedo

convert thethree states tdinguistic representatianthat were compatible withthe Q-

10



learningbased approach

Ruelens et aleveloped an agent with 50 temperature sensors and a backup controller that
overrules thecontrd actionsto maintain the enduser comfort, with aeinforcanent
learning method to reduce ce$28]. Auto-encodes were applied toexplorea smak
dimensional rpresentation that redutéhe number ofemperature sensoused They also
usedamodelfree MonteCarlo methodhat uses a metric based statgion value function

or Q-functionin [29].

All abovementionedpeak shavingnethods werdased orthe control ofconventional
DEWHSs. These methods needed temperature measuremems.ofherresearcherbad
developed the methoddor smart DEWHs The eneuser comfort was maintained lay
internal hysteresis controller, so these methods would not require temperature
measuremeni®iao et aladjusted temperature settings to reduce DEWH demand and peak
demand in power syams[41]. The setpoints were set at low values during peak periods
to reducahepeak demand, and the lotsisteresis controllersereautomatically applied

to maintaintheenduser comfort.

Ning Lu et aldiscussed setpoint control strategies for DEWHSs in a competitive electricity
market[54]. The power consumption was shifted from high ppegiodsto low price
periods by varying the setpoints. The daily dakiead market price curve was used to find

the economically optimized control strategies withpalysical constraints satisfied.

11



Kondoh et a[55] modified circuit of a conventional water heater with an additional lower
thermostat, then the water heater was controlled without temperature measurements.
However, it was impractical to modify water heatermake their thermostats controllable
Others[56] assumed the local controller had highest priority, then the devices could
respond to control commands if fheemperatures weia the deadbandt was impossible

for conventional devices.

Overall, theexistingmethodswvere mostly based on temperature measuresrendirect
adjustmergo f D E WMpe@turesetpoints The enduser comfort wasnaintained by
the temperature information or the local hysseseontroller. However, all of them are not
suitablefor the conventional DEWHsvithout temperature measuremematsd without
modifications on thenternal circuits. Therefore, a new algorithns iproposed for peak

shavingin the thesis

1.2.3 Direct Load Control Algorithms for Frequency Control

Compared wittusingtraditional generators, using loads to provide ancillary servigs

offer higher efficiency and lower cosi§7]. The DLC must deliver a reliable resource to
the power system while simultaneously maintaining a level of service commensurate with
customer expectation¥his characteristic distinguishes it from conventional generation
based control approachgs/]. Frequency control is one of the most important ancillary
services Hence manyresearchers are workimam developng frequency control methods

with controllable loads.

12



In [41], Diao et alemployed a centralized and two decentralizentllers to provide
frequency support foll owing generators?o
communication delay and the control signals could be a sinusoidal wave or step change to
adjust setpoints of DEWHs. The twiypes of decentralized aurollers were a)
temperature setting droop and randomized threshmldeconnection delayAll the

controllers controlledetpoints to respond to frequency variations.

Zeyad et alintroduced a hierarchal control for a group of DEWHSs to provide differen
dynamic frequency services. Two decision layers were used: the aggregator layer and the
device control layef58]. The aggregator layer received staitedevices from the device
control layer The device control layer useletemperature information to respond from

DEWHs with higher to lower temperatures when a frequency drop occurred.

Khalid et alin [59] used DEWHs for frequency control in a small residential type PV
diesel hybrid minigrid through the varying setpoints and a droopdiaio adjust the power

demand of DEWHs to respond to the grid frequetheyiaions.

Ali et al presented a cosfffective modification of the operation of the lowest heating
element of a DEWH to allow the DEWH to participate in frequency control regulati
[60]. Two proportional loops regulatinbetemperature and grid frequency were operated
in parallel with a modified lowest heating element, or a proportional legplatingthe

rateof-change othegrid frequency. When the grid frequency was high, the element was
13



turned on to increaghe power demand to storethe generation/load baland&’hen the
grid frequency was low, the element was turned off to dectieapewer demand to store
the generation/load balance. The element would remain off until the frequesndsting

loop reached equilibrium with the temperature regulating loop.

Tassuke et alin [61] employed electric vehicles (EV) and water heaters to eedue
required capacity of the battery energy storage system (BESS)oWeeof water heaters

was decreased into the range of 90% * 10% of the rated power to respond to control signals,
andthis was achieved by contliolg the voltage. These water heatevere divided into

several groups and controlled in each group in different periods.

Vrettos [22] introduced DEWHSs to providéhe SFC, with the measured temperature
information to quantify thenergy stored in DEWHsSThena direct temperature feedback
control (DTFC)methodwasproposedo respond to frequency variations the SFC.An
indirect temperature feedback control (ITFC) method diddirectly require temperature
information However,the ITFC still requiredtemperature measuremeritsdetect the
event when th@éemperatureeachesthe upperor lower temperature limitHence, the
temperature measurememisrerequired An aggregated power feedback control method
was proposed without temperature measamas,which did not requirefeedbacks from
individual water heaterdHowever,the water heaters were bidirectiolyakontrolled for
DTFC, ITFC and the aggregated power feedback control methoother words, the
thermostat was controllableThese methodsvere not appropriatefor conventional

DEWHSs. A stochastic blocking control method was also proposed with a broadcast control
14



parameterin whichthe water heaters were blocked or released by comparing the broadcast
control parameter and a generated unifigrdistributed random numbet.did not require
temperature measurements or other information from individual water hdétersver,

the enduser comfort was not consider@shdmay be affected during control.

In [62], a control algorithm was proposed based on the estimation of reserve capeeity.
proposed algorithm did not require temperature measurenfeiuieset time constraint

was applied to guarant ee c ucdaloulate ths@mpc o mf or
uprampdown reserves. However, how to build the preset time constraint was not

presented.

All in all, the previousmethodswere mostly based oithe temperature measurement or
di rect c ont interhalthermost& EHuwéess all of them are nauitablefor
the conventional DEWHs without temperatumeasurementand without modifications

on the internal circuitsTherefore, new algoritheareneededor frequency control.

1.3 Objectives

The limitations of the previous DEWH contratotivate us to design control algorithms
for peak shaving and frequency control wittnventionaDEWHSs without temperature
measurementand meanwhilethe endusercomfort shouldbe maintained Specifically,

theresearclobjectivesof this thesigesearclaredivided intothefollowing subobjectives

15



(1) Proposea new state estimatiormethod for anndividual DEWHto evaluate the

available capacity and referenttee information for control, which can handle

uncertaintyand randomness of humdamehaviorson conventional DEWHsThus

theenduser comfortan be maintainedithout temperatureneasurements

(2)  Develop a control algorithm for peak shaving based on the informatistained

from the proposed state estimation metfardndividual DEWHs

3) Designtwo control algorithns to providefrequency control serviceer utilities

undernormal and contingenagonditions

A block diagramin the contexof DEWH control inthe power system ishownin Figure

1.4, whereDEWHs areaggregated@sa distributed resource the power systenVirtual

power plant (VPP)presentedn Figure 1.4works as a centralized controllefor the

Power
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h 4

Relay

DEWH

VPP
Renewable
Resources
Available
. ¥
Capacity State B
- Estimation |
Other System ‘
Loads ,/#—| Operator
»  Control Algorithm
l Objective Controller
Traditional
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» Relay

) 4

A J

Relay

Y

DEWH

DEWH

h 4

S

Figure 14 Block diagram of DEWH controls providing services in a power system
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distributedDEWHs The state estimation blodk the VPP corresponds tehe proposed
individual DEWH state estimation method to estimate DEWH statel providethe
available capacitynformationto the SO. The peak shaving or frequency control services

are provided by the control actions generated from control algorithms.

1.4 Methodologies and Contributions

1.4.1 State Estimation of Individual DEWH

1.4.1.1 Methodolog

In practie, most people have behavioral habitsich result incorrespondindghot-water
consumptiorpatterng63]i [66]. Thesehotwater consumption patteroan beused forthe
individual DEWH state estimatipnwhich can be used to estimatke hotwater

consumption

As Table 1.1 showshé on/off state ofa DEWH is dependent otherelay sate andhe

on/off state of th®@ EWHO6 s t her most at . The ov/offstate af | Si gl
therelay andcan be directly obtained from the conteol Hence the relay does not need a
measurement. The DEWH state can ioentified through thehouséold power
measuremenby using smart meterdata andoad disaggregation metho@i34], [67];
assumingcompletely accurate in the thesithe thermostastateis unknown butcan be

dedued by the DEWH state and the relay state
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(1) When the redy remains on, the DEWIS directly turned o and off by its internal
thermostati.e., the thermostat state is the same with the DEWH staieh is
known

(2) Whenthe relay remains ofthe DEWH keeps offegardless of théhermostastate
The thermostat state assumed tkeep its previous state

a. If the previous state of thermostat is off, the DEWH cannot be controlled to
change the load demand. Hence, the DEWH is not a candidate for controls.
b. If the previous state of thermostat is on, DIEEWH can be controlled to

change the load demand. The thermostat state is on.

When the relay is on and the thermostat turns from on to off, the DEWH stops heating,
meaning thathe DEWH temperatureasreaché its upper limit. When the relay is on and

the thermostat turns from off to on, the DEWH begins heatinganingthatthe DEWH
temperaturéasreachd its lower limit. These two rules can be used to adjust the estimation

results, which helps to maintaiine enduser comfort.

The internal temperaturef a DEWH is dependent oits ratal power, on/off state, tank
volume, standby heat lodg)et coldwater temperaturegndhot-water consumptionlrhe
information except the hetvater consumption iknowable The unknown hotwater

consumptiorhas hugempacton the DEWH state.

Hot-water consumption activities, such as tap, bath and shbewedifferent volumes of

hotwaterusage flow rates and duration$63], [64], [68], [69] These differencesan be
18



used to identifyhotwater consumption activities based on tempfaterns Thenthe

identified activitiescan beusedto estimate DEVM states.

The diagram of the proposed stastiraation method is shown in Figures1.

To maintain the endser comfort without temperature measurements, the worst cases
(which causstheinternal temperature to be the lowest) should be considered as described

in the following:

(1)  Theactivity with large hotwater consumption volumis identifiedfrom the hot
water consumption patterns byfuzzy logic functionBased orhourly hotwater
consumptionpatterns the available activitiesre identified by mappingheir
characteristicsvith the patternsSince drawing out a large volume of fvaditer in
a short duration will cause a large temperature drop, the maximum possible
temperature drop will be assumed by taking the available large volunveatet

consumption activity into account.

(2)  The consumed thermal energgsociated witkeachtype of hot-water consumption
activity is assumed to be constawifhenan activity occurs,the different thermal
energy stored in the DEWMill lead to different minimum temperatigeless
thermal energy leang to a lower minimum temperature. Tidentified activity is
assumed to occur instantaneously when the thermostat turn§Vicen the

thermostatremains onthe identified activity is assumed to occur at the earliest
19
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Figure 15 Block diagram of the proposed state estimation method

available occurrence time

(3) For the same hotvater consumption activity, th@inimum temperature may be
lower with afast flow rate. The same hotvater consumptionebhds to a lower
temperaturavith afasterflow rate Hence, the activity duration should be assumed

to be small
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With the abovethreeworst case assumptions, heater consumption activities and their
occurrence timesan be estimated henthe temperature of the DEWH can be estimated,
which will be the reference to maintaimeenduser comfort during control.He available

on duration(the heating duration untthe temperatureeaches its upper limigind off
duration(the oftheating duraon until the temperature drops too lowan becalculated
Theon andoff durationsdecidetheavailable capacity for contr®IThe capacityshouldbe

provided tathe SO.

1.4.1.2Contributions

Theresearch into thproposed state estimation metHod individual DEWHs hasled to

thefollowing contributions:

1) Estimate thestate of individual conventional DEWId without temperature
measurementd he estimated information inclusléhetemperature and available

on/off durationdor controls.

(2) Maintain the endiser comforfor the control of conventional DEWH&hile the
enduser comfort guaranteftom the hysteresis controllem the conventional
DEWH is lost whenthe relay keeps offthe estimated informatiobased on the
develogd methodis used to provida reference to maintain the easer comfort

without temperature measurements
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1.4.2 Peak Shaving Algorithm

1.4.2.1 Methodology

With the external relay, the available con@moionsand the effects on DEWdHstates are
shown in Figre 1.6. The DEWH keeps off when the thermostat is off, they are

uncontrollable. The control actions are fuséo DEWHSs which thermostats are on.

S1: Reduce P

Thermostat

on

S2: Increase P

Figure 16 Available control actions otherelay, DEWH statesand demand rg®nse

Thedemandcanbe controlled withthe followingfour control actions: (1) when the relay
control signal is switched from on to off (S1), the DEWH will be turned off and its demand
will be decreased bk (the rated power of the DEWH); (2) when the relay control signal
is switchedfrom off to on (S2), the DEWH will be turned on and its demand will be
increased by; (3) when the relay control signal remains on (S3), the DEWH will stay on
and its demand will remaiR; (4) when the relay control signal remains off (S4), the

DEWH will stay off and its demand will remain zero.

Whenthe DEWH thermostats are on aheéenduser comforts satisfied the DEWHscan
22



be turnedff by S1and kept off by actioB4for certain durationgo reduce demandVhen
the enduser comforts not satisfed, the DEWHs must bgoweed byactionS2to start

heatng water,thenkept heating up by actid®3

With the estimated information from the proposed state estimation mdtnodn
individual DEWH the temperature can be estimat€éd maintain the erdser comfort
during control, a minimum temperatueselected whethe DEWH must be turnedn.
This minimum temperatures calledthe tolerance temperature in this thefi§)]. If the
estimated temperature is higher ththe tolerance temperaturéne enduser comfort is
regarded asnaintained A lower tolerance temperaturean provide a largecontrol
capacity, butwould result in more negative impacts on the -aadr comfort.The
temperature fothe endusercomfort shouldbe noless than 40C [71], pointing tothe

minimum value of théolerance temperature

As in theprevious descriptionghe subsequent havater consumptioiis veryimportant

for the control and endiser comfort. Hencethe subsequent hetater consumptiorin
combirationwith the estimated temperatuyre consideredo generateappropriatecontrol
actionson DEWHs A weight matrix is introduced to express the temperature choped

by the subsequent havater consumption and standby heat loss. A customer satisfaction
prediction index (CSPI) is proposed to express the priority of control with the weight

matrix.

Therequired thermal enerdyy hotwater consumption activities shouklmainunchanged
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becausdauman behaviors are not affected by costroherefore, more DEWHs redol
their uppertemperaturdimits at the beginning of peak periodsll help to achievehe

objective of peak shaving

The peak shaving algorithm ie generateappropriate contrasignalsbased on DEWH
CSPIs and relay stateBhe end-user comforwill be maintained by tuing on the relays

of those DEWHs whbseCSPIs are low.

The proposed control algorithimas the similar ability opeak shavingwith that of a
benchmark algorithmDTFC [22]. Meanwhile, he proposed algorithrdoes notrequire
temperature measurementgich are a musthave for the DTFC, and has a better

performance in maintaining the ender comfort

1.4.2.2 Contributions

The contributions of the propospdak shavinglgorithm in the thesiare

(1) The subsequent hetater consumption is modeled asveight matrixby which
thermal energgan be prepared agaifatge hotwater consumption activitie$he
prepared energy cahelp avoid significant DEWH temperaturedrop and thus

maintain the endiser omfort.

(2) The proposed algorithm enables a successful managemenhaamtrollable
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DEWH thermostatdeading tothe increase ahe peak shaving capacity.

(3) An error redudion method ispropo®d to reduce the estimated errors without

temperature measurements

1.4.3 Frequency Control Algorithm

1.4.3.1 Methodology

In power systems power mismatch can be caused by the variations of generations or load
demands, whicHeads toa grid frequency deviation. Frequency control services are
activated toreduce and eventuallgliminate the frequency deviatioRor conventional
generatiorbased control approaches, the power mismatch and frequency deviation are
eliminated bytheincreag/decreasef the generationThe power mismatch and frequency
deviation caralsobe recovered by thdecreased/increase of flhkad demandyhichis the

loadbased control approach.

DEWHSs can be aggregated as fiequency control service resource in povggstems,
whichis called avirtual frequency control providél FCP in this thesisDue to thedelays
of more than seconds sommunicatios and contrad of DEWHSs, the VFCP is used to

provide SFC in this thesis.

The VFCPconsists of anumberof DEWHs, a centralized controller, and a capacity

calculator.The centralized controller controls DEWH demands to respond to the frequency
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control requirements from the SThe capacity calculatas used to calculatde available

rampup and ramglown @pacitesof the VFCP The capacities will beert to the SO

To respond to the frequency control requirement, the demand of the VFCP should be
increased/decreasednly these DEWHf which thermostats are on can be controlled to
increase/decrease their demands available energy level (AEL) in a DEWH s
introduced to show the stored energy in¢batrollableDEWH for frequency control and
maintain the endiser comfortThe AEL is dependent othe DEWH temperaturesahown

in Table 1.21If the DEWH temperature isqual toits lower limit, the AEL is defined as

zera If the DEWH temperature is higher than the lower limit, the AEL is positivide

DEWH temperature is lower than the loviiemit, the AEL is negative

Table 12 Classification of AEL

DEWH Temperature AEL
a € 0LNG QO I
a € 0L@NG QO I
a € VNG QO I

Then thesecontrollable DEWHscan beclassified intofour groups based on their AELs
and relay states, as shown in Table G&up lincludesDEWHSsof whichrelays are on
and AELsarepositive Group 2includes DEWHSs of which relays are on and AELs are not
positive Group 3includes DEWHSs of which relays are off and AELs are higher than

threshold Group 4includes DEWHSs of which relays are off and AELs are not higher than
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the thresholdA threshold is employed to maintain the arsgr comfortwhich relates to

the tolerance temperatureSection 1.4.2

Table 13 Classification of Controllable DEWHSs

Group Group 1 Group 2 Group 3 Group 4
Relay ON ON OFF OFF
AEL T ) > threshold threshold

The DEWHSs in Group4 must be turned oto maintain the endser comfort Then the
frequency control requiremeshould beadjusteddue tothe increased demand of DEWHs

in Group4. The adjusted requirement is the frequency control requirement minus the
demand of DEWHs in Groug. If the adjusted requiremers negative the VFCPis
required toreduce its demanthrough turning off DEWHSs irGroup 1 If the adjusted
requirements positive,the VFCPis required tancrease its demanttirough turning on

DEWHs in Grous.

A novel algorithm is proposed for frequency contsaked on the above descriptiois
addition, an improved algorithm is also proposed to increase the frequency control reserve
of the VFCP. An IEEE 34ode test model is employed to test the frequency @ontr
performances of the VFCP with both control algorithms. The-umed comfort is
maintained with both algorithms in the case studidg®e nmaximum temperature drop is

reduced by the improved algorithm
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1.4.3.2 Contributions

The contributions of thproposed algorithsin the thesis include:

(1) A VFCPframeworkis proposed as a frequency contedource in power systems
The VFCP demand isincreased/decreasebly contrdling these controllable

DEWHs

(2) Two frequency control algorithms are propodedprovide frequency control

services by the VFCP

1.5 Thesis Organization

Therest of thethesis is divided into the following chapters:

1 Chapter 2 develops an individual DEWH state estimation method without
temperature measuremsntBased on hetvater consumption patternand
characteristicsof hotwater consumption activities, a fuzzy logic membership
function is introduced to estimate hoater coosumption activitiesThe worstcase
assumptionso estimate DEWE statesand maintaitheenduser comforare also

introduced

1 Chapter 3 introduces a novel peak shaving algorithmdontrol of conventional
DEWHs. A weight matrix is proposed to considde subsequent hetater

consumption, and the CSPI is proposed to express the priority of coasexd on
28



the weight matrix According to the CSP&nd relay stat these controllable
DEWHs aredivided into two groups, each group is sortedthwyCSPl With the
control actions, more thermal enerpn bestored in DEWH®eforethe beginning
of peak periods, anthe demandcan be reducedy following the sortedorder
during peak periods. To maimtathe enduser comfortpn-signalsare sent tothe
DEWHs whose CSPIs are not satisfied. The resudtsow the peak demand is

significantly reduce@nd the endiser comforis maintained

Chapter 4 proposstwo frequency control algorithgto provide SFGerviceswith
DEWHs. AVFCPis introduced as &equency control resourc&he VFCPis
estimaté and sehtheavailable capacitjor frequency controlThe control actions
are generatd to respod to frequency dviationsundernormal and contingency
conditions. The algorithearedependentn the estimated informatidar control

The performanceof the two algorithms ardemonstrated in simulation studies.

Chapter 5 summarizes the key findings of this theaisd suggests directions for

future work.
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2 State Estimationfor Individual DEWH s

2.1 Introduction

With the external relays to control conventional DEWHS in the thesis, mang#neend
user comfort without temperature measuremenimportant.Hence, i is necessar to
estimate the DEWH statdefore contrding the DEWH. The estimated state information
includesthe temperature and available durations tiee DEWHto keep on or off The
estimated informatiors usedo conducton/off control toDEWHS providing peak shaving

or frequency contraderviceswithout affectingtheenduser comfort.

The chapterintroduces the estimation ofthe DEWH stats without temperature
measuremest If the external relays turned off whichkeeps the DEWH off the internal
temperaturean beower than its lower limitthenthe enduser comfort may be affected
In this situationthe relay should be turned tmheat water to avoid affang theenduser
comfort. To maintainthe enduser comforwithout temperatureneasurementshe worst
casesre usedo estimate the minimum temperature of DEWtHgn theestimated results

can be useds referencef®r control.

The organization of this chapter isfaflows: the process ahe DEWH withoutcontrolis
presented in Section 211 The process of the DEWH with control is presented in Section
2.1.2.Hot-water consumption patterns and activities are analyzed in SectidPoeptial

worst case areanalyzed, wherebyhe worst caseassumptions fothe proposedstate
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estimationmethodare obtainedn Section 2.3 A fuzzy logic hotwater consumption
activity identification method is introduced in Section 2dd. The proposedstate
estimation method for individual DEWH is descred in Section 2.4Finally, the

experimental results are presented in Sectibn 2.

2.1.1 DEWH Without Control

Thethermal energgtored in a DEWHhrough hotwaterin the tankis converedfrom the
electri@al energyby heatingelementsWhenthe enduser draw out hotwater from the
DEWH, thermal energy decreas@se stored thermal energg decreasedradually and
persistentlyby the standby heat lgsgue to the imperfect insulation of the taitke hot

water consumption and standby heat cessehe DEWH temperaturéo drop.

The thermal energy stored mDEWH is represented by the internal temperature of the
DEWH:

00 " Y (2.1)
whereQ is the thermal energy stored in the DEWHE the specific heat capacity of water,

" is the density of watel is the volume of the tank, afdis the internal temperature of

the DEWH.

DEWHs are resistive deviceandthe electrial energyconwertsto the thermal energy
through heating elementslence whenignoring the gid voltage variatios, the thermal

energy fromhe electrical energgan be written as:
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v 0O ULOYO (2.2
wherel is the thermal energy from electricity,is the power of the DEWRhichis
the rated poweb  when the DEWH is omr 0 when the DEWH is offandYQss the
time interval. When the DEWH is on, the thermal energyn the electrical energy is

incresedwith a constantate

The standby heat loss is a transfer of internal thermal energy from the tank to the ambient

environment,this is due to the internal temperature of DEWding higher than the
ambient environment. The standby heat lessslependent orthe thermal insulation
material,the surface area of the tank, atite difference betweetheinternal and ambient
temperature Hence, the standby heat loss can be written as:

- YO Y O
0 0 O0———Y0 (2.3)
Y
where0 is the standby heat losA,is the surface area of the DEWRjs the thermal

resistance of the insulation mater@hd”Y is the ambient temperature around DEWH.

The standby heat loss is independent of the DEWH <Eaeerally, the tanksavegood
insulation performanee thereforethe standby heat loss is limit¢f2]. In addition, the
standby heat loss can be regarded as a constant, in the setise thattions of standby

heat loss caused ltlge changes of thieternal and ambieriemperature are negligible.

The draw out thermal energgy dependent othe volume and temperature of the draw out

hotwater,and it can be&xpresseas:
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L 0 wh 0°Y 0 (2.9)
where0d s the draw out thermal energy with heater consumptiorp  is the volume

of draw out hotwater, andY is the temperature of draw out heéater.

The old-water flows into the tank at the same tiasthe enduseruseshot-water, and the
cold-watervolume is the same as the consumedwsier Hence, the thermal energy by
the inletcold-water is:

0 06 o o0°Y o (25)
where0 is the thermal energy with the inlet celditer, andY is the temperature of

inlet cdd-water.

According toEquatiors (2.1) - (2.5), the temperature change in a time intervalependent
ontheelectrial energy from power systenike hot-water consumptiarand the standby
heat losswhich can bexpressedsEquation (2.6]70].

0., 0 . . .
—Y0 - Q( 0 YO YO
W 0w

(2.6)

o 0
Y'YO - Yo Y
w

Without any controlaction the DEWH isdirectly controlled byits hysteresis controller

based on a temperature setpoint addad bandThehysteresis process is shown in Figure

2.1.

Thestate of the local thermostat is controlled byttheteresigontroller. If the temperature

reaches obecomes lowethanthelower limit, thethermostat turns oto heatthe DEWH
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Figure 21 Hyseresis control process of DEWH

till the temperature reache upper limit. The thermostat statarcbeexpresseas:

p YO YO
Y& o mh ‘YO YO (2.7)
Y& 0 ph £®RI 0 QI

« 3¢

where”Y is the thermostat stat€l is the lower limit, and’H is the upper limit.

The power demand of the DEWblbased oiits thermostat statgndcan be written as

006 0 “Y& o (2.8)

where0 is the rated power of the DEWH.

When theeis no hotwater consumptionhe DEWH temperaturés increase or decreasa
with approximatelyconstantrates. The demand of the DEWHs maintaired at its rated
power when the DEWH is oasshown in Figure 2.2Nithout hotwater consumption, the
required heating duraticior the DEWH temperaturto increase from the lower limit to

the upper limit is minimumthe duration for the DEWH to turn on again is maximiie
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denote the minimum on duration iy ; , and the maximum off duratidoy O
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Figure 22 DEWH temperature and power demand withwattwater consumption

2.1.2 DEWHwith Control

With the external relagontroling DEWH, the power demand will bmodified by the
relay, and Equation (8) can be rewritten as:

00 YOO "Y& o (2.9)
where'Y is thestate otthe external relgyY  p when therelayis onorY  1mtwhen the

relay isoff.

35



A simple example ipresentedh Figure 2.3vhich showsabasic idea of DLC on DEWHS.

As the thermostadf a conventional DEWHk uncontrollable and the external relay cannot

directly control the thermostat statéhe prerequisiteof controling the conventional

DEWH is to remainits thermostaton. When the internal temperaturas increased to a

certainvalue, the relagan be turned offo reducehe powerdemandill thetemperature

|
i
|
i
|
|
.
|
i
|
|
|
|
i
|
|
|
|
i
|
i
|
i
—
|
i
|
i
|
|
i
|
i
|
|
i
|
i
i el etk sl sttt el etttk sl sttt B e

Time

-~

reacheghe lower limit. The number of heatingyclesin Figure 2.2is fewerthan that in

-~
-~

o 5 & i

Figure 23 Example of relay control
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Figure 2.3while the heating durations are longass suchthe electric poweis shifted by
DLC. The consumedelectrial energy for both casesin the long run,should be
approximatelyequal becaushe DLCdoes not affect the endser behaviors, the hatater

consumptiorand consumed thermal energyould not behanged.

Whenever the thermostat is on and the internal tempesdtisiesthe enduser comfort,
the DEWH can be turned off by the external refayeducahe powerdemandThe relay
should be turnednwhen the internal temperatuteops belowheend-user comfortevel,

and these DEWHSs wittihelow temperatureshould not be turned off he main objective
of the proposed state estimation method is to estithet® EWHtemperaturewhereby

the DEWHOs eligibility fomedon or off contr

2.2 HotWater Consumption

2.2.1 HotWater Consumption Patterns

As seen inEquation (2.6), the temperature change of a DE/Hependent othe hot
waterconsumption. However, it is hard to know the volume and occurrence tihwg-of

wateractivities, this is because of thandomness of human behaviors

Fortunately, most people have behavioral habits and there exist patterns-veatéiot
consumption[63]i [66]. The patternsare dependent oseasons and weathe3easonal
influence on thehot-water consumption patternis shown in Figure 2.4, which is from

Residential EndJse Monitoring Program Report, New Zealandnd Australian
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governmats[73]. Seasonal hetvater consumption data for Canatt@snot appear to be

available[66].

12

Winter
Spring
Summer
Autumn

10 +

Hot water use (litres per hour)
(o)}
1

Time (Hours)

Figure 24 Seasonal influence on hafater consumption patterns [62]

In additionto climate and season effecthiethotwater comsumption patternare also
affected byotherfactors, such as the number of occupants (more occupaots hot
waterconsumption), the agef occupants (teenagers prefer longer average shower times,

while young childrerhavea highfrequency of bats), andhousehold incomes.

To obtainhotwater consumptiopatternsiemperaturdased event inference metls@ehd
flow trace signature analysis metlsateemployed Flow measurements are made when
hotwater left the tank, and temperature measurements are ahdge mainpipes|[63],

[64], [66]. The emperaturdbased event inference method invalveemperature
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measurements as close as fmesto specific end uses, with flow measurements at the
water outlet [74]. However, many sensorare installed for temperatureased event

inferencemethodsand flow trace methogsvhichis impractical.

The hotwater consumption can be estimated by the on/off dusstioREWHS[75]i [77].
Without hotwater consumptioryp  in Equation (2.6) is zerdl'hetotal heating duration
iSO  , andthe temperatures increased from the lower limit to the upper limifThen

we have

o - o g (2.10)
YO "Yh =0 'y YO i

When the actual heating duratiorQs , the volumeof hotwater consumptioduringO

isw , the temperaturis increasd from the lower limit to the upper limit, then:

0 .

0
Y YO WY Y — (2.11)
wyY W

=

YO "YO — O m
W

)

€

CombineEquation (2.10) and (2.11Then, thevolume of hotwater consumption during
O is:

, 0 orYy "y Y o o - 212
W (I)”"Y Y h ( . )

When the actual off duration® , the volume of hetvater consumption duringighoff

duration is:

39



orYy Yy Y
w"Y Y

0O O ; (2.13)

With this method75]i [77], hourly hotwater consumption patterns can be bwdin the

historical data in practe

2.2.2 HotWater Consumption Activities

The domestichotwater consumptioms definedthrougha set of water fixturescluding
basins(clotheswashing included)kitchen sinks, bathsnd showers if69]. In [64], the
domestic hetvater consumptioms classified into showersaps, clothes washers, baths,
and dishwasherdeOreo et alclassify hotwater consumption activitiesito showers,

clothes washers, dishwasheepg and bath$63].

The thesisclassifies thehotwater consumption activitiemto showers, baths, clothes
wasters dishwashersand tapsWashing machineare normally used once a wel6].
Dishwashergonsume about 3.5 gallons wapar cycle[78], and a regular cycle can last
for two hours or mor§79]. The impact on a DEWH is smallring the cycleTherefore,
washing machines and dishwashams not considerefdr daily hot-water consumptiom
the thesisDaily dish and clothes washirtgsksby handare classified intotaps. In the

thesis, domestic hatater consumption is by three fixtures: tap, showaed bath.

In [68][69], the Centre for Renewable Energy Systems Technology (CRE&THuilt the

relationship between hatater consumption activities and their consumed vogjiag
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shown in Figure 2.5The averagdot-water volume consumed byeachactivity can be
calculated by expectatio@.3 liters by a tapactivity, 25.7 lites by a showeanctivity, and

73.3liters by a bakh activity.

Probability of Activity
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> /\ ----- Shower
= 20% Bath
o)
©
IS / \
~ 0
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0 -/’// i \\\\\ ’
0 /00 20 40 60 80 100 120 140

Volume (liten
Figure 25 Probability of consumed hatater volume by activities

The cumulativeprobability of each activity consung at leasta certain volume is shown
in Figure 2.6 For examplethe cumulativeprobability of a shower activitgonsumingno

more tharR0 liters is 10%The probability of a batbonsumingno more than 60 liters is

Cumulative Probability
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// _Tap
- / - - Shower
= / Bath
o) !
T 50% 1
e '
o I/'
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O—’ I I I 1 1 _
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Figure 26 Cumulative probability of each activity
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10% too.The probability of a shower activity witho more than 40 literhotwater
consumption i99.7%. The probability of a bath activity witho more than 97 liter&ot

water consumption i89. 6.

According tothe residential endse REU) 1999 reporf80] and REU 201§64], although
showers, tapsandbaths varytheaverageconsumed volume of each activisyalmostthe
same Based on the analgs results iff63], [69], theaverage flow rate for tap activities is

3.54 liter per mir(lpm), and 9.28pm for showers and baths.

Hence, the three haetater consumption activities have different durations \aidmes,
the effects othe DEWH temperaturare differentoo. A higherhotwater draw out flow
rateleads to afaster temperature drop larger volume of hetvater consumptiofeads to

alarger temperature drdpo.

2.3 Worst CasesAnalysis

Worst cases are introducedtékeinto accountthe hotwater consumptiomactivitiesthat
will causethe temperaturéo drop to the minimum valyenvhich may affect the endser
comfort Thehot-water consumptioander the worst casésusedto estimateshe DEWH
state in an effort toavoid affectingthe enduser comfortduring control The estimated
information isprovided for contrglwhichincludes the temperature thie DEWH, andthe
durations for the DEWHhatremairs on or the relayhatremairs off without affeding the

enduser comfortThe enduser comforican beguaranteedo long as it can bsatisfied
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under the worst case

Equation (26) shows that the temperature change of a DEM/Hependent othe hot
water consumptionDifferent volumes and occurrence tinsehave different effects on
temperatureariations Hence theworstcaseanalyss consiss of volumes and occurrence

times for hotwater consumption.

According toEquation(2.6), it is noteworthy thatvhen the hetvater consumption is large
enough(flow rate is high), the temperature keeps dpipg eventhoughthe DEWH is
heatd Thestandby heat loss negligiblewhencompared tdahe losscaused by the large
hotwater consumptiarBubsequentlythe temperature dropiiring heatingvhen the flow

ratesatisfies

O V]
Ty (2.14)

0
whereF is the draw out hetvater flow rate inpm, andd is the rated power of the
DEWH. For example, whend is 3 kW, and the difference betwettre outlet and inlet
temperature is 40C, the temperatureeepsdroppingduring heatingvhen the flow rate is
higher than 1.1pm. If 0 is 9 kW, the temperature keeps dropping wilea flow rate
is higher thar8.3Ipm. Giventhe average flow rates bhbtwater consumptioactivitiesin

Section 2.2the flow ratesn practicewill cause sustaine@mperature draggduring heating

Hence the internal temperature maggtlower thanthelower limit "Y0

In Figure 27, aspecifichotwater consumption activity.e., bath consume 90 liters and
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the temperature reacigs lower limitduring the activity The temperaturkeeps dropping
as the high flow rate has a more dominant cooling effect over heatirfgEWaH. The
minimum temperature is lower than the lower limithen ahotwater consumption
activity occurswith a low flow rate and short duratiore.g.tap the temperaturevill be
incresed by heatingthe DEWH The activity has alimited impact on the internal

temperature

10 N " ' —Flow Rate
S ( Bath

AP i *

O L L I ! I
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I
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SR =
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OFF ———— J
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Figure 27 Example of hotvater consumption activities

0 80 90 100

2.3.1 Scenario |

Suppose thahe flow rateremairs constantor the wholedurationof an activity Thetotal

temperature changs

. v o O., . ,
Y S\ Y =Y Y (@] (2.15)
W ow” Y w
where”Y Is the total temperature change during the activity, @nd is the
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duration of the activity.

When the flow ratd- satisfiesEquation(2.14), the temperature keeps dropping even the

DEWH isheaed Theminimumtemperatur@lecreass with the increasof O . The

total consumption volume of the activity increases with the iner&fd®
The temperature after the hwaiter consumption activity can legpressed as
YUY 1% (2.16)

where”Y is the temperaturef the DEWHwhen the activitystarts.

Figure 2.8 shows the minimutemperaturewith different durations andY (Y is the

difference betweeflY and the lower limit)Y Y “Y). The flow rateis 5 Ipm.
0O varies from 0 to 10 mutes, and”Y varies from 0 to 5°C. The minimum
§TH .
o
S
-'é TL -
)
Q
5
|_
4
T (°C) 2 - 5
0 0 0 Duration (min)

Figure 28 Minimum temperature with the flow rate atggn
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temperature decreases with the deenggdyY  and the increasg O . The worst

caseoccurs wherO is 10 mirutes and’Y is atthelower limit.

2.3.2Scenario

When the activity duratio® remairs constant, differerflow ratesleadto different
volumes of hotwater consumption. Figure 2shows the minimum temperature with
different flow rates andy. O is 5 minutes for all the cases in this figur&he flow
rate F varies from 0 to 10pm, and"Y variesfrom 0to 5°C. The minimum temperature
decreases with the decreas Y  and the increasin the flow rate. The worstase

occurs when th& is 10lpmand”Y  atthelower limit.

—
T
/

—
—

Temperature (°C)

, 5
o 0 O Flow Rate (Ipm)

Figure 29 Minimum temperature with the duration at 5 minutes

2.3.2 Scenario lll
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When the temperaturey  is a constantdifferent flow rates and duration lead to
different volumes ohotwater consumption and temperature drépgure 210 shows the
minimum temperature wh different flow rates and duration® s atthe lower limit.

The flow rate varies from @ 10 Ipm, andO varies from O to 10 mures. The
minimum temperature decreases with the ineaeatheflow rate and duratiariThe worst

case occurs when tlreis 10lpmandO is 10 mirutes.

—
—
/

Temperature

o

.
Flow Rate (Ipm)

5
10 10 Duration (min)

Figure 210 Minimum temperature with the start temperature at the lower limit

2.3.3 WorstCase Assumptions

All theaboveworst cases show théte minimum temperature decreases with the inereas
in the flow rate and duration o&n activity, and the decreasn the temperature ahe
beginning of thectivity. Due to the lack of temperature measures)én¢temperaturet

the beginning of the &igity “Y  is unknown Due to the randomness of human behaviors,
the flow rate and duration amdso unknown. Hence, th&orst caseassumptions are
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introduced tadeal with the unknown informatiaas in the following

2.3.3.1 Assumptionl: Start Temperature

Only DEWHswith thermostatghat are on can be controlled in thigsearchand their
states should be estimatdthe DEWHSs vith thermostatshat are offare uncontrollable,

andtheir statesvill not be estimated until their thermostdtsgn on.

The state estimatiofor a DEWH starts when its thermostat tuors andends when its
thermostat turns offWhen the thermostat turns on, its temperahasreachd the lower

limit, hence, theY is assumed to be its lower limit.

2.3.3.2 Assumption 2: Volume o& Hot-Water Consumption Activity

The volume of a hetvater consumption activity affects the internal temperatungsh is
dependent oits flow rate and duratiarHowever pothare unknavn and \ary evenfor the
same kind of activiesdue to the randomness of human beha\&8f Hence, therolume
consumed byhe same kind of activity variel addition, he flow ratatself varies during
an activity. Assumption2 is thereforeintroduced to eshate the volume of a hetater

consumption activity.

Shower and bath activitiesonsumea large volume of hetvater, and the effect on
temperature isignificant. Hence, the consumed volume shoulddeeidedin order to

maintain the endiser comfort and provide available capacity for contrbe volume of
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hotwater consumption actiwés are considered based on teatisticaldatain [68][69].
As mentioned inSection 2.2.2a shower activityconsumesio more tharlO liters with a
probability of 99.7%So does bath activitywith no more tha®7 liters The worst case
consumption for the shower activity is assumed to be 40 lif&esworst case for a bath

activity consumes 97 liters.

The tap activityhas minor effects othe DEWH temperatureandis assumed to occur with

its average flow rate.

2.3.3.3 Assumption 3: Duration ofa Hot-Water Consumption Activity

Given a specifiedolume of hotwaterconsumptionthewatertemperature decreases with
a shorterduration of theconsumptionactivity. The change on théemperature can be

obtaired inthe rewritten form oEquation (2.5) as:

Y — — Y Y O vy oy (2.17)
W’ ow” Y W
The minimumvalue of Equation (2.7) occurs when E O O 1, meaningthe

minimum DEWH temperature, i.e., thgorst case.

Combiring all the three assumptions, the worst cas@pensvhena completehotwater
consumption activity occurand almost instantaously endsat the instant when the

DEWH reaches its lower limit
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2.3.4 Fuzzy Logic Based Activity Identification

The consumed volume of a bath activity is much morettiatrofa shower activity. Hence,
the DEWH temperaturdropsevenlower when there is bath activity Given an hourly
hotwater consumption patterthe intra-hour activities (bath and showeryhould be

identified. The consumption pattern in Section 2.2.1 is Usetheidentification

A fuzzy logic method with &auchy distribution membership functipfO] (which hasa
high degree of freedom to adjust the steepness at the crossover igaisegjto fuzzily
categorizeéhe consumption pattermgth associated activitie8ased orthe statisticatlata
[68][69], the membership fiction is built angbresentedh Figure 2.1. As shown in Figure
2.6, a shower activity conswgsat least20 liters So doesa bathwith at least60 liters
consumptionAccordingly, the degree of a tap activity is the highest when the hourly hot

water consumption is lower than 20 liters. The degree of a bath activity is the highest when

Membership Function
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@
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o
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>
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o
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Hot-water (liter)

Figure 211 Membership function
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the hourly hotwater consumption is more than 60 liters.

From the hourly hetvater consumption pirns, the degree ¢ie membership function
for each activity can be calculatéthe maximum degresan lead to thentra-hour activity

identification

If the hourly hotwater consumption is less than 20 liters, there is no shower or bath activity,
andthe hotwater isassumed tde drawn out at the average flow rate during ighhour. If

the hourly consumption is more than 20 liters, the activity can be a shower or a bath, and
the consumed volume can be 40 literstifi@shower and 97 liters fahebath If the hourly
hotwater consumption demand is smaller thiaat ofthe assured activity, all the hot-

water consumptionms regarded asll consumed bythe activity If the hourly hotwater
consumption is larger thanatof theassunedactivity, the residual hetvaterabove of the
assumed volumé.e., 40 liters for shower and 97 liters fbath)is treated aslrawn out

with an average flow rate duringisthour.

2.4 State Estimationfor Individual DEWH s

With theassumptions of thieot-water consumptiopresented aboyéhis section proposes
astate estimation methauth the structure ashownin Figure 2.2. Thedetailed process

is as follovs:

Step 1. Obtain the thermostat staye¢he DEWH state and the relay state. The DEWH state
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Figure 212 Flow chart of the proposed state estimation method

can be identified through the readings of smart m¢&giis [76]: 1) if the rampup
andrampdown power demarstare approximately equal to the rated power of a
DEWH, the state of the DEWH turns on/off) if not, the DEWH retains its
previous state. The thermostat state is the same as the DEWH state when the relay
is on. The relay can only be turned off when its thestaiois on, so the thermostat
remains on when the relay is off. The relay state is decided by control actions, which

is alreadyknown.

If the thermostatemains or turn®ff, the conventional DEWHs uncontrollable
andit does not need state estimatisago to end; if the thermostat turns on, go to

Step 2; if the thermostaémairs on, go to Step.
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Step2. Whenthe DEWH reachethe lower limit, its thermostat turns oand the DEWH

stars heating

(a) Identify thehotwaterconsumptioractivity and residual hewaterusagewith the
fuzzy logic membership functioifhe temperature can be estimated bywibest
case assumptignand can & written as:

W
YE YD - Y, (2.18)

wherew is the consumed volume of the identified activityis the¢
estimation; YUs the lower limitwis the tank volum€Y is the temperature of

inlet water, andY is the temperaturef the water outlet

The residual volume of hatater consumption is drawn out with averageflow

rate during the hour, and taeeragdlow rate is:

@ W
O (2.19)
QT
wherew is the hourly hetvater consumption from the pattern.

(b) With Equation (2.5), the temperature change rate can be calculated, and the

available duratiosfor the DEWH to keep on or offan be:
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whereO | is the available duration for DEWH to keep @,  is the
available duration for DEWH to keep off{"Gs the upper limitp is the rated
power, A is the surface area of the DEWR,is the thermal resistance of the
insulation materiallY is the ambient temperature around DEWH, and is the
minimum temperature to maintathe enduser comfort when the temperature
reaches this value, the DEWH should be turned backy can be set based on
therequirement in practe In this thesis)Y is set fivedegres bdow the lower
limit, which ill satisfesthe enduser comfor{70]. The tolerance temperatuie
no less than the required temperature forvinatier in practicg71]. The available
capacityof energyis the rated power multigd bythe available oor off durations.

0O ¢ 0 0O ¢

0O & 0 O ; & (2.21)

(c) The estimated temperature, flow radad available oor off duratiors are sent as
outpus of the state estimatiamethod which marks the end dfe state estimation

proces.

Step 3. The thermostat remains on, the estimated temperature and available on or off

durations should be updated.
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(a) Adjust the timelf a new houbegns the hourly howater consumption is changed,
and so will behe available activityThen, thetemperature is:

&)

Y& YE p 5

YooY (2.22)

The new average flow rate is updated with EquatiorBf2thhen go to Step 2(blf

the time doesotenter toa new hourcontinueto (b).

(b) Thetemperatureshould beupdatedwith the DEWH staterelay stateand average

flow rate of hotwater consumptian

YUY Yo (2.23)

e e be 0 . .. "0
Ye Ye p - y Ye p o

whereYois the time interval between each estimation for the DEWH.

The power deman#g is controlled by the relagnd the thermostat (which is on),

hence, the power demand can be

0& Y&ED (2.24)

where'Y is the relay state, anilis the power demand of the DEWH
The available owr off durations can be updated with Equatior2(R.

(c) Theestimated temperature, flow ragad available oor off duratiors ae sent as
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outpus of the individual state estimatianethod andthe state estimation process

is erded.

This is the proposed state estimation mettowdndividual DEWHs. DEWH state caie

estimatedvithout temperature measurements

2.5 Case Stug Results

In this section, experimentgere conductedon an actualDEWH. With theworst case
assumptions, the estimated temperature shbelldwer than the actual temperature to
guaranteghe end-user comfortAt first, the proposed individual state estimation method
was verified when the DEWH was not controlled. Then, a simple control example was
implementedo show theability of load shiftingwithout impact tothe enduser comfort

during contral

2.5.1 Test DEWH Structure

TheinvestigatedEWH in this researclmas threeheating elemest The rated power of
each element is 4500 W, the rated voltage is 240 V, and theaamkeis 279 litersThe
DEWH is shown irFigure 2.B. The hotwater is drawn out from the tay thetank and
the cold-water iret is at thebottom of the tank Tentemperatire sensors areigging to
the surface ofthe tank from top to bottom wittan even distance.The temperature

information was employed to verify the proposed method.

56



DataQ

Heating Element

Figure 213 InvestigatedEWH

The dataacquisition (DataQ) instrumerd used to control the relay, draw out waflemw

rate and measure thalet/outletwater temperaturédll measurednformationis stored in

a database, and control actions are implemented through the database to thé\DataQ
more than one heating element taturned orsimultaneouslyThediagram of thehree
element water heater is shown in Figure42The priority of the three heating elements is

Top Thermostat

|  Top Element |—

| Middle Element |—

| Bottom Element —

Bottom Thermostat

Figure 214 Diagram of the threelement water heater
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Top element > Middle element > Bottom eleméexd.the thredheatingelements have the
identical rated power, the DEWH is regarded having a oneelement structureThe
DEWH is onwhen either of the three elements is and the DEWH iff when allthe

three heating elements are.off

25.2 Performance on EndUser Comfort

CREST Demand Model V 2.881] is a highresolution stochastic model includes a
representation of electrical demand and generation (e.g. PV), resident occupancy, hot
water consumption, gas boilers, and so foftle model is used to generat24-hour hot

water consumptiomor the invetigated DEWH.The hotwater usages shown in Figure

2.15. The hotwater consumptioms about300 litersfor 24 haurs. The modeled hourly
patternis thepattern shows thigotwater consumptiom each hourwhich can be obtained

from thegenerated human bavior fromthe CREST modeDue to the randomness of

human behaviors, theectual hotwater consumptioshould besimilar to thehourly pattern

10

Flow Rate (Ipm)

'] WJMM (TN

0:00 6:00 12:00 18:00 0:00
Time (HH:MM)

Figure 21524 hour hotwater consumption on the DEWH
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but alsohavesome differenceas shown in Figure 2.16
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Figure 216 Hourly hotwater consumption and pattern

The current and temperature of the DEWH are measured and shown in Figure 2.17, which
includes three heating durations, j.anorning, noon and evening. The hatvater
consumption during the morning and evening heating duration is very large, and the
temperaturdias droppetbwer than the lower limifThe first heating duration is from 7:31

to 9:11, the second heating duration is from 12:4173t@4, and the third heating duration

is from 21:27 to 22:54.
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Figure 217 Temperature and current of the DEWH
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The measured and estimated temperature during the first heating duration is shown in

Figure 2.18. The DEWH turns on at 7:31. From the pattern, thevdier consumption in

this hour is 70 lites. With the fuzzy logic function and worst case assumptions, a bath

activity with 70 liters is assumed to occur and finish at .713fe temperature drops to

about 8.78C lower than the lower limit. The residual heater consumption during this

hour is @sumed to be zero, and the temperature keeps increasing after 7:31. At 8:00, a new

hour begins. The havater consumption in this hour is 20 lite’snd the hotwater

consumption is assumed to draw out with a @p83flow rate during this hour. It is clea

that the increase in the estimated temperature is slower than that in the previous hour.

Although the estimated temperature is lower than the measured temperature, it helps to

provide a reference for control in an effort to maintain theuessst comfort.

TH '—Measured
8 - - Estimated
[0))
§ TL 1
© ]
Iq_g //,,
w ‘ 8:00 ‘
7:31 8:00 8:30 9:00 9:11
Time (HH:MM)

Figure 218 Measured and estimated temperature in the first duration

The measured and estimated temperature duringedhend heating duratios shown in

Figure 2.D. The hourly hotwater consumption is less than 20 liters for each hour in this
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duration Hence, the hetvater is assumed tee drawn out with an average flow ratelin

the duration, therare somesegmentgshat the estimated temperature is higher than the
measured temperaturdhis is because the actual tap activities during thesgments
consumed more volume than the estimadeés However, the temperature &ways
higher tharthe lower limit during this duratioras the hetvater consumption in each hour
is small and the smalldiscrepacies (the estimate temperaturebeing higher than the

actual onesjlo notaffecttheenduser comfort during control.
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Figure 219 Measured and estimated temperature in the second duration

Figure 220 shows the measured and estimated temperature during the third heating
duration.The hourly patterindicatesan expectedhot-water consumptiowf 80 litersin

this hour A bath a&tivity is assumed to happen at 21@8h an estimation ofhotwater
consumption oBO liters With the assumed activityh¢ estimatedemperature drop®

10.04 °C lower thathelower limit. The average flow rate islpm. At 22:00, a new hour
begins The average flow rate is 0.1§m. The increase in the estimated temperature is

slower than the previous hoWburing the heating duration, the estimated temperature is
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lower than the measured temperaturbe estimated temperature is used to pl®wa

referenceand tomaintain the endiser comfort.
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Figure 220 Measured and estimated temperature in the third duration

Whenthere is an intense water use suclBlaswver or bath, the temperature may droa to
valuelower thanthelower limit. The proposed individual state estimation method thses
worstcase assumptions &stimatethe temperatureThe estimated temperatgrarelower
than the measured vakiéor almost all the durationswvhich guaranteethe enduser

comfortwithout temperature measurements

2.5.3 Control DEWH with State Estimation Method

A simple controlexampleis tested on the DEWH with the proposed state estimation
methodfor individual DEWHs Thereare 80 liters of hotwater consumption between
21:00 and 22:00 in the pattern, athe heating duration is about 87 mi(fsom 21:27 to

22:54). The objective is to reduce the lengtho$ heating duration.
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As DLC does notintend to change human behavsrand the required hetvater
consumptiorshould remaimunchanged, the required thermal energy should be maintained
to avoidaffectingtheenduser comfort. Hencenore thermal energy stored in the DEWH
will help to shorten th&eating duratin. The higher tke temperature at 21:0the shorter

the heating duratiormherefore, the DEWHhould be fully heated before 21:00

Due to the uncontrollability aheinternalthermostat, the DEWH should be controlled to
keepits thermostaon until the last heatingctionbefore 21:00. To maintaihe enduser
comfort, the DEWHshouldprepare enough thermal energy floe subsequenhot-water
consumptionand keep the temperature higher thi@mlower limit. The DEWH is heated
for several minuteat the beginning of each hohy relay controk. After that the relay
receivenff-signals to turn off the DEWH. The temperatureastrdled to have ahigher

valuethanthelower limit, asshownin Figure 2.4.

Figure 221 Temperature comparison
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