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PREFACE

This dissertation was prepared at the DepartmeEtegftrical Engineering at the Tech-
nical University of Denmark in partial fulfilment ¢the requirements for acquiring the
PhD degree in engineering.

The Ph.D was funded by the project INCAP (projaainber 55836). The Ph.D project
started on 1st June 2012 and it was completed sinA3ust 2015.

This dissertation presents the research resuliteceto Demand Response on domestic
thermostatically controlled loads.

This dissertation is composed of 8 chapters angb2radices. The appendices include 5
attached papers and 4 technical specificationsrigéieos about products used. Two
among the attached papers have been publishedemmational peer-reviewed confer-
ences. The other three papers have been subnuttgolfnal publications and they are
currently under review.

Venkatachalam Lakshmanan,
30 October 2015.






ABSTRACT

Electricity has become an inevitable part of hudifenin present day world. In the past
two centuries, the electric power system has umherg lot of changes. Due to the
awareness about the adverse impact of the fossd#,fthe power industry is adopting
green and sustainable energy sources. For a séielgable operation of electric power
systems, the balance between electricity generatnwhconsumption has to be main-
tained. The conventional fossil fuel based poweregation achieves this balance by
adjusting the generation to follow the consumptionthe electric power system with
renewable energy sources, the production cannatjusted to match the demand due
to the fluctuating nature of the renewable enemyees. Therefore, the demand has to
be adjusted to match the power production. The equinof adjusting the demand to
match the production is called demand responsgeieral, the electricity consumers
are classified as industrial, commercial and doimebt this dissertation, only the ther-
mostatically controlled loads (TCLs) in the domestegment are considered for the
demand response study.

The study is funded by Danish Council for Stratdgasearch (DCSR) and supported
by the project “Inducing consumer adoption of awted reaction technology for dy-
namic power pricing tariffs” (INCAP). As project AP provides access to domestic
refrigerators, the TCLs considered for the demasponse study are domestic refriger-
ators. In this study an experimental facility iveleped to measure parameters from the
refrigerators, in order to control them. The exmemtal facility is also used to com-
municate pseudo electricity prices to the consurartshas options to unsubscribe the
control from the user end, as a part of the INCAd}get requirement.

A temperature prediction strategy is developedrelipt the refrigerator temperature
and to estimate the flexibility available for derdaresponse activation. A field experi-
ment with refrigerators is conducted to study sdeoy frequency control using demand
response activation on TCLs. The response timetlamdamp rate characteristics of a
real population of domestic refrigerators, as vealltheir ability to provide frequency
control, are analysed. The response characteriatiescompared with conventional
power plant specifications, indicated in the Dargsld code. The changes in the TCLs
flexibility, with respect to different power redumt levels, are analysed. Finally, the
impact of demand response activation on the TCigseagted power is studied in terms
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of error in power limit, ramping rates and peakrsteot in different control scenarios.
Lastly, the advantage and disadvantage of therdiffecontrol scenarios are analysed.



RESUME

Elektricitet blev en uundveerlig del af livet i deroderne verden. | Igbet af de sidste to
arhundreder har el-systemet gennemgaet mange a&edriPd grund af bevidstheden
om den negative effekt af fossile breendstoffer,egtargi industrien over til grenne og
beeredygtige energi kilder. For at sikre en sikkgpalidelig drift af el-systemet, er det
ngdvendigt at opretholde balancen imellem produktig forbrug. Ved den konventio-
nelle el-produktion, baseret primeert pa fossilenostoffer, opnas denne balancen imel-
lem generation og forbrug ved at tilpasse produleig sa den falger forbruget. | el-
systemer med vedvarende energi kilder, kan el-ftimhen ikke pa samme vis tilpas-
ses forbruget, grundet den svingende produktioméraedvarende energikilder. Det er
derfor nadvendigt at tilpasses energi forbrugetjetdmatcher produktionen, et koncept
der pa engelsk kaldes "demand reponse” eller “grtdinsstyret forbrug”. Forbrugerne
klassificeres som enten industrielle- eller komuietle kunder, eller som private hus-
holdninger. | forbindelse med "demand responsedistudenne afhandling, undersgges
kun termostatkontrollerede forbrugsenheder (enierthostatically controlled loads”
eller TCLs) til private husholdninger.

Studiet er finansieret af det tidligere strategisteskningsrad og stgttet af projektet
“Inducing consumer adoption of automated reactemmmnology for dynamic power pri-
cing tariffs”, ogsa kaldet INCAP. Da INCAP projektver adgang til private kaleska-
be, er de termostatkontrollerede forbrugsenhedeedandersggt som del af forbrugs-
studiet, private kaleskabe. | dette studie udviklesperimentelle faciliteter til maling af
parametre fra kaleskabene, med henblik pa at katyne kaleskabenes forbrug. Disse
eksperimentelle faciliteter bruges ogsa til at kamikere virtuelle elektricitetspriser til
forbrugerne, samt giver forbrugerne mulighed fofravaelge automatisk styring, hvil-
ket var et krav i forbindelse med INCAP projektet.

En strateqi til forudsigelses af kgleskabstempegater udviklet, da det er ngdvendigt
for at kunne forudsige og estimere den fleksililtter er tilgeengelig, hvilket muligger
produktionsstyret forbrug. Et forsgg med rigtigdeki&abe er blevet foretaget for at
undersgge sekundeer frekvenskontrol ved hjeelp afuptmnsstyret forbrug af termo-
statstyrede enheder. Reaktionstiden og stigningsiaasakteristika fra en maengde pri-
vatejede kgleskabe, samt deres evne til at deltagkvensstyring, er analyseret. Talle-
ne er derefter sammenlignet med dem for konventmhleseftveerks, ud fra de officielle
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krav til det danske energisystem. Andringerne ted@ostatsstyrede forbrugsenheders
fleksibilitet, under tests af forskellige energilu&tions niveauer, er analyseret. Endelig
er effekten af produktionsstyret forbrug af termatisdbntrollerede forbrugsenheders

samlede energiforbrug, undersggt i forhold til fegnergi greenser, stigningsgrad og
spidsoverskridelser under forskellige kontrol scemaSidst, men ikke mindst, er forde-

le og ulemper ved forskellige kontrolscenarierrealgseret.
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1

INTRODUCTION

Energy is life.

1.1 Background

Electricity started to dominate energy other foeapecially thermal energy in terms of
usage after its invention. Electricity is a fornatis easy to work in terms of transmis-
sion and distribution, and has the highest posstfieiency when converted in to other
energy forms. Therefore, technological developnementered around electricity as a
source of energy, and demand has increased trems&gdas per the 2012 energy bal-
ance report of the International Energy Agency (|E32% of the world’s total primary
energy share is converted into electricity [1]. Fdecades before, it was only 21%, and
is expected to grow further [1]. Therefore, thisaa&ch was focused on production of
electricity with high efficiency, from every postbsource of energy. Bulk production
still depends on fossil fuels like coal, minerdl and natural gas [1]. Fast depletion of
fossil fuels and the harm caused to the environrfrent their combustion to produce
electricity forces the world to look into pollutidree renewable energy sources. Even
the oil rich Middle Easthas started to focus oraeland green energy and carbon foot-
print reduction [2].

Denmark has planned to phase-out all fossil fusetianergy sources in all sectors in-
cluding transportation sector by the year 2050 T3Je country mainly uses its large
potential for wind energy. In 2014, Denmark accedntor 33 TWh of energy con-
sumption in the form of electricity; 30% of totdéetricity consumption was produced
by wind [1]. It is noticeable that wind’'s share hdmubled compared to the figures in
2006 [4]. In addition, solar photovoltaic (PV) iabations in Denmark had a peak ca-
pacity close to 606 MW as of May 2015 [5]. The Bdngovernment has an energy
policy with a goal of producing 100% of electricand heating from renewable energy
sources (RES) [3]. Therefore the penetration oéweble energy sources in the Danish
electric power system will continue to grow in freu

In electric power systems, electricity productiard a&onsumption have to go hand in
hand, which is called balance in the electric posystem. This balance is disturbed
when the production is in excess or when therdastage in production compared to
demand. Unlike conventional electric power generatinits, the RES like solar and
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wind energy cannot support the demand as and wéeshen. Also bulk storage of elec-
tricity is not feasible and cost-effective with ttechnology available today. The most
efficient and effective way as of today to storecéiicity is pumped-hydro storage [6].
The installed capacity of wind power in Denmarkodgdanuary 2015 is 4905 MW [7].
The average power production by the wind turbirsesthie year 2014 was 27% of the
installed capacity. On 19th January 2014, betwee® 4m (local time GMT+1), the
electricity produced from the wind turbines excéleel country’s demand by 32% [5].
Similarly, on 29th September 2014 between 5—-6 pmdwurbine production was zero
[5]. The pumped-hydro storage requires suitableggggahny with mountains and feasi-
bility for reservoir and power plant constructidrhe terrain of Denmark does not have
such landscapes. The Danish power system manhgss tluctuations in wind and
solar power production by adjusting the thermal @oplant’s power dispatch and also
by exchanging the power with their neighbours. Damish government has a plan to
phase-out all fossil fuel based power plants byyte 2035 [3]. One of the challenges
for the reliable and economical operation of a pogystem with a high penetration of
renewable energy is the availability of energy ueses that can participate in balancing
supply and demand on a short-term basis. In cdrtabe conventional power system,
in a system with high percentage of renewable gnéing demand has to be adjusted to
match the production. For example, by influencihg bperation of electrical loads at
customer premises the demand can be adjustedandeasupply. Here the demand re-
sponse (DR) plays an important role.

1.2 Demand response

Demand response is defined as the change in elgcttonsumption by the end-use
consumer from their normal consumption patternesponse to a signal sent when the
power system reliability is affected [8]. The sigwean be for example the changes in
electricity price over time, or incentives intendedreduce electricity consumption [8—
10]. DR methods can be broadly classified as lealdigtion, load shifting and on-site
generation [11]. Here on-site-generation enablad teduction to the power system.

The way DR is enabled may vary from simple timeausé (TOU) to a complex time
varying load control. In TOU, clear distinct elecitly price discrimination for particular
hours of a day is given. During peak hours the egomes is charged with a high price
and during off-peak hours a low price is chargadetectricity consumption. The price
difference motivates the consumers to move patti@f consumption from peak hours
to off-peak hours. DR activation by TOU is bestediifor the conventional power sys-
tem as the load is predictable with low errors @r&production can be adjusted accord-
ingly. In power systems with high penetration of Rfhe electricity production varies
with the availability of RES like sun and wind. Tugh the RES production can be pre-
dicted to some extent from metrological predictioas there will be an uncertainty in
the prediction, time varying load control is thesbsuited for such situations. In time
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varying load control the load is adjusted at evanment to follow the electricity pro-
duction, in order to maintain the power system hega

1.3 DR in domestic sector

Earlier, DR was practised in industry due to thegtality of electricity consumption
reduction in bulk quantities. Also the informatioammunication technology cost for
load control was affordable when the demand rednatias high. Due to technological
development, the cost of control equipment and comaation infrastructure reduces
day by day. This could be an opportunity to constde domestic sector of consumers
with a small amount of possible power reductiopacticipate in DR programs. Resi-
dential and commercial buildings in the Nordic coes have a share of 34% of total
electricity consumption [12]. The residential hausgccount to two-thirds of this
amount. The household appliances consume aroundof#®éal energy [12]. There-
fore, it is beneficial to study the different asigeof these appliances’ usability for DR
activation and their impacts upon the power sygbgnconducting a large field experi-
ment.

1.4 Appliances selection for DR activation

In domestic sector, electricity utilisation is migifior human comfort [13]. The time
varying load control may interrupt electric suppdythe domestic appliance at any time.
Therefore, the selected appliance should be abpgawde service even if the electric
supply is removed for a short duration by DR ad¢ibra Among the household appli-
ances, thermostatically controlled loads (TCLsk likater heaters, space heaters, heat
pumps, air conditioners, refrigerators and freeberge the capacity to store the energy
in terms of their thermal inertia. Interrupting skeeloads for a short duration will not
interrupt their service to a larger extent compdrethe other appliances, for example,
light bulbs. TCLs have similarities in their periocbperation and thermal behaviour
during their operation. They vary in their powetirrg, temperature operational range
and hours of the day usage. These similaritieslenabto study DR activation on one
of them that has the higher operational hours gay and has the possibility of in-
stalling a control device easily. The results carsbtaled to appliances of higher power
ratings.

When a large field experiment is planned for the &Rvation study involving TCL, a

suitable TCL has to be selected from the diffefB@ts available within a household.
The TCL should be commonly available in most housesbtain greater from the ap-
pliance owner even if a small proportion of totalukes control their appliance. The
TCL should be easy to control with a simple and-efiective control device. The con-
trol device installation could be as easy as amyroon domestic gadget installation. At
the same time, the TCL should be able to repratenbehaviour of other TCLs in the
household during normal operations and also duwaordrol. The user interference with
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the TCL operation should be minimal, especially whige DR activation impact on the
power system is studied as the user interactiohsnfluence the results.

A refrigerator has some advantages among the dtmestic TCLs for the field exper-
imental study of DR activation. Refrigerators acenenonly available in most houses.
Refrigerators are available all day for DR actiwvatand control. Refrigerators’ opera-
tion can be known from two measurements: namelypressor power and the temper-
ature of the cool chamber in the refrigerator. Tékeigerator can be considered as a
small-scaled model representing other TCLs at hdrhe.control device can be a plug-
gable relay installed in the power socket. The devifor sensing temperature, to con-
trol the compressor of the refrigerator and for ommication to the centralised control
center, are easily installable by normal usersautta presence of a skilled technician.

1.5 Thesis objective and author’s contributions

As the development in the power system allows RS penetration, and DR is an
important method to provide power system servigeth lior system stability and its
economic operation, it is worth evaluating the D#partunities available in the domes-
tic setting. The thesis objective is to evaluate tlexibility available with domestic

TCLs to provide power system services, evaluatesth&bility of domestic TCLs to

provide power system services and to analyse tipadhof enabling DR activation on
domestic TCLs.

The author’s contributions on the 3 thesis objestiare as follows.

1. Estimate the flexibility available with domesfic€CL for DR activation:
The author has developed a temperature predictrategy for domestic TCLs with
only one temperature measurement and the poweuegi®n measurement. The tem-
perature prediction strategy is evaluated withedéht types of domestic refrigerators
for its prediction accuracy. Furthermore, the autbstimates the available flexibility
with domestic TCLs using the temperature predicttvategy, to provide power system
services for any given duration.

2. Evaluate domestic TCLs’ suitability for providinppower system critical
services: the author has taken one power systevicagrby DR activation for study.
The service considered for study is the secondaguency control with domestic
TCLs. The author has studied the possibility ofvmimg secondary frequency with
domestic TCLs by controlling refrigerators and eatialg their consumption in an is-
land network. The advantages and disadvantagematgsed.

3. Analyse the impact of enabling DR activationdamestic TCLs: The au-
thor has studied the impact of DR activation andtr@d removal on aggregated power
of TCLs with an experiment using domestic refrigersi.as an example of TCL. Differ-
ent control scenarios are taken for the consideradbf impact analysis and their ad-
vantages and disadvantages are analysed.
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1.6 Publications

The author’s contributions are presented as the gwitent in this dissertation and also
as a number of papers that have been written dthiathesis period which are included
in the Appendix A. The Appendix A contains 5 papeosn A.1 to A.5. The papers are
referenced in the corresponding chapters of thssediation. The papers A.1 to A.5 con-
tain the main findings of the thesis and the p&peontains other contributions from the
author that are not directly related to this ditgem.

A.1l: Lakshmanan, V.; Marinelli, M.; Kosek, A.M.; Soss&n; Norgard, P., "Domestic

refrigerators temperature prediction strategy far €valuation of the expected power
consumption,” in Innovative Smart Grid Technologiesope (ISGT EUROPE), 2013

4th IEEE/PES, pp.1-5, October 6-9, 2013.

A.2: Lakshmanan, V.; Gudmand-Hoyer, K.; Marinelli, Nkosek, A.M.; Norgard, P.,
"Energy shift estimation of demand response actimabn refrigerators — A field test
study," in Power Engineering Conference (UPEC)420dth International Universities,
pp.1-6, September 2-5, 2014.

A.3: Lakshmanan, V.; Marinelli, M.; Junjie H.; Bindnét,W., “Provision of secondary
frequency control via demand response activatiothermostatically controlled loads:
Solutions and experiences from Denmark”, Applie@rgg, in submission, 2015.

A.4: Lakshmanan, V.; Marinelli, M.; Junjie H.; Bindnét,W., “Experimental analysis
of flexibility change with different levels of poweeduction by demand response acti-
vation on thermostat-controlled loads”, Electricwgo Components and Systems, in
submission, 2015.

A.5: Lakshmanan, V.; Marinelli, M.; Kosek, A.M.; NorghrP.; Bindner, H.W., “Im-
pact of thermostatically controlled loads’ demaedponse activation on aggregated
power: A field experiment”, Energy, in submissi@o15.

6: Sossan, F.; Lakshmanan, V.; Costanzo, G.T.; Miiriive; Douglass, P.J.; Bindner,
H.W., “Grey-box Modelling of a Household Refrigacat Unit Using Time Series Data
in Application to Demand Side Management”, Sustalm&nergy, Grids and Networks,
in print, 2015.

1.7 Thesis outline

This dissertation is organised into 8 chapters&attached papers in the Appendix A.
The chapters other than chapters 2 and 3 relagapers A.1 to A.5. The main contents
of the papers are presented in the respective etsapt
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Chapter 2 describes the recent developments ipder system, state of the art in DR,
TCL technologies, power system services with TCL &id recent projects demonstrat-
ing DR on TCL and their study objectives.

Chapter 3 focuses on the experimental setup. TRAMproject objectives and exper-
imentation facility created for the study and thlevides and technologies used are dis-
cussed in detail in chapter 3.

Chapter 4 focuses on the modelling of refrigeratoa suitable way for large field ex-
periment with the measurement constraints. Differaethods of modelling are ex-
plained and the method adopted for this work isitkgt. The main results have been
published in separate paper and the paper is iadlidAppendix A.1.

Chapter 5 deals with the usage of the model destiilbchapter 4 to estimate the avail-
able capacity for load shifting. The errors in mstiion, the possible causes for the error
and the possible ways to improve the estimatioesimcussed. The main findings have
been published in separate paper which is inclugdéghpendix A.2.

Chapter 6 details the demonstration of one of theep system services, secondary fre-
guency control for upregulation of frequency irttie power system by centralized con-
trol of refrigerators. The response time of theliappes, time to bring the frequency to
nominal value and the shortfalls of utilising swcimethod for frequency regulation are
discussed. The study is further extended to ingat&i how long such power limiting
services can be provided with different power réidnclimits and the consequences in
the temperature variations. The results presentéis chapter have been communicat-
ed as two separate journal papers as includectiApipendix A.3 and A.4.

Chapter 7 studies the impact of demand responsethah to provide power-limiting
services from the aggregated power consumptionRPfabtivated TCLs. The study is
focused on the power reduction rate, error vamatioservice delivery, peak overshoot
of power consumption on removal of DR activatiorthadifferent type of DR activa-
tion. The results presented in this chapter haes lm@mmunicated as a journal papers
as included in the Appendix A.5.

Chapter 8 concludes with the thesis findings anenspup the discussion for future
work with suggestions for improving the experiménmt&astructure.
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2

REVIEW OF STATE OF THE ART

2.1 Distributed energy resources

Technological advancement in the recent decadesnpmeved the efficiency of energy
conversion at the demand side, reduced the cosiafl scale electricity generation
from the renewable energy sources (RES)[14], addoed the cost of electric energy
storage. Such developments have changed the coolcdp power system operation
from conventional bulk production and distributezhsumption to distributed produc-
tion, storage and consumption. These small-scaleageable units that participate in
the power system operation are not only limitecpbwer generation, but also the tech-
nologies and strategies for energy management asiciemand response, load shifting
and peak-shaving, and storage are called distdbemergy resources (DER) [15,16] .
DERs provide increased power reliability and pgration of a greater number of RES
in the power system. Therefore the carbon emissaiomseduced and the energy utilisa-
tion is focused on the use of local energy resaufté, 18], which results in the reduc-
tion of losses associated with power transmissitie. DER capacity in terms of power
rating can range from as low as 3 kW [19]. For epl@mnmost of the rooftop residential
grid connected photovoltaic generations are betwadén kW [20,21]. As the power
system operation efficiency and reliability depewndsthe power production and con-
sumption balance, the DERs have to be well managedder to achieve the balance
[22]. Coordinated operation of demand side managerfigSM), which includes de-
mand response (DR), is key for efficient power eysbperation with DERs [23—-26].

2.2 Demand side management

Demand side management (DSM) focuses on adjusengadd to follow power pro-
duction and infrastructure availability for effeaiand efficient power system opera-
tion. DSM is contrary to generation control thaldaws consumption. DSM can vary
from a temporary short time demand adjustment per@nanent change in the load.
DSM is broadly classified as an energy efficienogt demand response [27].

Energy efficiency in DSM deals with improvementsainthe load type by adapting to

the latest technology that has higher efficieney. €&ample, changing a low efficiency
incandescent light bulb to a light emitting diod€=D) light bulb improves the energy
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efficiency by 76% [28]. The DSM like energy effiney helps in long term power sys-
tem planning.

As stated in section 1.2, demand response is defisethe change in electricity con-
sumption by the end-use consumer from their nocoasumption. DR can be enabled
as simple time of use (TOU) or a complex time vagyioad. The TOU changes the
energy consumption pattern to suit the intradaygnavailability. In TOU, consumers

are motivated to change the consumption patterh different energy prices that fol-

lows the energy availability. For example, a lowcerduring off-peak hours and a high
price at peak hours motivate consumers to shift flexible loads from peak hours to

off-peak hours [29]. In this way, TOU can help mowystem operation planning.

The DSM-DR in the form of complex time varying loean adjust the power consump-
tion for shorter duration, when it is needed fowpo system stability. For example, the
charging power of electric vehicles (EVs) as DR banadjusted according to power
system parameters like voltage and frequency, totaia the power system stability.
For power system stability, temporary adjustmenthe& demand side that can respond
in a short time span are useful. Among the DSMs iR complex time varying load
has a greater attraction as the system can respanshort time and can help the power
systems with more RES penetration. Also it can dtevated with many signals like
energy price and power system parameters (vizageland frequency).

The demand in the power system can be broadlyifiéasas industrial, commercial and
domestic [30-33]. The demand adjusted from the strdd consumers is large com-
pared to the other two segments [34-36]. Thoughdémeand adjusted may be large in
guantity, the real-time control is not easy. Mastlustrial equipment needs specific
startup and shutdown procedures and associatdddskian power. Therefore they are
more suitable for planned demand adjustments liR& Tather than for complex real
time load control.

The commercial and domestic consumers are suifableal time load control due to
their load time availability and less complex lodkat are easy to control for example,
changing the temperature set point of the spaceehf/]. The residential sector has
similar appliances in all households. This givesopportunity to divise and test tech-
nology for one type of load to implement in all Bea. The total load that can be adjust-
ed by controlling small domestic loads may not mdbe capacity of the large control-
lable industrial loads. However, the unavailabilitythe large loads for control has a
substantial impact on the service committed topineer system. Therefore, many stud-
ies have been carried out with a focus on explpitire potential available in the resi-
dential sector [38—44].
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The study in this dissertation focusses on the D#R womplex time varying load in
domestic segment for energy shift and for providiagver system ancillary services.
The energy shift with DR is explained in Chaptearial the chapter 6 deals with power
system ancillary service by DR activation.

2.3 Thermostatically controlled loads

The main purpose of domestic household electridiapges is to provide comfort ser-
vice to the users [13]. During the appliance cdntiee service provided by the appli-
ance should not be affected by the control evamth& constraint makes the appliances
that deliver temperature services the most suitBileeal time complex load control
DR applications. As the temperature service isrthmin objective, their operation is
controlled by temperature limited switches calleelrtmostats, and they can be generally
termed thermostatically controlled loads (TCLs)eThermostat is either to cut-off or to
limit the device operation as the rate at whichttiermal energy is supplied by these
equipment is greater than the rate of consumplite. temperature effect is stored in
the thermal mass of the TCLs that can sustainrtipact of their electric power inter-
ruption. The deviation in their service can be lgaassessed from the temperature
change.
In Denmark, the TCLs share 32% in a domestic etdigtidemand scenario and 26% in
commercial electricity demand [45]. In a domestaus$ehold, there are two types of
TCLs. They differ in their principle of operatiohhey are:

1. Resistive loads (i.e. heat generation equipment)

2. Compressor operated loads (i.e. heat pumping egunpm

2.3.1 Resistive loads

Resistive loads convert the electrical energy thermal energy with the use of resis-
tive elements. The heat conversion is governedomed law of heating. The amount

of thermal energy generated is same as the améwharicity consumed. The house-
hold appliances, water heaters, electric room heagdectric kettles, electric ovens and
electric cooking stove (not induction stove) arasdshon this principle. Though their

efficiency is 100%, their performance is lower thidwe compressor operated loads.
Their simple construction, easy installation andtgdulity make them attractive to the

user. The resistive loads have less startup titee Hfeir operational interruption. [46]

evaluates the DR activation study by simulatingQL8&ctric water heaters to evaluate
the capacity for load shifting and balance rese”vgaroof of concept experimental

study for the utilization of electric water heatessa voltage controlled load is carried
out in [47]. The flexibility available with domestwater heater is studied in [48]. A

simulation work is carried out in [49] and [50] $tudy the potentials of space heating
from heating ventilation and air conditioning (HVA@ provide load balancing ser-

vices.
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2.3.2 Compressor operated loads

Unlike resistive loads, compressor operated loaaissport thermal energy from one
temperature zone to another that is separatedydsgnall insulation [51]. The compres-
sor operated loads’ principle of operation is goeer by the second law of thermody-
namics. For the same amount of electric energy wwopson, compressor operated
loads can transport more thermal energy from omgéeature zone to other compared
to resistive loads. The ratio of the thermal endrgypsported to the electrical energy
consumed is called coefficient of performance (C{BR).

Household equipment such as refrigerators, frega@rsonditioners and heat pumps
work on this principle. Refrigerators and freezams intended for the service of provid-
ing or maintaining lower temperature than the ambiemperature and the heat pumps
are intended for higher temperature than the arhlbénperature. Air conditioners are
intended for climate maintenance. If the heat impad from the lower temperature
zone to a higher temperature zone, and the tenuperdifference between the two
thermal zones is greater, the COP will be lowel.[3l of the domestic compressor
operated loads have COP greater than 1, which nthairsperformance is better than
the resistive loads. A simulation study of the ptisd available with heat pumps as a
demand side management (DSM) device is carriechd6e].

2.3.3 Properties of TCLs

Among two types of TCLs, room heaters, heat punmosaar conditioners have the ca-
pacity to store the thermal energy in the thermabksnof the ambient air inside the
building, refrigerators and freezers can storetlleemal energy in the thermal mass of
the food and the air in their cold chamber andtlierwater heaters the storage element
is the water. The key parameters of the domesticsTaZe listed in the following Table
2-1[53].

Table 2-1: Properties of major domestic TCLs.

Parameter con Cﬁ\tllr oners Refrigerators Pﬂ?r?bs I_Yggf[g‘rs
ConsuF;,?F‘)’}’i%n ) 2-72 0.1-0.5 4-72 4-5
CoP 2.5 2 35 1
e oerma (hy| 225-6.25 3280 2.25-6.25 20 — 84
wansfor s ()| 518 02-10 | (-252)-(-14) (-5)—(-#)
tempseer;‘ﬂfr‘e coy| 18-27 1.7-33 15 - 24 43 - 54
Dead-band (°C) |  0.25 — 1. 1-2 0.25 - 1.0 24
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Electric room heaters and air-conditioners sharelai thermal properties whereas the
COP is 1 for the electric room heaters and theggneansfer rate is correspondingly
low. Similarly, refrigerators and freezers haveikmthermal properties except the op-
erational temperature range which is in the rarfgeé® C to -18°C. Therefore the COP
of the system is low compared to the refrigeratat the value close to 1. The energy
transfer rate is also correspondingly low.

Both the positive (hot) and negative (cold) thereraérgy reserves in the TCLs creates
the interest for utilising these devices to providsver system services. As long as the
user’s service is not affected, their electricionsumption is not increased and also the
wear and tear of the appliance shortens its liBsghe user is not concerned with the
power cycle of these appliances.

The TCL considered in this dissertation for DR ekpental study are domestic refrig-
erators which are compressor operated TCLs.

2.4 Power system services

Power systems have undergone many changes frognl&dn century until the present
day. Initially it was a one entity producing elédty and providing services to the con-
sumer. The socio-economic and political changestachnological advancements cre-
ated opportunities to involve multiple entitiesdperate power systems and to divide
the responsibilities. The electricity market todlmands power plants to be responsi-
ble for their unit commitment and dispatch and ynfrequency control. The trans-
mission system operators are responsible for porsasport and maintaining the sys-
tem frequency [54]. The distribution system opeamatre responsible for the quality of
service in terms of power delivery within the sfied voltage levels [54]. The distrib-
uted generation with high penetration of RES creatgjuirements for contingency
management [37]. In future power systems, thetiesliwill concentrate on the security
of power delivery [55] and the regulation will be ancillary service provided by ag-
gregators [56]. Aggregators will play appreciatidée in the future electricity market
[57], [58]. The different services required by Ih80s based on power curtailment are
described in [54]. They can be classified as pdwating to minimise the power pro-
curement cost (during a high-price period), freqyeregulation services and voltage
regulation services. The DSM can provide such sesviduring power system contin-
gencies, as the duration of service requiremeshdst. TCLs such as a DSM will not
notice interruptions to provide such services farsdurations [59].

2.4.1 Power limit

Power limiting in the modern distribution networlutd be needed for multiple reasons.
It could be for matching the demand with the praducfrom RES as the power pro-
duction from the RES will not follow the load [6Q§1].
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As already stated, the electricity produced withSRike wind and solar power will not
follow the load. It is necessary to adjust the dednaith the production to achieve the
proper operation of the power system. The systesnabgr could use other conventional
power production methods to balance the capacipraduction from the RES. DR will
be a more cost-effective method than balancingptiveluction with different sources
[54].

In most cases the power utility company sells tleetecity for a fixed price per unit
(kW) of consumption to a particular type of consurf,63]. However, the market
price varies with time, for example in Nordpool ketr the power price varies every
day [64]. In the fluctuating power price, the wyilcompany would like to postpone the
consumption during high price to low price duratfon maximising their profit [65], or
to improve the system reliability [66]. The netwarngerational constraints like conges-
tion could also be a reason for power limit [67,88ther than the aforementioned rea-
sons, the power system operational requiremeneés Midtage control and frequency
support could also be a requirement for power iimgit They are discussed in detail in
the following subsections.

In this dissertation, the change in available ity with domestic TCLs on different
levels of limitation of their aggregated power aom@tion by DR activation is present-
ed in chapter 6. The impact of power limit by DRistion on domestic TCLs is de-
scribed in the chapter 7.

2.4.2 Voltage control

The DSO is responsible for the voltage level at distribution grid. Any electrical
equipment is designed to operate at particulaagelievel [69]. A violation in the volt-
age levels may cause a malfunction or a permanemiage. Therefore, the DSO is
obliged to deliver power within specific voltagenlts. The voltage drop in the power
carrying cables is inevitable due its impedance \ditage drop in the cables is a func-
tion of both the cable impedance and the amourgowfer flow. As the distance be-
tween the distribution transformer and the loadédases, the length of the cable and its
impedance increases. If the voltage level dropevbdl0% of its nominal value, it is
considered as under voltage [69]. Some transformefge network series are equipped
with online tap changers (OLTC). These tap changezsused to increase the voltage
levels. Similar to the under voltage case, if tlhdtage level goes above 10% of the
nominal value, it is considered as over voltagq.[B@art from the OLTC, line regula-
tors, and shunt capacitors are used at feedertieweintrol the voltage [70]. Beyond the
controllable limits, load shedding is one optionatmid grid instability [71] and load
shedding is the cost-effective method to managemuwndlitage challenges faced by the
electric utility companies [72]. The impacts oftdisuted generation on different volt-
age control methods are detailed in [73]. In thevemtional unidirectional power flow
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network, the capacities of the load and the soareeknown and conventional OLTC
method works well. The distribution system with tiplé generation system becomes
an active distribution system (ADS), where the @ntional distribution system is pas-
sive [74]. In ADS, OLTC cannot control voltage &egey node. The voltage variation in
a distribution network with distributed generatisranalysed in [75] and [76]. A coop-
erative control between the OLTC and distributedegation sources is studied in [74].
Other than controlling the power sources, the sgampproach is by controlling the
storage with respect to production. An active sesttive power control of distributed
storage by broadcast signal is studied in [77]. thir@l option is to control the load in
accordance with the production. A real-time DR blapemary voltage control using
TCLs is studied with a simulation on IEEE 13 nodeder in [78]. A simulation work
with DR load curtailment and controlling switchalokgpacitor banks for voltage control
is studied in [79]. A comparison between the cotieaal single point controls with
static compensator and demand side managemenbWiils carried out in [80].

2.4.3 Frequency control

The frequency in the power system represents tinegmower flow balance. In Europe
the frequency is standardized at 50 Hz. During mbroperation, the steady state fre-
quency variation is 1% of the nominal value [61]} It is the transmission system
operator’s responsibility to monitor and maintaie frequency [82]. During the large
imbalances like a tripping of a large power plané, frequency may vary to the allowed
levels of 47-52 Hz. Frequency control comprisetePs They are primary, secondary
and tertiary. The primary control is effected bg gpinning reserves drop controllers.
On the frequency variation the drop controller atfjuthe generator's power output.
Primary control can act rapidly and can adjustgbeer output in 10-15 seconds. Due
to the primary control’s ability the system frequgrsettles at the deviated value and
not restored to the nominal value. Therefore, thmary control is referred to as fre-
quency containment process [83]. The secondaryaerdre operated by the automatic
generation controllers (AGC). The secondary mayablecal generation or multiple
generation units distributed in the network [84heTsecondary control delivers addi-
tional power to restore the system frequency tanthrainal value. Therefore, secondary
control is called frequency restoration procesg.[8Be response time is longer for the
AGC to deliver the required power to release thiemg@ry controller to act further on
frequency changes. The response time for the dacprontrollers is in minutes. The
secondary control, however, is not a permanenttisaluThe secondary control gives
additional time to the TSO to arrange replacememigp. Replacement for the second-
ary control reserve is the tertiary control, whisltalled reserve replacement [83].

As discussed earlier, in a power system with highetration of RES, the production

cannot be increased as and when required. The DERsh systems should be man-
aged very well to regulate the frequency. Theeermaany simulation studies available
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for frequency control with DER management [85—98]e studies can be classified as
source control [86,88] storage control [24,85,87WH doad curtailment [89-98]. In
source control, control of PVs and wind turbines studied for frequency support [86].
The impact of communication delay in controlling $*Mr secondary frequency control
is presented in [88]. Control of different types stbrage elements like batteries and
flywheels in a micro-grid environment is studied [24,85,87]. In load curtailment
study main focus is on TCL control. Large scale7(5IMW) and small scale (~180
kW) simulations for primary frequency control by €@N-F control of TCLs are de-
scribed in [89]. Another study modelled 1000 redrators for the simulation and stud-
ied grid frequency stabilisation with TCLs [90]. sAmulation study of centralised pri-
mary frequency control by curtailing domestic loagsduding critical loads like light-
ing at different frequency thresholds is studied9h]. Another similar study with au-
tonomous controllers is presented in [92]. An ekpental proof of concept for primary
secondary frequency control with autonomous comtfdlCLs especially the freezers is
demonstrated in [93]. Decentralised primary conivith stochastic control of TCLs in
sudden outage of power plants is simulated in [[®¥]] proposes a distributed frequen-
cy control with DR to minimise frequency oscillai® In [98] frequency restoration
with DR activation for load shedding is presented.

In chapter 6, the secondary frequency control by dgRvation on domestic TCLsS is
detailed. The properties of secondary frequencyrobhy DR activation are compared
with the requirements described in the grid codBariish TSO Energinet.dk.

2.5 Control stretegies

The control of TCLs to provide various power syst@rvices can be classified into two
different types in the ways the final controll elemhis activated. They are

1. Direct control

2. Indirect control
Based on the decision-making intelligence locatthrect and indirect controls can be
autonomous or centralised control.

2.5.1 Direct control

In domestic sector, the loads that have higher pdieibility for example water heat-
ers, and air conditioners are utilised for DLC [9Bhje direct control method is by send-
ing a specific signal or command to the load cdierd100] or even controlling the
load directly [101] through a unidirectional or bettional communication link. If a
unidirectional link is used for communication, tlead or the load controller has to
oblige to the command. The bidirectional commumicatink facilitates an acknowl-
edgement by the load or the load controller [10@] has the freedom of deciding load
curtailment. The command signal can be initiatedhgyutility (DSO-Distribution sys-
tem operator) [101] or by an aggregator [102], vihniolges the gap between the con-
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sumer and the DSO. Four load control schemes basdte type of information ex-
change between the two parties are described B].[A& per the description in [103],
the control scheme can be

1. Shift in time of operation, which is suitable foad of non-interruptible type,
for example washing machines and dishwashers.

2. Reduction in power consumption, which is sugatdr the loads that can re-
duce their power consumption and extend their duraif operation, for example room
heaters or water heaters.

3. Schedule of power consumption with a time seoiesllowable power con-
sumption and its duration.

4. Direct power control, which can alter the powensumption.

In the DLC method of direct power control, the a@pte owner signs a fixed payment
contract irrespective of the DR activations foiimaited number of hours in a day with
the company [101]. Often the user is not informbdud the load curtailment. Further-
more, the user should not notice any inconvenielueeto the load curtailment. There-
fore, in continuous regulation of reserves (CRR) tiser must be provided with an op-
tion to override the DLC controller [50]. Two-wagramunication is mandatory for the
CRR DLC [50]. In most cases, DLC is activated anlyhe times of emergencies [104]
to provide power regulation and mostly associatét the power system stability rele-
vant situations [105]. As DLC is used in emergesityations, its full flexibility may
not be utilised to its potential [104].

In this dissertation, the control strategy adoptedontrol domestic refrigerators is cen-
tralised direct control. In Chapter 3, section 3% devices used for control are de-
scribed. In section 3.3, the control and data ees#tup for the centralised control is
described.

2.5.2 Indirect control

The unidirectional broadcast communication to asiikast a partial flexibility availa-
ble at the demand side is the motivation for iretic®ntrol [106]. In indirect control the
signal for control is the quality parameter of segwvdelivery. It could be the electricity
price or the variation in the service set points;dxample, variations in the temperature
set points of a room heater. The indirectness enréthationship between the controlled
parameter and the observed parameter characténs®s[107]. The controller for the
load is not obliged to react to the signal [100heTindirect control becomes non-
deterministic due to the local decision making igbibf the controller [100,107]. The
intelligence for decision-making is distributed &l control option is limited to the
local control. The indirect control method is imdended for critical power system ser-
vices [105]. The control decision on signal cartdleen by a central controller that has
the information of the device consumption, operalostatus, their service set points
and flexibility. In the case of distributed contest, the control signal (namely, the
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power price) is broadcast to all consumers [10q,1BIEctricity price based indirect

control has gained increased interest in recents)j@@6]. The controllable price-elastic
flexibility with consumer consumption on price bdsedirect control is observed with

varying prices [108]. The indirect control can Harderest to the electricity retailer to

maximise revenue [109], or it can be of interesth® aggregator to deliver power ser-
vice [110].

Although the indirect control method is not usedday of the experiments in this dis-
sertation, the shadow electricity price indicati®isent to the consumers participating in
the project for consumers’ behaviour analysis whécheyond the scope of this thesis.
In chapter 3, section3.1 explains in detail abdwt heed for consumer behavioural
study and the method of study. Section 3.2 desciifve devices used for shadow price
indication.

2.5.3 Automnomus and centralised control

In autonomous control, the parameters of the peystem are measured locally and the
local controller has the knowledge about the pasystem as well as the appliance to be
controlled. In general, in power system the souarescontrolled autonomously. The
droop control governors work autonomously for priynfrequency regulation. Similar-
ly the OLTC in the MV distribution transformers antresponse to the local voltage
changes. [90] proposes a dynamic demand controC(Cdlgorithm for TCLs by vary-
ing their set point as a function of line frequenBpmestic refrigerators were consid-
ered for the study in [90]. [90] states that a pogsystem with considerable wind energy
penetration, the DDC can act faster than the doomroller of the conventional system
in the occasions of sudden wind power changes.sirhiar case can be taken for any
power system with large RES share for example watlar PV. In [111] was studied
frequency control by autonomous control of elecivater heaters. The study proposes
that cooperative control has a greater potentai thdependent control. In [112], a new
approach to communicate the electricity price axtion of frequency is proposed and
the autonomous frequency controlled loads can resgor the same. [113] demon-
strates the possibility of smart charging a disgimay of electric vehicle in response to
the system frequency using autonomous control. |&ind the frequency control by
autonomous control, the EV charging in responsthéolocal voltage condition is ex-
plained in [114]. The harmonic distortion reduction the local voltage by a power
quality improvement instrument is demonstrated 1ih5]. Current control to a water
heater by pulse width modulation (PWM) to reshdq@evioltage variation created due to
the other household appliance opperations is kethfe application.

In centralised control, the control intelligencec@centrated at one place and the con-

trol decisions are communicated to the individdaheents. The advantage is that the
centralised control has better predictability [L16]n the other hand, the cost of compu-
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tational and communication infrastructure will bghas the number of controllable
elements and their distance from the central catrmcreases. Also, the control delay
will be higher. [116] proposes a form of centradiswntrol of DSM for power system
services like spinning reserve and load followipgp@uction) and decentralised control
for the regulation of voltage and frequency as ttegjpuire fast responses. [117] discuss-
es the design considerations of a centralised ¢oattoller using TCLs for continuous
regulation reserves. The technical challenges mesd in [117] are communication
delays, data errors, and limitation of communicatiandwidth. [117] insists on duplex
communication and user override function of confoslcentralised control. With the
centralised control, it will be easy to introduc@ew entity and evaluate their perfor-
mance (for example a demand side management aggmeda power system operation
[116].

2.6 Recent research projects

2.6.1 IFIV

IFIV (Intelligent Fjernstyring af Individuelle Varapumper) is a project to demonstrate
the DR capacity available with heat pumps to prepdwer system services to Danish
power operators in the Nordpool market scenari@ dioject is funded by Energinet.dk
the TSO in Denmark. A diagram of the overall satigiven in Figure 1. A Smartgrid
ready heat pump controller was developed to rec@gmeals from the control centre and
send indoor outdoor temperatures and solar radiatieasurements from the houses.
Some 300 heat pumps have been installed. The taetmtre server predicts the power
consumption for 24-48 hours. The available capasitiraded in the day ahead and
intraday market similar to a CHP production bardgstem to balance the fluctuations
in the wind power production.

ﬁrtual power plant Setup in NEOGRID
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Figure 1. Virtual power plant setup in IFIV project.

(Adopted from the figure source: http://bit.ly/1VIMD accessed on 26 October 2015)

2.6.2 INTrEPID
The INTrEPID (INTelligent systems for Energy Prosirbuildings at District level)
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project focuses on energy management and energyisation in residential buildings.
It is a FP7-ICT project. The monitoring is at catiible load level and also at the
building level. The objectives are to provide

1. At device level: optimisation of individual dees energy consumption
supported by continuous monitoring and diagnostiatetect deteriorated performance.
Devices considered include white goods and AV egeipt.

2. At home/building level: optimisation through theordinated control of
local consumption, generation and storage devices.

3. At district level: optimisation through the atyilto perform energy ex-
change with other participants connected to thetretéy grid.
The overall architecture is shown in Figure 2. @beice level controllers are connected
to the home automation network (HAN). The HAN isigected to the INTrEPID soft-
ware platform. Energy optimisation and capacitynegtion can be performed at the
INTrEPID software and the services can be traddd thie power system operator and
other external parties.

[ External parties ]

e[ s

Business Supervisory
i i control
intelligence .
strategies

INTREPID Platform
and
DATA management

[ Home Area Network }

Figure 2. INTrEPID system architecture

(Adopted from the figure source: http://bit.ly/IWHK accessed on 26 October 2015)
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Figure 3. PV power balance with storage.

At present the fridge and the other schedulabldddqaashing machine and dishwash-
ers) in residential buildings are controlled todvale the forecasted power output from
the residential solar PV installations. One of tingt scenarios is explained in Figure 3.
There are 50 installations (35 in Italy and the re®enmark) for this study.

The project, IFIV focuses on power limit eitherfoylowing one day load profile which
is committed a day ahead or in an intraday pehtmvever, in both cases, there are few
research questions unanswered. As the TCLs wibwme the amount of energy that is
reduced by DR activation back when their normalraten is restored, it is important
to study the impact of power limitation on DR aatien. Similarly, the flexibility
changes in TCLs with different amount of power taion need to be quantified.

The project INTrEPID considers all household apples and energy sources like solar
PV in one house as single cluster. The cluster asaged by a home area network
(HAN) controller to follow a committed load profikg building level. In such scenario,
the individual appliances capacity and their fldkyocannot be characterized for par-
ticular DR application. Secondly, although theraipossibility of demand adjustment
to support power system operation in an unexpdatesel frame, the load capacity can-
not be utilized as the HAN controller optimises toatrol to follow a specific load pro-
file.

This dissertation addresses these unansweredcakspastions regarding the flexibility

change and the impact of DR activation on one cayegf domestic appliance namely
TCLs.
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3

EXPERIMENTAL SETUP

In this chapter, the experiment platform develofiedhe project INCAP is presented.
The INCAP experiment platform is developed as & plthis Ph.D research work. The
experimental platform development project work estssof selection of suitable hard-
ware devices to convert a normal domestic refrigerato a smart grid friendly refrig-
erator without any alteration in the refrigeratgstem, software application develop-
ment for assert and measurement data manageméwiargoapplication development
for DR control applications and mock trials to stardise the hardware installation pro-
cedure at the consumer houses. The chapter st#intshe broad introduction about the
project INCAP, project objectives, project partnargl their interest and responsibili-
ties. In the further sections 3.2 and 3.3, the G periment platform is detailed. All
the experiments presented in the chapter 5, 6 ard ¢onducted using INCAP experi-
ment platform.

3.1 Project INCAP

INCAP stands for Inducing consumer adoption of m#t®d reaction technology for
dynamic power pricing tariffs.

The domestic household can change its electmabhsumption in reaction to electrici-
ty supply variations. In the wholesale electriamyarket, the hourly prices indicate the
supply demand variations. The technological advaiece can make the household
gadgets smart in future, and they can be madesfmonel automatically to supply de-
mand variations. But the barrier foreseen is th&auer adaptation for such dynamic
response by their household gadgets. INCAP analysepossibility of inducing the
customer to accept varying tariffs and automatspoase technology at an attractive
cost. The method here with a large field experinadiotwvs for estimating the distribu-
tion of adaptation barriers on a large populatibelectricity consumers involved in the
field experiment from their natural consumptiontisgt The study results will identify
the consumer groups where the focused policedwitlost-effective and also the policy
design.

Domestic consumers can adjust their demand taltarsupply in response to the tar-

iff that varies with real-time system conditiondhi€Be demand adjustments can be seen
as a supply of regulating power. Earlier studies8]lhave shown that in response to
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day-ahead dynamic prices, a larger amount of demehuttion from consumers is pos-
sible through smart technologies. Studies on ies-tdemand reduction with market
prices are limited. Therefore, INCAP will focus antomated response at the household
level on real-time system conditions. As the numidgparticipants for the experiment
needs to be larger, the household gadget selemtéef experiment should be common-
ly available in every house. The gadget shouldva@able all time of the day for con-
trol. Its interruption for a short duration shouldt cause inconvenience to a great ex-
tent. The device installations to add the smarti@$ise gadget could be done easily by
the consumer without any additional special skillserefore, a refrigerator is selected
as the controllable gadget.

3.1.1 INCAP objectives

The objectives of the project are

1. To establish a blueprint of quantitative measufesoasumer motives and
barriers regarding their adoption of varying tarifind automated supply of regulating
power from appliances.

2. To investigate important dimensions of behaviodretierogeneity based
on a sound field experimental methodology and gelaepresentative sample of Danish
power consumers.

3. To utilise results for designing policy stratega®l investigating the con-
sequences of these policies using macro modelseddanish energy system.
4, To provide sound guidance to national policy makerd private energy

system operators about
a. The guidelines to design effective policies foruoohg different types of
consumers to supply regulating power.
b. The costs and benefits of implementing effectivicps taking account of
heterogeneity across different types of consumers.

3.1.2 Project partners and responsibilities

There are 2 academic and research institutiongstabdtion system operator and a
smart grid-friendly home automation product mantufeer are participating in the pro-
ject.

1. Technical University of Denmark (DTU): DTU ElectaicEngineering is
responsible for developing system level architectiger-installable, “smart” household
unit for adding demand response capabilities tonarg refrigerators and developing
software applications for the experiment. DTU Masragnt is responsible for design
and evaluation of National strategies for the aidopof “smart” technologies and in-
creasing demand flexibility.

2. University of Copenhagen (Kgbenhavns UniversitefrK&J responsible
for identifying consumer motives and barriers andiévelop the experimental design
for the estimation of the motives, barriers, polayd price effects. KU is also responsi-
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ble for running the field experiment in coordinatiwith the distribution system opera-
tor SE (formally SYD ENERG]I).

3. Develco Products: Develco Products A/S provides dietrol and sub-
metering device, temperature sensor, user intedagg&e and communication devices
and the support for interfacing these devices qmiiation software developed for the
project.

4. SE: SE is the distribution system operator in Detkmaath state of art en-
ergy metering infrastructure. The consumers inSkés distribution network are con-
sidered for the field experiment. SE can provide tlourly energy meter readings of
their consumers who are participating in the expent. The historical data available
with SE from one year previous to the experimentused for the analysis of the mo-
tives, barriers, policy and price effects.

3.2 Experiment plan and control requirements

The consumers, who volunteer for the experimegt ai contract with their electricity
company (SE). They are provided with a set of d=vito upgrade their refrigerators
and receive electricity price information. TheyMaé informed with shadow qualitative
prices of electricity as high, low and normal psicEéhe actual price values are informed
in their contract agreement. The technical requereisfor the devices are

1. An ON/OFF switch for control

2. A sub-metering device to measure refrigerator conion

3. A temperature sensor to measure the refrigeratgpeeature

4. A simple interface to inform the qualitative pricéormation
All these devices should be accessible from a remamputer.

3.2.1 Control and measurement devices

The control devices make the ordinary refrigeratincat smart and suitable for any smart
grid application. There are 4 devices used forrdiggerator upgradation, control and
measurement.

The devices are

1. Smart relay: A ‘relay unit’ with active power measment function is
used to control the refrigerator. The relay unitsgd to switches the refrigerator ON
and OFF in response to the command from the reocmoiguter. Also the relay unit has
the capability of measuring and transmitting actpmver, RMS voltage and current
consumption by the refrigerator.

2. Temperature sensor: The thermostat in the refrigeraaintains the re-
frigerator cool chamber temperature within theliseits. When the refrigerator is con-
trolled from a remote computer, the refrigeratonperature needs to be measured and
send to the remote computer. The temperature sased is portable wireless and bat-
tery operated device.
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3. User interface: The main purpose of the user iaterfdevice is to com-
municate the real-time electricity price informatito the user. The second requirement
is to receive the user’s feedback if the refrigarag not to be controlled on a daily ba-
sis. The user interface device has red and grehislio inform the qualitative price
information to the user and two buttons (keys)eteive the user’s feedback. Similar to
the temperature sensor, the user interface devialso a battery-operated device.

4, Gateway device: The aforementioned 3 devices grabta to communi-
cate in the Zigbee wireless communication protoaaligbee-Ethernet gateway device
is used to translate the information from Zigbeetqeol to Ethernet protocol to enable
interaction of these devices with the remote seitv@rugh a home internet connection.

3.2.2 Device selection and installation

Switching device
Develco Products A/S has 3 different smart relaydpcts in their listed product line.
The 3 smart relay products differ in the load cotrr@ting and physical construction for
mounting. The available products are

1. Wall mountable 30 A Zigbee meter relay

2. DIN rail mountable 16 A Smart relay

3. Danish 107-2-D1 AC socket mountable 16 A Smart plug
The communication interface in all 3 smart relayZigbee wireless protocol. The pow-
er plug used in the domestic refrigerators in Detnmig as per the Danish 107-2-D1
standard. The maximum load current rating of theeitic refrigerator complies the 13
A current limit of Danish 107-2-D1 standard.

Table 3- 1: Technical specification of smart plug

Voltage range 207 to 253 VAC

Current range 16 A

Optimum accuracy 1%

Max. switch voltage 250VAC

Max. switch current 16 A

Operation temperature 0 to +50°C

RF sensitivity -101 dBm @ 1% PER

RF output power 13 dBm

Power consumption 0.4W

Standards & directives CE compliant, ETSI compli&daHS compli-
ant according to the EU Directive 2002/95/EC

Therefore the Danish 107-2-D1 AC socket mountaBlédA1Smart plug is selected for
control. The short technical specifications listteé smart plug is given in the
Table 3- 1 and the detailed technical specificasioeet is attached in Appendix B.1.
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Temperature sensor
The temperature sensor is not a separate prodtiet iisted products of Develco Prod-
ucts A/S. There are 3 battery-operated combinedosenodules that include the tem-
perature sensor. The available sensor combinagiens

1. Smoke and temperature sensor

2. Occupancy, light and temperature sensor

3. Magnetic and temperature sensor
Among the available sensor combinations, the oacompdight and temperature sensor
combination is selected to be used as the temperaansor. The light sensor and the
occupancy sensors in the sensor module could liktasense the event of refrigerator
door opening for food exchange. The short techrspatifications list of the tempera-
ture sensor is given in the Table 3- 2 and theilédtaechnical specification sheet is
attached in Appendix B.2.

Table 3- 2: Technical specification of temperature sensor

Temperature range 0 to +50°C

Resolution :0.1°C

Accuracy +0.5°C

RF sensitivity -92 dBm

Output power +3 dBm

Power Battery CR123 (exchangeable)

Battery life 5 years, hourly reporting

Standards & directives RoOHS compliant accordintp&gEU Directive
2002/95/EC.

User Interface

The user interface device is not a separate praduitte list of products of Develco

Products A/S. One of the products in the list ighéie wireless Key fob / remote con-
trol. This product has 4 ON keys. This product weslified to accommodate two LED

lights (red and green) to communicate with the ooreys. The short technical specifi-
cations of the Key fob / remote controller are givwe the

Table 3- 3 and the detailed technical specificasioeet is attached in Appendix B.3.
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Table 3- 3: Technical specification of user interface

Input interface 2-push button key

Output interface 2 LEDs

Power Battery (2 x AAA, exchangeable)
RF sensitivity -92 dBm

RF output power +3 dBm

Operation temperature, 0 to +50°C

Standards & directives] RoHS compliant accordinth&oEU Directive
2002/95/EC, DIN EN 14604 and DIN 14676 Certified

Gateway device selection
There are two types of gateway devices availabteeristed products. They are

1. Zighee GSM gateway

2. Zigbee Ethernet gateway
The Zigbee GSM gateway needs separate GSM subsorighd involves associated
data usage costs. The control and measuremenfadagach consumer are very small.
Most of the houses in Denmark have an internet ection with an ADSL router.
Therefore the Zigbee Ethernet gateway device ictsd as the communication inter-
face. The short technical specifications of théegEthernet gateway are given in the
Table 3- 4 and the detailed technical specificasioeet is attached in Appendix B.3.

Table 3- 4: Technical specification of zigbhee Ethernet gateway

Ethernet interface 10BASE-T/100BASE-T

RF performance TX: +18dBm (EU: 12dBm) - RX: -100dBm
Range: LOS< 1600m, Indook 100m

Power consumption Average of 1.8W

Supply voltage PoE or ext. PSU, 15-40 V

Operation temperature -10 to +65°C

ZigBee stack version 2007

ZigBee application pro- | Home Automation

file

Standards & directives CE compliant, ETSI compli&daHS compli-
ant according to the EU Directive 2002/95/EC

The device installation is simple and is done lgyrifrigerator users. An illustration of
the devices installed is shown in Figure 4. Upastalkation, the devices identify the
control center server and are authorised to joindigbee network. The devices were
configured by the server on joining for the measwelt sampling rate.
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Figure 4. Refrigerator control device installation in a hause

3.2.3 Measurement parameters and sampling rate

Temperature: As the temperature sensor is batfeyated, the manufacturer Develco
Products A/S preconfigured the transmission rateaflong battery life over the whole

INCAP project duration. The temperature sensooigigured to transmit the tempera-
ture measurement at 2 minute intervals. The refiige temperature changes very slow-
ly due to the thermal inertia, the measuremenvatye2 minutes interval is sufficient to

appreciate these dynamics. The temperature seasoarhaccuracy of 0.5 °C and a
resolution of £0.1 °C.

Fridge active power and voltage: The active powsrsamption by the refrigerator is
measured by the smart rely with 1 W resolution. phase RMS voltage is measured
with 1 V resolution and the measurement intervabfmth measurements is 10 s.

3.3 Central control and data centre

For the INCAP project, a central control and dagatre was established at the Risg
campus of the DTU. The necessary software thablesdtas the communication be-
tween the devices and the controller and datalsabested by a virtual server at the
central computer server at the computer. Figur@dws the communication between
the devices installed in each household and tredattre at DTU.
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Figure 5. Data flow from the fridges to the controller.

Develco Products A/S provides software called ‘Smavanced Meter Mmanagement
Server’ (Smart AMM Server). The smart relay, tenapaere sensor and the user inter-
face device send their respective parametersonna 6f short messages to the gateways
device. The gateway device is configured with thidJDcontrol center server address.
Therefore the messages received from the devieeseat to the DTU control centre
computer in which the Smart AMM Server softwar@dasted. The Smart AMM Server
acts as a message transfer agent. Any client safttixat is subscribed to the Smart
AMM Server can receive a copy of incoming messdges the devices. In a similar
way, the command messages for the smart relay, Bighk message corresponding to
the price information can be sent to the correspandevices through the Smart AMM
Server.

The Zigbee-Ethernet gateway device is factory cuméd with the domain name of
DTU control and data computer server. When the wmes installs the devices, the
Zigbee-Ethernet gateway device automatically cotsnecthe control and data comput-
er server in which the Smart AMM server softwargusning. An application devel-
oped at DTU for the INCAP project is given withist lof devices and their addresses.
The application software authorises the 4 devices fthe consumer’s household and
the data from these devices are logged in the dsa¢ab

The software for control application can be exetwgigther in INCAP server or in an-

other computer by subscribing to the Smart AMM $erfor message exchange. The
experiment for available flexibility estimation WifTCLs is described in chapter 5. The
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software application for the control of refrigenatds executed in the INCAP server. In
contrast, the software applications for experimergscondary frequency control with
DR activation (chapter 6), analysis of change axifility at different levels of power
reduction (chapter 6) and the impact of DR actoratbn refrigerators (chapter 7) are
executed in a remote computer.

3.3.1 Safety interlock

The communication from the end device like smalayrdo the INCAP application
software has multiple layers in between. Commurtoaiailure may happen for multi-
ple reasons, for example due to poor internet actiore Zigbee-Ethernet gateway de-
vice failure or application software failure. Inetlevent of any of the failures stated
above the food content in the refrigerator showdd ajfected. The smart relay is pro-
grammed to hold the ON OFF command from the rerocoteputer valid for only for 5
minutes. After 5 minutes, the smart relay will hitback to its normal status (ON). If
the control software needs to keep the refrigerateitched OFF for more than 5
minutes, then the command has to be sent muliiplest In such a way the food con-
tent in the refrigerator is saved from any failuegsept from the smart relay failure and
the control software malfunction.

3.3.2 Data security

The DTU computer-sever in which the software SrAdtiM server, INCAP database
and INCAP application software are installed istgcted by the DTU's firewall for the
information security from the external network. T¢éensor and control devices in the
houses can communicate only to the DTU computegrsas the Gateway device is
programmed with DTU computer sever the domain narhe. sensor and control de-
vices in the houses accept the commands from #hafEepSmart AMM server only. In
this way the communication and data base are s#cUlires level of security is suffi-
cient for the INCAP project. However, for a realaingrid data and communication
scenario, the security measures considered foiNG&P project are not sufficient and
better cyber security infrastructure as per theskadtandards is required.
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MODELLING OF REFRIGERATOR

In this chapter the main results concerning th& foart of the first research topic are

presented. The main results have been publishedparate paper and the paper is in-
cluded in Appendix A.1 of this dissertation. Theapter starts with general modelling

methods for TCLs. Then, the chapter introducesrteasurement constraints in the pro-
ject INCAP and the suitable modelling method. Ia thrther sections of this chapter,

the temperature prediction strategy is explain@talfy, the chapter presents the results
of the experimental validation of the temperatuediztion method.

4.1 General modelling methods

A mathematical model of a system governs its behawwvith equations. The equations
represent the output of system as a function desysnputs and also the factors influ-
encing the system output. The purpose of develoaingpdel can be to predict the fu-
ture behaviour of a system or to design a new systeto characterise the system or
even to test the system in its extreme conditions mon-destructive method. Based on
the method the system is modelled, the model caadldssified as white-box model,
grey-box model or black-box model.

41.1 White box model

In a white box model of a system, the model paramedre determined using first prin-

ciple of operation or the basic physics equatibthd properties of the system elements
are well known at the given circumstances, themefasy to develop a white box model.
[119] is an example of white box modelling of a HZAystem. Each subsystem is in-
dividually modelled and their collective behaviaarseparately modelled. The white

box model is more generalised one and can be reddi@ represent a specific system
with its parameters.

4.1.2 Grey box model

The grey-box modelling method still follows thestiprinciples and yet a physical one.
But, the model parameters are estimated from th®rital measurements of system
inputs and outputs. The model parameter estimaiioness is model training. As it is
difficult to collect all system specific parametetBe grey-box modelling method is
practised to model TCLs for power system applicetio[121-128]. The model can be
simple first order one as represented in [121],]E2d [128] or the complexity by im-
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proving the order to represent more dynamics inpdgormance as shown in [122].
The complexity in the model parameter estimatios teabe considered before improv-
ing the order of the model.

4.1.3 Black box approach

The black-box modelling method doesn’t follow thstfprinciples of the system to be

modelled. The modelling method governs the relabetween the inputs and outputs of
the system only from the historical measuremenismits and outputs. The black-box
modelling method facilitates to model even a nowsptal system. As the model de-
pends on the historical measurements, model cgmealict the output for the input

conditions which are not governed by the histordzth. In [129] the black-box model

of heat exchange in a variable speed refrigeraystem is explained. Black-box mod-
elling of complex power system is explained in [[L¥0state queue approach to model
TCLs is detailed in [131]. The uncertainties in #ggregated TCL are modelled in
[132]. Performance evaluation of state queue mbdséd control of TCLs is presented
in [133].

4.2 INCAP measurement constraints and black box mod el

In the INCAP experiment, the access to control dkimoerefrigerators is provided,
which is the example case TCLs. The refrigeratpetgnd capacity are unknown as
they are not collected from the users. There ig onk temperature measurement from
the INCAP consumers refrigerator is available. As temperature sensor is a small
portable device, the user may not perform a fixetallation of the sensor inside the
refrigerator. Therefore there is no control over plosition of the temperature sensor.

In such circumstances, the white-box model is watjble without any details about the
refrigerators. Even a simple grey box model thaisaters the refrigerator as a first or-
der system needs at least two temperature measuienae from the refrigerator cool
chamber and the other from the ambient aroundeahgerator. As the historical meas-
urements are available, a black-box model is ptessilith the historically measured
temperature and power data.

As far as the DR application is concerned, the psepof the refrigerator temperature
prediction is to estimate the time that is requiedttain the thermostat set points from
the present temperature if the compressor is sedtasff, or vice versa. The error in

temperature prediction will be reflected in thedigstimation.

4.2.1 Types of refrigerators

Domestic refrigerators are available in differempacities and types. The basic classical
refrigerator has a one cool chamber with evaporthiatr acts a freezer and the cooling
element. The classical refrigerator has a singtig circuit consisting of a compres-
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sor, condenser and expansion valve and evapofdtere are sophisticated refrigerators
with multiple cool chambers. In such refrigeratargh single compressor, one cool
chamber comparatively at a lower temperature (tbald be a freezer chamber) mount-
ed with the thermostat for compressor control asta master. The advanced refrigera-
tors have multiple cooling circuits with variableegd compressors and advanced elec-
tronic controllers. As the functionalities in thefrigerator increases, the complexity
also increases.

In general, refrigerator temperature is maintaibgdhe thermostat by controlling the
compressor operation. The thermostat is mountethenevaporator. The thermostat
maintains the temperature within two temperatungit namely Tax and Tnin. The
thermostat switches OFF the compressor when thpeleture reaches the lower limit
Tminand temperature inside the refrigerator increasega the natural heat seeping into
the cool chamber from the ambient which is at higeenperature. As the temperature
reaches the s, the thermostat switches the compressor ON andabkng starts. The
temperature inside the cool chamber is not uniffir@4]. The temperatures at different
places inside the cool chamber can represent émmtistat switching limits.

4.2.2 State queue model of TCLs

In [131], a state queue model (SQ model) of TCL&hwinly two measurements (viz.
system status and temperature) is explained. Tduehdivides the temperature cycles
of the refrigerator into two parts: namely, cooliagd heating. The example case con-
sidered for this study is a water heater systere. ddoling and heating parts are identi-
fied from the water heater system status. Durimgciboling part of the cycle the water
heater system is OFF and the heating part occues \Wie water heater system is ON,
which can be identified from the power consumptidrthe water heater system. The
cooling and heating parts of the temperature cgodedivided into different states as
shown in Figure 6. As the heating duration is tbss the cooling duration, the number
of states in heating part is less than that ofingolThe duration of cooling or heating
can be obtained from the system status (ON or @R&)present state (temperature). On
a control event that changes the system status @bihto OFF or vice versa, the tem-
perature state is swapped with the similar ondéncounterpart. For example, when the
water heater at the temperature state 3 is swit€idd by the control will move to the
temperature state 11 as shown in the Figure 6.I&igithe water heater at the temper-
ature state 13 will move to the temperature stateh2n it is switched ON as shown in
the Figure 6. The SQ model is adopted for DR atitimastudy of HVAC in [133]. In
the study presented in [133], the SQ model is usethange the temperature state of
individual HVAC to the required temperature statesgontrol them to achieve desired
aggregated load profile.
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This model is a very simple black-box model andugable for simulation studies of

DR activation on a large number of TCLs. Howevieeré are some disadvantages with
the SQ model. The model considers the temperatie parts are linear with constant
slope, which represents a zero-order system. lity¢lae TCL elements (i.e. the mate-

rial inside the cool chamber and the air) has tacethermal mass. This thermal mass
provides thermal inertia and the system order besogreater than zero. For a good
prediction of cool chamber temperature, the dynanoitthe two temperature cycle

parts have to be included rather than approximdtiegn to a simple linear one. Anoth-

er black-box model is developed to overcome thaddiantages of the SQ model. The
following section will explain the temperature pin strategy developed to model

the refrigerator behaviour in this dissertation.

Temperature
[¥)

1 2 3456 7 B9 10 11 12 13 14 15

Time
Figure 6. SQ model of water heater load [132]

4.3 Temperature prediction strategy

The parameters that govern the temperature behrawiaa refrigerator are the thermal
insulation of the refrigerator, compressor powed &0OP, thermal mass of the food
content and air, the ambient temperature and thatims in the thermal mass due to
exchange of food content and air. The basic assampt this modelling approach is
the domestic refrigerator operational charactesswill not change for most of the day.
The temperature variations of the cooling and hgagiart of the temperature cycles
follow a similar trend. Therefore, the heating pafrthe temperature can be predicted
from the characteristics of the previous heating pathe temperature cycle. Similarly
the cooling part also can be predicted. The vamatin the ambient temperature are less
as the refrigerator is placed inside the houseypical refrigeration cycle (heating and
cooling) last for an hour or two as shown in FigdreThe variations in the ambient
temperature will be considerably less in such domadf refrigeration cycle. Also, if the
refrigerator model is developed in such a way thatpresent temperature prediction is
always based on the previous actual measureméets,ariations in the ambient tem-
perature will have a minimal impact on the predicterrors. Figure 7 shows the tem-
perature cycles and the compressor power consumgtia refrigerator. In the tempera-
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ture cycle T1-T2-T3, T1-T2 is the cooling part ar2tT3 is the heating part. Similarly,
in the temperature cycle T3-T4-T5, T3-T4 is thelecmppart and T4-T5 is the heating
part. If the characteristic cooling part T1-T2 isokvn, the cooling part T3-T4 can be
predicted as the variations in the successive thstatic cycles are less. Similarly the
heating part T4-T5 can be predicted from the previgycle’s heating part T2-T3.

—
=

Temperature (' C)

2
18:00 19:00 20:00 21:00 22:00 23:00 00:00
Hours of a day

---------------------------------------------------

—————————————————————————————————————————————————

0 i i i i
18:00 19:00 20:00 21:00 22:00 23:00 00:00
Hours of a day

Figure 7. Temperature cycles and power consumption ofragezhtor

Instead of considering the whole heating part asealine, as assumed in the SQ model,
the temperature curve of each cooling and heatmggan be characterised as a piece-
wise linear curve. The slopes of each segment eansbd to construct the next tem-
perature cycle’s heating part. The linear segmanthe the one between two tempera-
ture measurement samples. The heating and coodirtg pan be identified from the
compressor power consumption. The temperature giir@dliblack-box model with his-
torical measurements is illustrated in Figure 8.

Historical data

Power & temperature ‘

(2 cycles)

Regulating

Cumgﬁ”é’;tate mmmm)| Prediction strategy power / energy
o/ ! available

Present cool chamber -
temperature

Figure 8. Block diagram of fridge model showing input andput.

4.4 Prediction error

To evaluate the developed model, an evaluation odeftas to be formed. The black-
box model predicts the temperature profile of thiigerator for the successive cycle.
The purpose of the temperature prediction is tonasé the time that is required to at-
tain Tmax OF Tmin from the present temperature if the compressewitched off or vice
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versa. The error will be at its maximum at the ehthe predicted part of the cycle. The
Figure 9 illustrates the actual temperature cyales the predicted temperature cycles.
The error in the heating part and the cooling parnt be evaluated separately as they are
predicted separately.

A At At
F— Tmax .
) ! Temperature (cooling) actual
E = = * Temperature [cooling) prediction
[1°]
S
g Temperature (heating) actual
1= T.. = = * Temperature (heating) prediction
T min
=
L.
. -
Time
N
= ; i ; P i
$ i i | P i |
=) i ON ! ' : : : :
s I
§ i : Error in regulating power
W : supply prediction
2 a
o !
= !
(=] !
L) . >
Time
v

Figure 9. Prediction error calculation in cycle duration.

The prediction error is the ratio of the differermmween actual time for each (cooling
or heating) part of the temperature cycle and tieglipted time to the actual time, as
illustrated below.

At.p
ep =

tc,h

4.5 Experimental setup

The experiment measurement requirements are caabloér temperature measurement
and refrigerator power consumption measurement.ekiperimental setup is shown in

Figure 10. More details about the experimental sespecifications of measurement
data collection setup and the temperature sensoacierization are given in the con-

ference paper attached in Appendix A.1.
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M > switch
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T2 Phoenix contact
Fridge 13 bus coupler

T1, T2, T3 - Temperature sensors

Figure 10. Experimental setup and sensor position.

4.5.1 Sensor placement

The temperature inside a refrigerator is not unifdhroughout the cool chamber. It is
necessary to identify the best place inside thé doamber where the temperature vari-
ations are good enough to follow the cooling andting parts of the temperature cy-
cles. Three sensors are used to measure the teargsrat 3 different places inside the
cool chamber. The temperatures are measured inadidas inside the cool chamber.
One measurement is at the top (close to the eviapptiae cooling element), the next is
at the bottom (far away from the cooling element] the third sensor is placed equidis-
tant between the two sensors. The measurementglim@ sensors are shown in Figure
11.

10 T

NVV\MWWMWM*U Upper
- | | | —T2 Middle
(@] | | —T3 Lower
25 ‘ ¥ VaVay
[ ] I
|
| | |
1 1 1
0 06:00:00 12:00:00 18:00:00 00:00:00
Compressor power consumption
80, T T T
— | | |
;60** - - K :** B W Al W Gl e = SRS NENE N
~ | |
5 40 s - EishiEls - rnk- - Eis EH AR T - - -
E | |
| |
0 06:00:00 12:00:00 18:00:00 00:00:00

Hours of a day

Figure 11 Temperature variations in 3 locations insidedbe chamber of a refrigera-
tor.

It is noticeable that the temperature at the topiggois higher than the temperature at
the bottom. The measured temperatures are air tatapes at different highs inside the
cool chamber. Tough the cooling element is at te tlue to the higher density, the
cold air always moves to the bottom of the refrder and air at relatively higher tem-
perature and low density moves to the top portibthe refrigerator. The refrigerator
used in this experiment has deli tray (similar wrawer) at the bottom. As the deli tray
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is enclosed from all directions, the air inside titay does not participate in the natural
air circulation. Therefore the temperature measergmt the bottom shows less varia-
tions compared to measurement at the middle ofdfregerator. A detailed study of
temperature and heat flow dynamics inside domesfigerators is presented in [135],
[136]. The temperature variations are greater énntiddle segment of the cool chamber
compared to the top and bottom segments. As thpeiture variations are greater in
the middle segment, the model can extract morelsletiathe temperature curves of the
heating and cooling parts of temperature cycleg Middle sensor measurements are
considered as the representative temperature ofefnigerator and are used for the
temperature predictions.

4.5.2 Experiment plan

The experiment is planned for model developmentiehwerification and validation.
The model development and verification is done witle type of refrigerator and the
validation is done with different type of refrigema with different load condition and
user interaction. The refrigerator used for modaiedopment is a VESTFORST brand
model CW 375 M 75 liters fridge with separate fedand freezer compartments with
separate doors. The freezer compartment is theemasit of this refrigerator. The
thermostat is mounted in the freezer compartmedttiae temperature set point for the
refrigerator is the temperature of the freezer. fritlge compartment is a slave unit.
The coldness flows from the freezer to the fridgenpartment through a low thermal
resistance (compared to the walls and doors) mamatseparating the fridge and freez-
er. The construction of the refrigerator and thedation of coldness flow are shown in
Figure 12.

Cool chamber
—> (Fridge)

- » Coldness flow direction

Cooling element
(Freezer)

Figure 12 Physical construction and coldness flow direionthe double door refrig-
erator.
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Figure 13 Temperature prediction and prediction error liar full day.

4.5.3 Temperature prediction

As the temperature and power consumption of thegeshtor are collected with a
common time stamp, the cooling and heating parte@temperature cycles are identi-
fied with the compressor power consumption. Thevesirare assumed as piecewise
linear and the slopes of each segment are derifesislopes of each segment are used
to construct the next temperature cycle. The slgbeke cooling part are used to pre-
dict the next cooling part until the thermostat imiam temperature of the current cycle
is reached. Due to the thermal inertia of the systhe temperature continues to drop
even after the compressor is switched off. Theeefbe system minimum temperature
is lower than the thermostat minimum threshold.

Similarly the temperature continues to increasthatend of heating part even after the
thermostat switches on the compressor. The modaiaders the thermostat thresholds
as mark to end prediction. Figure 13 shows theaheind predicted temperatures for the
refrigerator and the prediction errors for eachley@he mean errors and the standard
deviations for the prediction for a full day aree in Table 4-1.

Table 4-1:Prediction error.

Mean error Standard deviation Maximum error
Cooling -7.4% 14.2% 16.1%
Heating -2.3% 3.6% 3.2%

4.6 Performance validation

The model performance is validated with a differigpie of refrigerator. The refrigera-

tor has a capacity of 50 L. There is differencéhim refrigerator construction compared
to the previous refrigerator. The refrigerator hasevaporator unit mounted inside the
fridge compartment (i.e. in the cool chamber). Eraporator serves as a cooling ele-
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ment and freezer. The refrigerator has a single.ddwe coldness flows from the top to
bottom as shown in Figure 14.

3
| = 5 Cooling element
. : (Freezer)

" . Coldnessflow direction

Cool chamber
(Fridge)

Figure 14. Physical construction and coldness flow diredionthe single door refrig-
erator.

The performance evaluation is planned for prednctiader normal operations and for
the predictions under load changes and user intenac For the normal operation, the
refrigerator is filled with 18 L of water (i.e. 60%8 the actual volumetric capacity) and
is allowed to attain stable temperature cycles.|®hd changes and user interactions are
introduced as listed below.

. Random door openings for the duration of 30 s&hd.
. Removal of thermal mass (12.5% of present mass)
. Addition of thermal mass (5% of present mass)

The actual and predicted temperature cycles angdhmentage error in prediction are
shown in Figure 15. The disturbances are introdibegdieen 08:00-12:00 . The mean
and maximum error and the standard deviation asengn Table 4-2.

Table 4-2: Prediction error on validation.

Mean error Standard deviation Maximum error
Cooling -1.0% 4.8% 9.5%
Heating 0.5% 5.5% 10.4%

The normal user interaction of 30 s to 1 minutadloemoval of 12.5% and load addi-
tion of 5% do not show any considerable error anphedictions compared to the errors
during normal operation.
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Figure 15 Temperature prediction and prediction error oidasion.

As the small load addition does not show any caralale error pronouncement, anoth-
er load addition of 13% is made. The actual andlipted temperature cycles and the
percentage error in prediction are shown in Fidure
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Figure 16. Temperature prediction and prediction error f8¥lload addition.

The prediction error means and standard deviatdomgiven in Table 4-3.

Table 4-3: Prediction error for 13% load addition.

Mean error Standard deviation Maximum error
Cooling -0.5% 10.8% 9.5%
Heating -0.3% 6.1% 47.5%

The prediction error shoots up above 40% in thdimgaart on the load addition of
13%. In the two refrigerators, the black-box mopleddiction has fewer errors on the
refrigerator in which the thermostat is mountedhe same compartment as the meas-
urement is taken. In the other refrigerator, thragerature controller is mounted in the
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freezer compartment. Such a situation can be cereidas the worst case scenario. The
prediction errors for the worst case scenario atiginvl0%.

4.7 Model qualities

1. Fewer input parameters: The model developed rexjoindy 2 parameters (i.e.
power consumption and temperature) for the temperand time prediction.

2. Simple model: This model is a very simple model dods not involve complex
calculations. Therefore, it is scalable for DR &milons involving a large num-
ber of TCLs.

3. Error: The best possible prediction seen duringda#ibn is with an error of
0.3%

4. Adoptability: The model adapts to the change isteayp dynamics within one
thermostat cycle.

5. Suitability: The model suits well different typekrefrigerators and does not re-
quire any special modification.

4.8 Suitability of the model for DR application

The demand response applications can be classsiegplications that focus on power
reduction and application for energy shifts. In poweduction, it is important to know
the duration for which power has to be reduced.il8ity, in energy shift applications,

estimation of the duration is important. The mahjeotive of the model described in
this chapter is time estimation of the refrigenatoycles using temperature predictions.

[137] analyses different error thresholds for tihedgction models for smart grid appli-

cations. The error threshold suggested for DR egiitin is 10%. The prediction error
for the model described in this chapter is far faetloe limit prescribed by [137].
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5

AVAILABLE FLEXIBILITY ESTIMATION

In this chapter the main results concerning themsepart of the first research topic are
presented. The main results have been publishedparate paper and the paper is in-
cluded in Appendix A.2 of this dissertation. Theapter starts with the formulation of
energy estimation scenario. Then, the chapterdaoties the control constraints and
energy estimation method. Finally, the chapter gmtssthe results of the experimental
validation of the estimation method.

5.1 Scenario

Demand response (DR) is a widely accepted opeddtmocedure carried out by power
system operators [138-141]. The DR activation o Tas two aspects. One is the
amount of power reduction and the other is theasusbility of the power reduction.
The power reduction capacity depends on the tatalber of TCLs, which are on and
operational at any time (in the population of coldible TCLs, some may be off be-
cause of their thermostatic cycles) The TCLs wothsume the amount of energy that is
reduced by DR activation back when their normalraien is restored. This is due to
their objective of temperature maintenance. Heeeagsumption is the TCL parameters
do not change. The entity responsible for provigpower system service by controlling
TCLs should be able to estimate the energy shife method and the experiment pre-
sented here use domestic refrigerators from readdtmwlds for the demonstration. The
refrigerator model described in chapter 4 is usedHe calculations.

5.2 Control constraints

The refrigerator operation is limited to the twenfeerature limits as shown in Figure 7.
The thermostat maintains the temperature withirdithigs by switching the compressor
on and off. In the experiment scenario of INCAR tlontrol relay for the refrigerator is
placed at the power outlet. Since the refrigeradoesnot modified, there are some con-
trol constraints imposed by the thermostat in tkergINCAP experimental setup.

1. The refrigerator cannot be cooled below,TThe thermostat switches off the com-
pressor as soon as the temperature reaghes T

2. Once the refrigerator is switched off by therthestat, the compressor cannot be con-
trolled by the external control relay until the ttm@stat is on again.

61



Avalilable flexibility estimation

5.3 Estimation method

The control constraints limit the possibility ofriperature control by the external relay
only above Ti,. The energy shift estimation method describetiissection calculates
the energy shift for a control method that keegsr#irigerator cool chamber tempera-
ture between Jax andAT °C above Tax A pictorial representation of the temperature
changes during the control period (DR) is showhRigure 17.
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Figure 17. Refrigerator energy consumption estimation dudemand response activa-
tion.

For the energy prediction during the control parionly 3 parameters are needed.
They are the compressor power, the cooling duradiwh the number of temperature
cycles in the control period. The energy consunmptioring the control period is given
by Equation (1). The compressor power is a knowarpater. As the control is activat-
ed for a known duration, the number of cycles carcddculated, if the temperature cy-
cle duration is known. The temperature cycle darattan be calculated by predicting
the temperatures of the refrigerator. The black-bwdel described in the previous
chapter can be used to calculate the temperatwate dyration by predicting the tem-
peratures. Here the heating and cooling behavibtineorefrigerator is expected have
similar properties of the previous temperature &ychs the new cool chamber tempera-
ture range with control is close to the old temperrange without control (practically
close to Thay. In Figure 17, there are 3 time intervals marksdoreDR, DR and post
DR. The duration DR is the period when the consaénabled for DR activation and
the refrigerator temperature is increased. The Brethe period of same length of DR.
The temperature cycles during the preDR perioduaesl to train the black-box model
of the refrigerator. Also, the energy consumptionthe preDR period is considered as
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reference for the energy shift calculation. A tich@ation of same length of DR and
preDR is considered after DR period (after the ¢ released) to validate the energy
shift calculation.

Energy consumption during DR activation Epr =N X (CP Xt,) (1)

where,

CP is compressor power,

tee IS cooling time in each temperature cycle and

N is the number of cycles during the control period.

The number of cycle is calculated as follows,

_ (tpr—thea)
Number of cycles N = e (2)

Where,tpris the control duratiortye, is the heating time elapsed before the control ac-
tivated for the particular refrigerator, atpdandt..are the heating and cooling durations
respectively, predicted using the refrigerator nhode

As the energy consumption during preDR is knowe, ¢nergy shift is calculated as
follows

Estimated energy shift Es = Eprepr — Epr (3)
Estimated energy during postDR Epostor = Eprepr + Es 4)
which is

Estimated energy during postDR  E,ostpr = (2 X Eprepr) — Es (5)

5.4 Experimental validation

The INCAP fridges are used for the experimengaification of the energy shift esti-
mation method described in the previous sectioneXdained in section 3.3, the con-
troller program has to subscribe for a data linkht® smart AMM server hosted for IN-
CAP project at DTU server. The controller is a JAYfogram executed in a virtual
machine on the same DTU server. There is no réstrito host and execution in any
computer as for the data link to the Smart AMM seran be established. More details
about the experimental setup, specifications ofsmeanent data collection setup and
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the temperature sensor characterisation are givehe conference paper attached to
Appendix A.2.

5.4.1 Controller description

The controller receives the temperature measurtrag a 2 minute interval and the
power measurements at a 10 s interval. The powasunements are used to distinguish
between the heating and cooling parts of the teatper cycles. A classical thermostat
refrigerator should have zero power consumptionnduthe heating part, as the com-
pressor is off. However, there could be some pameasumption during the heating part
of the temperature cycle due to two reasons. Tgig bulb inside the refrigerator is il-
luminated when the refrigerator door is openedsTdauses a nonzero consumption
even if the compressor is off. In addition, advahoefrigerators have electronic con-
trollers in the place of classical thermostats,clvfdause a nonzero consumption. There-
fore a threshold of 30 W is considered to distisguhe compressor states. The temper-
ature that corresponds t@,2k and T, of the temperature cycles of all refrigerators par
ticipating in the experiment are stored locallyhie program.

5.4.2 Controller objectives

The controller has 3 objectives during the conpeiod. They are

1. Temperature control: The controller will maimtaghe temperature of
the refrigerator cool chamber between thg, BndAT °C above Tax

2. Compressor safety: The refrigerator compredsould not be turned on
immediately after it is switched off due to the kawressure on the evaporator. The
compressor manufacturer advises a switch on délayronutes.

3. User support: In the event of refrigerator dbeing opened, the con-
troller will switch on the refrigerator to illumite the light bulb inside the refrigerator
to assist user. 5 minutes’ duration is considerddrie switching off to support multiple
door openings. The compressor safety is also cereidor the user support.

The control is enabled between 20—-23 hours ofdbal time. The user has an option of
withdrawing from the experiment by pressing a huitothe user interface device pro-
vided. The user’s selection is valid for only ors/dEvery refrigerator participating in
the experiment may have different temperature siitg which correspond to the,Xk
and Tnin temperatures. A fixedT °C increase abovenyl to all refrigerators may spoil
the food in the refrigerators in which theg.f temperature is violated more. Therefore
the AT temperature is individualised for every refrigeraas half of their normal opera-
tional temperature band (i.e. half of the differemetween the JJax and Tnin). An ex-
ample case of temperature control is shown in Eig&:

The control loop is executed at a 2 minute intewiaén the new temperature measure-
ment is received from the refrigerator. If the temgture data for any refrigerator is not
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received due to any reason of failure (communicatiodevice failure), the correspond-
ing refrigerator is not controlled. As the validdfthe switch off command is only for 5
minutes, the refrigerator will be switched on ihew command is not received. In this
way the safety against the food contamination ssissd.

Temperature measurements
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Figure 18 Temperature variation inside the fridge and thvgr consumption.

5.4.3 Consumer participation for DR activation

The experiment is conducted with 10 INCAP projeatigipants for 9 days. Thought all

the participants are involved in the experiment, alboffer to participate all the time.

This is good example of variation in user prefeesnclhe number of participants on
each day is given in Table 5-1. A daily participatpercentage and overall participation
can be derived with a base number of 10 (total rermob participants). The daily par-

ticipation varies from 60—-100%. The overall pagation is 86%. The refrigerator con-
trol does not affect the comfort of the user disedn the case of other TCLs, which

influence the user comfort directly may have lemdigipation.

Table 5-1:Participation percentage

Day 1 2 3 4 5 6 7 8 9
Number of fridges 10 9 9 10 8 7 8 6 10
Participation % 100 | 90 | 90 | 100 | 80 | 80 | 70 | 60 | 100
Overall participation % 86
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5.4.4 Energy consumption calculation

The actual energy consumption by the refrigeraimrgach day during the preDR, DR
and postDR periods is calculated separately. Asaga in section 5.3, the duration
for preDR, DR and postDR has to be same. In tee oathe experiment, the DR dura-
tion is 3 hours. Therefore, 3 hours of preDR anst R are considered. As the power
measurement is at a 10 s interval, the energy legilcn in Wh is as follows:

n K .
E = % (6)

where

E is energy consumption in Wh in each segment ddBteDR and postDR.

N is the number of fridges participating in the expent on each day,

K is the number of power measurement samples in sagiment of preDR, DR and
postDR.

Pi is the power consumption by the individual refrager.

As the measurement interval and the duratiorkaosvn, the data integrity is checked
for any discontinuity in the measurements fromrthieiestamps. The refrigerator com-
pressor is operated by a single phase inductiommm®ohe single phase induction motor
has an inrush current consumption during the giaithe inrush current is typically 10
times the magnitude of the maximum current. Theshrcurrent lasts 1-2 s. If the pow-
er measurement by the relay unit synchronises thghcompressor startup, the power
measurement will show a very high value. As the gromreasurement interval is 10 s, a
wrong power measurement will be mistaken as a lemgsumption for 10 s. The power
measurements are clipped to the maximum value wipoessor capacity. The estima-
tion is close to the actual consumption for moghefdays.

The error in the estimated value is the differebeveen the actual energy consump-
tion and the estimated value. The percentage ericalculated with the actual value as
a base as shown in the following equation.

e(%) = Cec=estd 5 100 (7)

act

The total energy consumed by the fridges is reduduring the DR period as the cool
chamber temperature is increased. Also the reduatidhe consumption is compen-
sated in the postDR period. The estimated energguwuption and actual energy con-
sumption during the DR activation period for thdays are listed in the Table 5- 2.
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Table 5- 2: Estimated and actual energy consumption in DR/atobin period.

Day Estimated | Actual Error
[Wh] [Wh] [%]

1 1082.3 1069.5 -1.2
2 774.3 783.0 1.1
3 712.2 714.2 0.3
4 1018.1 1003.4 -1.5
5 629.2 621.1 -1.3
6 502.4 496.6 -1.2
7 713.4 700.7 -1.8
8 629.7 625.2 -0.7
9 1187.3 1180.2 -0.6

Similarly, the error percentage in the estimationgost DR period is also calculated as
per Equation (7). The error in estimation is witdih0%. the estimated energy con-
sumption and actual energy consumption during tst PR activation period for the 9
days are listed in the Table 5- 3.

Table 5- 3: Estimated and actual energy consumption in posa€tRation period.

Day Estimated | Actual Error
[Wh] [Wh] [%]

1 1358.6 1333.8 -1.9
2 1165.7 1264.8 7.8
3 1200.0 1244.3 3.6
4 1424.2 1297.9 -9.7
5 1027.0 1129.6 9.1
6 1167.6 1245.9 6.3
7 870.9 924.7 5.8
8 767.9 814.3 5.7
9 1479.0 1495.9 1.1

The energy estimation is based on the estimatidheofluration of the cooling part of
temperature cycle and the number of temperaturesyin the 9-day experiment, there
are 118 cooling durations from all of the fridg&bke cooling duration varies with the
refrigerator capacity, food content and other patans that affect the system dynamics.

The error for each cooling duration estimationakalated as given as Equation (8):

(Tcact—Tcest)

eT(%) = T X 100 (8)
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Figure 19. Histogram of cool cycle time prediction error.

Figure 19 shows the histogram of cool cycle timedpmtion error. The percentage error
in each cooling time estimation is less compareitiécenergy shift estimation. The
maximum, mean and standard deviation of the enropoling duration estimation is
given in Table 5-4.

Table 5-4: Cycle by cycle estimation error.

Number of cycles Maximum Minimum Mean  Standard Devi  ation

118 4.67 -1.00 0.36 2.76

The prediction of individual cool time has lessqegrtage error compared to the error in
total energy estimation during postDR period. Tlaet pf the shifted energy is con-
sumed in the thermostatic cycles after the 3 hotigstDR period. This signifies the
time required for the system to attain a steadie sgagreater than the 3 hours that are
considered for the analysis.

This method can estimate the energy shift with maxn error of 10%. A more detailed
refrigerator model can estimate the energy shitth Wetter accuracy. The detailed mod-
el needs more computational power depending ondhmplexity involved in the model.
This method is better for a quick evaluation ofikde capacity with a large popula-
tion of refrigerators and can be used in aggregeaémlation.
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6

SECONDARY FREQUENCY CONTROL BY
DEMAND RESPONSE ACTIVATION

In this chapter the main results concerning themsgcesearch topic are presented. The
main results have been submitted for publicatiojpimnals as separate papers and the
paper preprint versions are included in Appendi@sand A.4 of this dissertation. The
chapter starts with first part, frequency controlpower system by describing the im-
portance of the power system frequency and corwegitimethods for frequency con-
trol. Then, the chapter introduces the secondaguincy control with demand re-
sponse activation, method for testing in an islenvd voltage network and further, the
results of the experimental validation of the selzog frequency control are presented.
Later the chapter presents the results of the ewpatal validation of the secondary
frequency control. Then, the chapter introducesséheond part of the same research
topic flexibility analysis. In continuation, thesteng methods and the scenarios for flex-
ibility analysis are described. Finally, the chagiresents the main results of the exper-
imental validation.

6.1 Frequency — An indicator

In an electric power network, the balance betwibenelectricity production and con-
sumption is indicated by the system frequency. slbad increases compared to the
power production, the system frequency starts twedse and vice versa. Frequency in
the power system has to be maintained always witteradmissible range of its nomi-
nal value, as it affects the performance and kigeetancy of the power system compo-
nents. For example, the frequency has a direct ¢tnpa the speed of asynchronous
machines at the demand side and causes reductibeimefficiency and life span. In
the conventional power system, the power produdotbows the demand.

6.1.1 Frequency control in conventional power syste ms

The TSO is responsible for maintaining the freqyebg maintaining power system
balance. The frequency control in the conventiaiettric grid can be classified into
primary, secondary and tertiary control. The powkmts’ generators supplying the
base demand have droop controllers that adjusgéinerators’ power output for the
frequency deviations. This serves as the primangrob Power plants are responsible
for providing primary control as per the responsetspecified by the TSOs’ grid code.
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As the additional demand needs to be supplied inatedy to arrest further frequency
deviation, the primary frequency control acts tgflic within seconds. The primary
control stabilises the system frequency at a velitle a steady state error. The second-
ary frequency control restores the frequency toinahsystem frequency i.e. the steady
state error in the frequency is eliminated. Theosdary frequency control is normally
taken care of by TSO through automatic generatorol (AGC) [4]. The TSO makes
contracts with balance responsible parties (BRP)}He secondary frequency control.
The BRPs obey TSO’s AGC signal. BRP’s productiocilitg must comply with the
ramp rate specifications of the grid code provitlgdthe TSO. An illustration of fre-
guency deviation and frequency control by diffenesgterves is shown in Figure 20 [5].
As shown in the figure, the secondary reservesetieated after minutes to upregulate
the frequency to the nominal frequency.
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Figure 20. Primary and secondary frequency control and tlesjponse times.

6.1.2 Frequency control by DR activation on TCLs

The frequency control can also be provided fromdémand side. DR aggregators can
provide load reduction for frequency control in trany to the BRPs’ power production.
In Section 2.6, the aggregators’ role as an emityR market in providing services to
the power system operators is explained.

TCLs are very much suitable for frequency contpgleations [21,22] due to their fast
response [23] and their ability to provide therrmartia with thermal storage. In this
experimental study, refrigerators are used as dneyasy to work with, in order to ana-
lyse and validate DR applications of TCLs for snaartl applications. In Danish elec-
tricity demand scenarios, refrigerators and freezemtribute 18% of total domestic
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electricity demand and are regarded as importamadd responses in the smart grid
[32].

The aggregators’ capacity can be pre-assessedgaednzents can be made similar to
the one with the BRPs for service delivery in-tesfrpower reduction and duration of

power reduction. The illustration of aggregatoryplg BRPs role is shown in Figure

21.
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Figure 21 Secondary frequency control with AGC of BRP uaitsl with DR activa-
tion by different aggregators.

6.2 Method

The secondary frequency control by DR activationir@uis is tested in an islanded LV
network. The refrigerators representing the TCleseanulated with a vanadium battery.
In reality, the refrigerators participating in tBgperiment are not present in the island
network. The refrigerators aggregated power consomgan be emulated with a vari-
able load whose power consumption can be adjusteghi-time. The island network is
equipped with a vanadium battery. The charging poxaéue of the vanadium battery
can be changed in real-time with the aggregatedeval the power individual refrigera-
tor's power consumption which is measured in rgmét The frequency disturbances
are introduced with a controlled load variatioratthieve a steady state frequency error
as shown in Figure 22.
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Figure 22 lllustration of secondary frequency control by B&ivation.

The secondary frequency control is performed byfrisguency controller by switching
OFF the refrigerators in order to reduce the laabring system frequency back to the
nominal value. The time required for the frequetettain the nominal value depends
on the inertia of the power system and the loacalarxe. The greater the load reduc-
tion, the smaller the amount of time required &igee the frequency. In order to sustain
the effect of load reduction, the refrigerator setm is based on their ability to stay
OFF for longer. The OFF time of the refrigeratocadculated using the black box mod-
el described in chapter 4. More details aboutcith@roller are given in the paper at-
tached to Appendix A.3.

6.2.1

The regulation capacity available with the refrager participating in the experiment
was 1.25 kW, which is negligibe compared to the OQidver grid capacity; it will not
be feasible to visualise the frequency restorgpimtess with the refrigerator control if
the experiment is conducted with the grid connectibherefore, the experiment was
conducted in an islanded grid with capacity of ¥, kvhich is comparable to the avail-
able regulating power 1.25 kW with the refrigeratoiThe island system’s capacity is
comparable to the generation (6000 MW) and reguiafr50 MW) capacities of DK1
region (Western Denmark).

Test setup

The experiment was conducted in an islanded LV oitvin the SYSLAB facility in
Technical University of Denmark (DTU) with a vanawh battery bank as load and a 50
kVA diesel generator as a source. The network gandition diagram is shown in Fig-
ure 23. The SYSLAB islanded low voltage grid ismi@d by connecting two busbars in
series to a 200 kVA distribution transformer thrbwgcircuit breaker, which is opened
in order to island the system. Busbar 1 has a 58 #Msel generator and the 200 kVA
transformer, while busbar 2 has a vanadium baiteoyder to emulate the fridges’ con-
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sumption and to provide the base load and loactianis. The description for the setup
to measure temperature and power consumption fhenrefrigerators is presented in
sections 3.2 and 3.3.

SYSLAB
ET)
] 200 kVA

[efetetited

I

Resistive load

FGr\d

PFr\dge

BUS 2 PBat TFr\dge INCAP Fridges
Controller
\ Batterye | [ N ------
Set Pﬂdg/e ON/OFF

Figure 23. Block diagram of the experimental setup.

Details about setting up the island network, nekwsynchronisation, system balance
and controlled load variation for steady state destwy error are given in the paper at-
tached to Appendix A.3.

6.3 Performance analysis

The parameters of the system, during the experimenshown in Figure 24. The first
plot — (a) shows the system frequency, the sectotd-{b) shows the generator power
output and the third plot — (c) shows the refrig@rgpower consumption during the ex-
periment. The generator synchronisation with thevaek is shown in the plot — (c) near
300 s. The controlled load variation to attain steady state frequency error is shown in
the plot — (c) between 400-500 s. The system fregyudecreases to 49 Hz in 60 s. The
secondary frequency controller is initiated at 8)@vhich is marked with vertical red
line mark in all of the plots.
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Figure 24. System frequency, aggregated fridge power andrgésr production.

N (a) Frequency variations

= Slg—T——

B 50,5 e gy = 835 e e . e A
| ot R s o e o S M PSS S
= 498 e e e e

o 600 615 630 645 660 675 690 705 720 T35 750

Duration in Seconds
(b) Agg. power consumption of fridges

T
[, [AP —
I

Power (W)

Duration in Seconds
(c) Power from Diesel Generator

= 135 . . . . . .

R o I U O doooo ol e Lo H— io..__(Generator B. = 12 KW

= 12. : : ' ' ' 5 1
5 115F----- boeeese A- s s beasoc- droee- FECECELE REEEEEE T
% 10.% : : : : : : : : :

A 00 615 630 645 660 675 690 705 720 735 750

Duration in Seconds

Figure 25. Close-up view of the secondary frequency cormesiod.

A closer view of the events during the frequencytaaler is active is shown in Figure
25. The controller reduces the load in two iteraioThe power reduction during first
iteration is 350 W and the second iteration caaggswer reduction of 275 W. The con-
trollers target is to reduce 300 W on each iteratithe difference in the actual power
reduction is due to the compressor capacities efréfrigerators as the refrigerators
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considered in this experiment have different corsgoe ratings. The round trip re-
sponse time of the control command for the first aacond iterations are 35 s and 33 s,
respectively. They are marked a3 &and &2 in the plot — (b) of Figure 25. The time
required for the system frequency to restorationdminal system frequency of 50 Hz
is 83 s, which is shown in the plot — (c) of Fig@ieas §;.
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Figure 26. System frequency, instantaneous temperature gavarad number of fridges
active.

The variations in the population and the tempeeatduring the control are shown

inFigure 26. As shown in the plot — (c), 14 fridgee active at the beginning, 7 and 2
fridges are switched OFF during the first and sdciberations of the control. The in-

stantaneous temperature average of the refrigereg@hown in the plot — (b). The in-

stantaneous temperature average continues to féHewirend of decreasing tempera-
ture. The individual refrigerator temperatures sinewn in Figure 27 in different col-

ours.
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Figure 27. Temperature of the refrigerators in differentocos.

The controller activation time is shown by the leé. The cool chamber temperatures
are shown 200 s after the control period. As thetrol period is very short, the cool
chamber temperature of the refrigerators does mow sany appreciable change due to
the thermal mass and thermal inertia of the reffaitpe content. Therefore the instanta-
neous temperature average also does not chartgenits

Table 6-1: Average response time and ramp rate of the TCL @Rral and DK1 grid
requirements.

Secondary frequency control
Parameter
Experimenta -
values Girid code for DK1
Average control response time [$] 33.5 900
Ramp rate [%/minute] 41.2 %8 Egiaessgl-%g(-)lo/(%b% )

Table 6-1 compares the performance of the frequencyrol with the DK1 region’s

requirements for BRPs. The results showed thaavkeage response time to the control
signal is 33.5 s, whereas the requirement for tké& Begion is 15 minutes (i.e. 900 s).
As the response time is very small, it can be coaipa to the response time for the
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primary frequency control requirements. The prim&agquency control in DK1 re-
quires increasing the production by 50% in 15 s #red 100% capacity has to be
reached in 30 s in the scenario of up regulation.

The ramp rate achieved is 41.2 %/minute, whichnsat twice the ramp rate of diesel
engine power plants that are considered as the mpolaets with highest ramp rate (20
%/minute).

6.4 DR resource upscaling

The computational system performance for OFF tialeutation and resource sorting
depends on the computational power and memoryadlaito perform different tasks.
The system performance will be affected as the munolb refrigerators increases. To
understand the computational time requirement {éréint sections of the algorithm, a
simulation study with a large number of refrigergbopulations is carried out and the
performances are mentioned in Table 6-2. The assomsgor the simulation are 1. The
maximum temperature cycle length is 60 minutes; 2nthe maximum sorting time is
experienced when the resource order is to be redefhough the computational power
of the computer used is a major factor for componal delay, the calculated times will
give an indicative representation.

Table 6-2: Computational delays

Time for Time for
Number of temperature predictior]  resource sortin
fridges P P ’
[ms] [ms]
1,000 1 S
10000 2 80
100000 5 7609
1000000 21 906146

The time required for resource sorting increasgmeantially with the increase in the
number of refrigerators. Therefore, the sortindhegue used and number of times the
resource sorting is carried out in a scenario dgopulation of refrigerators will be
one of the major factors determining the perforneanc

6.5 Flexibility analysis

The second part of the experiment is to understaaediuration for which the service
can be provided by power reduction. The effecteanperature and the average power
that can be achieved are also analysed. The exgmtiainsetup for this study requires
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only the INCAP experimental platform and the coht@n be executed from any com-
puter. More details about the experimental setugvien in section 3.2. The controller
architecture and control task timings are detdieithe paper attached in Appendix A.4.

6.5.1 Definition and quantitation of flexibility

The thermostat in the refrigerator will switch tifie refrigerator’'s compressor as soon
as the cool chamber temperature reaches Tmin. fbinerthe refrigerator will not be
available for control till the thermostat enablbe tompressor at Tmax. Thus, any re-
frigerator is available for control only during theoling part of the thermostatic cycle,
as shown in Figure 28. The refrigerator has no @gpavhen the cool chamber tem-
perature is close to Tmax and the flexibility i9Q¥ when the cool chamber tempera-
ture is close to Tmin. The refrigerator capacity be used only when the thermostat is
ON, i.e. during cooling. The refrigerator has nahle capacity when the thermostat is
OFF and thus the flexibility is 0% as shown in Feyas.

Thermostat OFF
£=0% f=100% Fridge not available for control

E Tmax
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Figure 28. Flexibility change during natural thermostaticley

6.5.2 Experiment scenario definition

The experiment is conducted with 4 scenarios akaqu below.

Scenario 1:Scenario 1 is the base case without any conttod fEfrigerator power

consumption and the temperature were observeddftrors. The observation without
control will give an idea about the aggregated posamsumption variation with time.

The power limitation set point for the control ior fthe following scenarios is derived
from the base case scenario 1.
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Scenario 2:In scenario 2, the controller objective is to niaiim the aggregated power
to the average value of power consumption in tlemago 1, without violating the tem-
perature limits of individual refrigerators.

Scenario 3 and 4:Scenarios 3 and 4 are used to understand thes lohithe possible
power reduction by DR activation on TCLs. The povimits for the controller are set
as 50% and 25% of the average power for scenamosl 3 respectively.

The aggregated power consumption of the refrigesadad the instantaneous tempera-
ture average of the population for the scenariasdl.2 is given in Figure 29. Similarly,
Figure 30 shows the aggregated power of the papolanhd the instantaneous tempera-
ture average of the population for scenarios 34and
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Figure 29. Aggregated power consumption and temperatur@ti@ns in scenarios 1 &
2
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Figure 30. Aggregated power consumption and temperatur@t@ms in scenarios 3 &
4
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6.5.3 Change in flexibility

On different levels of power delivery, the flexibyl of the population varies in different
levels. Table 6-3 shows the change in controllegetapower reduction value, achieved
average aggregated power, average temperature @ottulation, energy consumption
and the average flexibility value for the 4 sceosriAs the power reduction increases
from scenario 2 to 4, flexibility decreases. FigBfeshows the flexibility variation and
the aggregated power variation for scenario 1.flehebility variation follows the trend
of aggregated power variation. This is due to thtumal thermostatic cycles. As the
number refrigerators connected increases, the adtexibility increases also, and thus
the flexibility increases too. In Figure 35, theigtions in flexibility for 3 control sce-
narios 2, 3 and 4 are given.

Table 6-3: Average aggregated power, energy consumption aribility for the 4
scenarios.

Power Power Avreage | Avreage Energy

Scenarios| reduction limit | temperature power | consumption ﬂe)ﬂ;ﬂ]”ty
[%] (W] [°C] (W] [KwWh] °

1 NA - 7.1 837.0 20.1 27.9

2 50 800 7.2 801.0 19.2 43.3

3 75 400 8.1 607.2 14.6 10.3

4 87.5 200 8.0 527.0 12.6 4.5
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Figure 31 Change in available flexibility without control
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Change in available capacity in scenario 2
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Figure 32 Change in available flexibility with different m@r reduction levels.

In scenario 2, as the refrigerators are controlled, flexibility increases compared to
scenario 1. The average aggregated power consumgtgame in both scenarios 1 and
2. In scenario 2, a greater number of refrigeratooses from their natural thermostatic
cycle to the controlled population. Their flexibflincreases. Furthermore, as the power
reduction increases in scenarios 3 and 4, thebiléyi decreases. This phenomenon is
due to less thermal charging of the refrigeratdlhss is indicated by the increase in the
average temperature of the population.

The histogram of the aggregated power consumptbtise 4 scenarios is shown in the
Figure 33. As the control is enabled, more numlb@courrences is close to mean pow-
er consumption. The standard deviation for scea&iand 4 is high compared to sce-
nario 3. The higher standard deviation in scenasgnifies the underutilisation of the
flexibility. In scenario 4, the higher standard @on signifies the overutilisation of the
flexibility.

Therefore, scenario 3 can be considered as thgbssible power reduction by DR

activation on TCLs. The power reduction possiblé5%o from the maximum value of
normal consumption without control and the elevatiothe temperature is 14.3%.
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Figure 33. Histograms of the aggregated power consumptiokisel 4 scenarios.
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IMPACT OF DEMAND RESPONSE ACTIVA-
TION ON REFRIGERATORS

In this chapter the main results concerning thedthesearch topic are presented. The
main results have been submitted for publicatioa journal as a separate paper and the
paper preprint version is included in Appendix Abthis dissertation. The chapter
starts with describing TCL energy consumption be&ravhen, the chapter introduces
the factors considered for impact analysis. Furtttex roles of aggregators in an un-
bundled electricity market are presented. Laterctiapter presents the method for the
experimental analysis. Finally, the chapter presené main findings of the experi-
mental validation.

7.1 DR activation on TCL

The main objective of TCLs is temperature mainteeafhe DR activation on TCLs
alters their energy consumption. The objectiveD&f activation is either to reduce
power consumption to provide power system senaces shift energy consumption for
effective resource utilisation. Researchers hayperted that simultaneous control of
multiple TCLs will cause synchronisation of thdiwetmostatic cycles both in the DR
control period and after the control period. Thackyonisation of thermostatic cycles
in multiple TCLs will cause oscillations in powdow. The oscillations in power flow
are not acceptable for the power system stabitittha power system stability depends
on the balance between generation and consumpAjoert from the synchronisation
issues, the functioning method of new electricigrket creates more challenges for the
system operators when they adopt DR solutions.

7.1.1 Impact analysis

For the performance analysis, there are 3 factamsidered. They are

1. The deviation from the committed Pmax_limit value
The deviation is calculated as a square root efghal Square of Error (ISE) as a meth-
od given in [142].

2. Ramp down and ramp up rate
The ramp down rate is calculated as the ratio afgralifference and the time elapsed.
The power difference is the difference betweerptheer at the time of DR activation
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and the local minimum power reached as the conseguaf DR activation. Similarly
the ramp up rate is calculated considering theofm2R activation time.

3. Peak overshoot
The peak overshoot is taken as the maximum poweucoption after the DR activa-
tion removal.

7.2 Unbundled electricity market and DR aggregators

Deregulation in the electricity market entertaingltiple suppliers to participate in the
trading. The suppliers that offer market clearimgg (MCP) or lower than MCP are
selected for the electricity supply [143]. On mar#teregulation, the energy price varia-
tion is inevitable. For example, the Nordpoolspo¢rgy market has an hourly energy
price variation [144]. The Danish TSO EnergiNet.Bthsiders intelligent DR as one of
the promising service in the future Danish smaid §it45]. In the Danish electricity
retail market, consumers are allowed to chooseyalated energy price or deregulated
energy price. However, the Danish Energy Regulatathority (DERA) sets the max-
imum allowed retail price to consumersby the eleityr companies [146]. If the de-
mand is reduced during high price hours, the pwifitbe maximised as far the DSO is
concerned. In domestic sector, the demand adjustedery household will be very
small. Their aggregated value will be considerdhige. As explained in Section 2.6,
the aggregator as an entity will play a major inl®R market providing services to the
DSO. The aggregator’s capacity is pre-assessedebpEO and the aggregator makes
an agreement to deliver the service by power réalucd DSO [142]. A simplified par-
adigm of the ancillary service market is shown iguire 34.

Consumers with larger

“—_} demand
L == —
DSO {Industrial f Commercial |

Consumers with flexible loads Consumers with flexible loads Consumers with flexible loads

—— DR Service request from D50 to Aggregators = Control signal from Aggregator

Service response and aggregated status update ... 5 Otatus and measurement
from Aggregator update from loads

——=> DR Service request from DSO to Consumers ——5  Service response and status update from
with larger demand Consumers with larger demand

Figure 34. Paradigm of the 3 participants in the DR market.
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7.3 Method for study

Any power system service delivery by DR activatisrfundamentally realised by de-
mand adjustment. In [142], the ancillary serviealisation is explained with the exam-
ple case of demand reduction with Pmax limit. Proax be considered for the DR acti-
vation study with TCLs. An example case is expldihere with a peak hour scenario.

During peak hours DSO need a service to limit dem@he amount of power reduction
AP is purchased from the aggregator as a serviee aggregator controls the loads of
the consumers to reduce aggregated consumptiokPbgs agreed with the DSO. An
example peak hour scenario where the aggregatacesdhe demand VP and limits
the consumption to Pmax_limit during the time betw@0-23 hours of a day is shown
in Figure 35. The Pmax_limit is decided by DSO bgessing the aggregator’s capacity
and performance [142]. The experiments carriechett involve the usage of domestic
refrigerators as controllable loads.

I

normal

AP

Y pmax-limit

Demand (kW)

v

00 20 23
Time (Hours of a day)

Figure 35. lllustration of DR service activation during arfpeular time of a day.

Other than the power limitations, the rate at whiad power consumption is reduced at
the beginning of the DR activation and the ratevhaich the power consumption in-

creases at end of the DR activation are also impbrifThe ramp down and ramp up
rates are critical for the power system as the rg¢io@ units have to adjust power pro-
duction as the demand changes which is criticatiferpower system stability. For ex-

ample, the technical regulations set by the DaiiS® EnergiNet.dk for the thermal

power plants demands a ramping rate in the rang=-8¥ of the nominal power per

minute for the conventional power plants, dependngthe typology and operating

point. The ramp up rate requirement for the gascaeskl power plants ranges from 10—
20 %/minute [147].

7.3.1 Experimental setup and control implementation

The experiment for the impact analysis was condiwith the real-time household
refrigerators of the participants in the INCAP piadj The details of the sensor and con-
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trol devises and their installations are explaimechapter 3 as well as in the paper at-
tached to Appendix A.5. The control algorithm ahe tontroller implementation are
explained in the paper attached to Appendix A.5.

7.4 Control scenario definition

The experiment is conducted with 5 scenarios. Tisé ¢ase is a normal case without
control, which can serve as a base case, and altowdentifying the Pmax limit for the
other cases. The 5 scenarios including the norasa are listed below.

Scenario 1: Normal operation without control.

Scenario 2: DR activation without delay.

Scenario 3: DR activation with delay sequence S1-S1

Scenario 4: DR activation with delay sequence S1-S2

Scenario 5: DR activation with delay sequence S33%6.

In Scenario 2, the DR activation is started andednat the same time for all TCLs.
Scenarios 3-5 are realised to reduce the ramp d@amrp up and the peak overshoot
values by delaying DR activation from one TCL totuer.

There are 25 fridges available for control and gt DR activation impact. The total

compressor power consumption capacity of all 2&gls is 2.5 kW. In the normal case
without control, the aggregated average power aqopson over a day by all fridges is

660 W. The average consumption is 26.5% of thé tatapressor capacity. Therefore,
the power limit value can be fixed to the nearedu® of 25% of the total capacity,

which is 625 W. The DR activation is conducted ofdy 3 hours a day from 20-23

hours of a day by considering the duration a peak.nThe population of the fridges is

low. Therefore the experiment for each scenaraiglucted for 3 consecutive days and
their measurements are aggregated to one day tlatenauhigher population and also to
increase the signal to noise ratio (SNR).The oesvwf the scenarios 3-5 is given in
Figure 36.

The different types of delay sequences followethenscenarios 3-5 are explained as
follows.

Scenario 3: DR activation with delay sequence S1-S1

In scenario 3, the control for all the refrigerat@® enabled sequentially with a delay of
1 minute between each refrigerator. The 25th refatpr is enabled for control after 25

minutes from the 1st refrigerator. Similarly, a¢ #nd of DR activation time, the control

is disabled sequentially with the same delay. Hitiee sequences followed at the begin-
ning and at the end are same. In this way, aligefators are controlled for the same
amount of time.
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Scenario 4: DR activation with delay sequence S1-S2

Scenario 4 is similar in most aspects to scenaribth® only difference is the sequence
in which the refrigerators are enabled for the ardt the beginning and at the end are
different. In this way the refrigerators have diffiet DR activation durations.

Scenario 5: DR activation with delay sequence S15352,4,6

In scenarios 3 and 4, the test is the same Fdhal3 days. In scenario 5, each day a
different sequence is selected at the beginningaatise end of the DR activation time.
In this way the experiment on each day is differmmd this case will only emulate a
larger population of refrigerators.

Ly
>
-

r =25 minutes

<

»

1

Aggregated power (kW)

oo 20

|
|
|
1
Time (Hours of a day) :

Scenario 3 Day 1 |s1} Is11

Delay sequence 51-51 g::: ::ii i;i:
Scenario 4 Day 1 'Sii isz:

Delay sequence 51-52 g::: :ii izz:
Scenario 5 Day 1 |51 ol

Day 2 |53} Il

Delay sequence 5135-5246 Day 3 |55 Iss!
[ | 11

Figure 36. Scenarios 3-5 overview

The aggregated power consumption and the instasuantemperature average of the
fridges for the 5 scenarios are reported in Fi@re Figure 41. As the power is aggre-
gated for 3 days, the Pmax_limit becomes 1875 Vé. Himax_limit is marked as a red
line in the upper plot of each figure.
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Figure 37. Aggregated power from the fridges and instantas@verage of tempera-
tures all fridges without control scenario 1.
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Figure 38 Aggregated power from the fridges and instantas@verage of tempera-
tures all fridges in scenario 2.
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Figure 39. Aggregated power from the fridges and instantas@verage of tempera-
tures all fridges in scenario 3.
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Figure 40. Aggregated power from the fridges and instantas@verage of tempera-
tures all fridges in scenario 4.
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Figure 41 Aggregated power from the fridges and instantas@verage of tempera-
tures all fridges in scenario 5.

Table 7-1: Effect of control on aggregated power of the refragors.

Scenario
Parameter
2 3 4 S
ISE [W] 36.44| 28.40 26.07 36.78
Ramp down rate [%/minute] 8.71 7.3[7 5.27 8.Y0
Ramp up rate [%/minute] 20.33 18.00 16.00 1970
Average of instantaneous temperatufg [ 7.35 7.50 7.45 7.24
Standard deviation of instantaneous temperat@g|[ 0.52 0.45| 0.47 0.49
Peak overshoot after DR activation removal [kW] 52 4.7 4.7 4.8

90



Impact of demand response activation on refrigesato

7.5 Findings

The experimental results are listed in Table& They show that withdrawing all loads
abruptly (scenario 2) produces a high error in geaihsquare root of ISE (36.44 W) in
power limitation and also causes higher ramp do&u@7( %/minute) and ramp up
(20.33 %/minute) rates and higher peak oversho@tkd/).

The efforts taken to reduce the ramp down and rampates and peak overshoot by
delaying the DR activation on the refrigerators iayed the control performances in all

terms. However, among the 3 delay sequences ussaximarios 3, 4 and 5, the best re-
sults are with two different sequences of refriggafor the delay as explained in sce-
nario 4. The error in the power limitation alsdhie lowest for scenario 4 (26.07 W).

The energy trends for the 5 scenarios are givdfigare 42. The maximum difference
in total energy consumption between the scenaribowt control and the scenarios with
control is around 15%. The difference in total gyerould be due to many factors such
as a change in the thermal mass due to food exehasgr interactions by refrigerators
door openings and prediction errors for controlesithe. The energy treands do not
meet each other at the end. This could be duecttatge time constant of the system so
that the time between each control action (24 Hasraot sufficient for the system to
attain steady state.

Energy consumption trend for 24 hours
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Figure 42 The energy consumption trends of the refrigesaftor scenarios 1-5.
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8

CONCLUSIONS AND FUTURE WORK

This thesis has examined the flexibility of domestCLs for DR applications and has
analysed the effectiveness in providing one ofathellary services: secondary frequen-
cy control by real-time centralised direct contwbITCLs. The impacts of DR activati-

ons on TCLs are also analysed.

Besides these 3 main research contributions, ddnedPhD course, an infrastructure to
conduct a field experiment for DR study using r@ahish domestic refrigerators has
been created as a part of the project INCAP. Tfrastructure for the field experiment

consists of a control and data centre at DTU anttds for sensing and control at every
individual house that participated in the experitndimere are 3 pieces of application
software that were developed. Two are associatéld adgtivities of control and data

centre namely: 1. Device management and data tiolle@. Consumer electricity price

information display. The third piece of softwaretascontrol refrigerators for all the

experimented conducted as a part of the DR studyisrnthesis. The project implemen-
tation demonstrated the modularity in hardware softlvare implementation. The pro-

ject used commercially available devices for semsoontrol and communication. The
commercial telecommunication infrastructure wasluse communication.

This chapter presents a number of key results fftosnstudy and recommends several
topics for future work.

8.1 Conclusions

The 3 main objectives of the thesis are stateceatian 1.5; the following are the cor-
responding conclusions:

1. Estimate the flexibility available with domestic TQ. for DR activation:

When domestic sector is considered for DR, the rarrobflexible resources that parti-
cipate in DR will be greater. Therefore the pradittstrategy should be simple to cal-
culate the flexibility available with the resourcasd should require minimum informa-
tion from the flexible resources for calculation.

The prediction strategy presented in chapter 4pfedicting TCL temperature profile
and cooling and heating durations exhibits prongigiesults with only two measure-
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ment parameters and unknown refrigerator types.ttisted with two refrigerators that
are constructed differently. The mean error in [@téty the heating cycle time or the
energy discharge time with the two types refrigaaare -2.3% and 0.5%, respectively.
Similarly the mean errors in predicting cooling leytime or the energy charging time
with same refrigerators are -7.4% and -1.0%. Thegliption error is low in predicting

heating time or the time for reduced power consinptAlso, the prediction error is

lower in the refrigerator in which the temperatureasurement for prediction is from
the same chamber where the refrigerator thermastatounted. The prediction error
largely depends on the ambient temperature chamdjéha temperature sensor position.

Aggregated flexibility estimation using the predct strategy developed is tested with
the real domestic refrigerators participating ia tNNCAP project. The experiment and
the results presented in chapter 5 show that tbeggrconsumption during demand re-
sponse activation can be estimated within the dmuots of +1.5%. The estimation of
energy during the post DR period has errors upl@4 This is mainly due to the high
time constant of thermodynamic system of the refatprs. The refrigerators take time
that is longer than 3 hours considered for the exyant to consume the reduced energy
back to its nominal value. Earlier research rembttet the thermal time constant of
refrigerators ranges from 32-80 hours. The enemgyds presented for the different
power reduction experiments in chapter 7 also sti@at the thermal time constant is
greater than 24 hours.

In real life conditions, the quantity and type bktfood content in the refrigerators
change on a daily basis. Therefore, the thermakraasociated with the food content
also changes. With a changing thermal mass,diffisult to estimate the system time
constant accurately.

2. Evaluate domestic TCLs suitability for providing power system critical ser-
vices:

The power system operators require many ancillaryices in their day-to-day operati-
on practice. In chapter 6, one of the power systmillary services, secondary
frequency control by DR activation on domestic T@ svaluated. Since the DR in the
domestic sector involves many appliances with aldieaibility, a study of their over-
all performance is useful. The experimental stutigwseed a ramp rate achievement of
41.2 % /minute. The achieved ramp rate is almostetwhe ramp rate of diesel engine
power plants, which are considered as the powenglaith the highest ramp rate (20
%/minute). The average response time to the dosigoal by the TCLs is 33.5 s. The
response time shows that the domestic TCLs ardlyapgsponsive loads for DR prac-
tice.
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The simulated results show that the time requicedampute the flexibility of 1000
TCLs is 1 ms and the computational time requireni@n1000000 TCLs is 21 ms. The
computational time required for sorting the TCLsdxh on their individual flexibility
increases exponentially for 5 ms for 1000 TCLs@6116 ms for 1000000 TCLs. Grea-
ter care must be taken for proper computationalure® selection while the system is
scaled up to control a larger population of TCLs.

The change in TCLs’ flexibility with different poweeduction levels is analysed. The
thermostat hysteresis is overridden by the comtraluring DR activation. Therefore,
the results show that the TCL flexibility increa®ss55% on control, compared to their
normal operation. The maximum power reduction f& &ervice is 75% from the ma-
ximum value of normal consumption. When the DRdsvated for maximum possible
power reduction, the average temperature of the p@iulation increases by 14.3%.

3. Analyse the impact of enabling DR activation on domstic TCLs:

TCLs are rapidly responsive loads. The demand resgpactivation on TCLs will cause
energy shifts and payback loads. Therefore the atngiaDR activation on TCLs has to
be analysed.

In chapter 7, the impact of enabling DR activatbonTCLs for providing power system
services is analysed by considering the parametargly deviations in the power re-
duction, power ramp down rate and ramp-up rate,p@ak overshoot after the control
activation removal. The power system operator aide the values for these parame-
ters as per the power system requirements. The down and ramp up rates can be
controlled with a delay in activating DR on TCL<helexperimental results show that
withdrawing all TCLs abruptly for power reductioauses a high error in terms of ISE
(5.8%) in power limitation and has higher ramp do{8rv7 %/minute) and ramp up
(20.33 %/minute) rates and a higher peak overshoot.

The ramp rates can be controlled by enabling thesTéontrol sequentially with a time
delay. The delay DR activation reduces the ramprd@te by 39.90%, and the ramp up
rate by 21.30%. Furthermore, the integral squaxa @SE) in power limitation reduces
by 28.46% and the overshoot reduces by 7.69%. Mdtantaneous average temperature
of the TCLs increases by 0.13%.

Among the different electricity consumer types, plogential of the domestic consumers
can be utilised for DR activities without violatiegnsumers’ comfort boundaries. The
experimental analysis shows that DR can be usea aperational procedure for power
system operation and also for peak load reductoheaergy shifts.
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8.2 Future work

A systematic study has been performed of dome<icsT suitability for DR applica-
tion using a refrigerator as an example case. Hewdkliere are some questions unan-
swered at every stage of the work conducted. Tien® the possibility of further study.

1. Temperature prediction strategy: The temperatuegliption strategy is
developed for the refrigerators with a single coespor and a two control states. Re-
frigerators with a larger capacity have more thaa compressor. The power measure-
ment carries the signature of different compressorhe refrigerator. Therefore, the
temperature prediction strategy can be extendethérefrigerators with multiple com-
pressors.

The error in temperature prediction is dominant nvhiee change in ambient tempera-
ture is large. The temperature prediction methadlbmimproved by including the am-
bient temperature measurement.

The temperature prediction strategy can be validiethe TCLs with a higher power
rating, for example electric water heaters and spesating and cooling appliances, as
their power regulation capacity is high.

2. Voltage control and congestion management: theeptagsearch covers
only secondary frequency control with DR activatmn TCLs. The electric power dis-
tribution network has localised problems such dtage variation and congestion. This
work can be further extended for voltage contral aongestion control in the electric
distribution network.

3. Resource selection strategy: this study has usegredicted OFF time of
the TCLs to prioritise their selection for contrdhis method is very simple and does
not effectively utilise the flexibility availableitih TCLs. The resource selection method
can be modified either with the actual thermal cépaor with the available percentage
flexibility with each TCL or in a combination of bo

4. Experiment with a larger population: here, a smpalpulation of TCLs
was used. The INCAP project will have a greater Ioemnof participants in the future.
Therefore, the experiments can be repeated wigdnged population and the suitability
of the methods proposed can be analysed for tgerlanethod.
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Abstract—This paper discusses and presents a simple
temperature prediction strategy for the domestic refrigerator.
The main idea is to predict the duration it takes to the cold
chamber temperature to reach the thresholds according to the
state of the compressor and to the last temperature
measurements. The experiments are conducted at SYSLAB
facility at DTU Rise Campus having a set of refrigerators
working at different set point temperatures, with different
ambient temperatures and under different thermal load
conditions. The prediction strategy is tested using a set of
different refrigerators in order to validate the performances.
The challenges to calculate the time with less error
pronouncement in temperature, regulating power supply and its
duration are also discussed.

Index Terms—Regulating power, Grid
Integration, Demand response.

Energy Storage,

L INTRODUCTION

The rise in energy demand, the threat of depleting fossil
fuels and their impairment to the environment is pushing the
usage of more renewable energy sources with increased small
distributed production units rather than large localized
traditional power plants. In Denmark solar and wind
generation accounted to 21% in 2010 and ambitious national
targets suggest 50% consumption to be supplied from wind in
2020 [1]. Increase of an uncontrollable and variable power
production disturbs balance between supply and demand and a
shift to production driven consumption is inevitable. Smart
Grid technology is expected to provide benefits by reducing
distribution and transmission losses, and help to optimize the
use of existing power grid infrastructure [2].

One of the challenges for the reliable and economical
operation of a power system with a high penetration of
renewable energy sources with high fluctuations (solar, wind)
is the availability of energy resources which can participate in
balancing supply and demand on a short-term basis. Demand
response paradigm suggests that such resources can be found
on the demand side rather only in the supply side. The

This work is part of INCAP project (INducing Consumer Adoption of
automated reaction technology for dynamic Power pricing tariffs), funded by
The Danish Council for Strategic Research, running from 2012 to 2016.

increase of not controllable variable power production and the
displacement of conventional generation require power system
services, such as regulating power provision, to be reallocated.
A possible source of regulating power is offered by so called
Demand Side Resources (DSRs), which are electric loads
whose power consumption can be deferred without
compromising the quality of the services they are providing to
the users. Demand response paradigm is based on the idea that
contribute in terms of electric power of the single unit is
modest but the aggregated response of a very large number of
units might be of relevant size for the power system [3]. In
Nordic countries in 2010 buildings energy consumption was
34% of total consumption, where appliances and
miscellaneous equipment accounted to 24% of energy
consumption in the building sector [4]. Among appliances
found in a household, refrigerators, washing machines, dryers
and dishwashers are considered to be suitable for load shifting
[5]. Loads with thermal capacity and continuous operation are
even more suitable for shifting. Using, for example, a thermal
energy storage capacity in a refrigerator, consumption can be
shifted away from peak hours, while managing a stable
temperature within set range.

Availability of a refrigerator in most of households, ability
to shift its consumption due to presence of thermal storage and
continuity of operation, with thermostat cycles, makes a
refrigerator a suitable unit for a large field experiment
controlling appliances in private premises. The main challenge
in such a context is to predict if and for how long a refrigerator
is available to defer its power consumption. In order to have a
realistic estimate of the fridge power consumption flexibility,
a thermal model for predicting the future temperature of the
cold vane can be used.

The aim of this paper is to present a simple thermal
prediction strategy of a refrigerator that can capture its main
thermal dynamics. The strategy will be validated on real
domestic refrigerator units which work at different indoor and
ambient temperatures and under different thermal load
conditions. Particular emphasis will be put on creating an
adaptive model which can estimate and update its parameters



on-line. The rest of this paper is organized as follows: in
Section II the problem outline and prediction strategy are
introduced, and the thermal model of the fridge is briefly
presented. Section III illustrates how the work will be carried
out and preliminary experimental data which were used for
fitting the model. Section I'V discusses about the work plan in
detail and the conclusions and future work are reported in
section V.

II. PREDICTION STRATEGY

A.  Problem outline and prediction strategy description

The domestic refrigerator’s operation during most of the
time of a day is very much defined by the operation of the
thermostat. The major disturbances are introduced only during
certain time of the day while the food is removed from and
fresh food is loaded into the fridge. During rest of the day, the
internal temperature of the fridge is not affected by user
behavior and it can be predicted using a simple strategy tuned
with historical measurements. This allows predicting the
duration for which the regulatory power can be supplied or
consumed.

The quantity of the available regulating power is the fridge
power consumption at any time. Regulating power supply
duration is the duration for which the fridge operation can be
interrupted without violating upper and lower threshold of
internal temperature of the fridge. The regulating power
supply duration can be estimated by predicting the time that it
takes for the temperature to reach upper or lower threshold of
the respective thermal cycle from the present temperature
inside the cold chamber. Thermal cycles examples are shown
in Figure 2 with cooling cycle between time t; and t,, and
heating cycle between time t, and t;. Because of the
thermostatic cycles, the thermal behavior of the fridge follows
the earlier respective heating or cooling cycle with minor or
no variations. In the work presented in this paper, predictions
for the present heating and cooling cycle are based on the
previous respective cycles.

To predict the duration of present cycle, the previous
respective cycle’s temperature curve can be traced till the
threshold temperatures of the cycle and applied on the present
cycle. For example, in the illustration shown in Figure 2, to
predict the cooling cycle between the time period t; and ts,
previous cooling cycle from time period t; to t, can be used.
Similarly, to predict the heating cycle between the time period
ts and tq, previous heating cycle from time period t, to t; can
be used. The shape of the temperature curve is characterized
by its slope at different segments. One of the ways to trace the
temperature curves of these cycles is by considering them a
piecewise linear. The slopes can be derived for each segment
of a curve by considering the segment as a linear with one
slope. These slopes of different segments of the previous cycle
can be used to construct the temperature curve of the cycle
under prediction.

The block diagram in Figure 1 shows the prediction
strategy with the expected input and output quantities with
temperature prediction strategy that is discussed in this paper.

Historical data

Power & temperature —

(2 cycles)

Regulating
power [ energy
available

Compressor state

(ON/ OFF) ‘

Present cool chamber -
temperature

Figure 1. Block diagram of fridge model showing input and output.

Prediction strategy

B. Prediction error

The temperature prediction error has a direct impact on the
prediction of regulating power supply duration. The prediction
error in duration is calculated as shown in Figure 2. In the
cooling cycle, the prediction error is the ratio of the difference
in time between the actual temperature and the predicted
temperature reaching lower threshold temperature and the
actual cooling duration. Similarly, in the heating cycle the
prediction error is the ratio of the difference in time between
the actual temperature and the predicted temperature reaching
higher threshold temperature and the actual heating duration.
The errors in prediction are defined as follows:

Prediction error = At,;,/t,,,

Where Az, is the difference between actual time and the
predicted time for the temperature to reach upper or lower
threshold temperature and 7., is actual heating or cooling cycle
duration. The positive error represents the under estimation
and vice versa.

Temperature - actual

Temperature - prediction

Temperature

t t, ts i ts e it

Errorin regulating power
[ supply prediction

Compressor Power

Time

Figure 2. Prediction error calculation in cycle duration.

III. EXPERIMENTAL SETUP

Preliminary measurements of two consecutive thermostatic
cycle of one refrigerator unit are shown in Figure 3. Upper
plot of Figure 3 shows the cold chamber temperature while
lower plot shows the refrigerator power consumption. The
power consumption shows an initial spike due to the inrush
current of the induction motor which drives the compressor.
Electric power consumption is afterwards decreasing along
with the rate of the fridge indoor temperature. Time series of
the electric power consumption and fridge indoor temperature
is used for fitting on-line the refrigerator prediction strategy.
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Figure 3. Fridge temperature profile and compressor power profile for two
cycles.

In this paper the proposed thermal model will be fitted
using two refrigerator units at different working conditions
(cool chamber temperature set point, ambient temperature,
food thermal mass) and its performances, accuracy and
reliability in estimating the indoor temperature and refrigerator
power consumption is assessed.

A.  Measurement and data collection

The aim of the presented experiments is to collect different
set of temperature data to train the model and test the self-
tunability (to adopt the changes in variations in the cycle) of
the model for the temperature prediction in order to calculate
the duration of regulating power supply. The prediction error
in terms of heating and cooling duration can be calculated
from the actual cycle time and the predicted time. The block
diagram of the experimental setup is shown in the Figure 4.

_______ DEIF Power
:- measurement €& = = 230 Vac
| device
|
e ™~ l—) Ethernet o] Computer
switch

T2 Phoenix contact
Fridge I3y bus coupler

T1,T2,T3 - Temperature sensors

—

Figure 4. Experimental setup and sensor position.

The power was measured with Multi-instrument, MIC-2
from DEIF A/S with accuracy Class 0.2. The temperature was
measured with TEL NTC 10 thermistors from Produal A/S
with temperature range from -30 to 80 °C and accuracy
+0.2°C (at 25°C) connected to Phoenix bus coupler which
reads the resistance of the thermistors. The temperature data
and the power consumption along with a common time stamp
were logged in a CSV file.

IV. EXPERIMENTS

A. Sensor characterization and placement

The temperature measurement was done with three
sensors. To ensure there is no considerable difference in their
readings, they were placed together in single place inside of

the cold chamber and the measurement of the same
temperature was taken from different sensors. The
measurements from the sensors and the difference in their
readings are shown in Figure 5. Two of the sensors were
measuring the temperature with difference of £0.2 °C and the
third one differs with the others with £0.5 °C.

Variation in measurement with 3 Sensors

—Sensor S1
—Sensor S2
—Sensor S3

1 L
18:00:00 21:00:00 00:00:00

Sensors to sensor variation

T difference ('C)

1 1
18:00:00 21:00:00

Hours of a day

12-:1)0:00 15:00:00 00:00:00

Figure 5. Temperature measurement variation in the sensors.

B.  Experiment plan

In order to properly place the sensor and to minimize the
prediction error, large sets of experimental data were
analyzed. The fridge temperature was measured at three
different places inside the cold chamber. Based on
measurements presented in Figure 5, the final placement of the
sensors for the experiment was determined. One measurement
was placed close to the cooling element (the evaporator), the
second one was as much as far away from the cooling element
and the third one was in between the former two sensors. The
sensor which gives more variation was placed in the middle of
the cold chamber whereas the other two sensors were placed at
top and bottom of the cold chamber of the fridge during the
experiment.

Two fridges with different thermal characteristics were
selected. One fridge of volumetric capacity of 75 liters with
separate doors for fridge and freezer compartments, in which
the temperature is controlled by the thermostat mounted in the
freezer and the fridge compartment is separated from the
freezer with high thermal conductive layer compared to the
fridge wall insulation layer. The fridge compartment is above
the freezer which is the cooling element and the coldness
flows from the bottom to the top. This unit is called Fridge-1.
The second fridge of volumetric capacity of 50 liters with a
single door, evaporator is mounted inside the fridge cold
chamber. The evaporator is the cooling element and the
freezer. Here the coldness flows from the top to the bottom.
This unit is called Fridge-2 in the experiment. The Figure 6
shows the construction and direction of coldness flow in
Fridge-1 and Fridge-2.

The thermostat settings in refrigerators from different
manufacturers are not following common set points
indications. Some fridges have only qualitative indications of
coolness only allowing setting low, medium and high. Some
of the fridges have numeric coolness indicators, for example
numbers 1 to 5, where 1 is the lowest and 5 is the highest
temperature setting. It was decided to conduct the experiment
at three different levels of thermostat setting and with three



different levels of thermal mass, in order to examine fridge
flexibility with different settings and loads.

Fridge 1

Fridge 2
Cool chamk -
(Fridge) Coolingelement
& (Freezer)

Cool chamber
(Fridge)

Cooling element
(Freezer)

i Coldness flow direction

Figure 6. Construction and heat flow direction in Fridge-1 and Fridge -2.

C. Inference from the temperature cycle

The temperature cycles of cold chamber of the two fridges
during a full day operation are shown Figure 7 and Figure 8.
The temperature variations at different zones of the fridge are
different.

Temperature variation inside Fridge-1

—T1 Upper
— T2 Middle|
—T3 Lower

1 1
06:00:00 12:00:00 18:00:00

Compressor power consumption

~100F —|-t—|-T |- T1-F T~ t 1~

500 — |+ 1 = 1 —|FH Al e -

12:00:00 18:00:00 00:00:00

Hours of a day

06:00:00

Figure 7. Temperature variation in Fridge-1.

The variations in the temperature are more pronounced in
the middle than the one at the top or bottom. Figure 7 shows
the measurements taken in the fridge in which the cooling
element is at the bottom and in the Figure 8, shows the
measurements in a fridge in which the cooling element is at
the top. Also in the fridge driven by the freezers (Figure 7),
the upper and lower threshold varies in wide range with the
change in ambient temperature.

Temperature variation inside Fridge-2

—T1 Upper
—T2 Middle
—T3 Lower

D. Temperature prediction for Fridge-1

The temperature curves of cooling cycle and the heating
cycle follows different trends. They are considered as two
different systems. Predictions for the present heating and
cooling cycle are based on the previous respective cycles.
The measurement from sensor mounted at the middle of the
cold chamber was used for the temperature prediction as the
temperature cycles are more visible in the measurement. The
temperature curve of a cycle is traced by its slopes at different
segments and the slopes were used to construct the curve
under prediction. The Figure 9 shows the closer view of
actual temperature, predicted temperature for two cycles of
cooling and heating.

Actual and predicted temperatures Fridge - 1

—T - Actual
— T-Prediction

7B ————— - ———————m—————— o= =

1:30 02:00 02:30

o800 01:00 01:
Hours of a day

Figure 9. Temperature prediction for two cycles in Fridge-1.

The Figure 10 shows the actual temperature, predicted
temperature and the difference between them for a whole day
period.

Actual and predicted temperatures Fridge-1

1
21:00 00:00

1 1 1
00:00 09:00 12:00 15:00

Cycle duration prediction error in %
20 \ \ \ \ \
|

s |
5,10,,,',HL,]IH,','L'LFJ',',ﬂ',L'L,i,,J',,!

|
.00

1
12:00 18:00 21:00 00:00

Hours of a day

1 1
03:00 06:00 09:00 15:00

Figure 10. Temperature prediction and prediction error in Fridge-1for the full
day.

The mean errors and the standard deviations for the
prediction for a full day are given in the TABLE 1.

TABLE 1. PREDICTION ERROR FOR FRIDGE-1
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Figure 8.Temperature variation in Fridge-2.

Mean error Standard deviation Maximum error
Cooling -7.4 % 14.2 % 16.1 %
Heating -2.3% 3.6% 32%

E.  Temperature prediction for Fridge-2

The ability of the model to predict the temperature was
tested with the Fridge-2 in normal operation and with user
interaction. The fridge was partially loaded (60% by the
volumetric capacity, i.e. 18 L of water) with water bottles and



the thermostat was set at medium level. After the regular
cooling and heating cycles were achieved, the disturbances
were introduced. The disturbances were:

e Random door openings for the duration of 30 seconds
and 60 seconds.

e Removal of thermal mass (12.5 % of present mass)

e Addition of thermal mass (5 % of present mass)

e Addition of thermal mass (13 % of present mass)

The prediction for a whole day with normal operation
without any user interaction is shown in the Figure 11. The
prediction error means and standard deviations are given in
the Table 2.

TABLE 2. PREDICTION ERROR FOR FRIDGE-2

Mean error Standard deviation Maximum error
Cooling -1.0 % 4.8 % 9.5 %
Heating 0.5% 55% 10.4 %

The first three disturbances mentioned above were
introduced between 08:00 and 12:00 hours of the day and
have no considerable impact on the prediction error which is
shown in Figure 11.

Actual and predicted temperatures Fridge-2 with normal operation

AN T E=

1 1 1 1 1
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Figure 11. Temperature prediction and prediction error in Fridge-2 with
normal operation for a day.

Addition of 13% thermal mass, causes a huge drift in the
lower and upper thresholds of the thermal cycles, the
prediction error was above 40% in the first two cycles after
the change in thermal mass as shown in Figure 12. The actual
temperature, the predicted one and their difference are shown
in the Figure 12. The prediction error means and standard
deviations are given in the Table 3.

TABLE 3. PREDICTION ERROR FOR FRIDGE-2 WITH USER INTERACTION

Mean error Standard deviation Maximum error
Cooling -0.5 % 10.8 % 9.5%
Heating -0.3 % 6.1 % 47.5%

The prediction errors are less pronounced for the fridges
where the thermostat is mounted in the cold chamber where
the measurement is taken for the prediction as the variation in
the upper and lower threshold temperature are less.

Actual and predicted temperatures Fridge-2 with user interaction
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Figure 12. Temperature prediction and prediction error in Fridge-2 with user
interaction.

V.  CONCLUSIONS AND FUTURE WORK

The paper main idea is to predict the duration that it takes
for the cold chamber temperature to reach the lower or the
upper threshold temperatures, according to the state of the
compressor and the series of temperature measurements from
the last cooling or heating cycle. The aim is to be able to
predict the temperature behavior of large set of fridges, and
thus evaluate the expected power consumption. The presented
fridge model was fitted with experimental data from a test
fridge. The proposed prediction strategy for power
consumption estimation was verified using two different
fridges and the results showed a standard deviation in the
prediction error of 14.2% and 4.8% for the cooling cycle. The
heating cycle errors are respectively 3.6% and 5.5%.

The prediction strategy used here is simple and needs
little computing power and only two measurements:
temperature and compressor state, but it is usable for
predicting the power consumption of a fridge of unknown
type, size and load, fitting its prediction to previous heating
and cooling cycles. From the results obtained, it seems that
the method is more suitable for the fridges where the
thermostat is mounted in the cold chamber, such as Fridge-2.
The temperature sensor cables cause thermal leak in the
system which introduces minor disturbances in to system.
Usage of wireless temperature sensors can solve this problem.
Further field implementations are aimed at evaluating
aggregated behavior of a larger set of fridges in domestic
households.
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Abstract- This paper presents a method to estimate the
amount of energy that can be shifted during demand response
(DR) activation on domestic refrigerator. Though there are
many methods for DR activation like load reduction, load
shifting and onsite generation, the method under study is load
shifting. Electric heating and cooling equipment like
refrigerators, water heaters and space heaters and coolers are
preferred for such DR activation because of their energy storing
capacity. Accurate estimation of available regulating power and
energy shift is important to understand the value of DR
activation at any time. In this paper a novel method to estimate
the available energy shift from domestic refrigerators with only
two measurements, namely fridge cool chamber temperature
and compressor power consumption is proposed, discussed and
evaluated.

Index Terms-- Demand Response, Energy estimation, Field
experiment, Load shifting.

I.  INTRODUCTION

The shift from consumption based production to production
driven consumption is driven by the increasing percentage of
unpredictable renewable resources. The large centralized
traditional power plants are being replaced with many small
distributed production units. Danish ambition is to move from
21% of wind and solar production in 2010[1] to 50%
consumption being supplied from wind is set for 2020 [2]. A
large amount of uncontrollable renewable production brings
several challenges for future power systems. Production
fluctuations influences power system stability, in expected
days with low wind and sun power system require energy
storage facilities or shiftable consumption [3]. The solution
offered by Demand Response (DR) suggests that resources
that can be used for power system balancing can be found on
the demand side rather only in the supply side [4].In DR
demand is adjusted either by load reduction, increase or
shifting. DR includes all controllable loads with ability to
differ consumption without compromising the quality of
service delivered to the user.

Consumption form both residential and commercial
buildings accounts to 34% of total consumption in Nordic
countries. Residential houses account to two-thirds of this
amount and within the houses all appliances consume around
17% of total energy [5]. Domestic appliances considered to
be suitable for load shifting are fridges, freezers, dishwashers,
washing machines and driers. Among these devices only
fridges have periodical operation and thermal capacity,
making it more suitable for time-of-the day independent load
shifting. A fridge is also available in most of households and

This work is part of INCAP project (INducing Consumer Adoption
of automated reaction technology for dynamic Power pricing tariffs),
funded by The Danish Council for Strategic Research, running from
2012 to 2016.
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it’s the most important objective: keeping a low temperature,
is easily measurable with a simple temperature sensor. An
assessment for fridges and freezers for smart consumer load
participation have already been done [6]. The remote control
of refrigerator for demand side participation is demonstrated
in [7].

In [8] simulated domestic fridges were used to stabilize the
grid frequency. In this work a fridge model based on a data
from a single fridge was used to simulate 1000 fridges. The
flexibility of a fridge was based on a model of appliance
without any disturbances, for example opening the ridge door,
adding and removing the load. An adaptive model based on
the historical data of a single fridge was presented in [9]. The
model presented in [9] estimates thermostatic cycles of the
fridge based on a recent cycle taking under consideration
recent disturbances. In [10] a fridge thermostat cycles are
shifted based on the electricity price. In this work a fridge is
assumed to have the same flexibility during all time, which is
a size of one thermostat cycle. In reality there are more
factors influencing the flexibility of a fridge and amount of
energy that can be shifted.

The aim of this paper is to present a simple method to
estimate the amount of energy that can be shifted during
demand response (DR) activation on domestic refrigerator
using the temperature prediction strategy given in [9]. The
method will be validated on real refrigerator units in 10
domestic households, which work at different indoor and
ambient temperatures and under different thermal load
conditions. The rest of this paper is organized as follows: in
Section II the principle of the estimation method and problem
outline are introduced, and the control strategy adopted for
energy reduction is briefly presented. Section III explains the
experiment platform, hardware devices used for control and
measurement and their configuration. Section IV discusses
about the control strategy, practical limitations and safety
constraints in detail. The results of the experiments are
discussed in section V and the conclusions and future work
are reported in section VI.

II. METHODOLOGY

The refrigerator temperature swings between two temperature
levels namely higher threshold (HT) and lower threshold (LT)
controlled by the internal thermostat as shown in the Fig. 1.
The temperature set by the user namely the set point can be
considered as the temperature in between these two threshold
temperatures. The fridge cool chamber temperature depends



on different parameter like compressor run time, thermal
mass of the food content inside, ambient temperature, thermal
insulation of the envelope material and user interaction which
alters the thermal mass due to food and air exchange.
Predicting cool chamber temperature is the only way to
predict the energy consumption by the compressor, as the
temperature prediction can provide compressor runtime.
There are varieties of refrigerator models available to predict
the temperature of the refrigerator’s cool chamber [9], [11].

Compressor power consumption
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Fig. 1 Refrigerator cool chamber temperature variation and compressor
power consumption.

More details the model has more complex the model will
be and tailored for a particular refrigerator. A detailed model
needs to produce accurate prediction results when the
dynamics of the refrigerator are changing. The change in the
refrigerator dynamics are predominantly due to change in
thermal mass when the food is exchanged and also due to
change in ambient temperature. A detailed thermal modelling
of household refrigerator is presented in [12]. When the
dynamics of the refrigerator are not changing, a simple model
[9] can predict the refrigerator cool chamber temperature with
considerable accuracy during the cooling and heating cycles.
The temperature prediction enables predicting the duration it
takes to reach a particular temperature in heating or cooling
cycle. If the temperature durations are predicted, then the
compressor ON and OFF time can be estimated. From the
compressor power and ON/OFF time, the amount of energy
that is consumed and the amount that can be shifted can be
estimated.

The proposed method maintains the cool chamber
temperature at AT degree above the HT during the demand
response activation duration (tpr) in order to have minimum
impact on quality of service. The quality of service is
maintenance of cool chamber temperature as much as close to
the set point temperature. The overall objective is to reduce
energy consumption by maintaining the fridge temperature
close to HT by reducing the compressor ON time. As
explained in the black box model [9], the heating and cooling
cycle duration and their dynamics don’t change much

compare to their previous cycles. The different heating (t;.)
and cooling time (t..) during DR activation can be extracted
from the previous heating and cooling cycles as shown in Fig.
2. The energy consumption during DR activation can be
estimated by integrating corresponding compressor power
(CP) over that time. The number of cycles and the associated
energy consumption can be calculated as follows:

. Number of heating and cooling cycles N = (tpr -
thea)/ (the + tce)

. Energy consumption during DR activation Epg = N
X (CP X te)

. Estimated energy shift E; = E,..pr — Epr
Where t, is the time elapsed during initial heating time at
the beginning of DR activation.
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Fig. 2 Refrigerator energy consumption estimation during demand response
activation

III. EXPERIMENTAL PROCEDURE

A. Experimental setup

The experiment was conducted on the INCAP project
platform which facilitates the control of domestic
refrigerators. The INCAP project platform connects multiple
domestic consumers’ refrigerators to a control server. Ten
fridges from selected households were considered for the
control. The block diagram of the setup in one household is
shown in the Fig. 3. There are four devices used for sensing
and control purpose. They are

1. Contact unit which switches the fridge ON and OFF in
response to the command from remote.

2. Temperature-light — PIR sensor
temperature, light and human occupancy.

3. A user interface device with red and green lights and two
buttons.

4. A Zigbee- Ethernet gateway device for communication
with the control server.

All these devices are part of Zigbee wireless home
automation network products commercially available from a
manufacturer Develco Products A/S. In Zigbee wireless
network environment, the network is hosted by a network
coordinator. In this experiment, the Zigbee- Ethernet gateway
device is the network coordinator. All other devices are
connected to the network as a Zigbee end device as

which senses



authorized by the control server. The Zigbee- Ethernet
gateway device is connected to the control server through a
wired broad band ADSL internet connection. All these
devices send and receive data from the control server through
the Zigbee- Ethernet gateway device. The temperature sensor
and the user interface device are battery powered devices
while the contact unit and the Zigbee- Ethernet gateway
device are powered from mains supply.

Fig. 3 Refrigerator control device installation in single house

These devices were sent to the fridge owners for
installation and were installed by them as per the instruction
manual attached. The Zigbee- Ethernet gateway device is
connected to mains supply for power and to one of the
Ethernet ports of ADSL modem for communication with
control server. The contact unit was connected in series with
power input of the refrigerator.

The temperature sensor was placed inside the cool chamber
of the refrigerator. The user indicator can be placed anywhere
in the user’s vicinity. On installation, the control server
receives the joining requests from all devices. The control
server verifies the addresses of these devices with the data
base and authorizes them to join the network. Once the
devices are joined in the network, they are configured for
measurement sampling rate.

B. Measurement parameters and sampling rate

Temperature: To have a long battery life span, the
temperature sensor has a sampling restriction of 2 minutes
which cannot be modified. It sends the temperature and light
measurements every 2 minutes and the occupancy
information as event driven message. The temperature sensor
has an accuracy of £0.5 °C and a resolution of 1/6 °C. The
light sensor reports the light measurement in lux.

Active power and voltage: The contact unit has ability to
measure active power consumption at 1 watt resolution and
RMS value of line voltage at 1 volt resolution. This device
was configured to send the measurement every 10 seconds.
The 10 seconds interval was selected in trial and error to avid
network data congestions.

All configuration details were stored permanently in the
non-volatile memory of these devices. On configuration the
devices send measured parameters to the control server in a
form of short messages. The received data were stored in a
temporary array for control purpose and in a SQL data base
for the future data analysis. The next section describes the

controller for DR activation and the additional necessary
software components for control commands and measurement
data communication.

IV. CONTROLLER DESCRIPTION

A.  Controller architecture

The refrigerators are controlled by a central controller. The
central controller is a JAVA program executed in a virtual
windows machine acquired from the central server of DTU.
The sever hosts a software called Smart AMM server given
by the company Develco Products A/S who provide control
devices for the experiment. Smart AMM server establishes
the data connection between the devices and controller. A
block diagram of the data flow is shown in the Fig. 4.

The devices, which are connected to the refrigerators, send
all measurement data in a form of short messages to the
Smart AMM server. Any client software that is subscribed to
the Smart AMM Server can get a copy of these messages.
Similarly the client software also can send command and
configuration messages to the devices through the Smart
AMM Server.

B.  Fridge temperature and controlling capability

The control software receives temperature measurement
message every two minutes and the voltage and power
measurement data every ten seconds. The temperature
measurement corresponding to the higher threshold which is
the maximum value at the end of previous heating cycle for
every refrigerator is stored locally in the program. Similarly
the temperature measurement corresponding to the lower
threshold which is the minimum value at the end of previous
cooling cycle for every refrigerator is stored locally in the
program. The heating and cooling cycles were identified from
the fridge power measurement message.
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During cooling, the compressor is activated and running.
There is definite power consumption during the compressor
operation. During heating cycle the compressor is switched
off by the internal thermostat and consumes no power. There
is a possibility of power consumption during heating cycle
while the compressor is off by the internal light bulb. The



light bulb is illuminated when the fridge door is opened.
While considering heating and cooling cycle identification,
power measurements above 30 watts are considered to avoid
the confusions caused by the power consumption by the light
bulb when the fridge door is opened. The controller has the
following functions.

1. During the demand response time, the controller
maintains the fridge cool chamber temperature between the
maximum threshold and AT above maximum threshold.

2. If the refrigerator door is opened during the demand
response period, the control relay is switched ON for a short
period of 5 minutes to illuminate the light bulb to avoid the
inconvenience to the user.

3. A five minutes of switch OFF time is maintained before
switching ON the compressor on every compressor shut off to
avoid compressor damage by the evaporator back pressure.
The user has an option to avoid his/her fridge to be controlled
for another 24 hours.

Temperature measurements
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Fig. 5 Temperature variation inside the fridge and the power consumption.

The demand response control is activated for a period of
three hours in the evening from 8 pm till 11 pm local time.
The time for demand response activation is selected in a way
that the users have less interaction with the refrigerator and at
the same time they are aware of the control. To register the
maximum and minimum threshold temperature, at least one
cycle of each cooling and heating are required. The
measurements from the fridges were started one day prior to
the actual control period. Different fridges have different
temperature set points. A fixed temperature rise during
demand response may violate the temperature set point a lot,
which may spoil the food stored and cause in convenience to
the user. So it was decided to rise the temperature
corresponds to half of the band between the higher and lower
thresholds as shown in Fig. 5. In a normal operation, the
control loop runs every two minutes. The control loop for
each fridge is driven by the temperature measurement data as
it is received every two minutes. If the user opens the fridge,
the occupancy sensor sends a message about door opening

and the fridge is switched ON if it is OFF and the five
minutes duration after the previous switch OFF is elapsed.

V. RESULT

A.  Energy consumption calculation

The experiment was conducted with 10 fridges for 9 days.
All of the 10 fridges were not participating in the experiment
on all of the days. The users have the flexibility to
unsubscribe from the experiment on daily basis. The number
of fridges participating in the experiment on each of the day
is given in the TABLE I. If all of the 10 fridges were
participating in a day, it is considered as 100% participation
with participation factor of 1. Each day’s participation factor
is given in the TABLE 1. The overall participation factor is
the average of individual day’s participation factor. The
overall participation factor for the 9 days is 0.86.

TABLE I

PARTICIPATION FACTOR
Day 1 2 3 4 5 6 7 8 9
Numberof |51 g | 9 | 10| 8 | 7|8 |6 |10
fridges
Participation |\ 5 | g9 | 1 | 08 |08 |07 |06 | 1
factor
Over all
participation 0.86
factor

The demand response activation period was 8 pm till 11 pm
local time (GMT+1) in the month of February 2014. During
demand response activation, the temperature of the cool
chamber was maintained between higher threshold
temperature (HT) and half of the temperature band above the
higher threshold temperature. This method individualize the
control for every fridge and enables same quality of service to
all consumers. The active power consumption by the
compressor is measured every 10 seconds and logged in the
database. The temperature profile and power consumption of
one of the fridges on control activation is shown in the Fig. 5

A. Data integrity and invush current

The data integrity is checked for any discontinuity in the
measurement. As every measurement values are logged with
their synchronized server timestamp, the time difference
between each power measurement from a particular
refrigerator should be 10 seconds. All measurement from
every fridge for the demand response activation period is
continuous. As the compressor in the refrigerator is driven by
single phase induction motor, there will be a high inrush
current consumption during the compressor start up. The
inrush current is typically 10 times the maximum current. The
inrush current normally stays for 1 or 2 seconds and then fall
to the nominal value corresponding to the load. If the power
measurement instant synchronizes with compressor start up
time, then there will be a high active power measurement due
to the inrush current value. These high values of measured
power causes a huge error in the energy calculation, as the



power is measured once in ten seconds. For every fridge, the
power measurements above full load values are clipped. The
full load power is identified from the previous compressor
cycles. The energy consumption during the demand response
activation period is calculated by integrating the measured
power over demand response activation period which is 3
hours in this case. The energy consumption by individual
fridges was summed to get the aggregated consumption. The
error in the estimate is found by subtracting the actual
consumption from the estimate. The error percentage is
calculated by considering the estimate as base. The error
percentage in estimation is plotted for all days and show in
the Fig. 8. The resulting estimation errors and the possible
causes are discussed in the next section.

B.  Discussion

The aggregated actual energy consumption for the three
periods before (Pre DR), after (Post DR) and during DR
activation for the fridges for 9 days are given in the Fig. 6.

Energy consumption in Wh (PreDR, DR and PostDR periods)
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Fig. 6 Energy consumption before, after and during DR activation

The time periods for the Pre DR and Post DR periods were
taken 3 hours similar to the DR activation period. From the
Fig. 6, it is evident that there is an energy reduction on DR
activation by elevating the temperature of the fridge cool
chamber. The reduced energy is consumed back in the Post
DR period as a payback. The aggregated estimated and actual
energy consumption is shown in the Fig. 7. For most of the
days, the estimation is close to the actual consumption. The
error percentage in the aggregated energy estimation is shown
in Fig. 8. The error in estimation is less than 10 % for all of
the days. The percentage error in each cooling cycle time
prediction of every individual fridge during the DR activation
time is calculated from their actual cooling cycle time and
presented in the Fig. 9. The number of cooling cycles
between the fridges and between different days will depends
on their individual thermal mass and system dynamics.

Estimated and actual energy consumption in Wh during postDR period
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Fig. 7 Estimated and actual energy in Post DR period

In total, there are 118 cooling cycles during DR activation
period from the fridges those participated in the experiment.
The percentage error in each cooling cycle is very less. The
histogram of cycle by cycle prediction error is shown in Fig.
10. The maximum error is 4.67. The mean value of
percentage prediction error is 0.35 and the standard deviation
is 2.5.
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Fig. 8 Energy estimation error in of energy in Post DR period

Out of 118 values, 3 were very high which were around
10%, 11% and 25% respectively. Such huge error was due to
temperature measurement data loss during the last cooling
cycle before DR activation period. Those values were
excluded for the statistical test, as they don’t fit in the set
under test. TABLE II shows the maximum, minimum, mean
and standard deviation of the errors.

TABLE 11
CYCLE BY CYCLE ESTIMATION ERROR
Number of Maximum Minimum Mean Star.lda.rd
cycles Deviation
118 4.67 -1.00 0.36 2.76




Percetage error in cool cycle time prediction
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Fig. 9 Time estimation error in each cooling cycle during DR period.

Though the prediction error in the individual cooling cycle
is very less, the error in aggregated energy estimation is
higher. This is due to the additional compressor operation for
short durations on fridge door openings. The controller
activates the power to the refrigerator to illuminate the light
bulb when the user opens the refrigerator’s door. This power
activation also starts the compressor.
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The activated power is not cut-off for 5 minutes, to avoid
multiple compressor start-ups, if the door is opened multiple
times with in these 5 minutes.

VI. CONCLUSION

This papers main idea is to estimate the energy shift by
demand response activation on set of fridges in real domestic
household. The amount of energy shift is estimated by
estimating the consumption by the fridges on operating
elevated temperature band. The method used is a simple and
produces results with error limit of + 10 % in energy
estimation on nominal conditions. The user interactions and
change in refrigerator dynamics influence the estimation and

push the error limits away from zero. This method is suited
best for field experiments in which large numbers of domestic
fridges are controlled. Operating the fridge in an elevated
temperature band definitely reduce its energy consumption.
At the same time the reduced consumption is paid back once
the control is released. The estimation of cool and heat cycle
duration can help to identify the time at which the compressor
will be ON and OFF, which can be used to find available
power with the population of fridges at any time. By
identifying the available power at any time, a further study
can be done to utilize these fridges for network congestion
management. Another possible study can be to utilize these
fridges for voltage and or frequency control in an island
distribution grid.
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Abstract

This paper studies the provision of secondary ®aqy control in electric power systems based on
demand response (DR) activation on thermostaticadiytrolled loads (TCLs) and quantifies the
computation resource constraints for the controllanfie TCL population. Since TCLs are fast
responsive loads, they represent a suitable atteento conventional sources for providing such
control. An experimental investigation with domestidges representing the TCLs was conducted in
an islanded power system to evaluate the secoridagyency control. The investigation quantifies
the flexibility of household fridge performanceterms of response time and ramp-up rate, as well as
the impact on fridge temperature and behaviour &fte control period. The experimental results
show that TCLs are fast responsive loads for Divatabn, with the average control signal response
time of 33.5 seconds comparable with the respamanrement for primary frequency control.

Keywords. Secondary frequency control, demand response, stmmenergy resources, flexible

electricity demands, smart grid.
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Abbreviations

AGC: Automatic generation control

BRP: Balance responsible party

COP: Coefficient of performance

DR: Demand response

DSO: Distribution system operator

EWH: Electric water heaters

HVAC: Heating ventilation and air conditioning
ICT: Information and communications technology
RES. Renewable energy sources

SLA: Service level agreement

TCL: Thermostatically controlled load

TSO: Transmission system operator

V2G: Vehicle to grid

1. Introduction

In electric power systems, frequency controleelon the balance between generation and demand.
Frequency must always be maintained within the ssifie range of its nominal value [1], since it
affects the performance and life expectancy of gheier system components. For example, the
frequency has a direct impact on the speed of &sgnous machines at the demand side and causes a
reduction in their efficiency and life span. In neod power systems, electricity production follows
demand, and frequency stability is achieved by rotimg the generation. As an electric power
network grows in capacity and area, its operasamanaged by multiple parties: power production by
different power plant owners, power distributiondgtribution system operators (DSOs), and power
system balance by transmission system operato@)I Frequency control in a conventional electric
grid can be classified into primary, secondary tmlary components. Primary control is achieved vi
the droop control of the generators [2]. Power fglame responsible for providing primary control as
per the response time specified by the TSOs’ griecAs any additional demand must be supplied
immediately in order to arrest further frequencyidton, the primary frequency control acts typligal
within seconds [2], [3]. Secondary frequency cdntestores the frequency to nominal system
frequency, i.e. the steady state error in the faqu is eliminated. Secondary frequency control is
achieved by TSOs through automatic generation abfAGC) [4]. The TSO establishes contracts for
secondary frequency control with balance respoaghblties (BRP), who must then obey the TSO’s
AGC signal. Each BRP’s production facility mustoat®mply with the ramp rate specifications of the
grid code provided by the TSO. An illustration oéduency deviation and frequency control by
different reserves is shown in Figure 1 [5]. Aswshan the figure, secondary reserves are activiated
minutes to upregulate the frequency to the nonfregluency.

In recent years, the adverse impact of greenhgases on the environment has created an awareness
to reduce carbon footprints in every part of theldud=or example, Denmark has the goal of fossil-
free energy usage in every sector, including trartapon, by the year 2050 [6]. As energy industrie
are being pushed to reduce carbon footprints, dbesf for energy sources is shifting towards green
and environmentally friendly renewable energiesufeupower systems will thus have to cope with
the high penetration and participation of renewadslergy sources (RESs). RESs such as solar and
wind are ephemeral due to their nature and thisfiscted in their production [7]. One very obvious
option is to balance RES fluctuations via the useomventional generation units, while a second
option would be to adjust the demand side to mptolduction. Demand response (DR) is typically



employed to improve power system efficiency in sscbnarios [8], with the end consumer motivated
to adjust their demand in response to a signah as@ontrol/price signal.
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Figure 1. Primary and secondary frequency contrdltheir response times.

DR programs mainly focus on three sectors: indlsicommercial and domestic [8]-[10]. In the
industrial and commercial sectors, the demanddbatd be adjusted by a single entity is very large
comparison to that in the residential sector [Ije focus in the industrial sector is placed on
improving efficiency and energy shift from one tiwfeday to another [8]. For power system stability
control via DR, a requirement for load reductionyroacur at any time and thus loads must respond
sufficiently rapidly to meet the control time reqgments. Here the residential sector could provide
support although the demand adjusted in a single houseisolcery small, the total aggregated
demand from multiple households will be large [[24}. For power system operators such as TSOs,
it is a challenge to aggregate small loads fromtiplalconsumers and remain in control. A new type
of business entity known as an aggregator cansaet laidge between power system operators and
consumers [15]-[17] by installing the required asfiructure for appliance control at the consumer
premises, and trade the available capacity withTt8®. Aggregator consumer commitments are
covered by a service level agreement (SLA) betwaen parties [18], [19], with the aggregators
delivering the service provided by the BRP by réayiche load based on the application of DR on
consumer controllable loads. An illustration of eggtors playing the role of BRPs is shown in
Figure 2, which represents a simplified scenariopofver system set-up with demand side
management as presented in [20].

The service offered by appliances to consumeosildhnot be affected even if their operation is
interrupted by power system stability control pss@s, such as secondary frequency control.
Thermostatic controlled loads (TCLs) such as hgatientilation and cooling (HVAC) and electric
water heaters (EWH) are considered highly suitédresuch applications [21], [22] due to their fast
response [23] and their ability to provide thermartia with thermal storage. Chillers in both
commercial and residential buildings are examimedi$e in smart grid DR application in [24], while
refrigerators are easy to work with in order tolggmand validate TCL DR application for smart grid
purposes [25] — [31]. In terms of Danish electyicddemand, refrigerators and freezers contribute 18%
of total domestic electricity demand and are regamk important demand responses in the smart grid
[32]. A black-box model [26] and a grey-box mod8L] of refrigerators have been developed for



smart grid application and their flexibility for D&oplication are analysed in [27], [31]. Simulation
studies investigating grid frequency stability witespect to residential TCL appliance demand
response are presented in [25]. In a simulatiodyspresented in [29] and [30], refrigerators are
considered for the management of RES supply fltictoa
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Figure 2. Secondary frequency control with AGC 8Bunits and with DR activation by different
aggregators.

The aim of the present work was to investigagepbtential of secondary frequency control via DR
activation on TCLs, using domestic refrigerators a@s example. The investigation expected to
quantify the flexibility of household TCL performain terms of response time and ramp up rate, as
well as the impact on TCL temperature and behavadfter a control period. An experimental
investigation with domestic fridges used by readtomers was conducted, taking into account the
unknown users’ behaviour, with the adaptive friohgedel presented in [26] used to predict fridge
behaviour for their selection and subsequent cbntro

The rest of this paper is organized as followsctiBn 2 introduces the developed method of
secondary frequency control and an outline of thedied problem. Section 3 presents the
experimental platform, the hardware devices used dontrol and measurement, and their
configuration. Section 4 provides a detailed dismrsof the control strategy, practical limitaticarsd
safety constraints. The results of the experimarggeported in Section 5 and discussed in Se6tion
and conclusions and future work are reported ini@ec.

2. Methodology

A refrigerator is essentially a climate- (insttcase temperature-) controlled box containing a
thermally insulated chamber (cool chamber) fittethw compressor to pump heat and a thermostat to
control compressor operation. The thermostat masmtthe temperature inside the cool chamber
between two limits, namely wkx and T,n. When the temperature is abovga.J the thermostat
switches the compressor Othie compressor then pumps heat from the cool charalibe ambient
and the temperature inside the cool chamber isceetilAs the temperature decreases @, The
thermostat switches the compressor O#ie temperature inside the cool chamber thensstart
increase due to heat flow from the ambient into ¢bel chamber through the walls and during
refrigerator door opening for food exchange. Theation of these thermostatic cycles for heating and



cooling depends on many parameters. For exampecdbling cycle length required to reachinT
from Tmnhax depends on compressor power and its coefficienppeformance (COP), ambient
temperature, the refrigerator wall’s thermal insalg and the thermal mass of the cool chamber’s
content. The duration of heating required to réBglx from T, depends on the same parameters as
above with the exception of those related to thapressor. As a refrigerator has the ability toestor
the temperature effect with its thermal inertias tbhan be used to provide secondary frequency
control.
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Figure 3. lllustration of secondary frequency cointia DR activation.

The method described here introduces load dstud into a balanced islanded system in order to
create steady state frequency error, as showrginrd-B. The frequency controller reduces the lgad b
switching the refrigerators OFF to perform second@equency control and thus bring system
frequency back to the nominal value. The time negufor the frequency to attain its nominal value
depends on the inertia of the power system andladdé imbalance, with the greater the load
reduction, the smaller the amount of time requi@destore the frequency. The proposed method
reduces the load in steps. In order to sustaieffieet of load reduction, refrigerator selectiothased
on their ability to stay OFF for longer. RefrigenaOFF time is calculated using the black box model
described in [26], which considers the temperatuneves of the thermostatic cycles as piece-wise
linear, and uses the slopes of temperature curees previous thermostatic cycles to predict the
present cycle’s OFF time. The black box model generalised model for any TCL and has been
validated for different types of refrigerator [2@]ith model prediction errors within 5% under notma
conditions [27]. The control procedure for secogd@equency control is given in the following
Algorithm 1.

Algorithm
I nitialisation:
mark all fridges not active for service
create an empty scheduling queue
Procedure 1:
for all fridges{
get fridge cool chamber temperature
if fridge is activated for service{



if temperature above,I{
turn the fridge ON

}

}

else{
put the fridge into the scheduling queue
sort scheduling queue descending by length & Oke

}

}
Procedure 2:

if frequency is lower than the 50 Hz{
mark power reduction of 300 W
while power reduction is larger than 300 W{
get the first fridge from the scheduling queue
mark the fridge to be activated for service
subtract the fridge power from the power redurctio

}
}

Algorithm 1. Frequency control algorithm.

The controller runs two procedures in parallelod@dure 1 manages refrigerator operation and
procedure 2 manages the frequency control by saeftidges to be turned off in order to delivee th
power reduction.

3. Experimental procedure

The experimental setup used for secondary frexyueontrol is explained in this section, including
details of the test grid formed, a descriptionh@ information and communication technology (ICT)
infrastructure supporting the experiment, and &mgeson of the collected measurements.

3.1. Experimental setup

The experiment was designed to study secondaguéncy control by controlling refrigerators.
Regarding frequency deviations, especially for ¢htswvard low frequencies, balance responsible
parties were asked by the TSO to provide the amtditipower required to bring the frequency back to
the normal value. The power flow in the Nordic dymmous zone, of which Denmark is a part, is
close to 45 GW [33], with the DK1 region (Westeraninark) possessing a generation capacity close
to 6000 MW and a power regulation capacity closés® MW [34]. The regulation capacity available
for the refrigerators participating in the expenmhavas 1.25 kW, which is negligibly low in
comparison to the DK1 power grid capacity and tihwgas not feasible to visualise the frequency
restoration process with the refrigerator contfothie experiment was conducted using the grid
connection. Therefore, the experiment was conduateth islanded grid with a capacity of 12 kW,
which is comparable to the available refrigeratgyutating power of 1.25 kW. The experiment was
conducted in an islanded LV network in the SYSLABIlity at the Technical University of Denmark
(DTU), with a vanadium battery bank as the load ans0 kVA diesel generator as the source. A
network configuration block diagram is showrFigure 4. The SYSLAB islanded low voltage grid is
formed by connecting two busbars in series to akR@Odistribution transformer through a circuit
breaker, which is opened in order to island théesysBusbar 1 has a 50 kVA diesel generator and the
200 kVA transformer, while busbar 2 has a vanadioattery in order to emulate refrigerator



consumption and to provide base load and loadti@tsg
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Figure 4. Block diagram of the experimental setup.

3.2. Refrigerator emulation in the SYSLAB LV island network

In project INCAP, an ICT infrastructure for theafl-time measurement and control of the
temperature and power of domestic fridges locatedal households in Denmark is implemented. As
the real time measurement and control of fridgesiable, those fridges can be emulated in the
SYSLAB LV grid by the vanadium battery.

Refrigerator emulation is carried out by chandimg vanadium battery charging set point with the
aggregated power consumption of all refrigerataii) the latter value calculated by summing the
active power measurements sent via relay unitedNICAP server. Data flow from every household
participating in the INCAP project to the INCAPwaris shown in Figure 5.

3.3. INCAP fridge data and control access

The devices connected to each refrigerator faatiog in the INCAP project are shown in the block
diagram presented in Figure 6, with the controlasaeement and user interface devices listed as
follows:

1. Control device: A ‘relay unit’ with a power measment function is used to control the
refrigerator. The relay unit not only switches teé&igerator ON and OFF in response to the
respective command from the remote computer, bad aks the ability to measure and
transmit active power, voltage and current.

Sensor: Atemperature sensor is used to measuterntiperature of the fridge cool chamber.
User interface: A user interface device with red green lights and two buttons is used to
communicate with the user.

4. Communication device: All of the above devices uggbee wireless protocol for
communication. A Zigbee Ethernet gateway devicélkesanteraction between these devices
and the remote server.

All of the above devices are commercially avdddioom Develco Products A/S, one of the official
partners of project INCAP. An ADSL home Internehgection is used to establish communication
with the control server. Two of the devices, nambly temperature sensor and the user interface
device, are battery powered, while the other twe ranins supply powered. Device installation is
simple and can be carried out by the refrigeratames. Upon installation, devices identify the cohtr
centre server and obtain authorisation to joindigbee network.
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Figure 6. Refrigerator control device installatiora house.

3.4. Measurement parameters and sampling rate

As the temperature sensor is battery operatedntmufacturer preconfigured the transmission rate.
The temperature sensor is configured to transmipézature measurements at 2-minute intervals,
which is considered sufficient as refrigerator tenagpure changes very slowly due to thermal inertia.
The temperature sensor has an accuracy of £0.BCve power consumption by the refrigerator is
measured by the relay unit at 1 watt resolutiome¥ seconds.

SYSLAB grid power measurements: SYSLAB is equippéth the multi-instrument MIC-2 (DEIF
A/S) for all grid parameter measurements. MIC-2 adastandard Ethernet interface, which is here
connected to the SYSLAB SCADA system, and is di&skias belonging to accuracy class 0.2.
SYSLAB SCADA can be polled for power measuremeritthe diesel generator and vanadium
battery bank, as well as the frequency of the dslaatwork. Each measurement in SYSLAB is
recorded every second.

4. System set up description
4.1. Idlanded system set up

The balanced islanded network comprises a dgesedrator running in fixed power mode and with

the loads matching the power production. Initigteyn balance is achieved via the following steps:
1. The SYSLAB LV network is connected to the extemgrad.



2. The loads are configured for a consumption of 12 kW

3. The generator is started, with a fixed power ougetipoint of 12 kW.

4. lIslanding - Once the generator is stabilised whih ¢onfigured power production, the circuit
breaker to the external grid is opened to formigladed network.

In order to study secondary frequency controedamn TCLs, the frequency must drop and stabilise
at a lower value due to additional load in the mekwlt is assumed that the primary frequency aintr
manages to supply additional power to stabiliseftthguency at a lower value without allowing any
further frequency drop. Primary control can beiseal by limiting the additional load duration until
the frequency is lowered to the required value.eDthan the additional load serving a disturbance,
the system must be in balance.

The aggregated power from the refrigerators saa®the status of individual refrigerators changes
with their temperature and thermostat status. @enisig the small population of refrigerators in the
system, the change in aggregated power is suffitoedisturb system stability. Therefore, a baseallo
with variations is added to keep the total loadugatonstant. The base load is retained with the las
value before the secondary frequency controllstaged.

4.2. Controller description

The controller has two functions: 1) Refrigeragonulation aslescribed in section 3.2; 2) System
balance and frequency restoration. The frequenogction loop of the controller runs at 30-second
intervals. During frequency correction, the coné@olcalculates the difference between system
frequency and nominal frequency (50 Hz). If thenfer is less than 49.5 Hz, load reduction is
initiated. For load reduction, the controller s\s off the refrigerators one by one until the d@et
reduction limit is reached. The order of refrigeraselection is based on their ability to stay OFF
without violating the temperature limit, with thable to remain OFF for the longest time being
selected first. The length of time a refrigeratan stay OFF is predicted by using the refrigerator
model described in [26].

The model uses the slopes of the temperaturesuvhien the compressor is ON and OFF to predict
the length of OFF time. These slopes are derivexh the most recent compressor cycles, which are
identified based on power consumption. Unlike tlmengressor, the refrigerator light bulb and
electronic controllers consume only a few wattpodver as a result a 30-watt threshold is used to
separate compressor power consumption from theatefrigerator auxiliaries.

4.3. Control task timings

During the first 10 minutes after initiation, tikkentroller program executes those tasks related to
refrigerator emulation, base charging value adjastnfior system balance, OFF time calculation for
active refrigerators, and resource queue preparafibese first 10 minutes are required in order to
prepare the islanded network, to lower the systamuency, and to collect refrigerator temperature
and power data. The battery charge set point isstat] every second with the aggregated value of
power measurements received from the refrigeraidms OFF time calculation for active refrigerators
is carried out for every temperature measuremediitepreceived from each refrigerator. After the 10
minutes have elapsed, frequency control is activateth the estimated maximum time delay for
control action being 20 seconds, and 30 secondwed for the power system to respond to the load
change. Therefore, frequency correction is cawigdcat 50-second intervals.

5. Experimental results

The experiment was conducted using 25 refrigesatoth a total compressor power consumption
capacity of 2500 W. Due to their thermostatic cyclome of the refrigerators were OFF. Average
power consumption was around 1250 W, with poweuctdn planned in steps of 300 W, or around
25% of the available load for control. Before staytthe experiment, refrigerator temperatures and
power consumption were recorded until at least tm@mostatic cycle of all refrigerators was



completed. This observation was necessary in dodehe black box model to calculate the switch
OFF time for each refrigerator upon receiving t@perature measurement from the corresponding
refrigerator. The vanadium battery and controllabkstive load were then connected to the SYSLAB
network, with the controller program initiated to@ate refrigerator consumption by changing the
vanadium battery’s charging set point. The diesalegator was configured to produce fixed power at
25% of generator nominal capacity of 48 kW, or M, kand was connected to the network for
synchronisation to the nominal power system frequeaf 50 Hz. As the aggregated power
consumption of the refrigerators was close to 10%he generator set point (i.e., 1.2 kW), a base,
constant charging value was added. After the spmisaition of the generator with the grid frequency,
the SYSLAB network was islanded from the extermal.g
5.1. Controlled frequency reduction

Once the network was islanded, the system fregyuenas brought down via additional loading, with
the controllable resistive load set to consume 1f&\60 seconds. Based on a fixed power set point,
the generator droop controller was disabled, cgufia frequency to drop. In the power system, as
the load increases, the system frequency startdetoease. The primary reserves produce the
additional power on load variations and thus the&tesy frequency stabilises at a lower value rather
than reducing further. In the experimental set tingre was no primary reserve. Therefore, the
controllable load was manually disabled as soomhassystem frequency reached 49 Hz. At this
instant the system was in power balance in termgradfluction and consumption, and the system
frequency was stable at the lower value.
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5.2. Secondary frequency control

The control action for secondary frequency cdnwas initiated after 600 seconds, with the
controller checking the difference between systemuency and nominal frequency (50 Hz). If the
difference was greater than 0.05 Hz, a 300 W leddation was scheduled. Fridges were prioritised
according to their OFF time, with the longer theFQne the higher the priority. Those refrigerators
corresponding to the power limit of 300 W were nearlOFF, and the switch off command sent in
response to the reception of power measurement déwa maximum round trip delay in sending the
command, receiving the updated power measurembrd aad the change in battery charge power set
point value was 20 seconds. After the load redoc#o30-second response time was allowed for the

system to respond to the frequency control. Theugacy control loop was executed at 50-second
intervals.
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Figure 8. Close-up view of the secondary frequermrytrol period.

5.3. System response

The power system parameters during the experi@enshown in Figure 7, in which plot — (a)
shows the system frequency, plot — (b) the genepiwer output, and plot — (c) refrigerator power
consumption during the experiment. At between 40 %00 seconds, the system was loaded with an
additional load of 1 kW, as seen in plot - (c) (Rowutput from Diesel Generator) of Figure 8.
System frequency decreased, with the length of tegaired for a decrease of 1 Hz being 60 seconds.
Frequency correction took place in two steps, asvehin Figure 8. In the first iteration, althoudtet
target power reduction was 300 W, the actual reolnovas 350 W due to the granularity of the
aggregated power. This granularity was, howevenitdd to the last refrigerator compressor power
capacity selected for load reduction in each fraquecorrection iteration. The round trip control
delay or response time for the first correctiomaitien is marked asi in Figure 8, and was here
equal to 35 seconds. As the frequency did not réeelhreshold limit after the delay of 30 seconds,



the second correction iteration was initiated. poeer reduced after the second iteration was 275 W,
with the round trip control delay or response tiimethe second correction iteration markedgsim
Figure 8 and equal to 32 seconds. Thus, the tot@ tequired for the system to restore a nominal
system freqj.’hency of 50 Hz was 83 seconds, shoWwigure 8 asd.
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6. Discussion
6.1. Response time
The response time is calculated as a total trms&econds between the time instants of the control
action initiation and the time instant when theadiom battery power consumption reaches the stable
value after power reduction as marked in the pl@i)-of Figure 8. The response time can be broken
in to three parts as a. Controller delay, b. Comindispatch delay and communication delay over
internet, and c. Status update delay and.
a. Controller delay
The frequency controller compares the measuegpléncy value with the nominal value and marks
the refrigerators to be switched off in the scheduljueue maintained controller. The switch-off
commands are dispatched to the individual refrigesaas a response to their power measurement
message.
b. Command dispatch delay
The maximum command dispatch delay is the refiige power measurement sampling rate (10
seconds in INCAP experimental setup), as the povearsurement messages are used as the resource
(refrigerator) status check message. The commumrcdelay over internet is within 1 second.
c. Status update delay
The status update delay includes the communicatglay over internet, the next measurement
update from the refrigerators and the island p@ystem response.



6.2. DRresource upscaling

When the system is used with higher populatiorefsfgerators, the performance of the temperature
prediction algorithm and the resource sorting algor will increase with the number of refrigerators
A simulation study with different large number @frigerator populations are carried out and the
performances are mentioned in the following Tabl@# refrigerators’ temperature cycle length is
assumed with a maximum value of 60 minutes to tatlieuhe performance of temperature prediction
algorithm. The resource sorting method used hesemgple method to sort an array of number
corresponding to the number of refrigerators. Tlagimum sorting time is simulated by reversing the
array with ascending numbers representing the resoflexibility (switch-off time). Though the
computational power of the computer used is a majctior for computational delay, the calculated
times will give an indicative representation.

Table 1. Computational delays

Number of Time for Time for

fridges temperature prediction  resource sorting
[ms] [ms]

1,000 1 5

10000 2 80

100000 5 7609

1000000 21 906146

The time required for sorting the resources @eaasing exponentially with the increase in the
number of refrigerators. Therefore, the sortinghtégue used and number of times the resource
sorting is carried out in a scenario of large papah refrigerators will be one of the major fastor
determining the performance.

6.3. Control impact on fridge temperature and population

Figure 9 displays, along with the frequency w#ores, the number of refrigerators active during th
experiment and the instantaneous temperature avefadl 25 refrigerators. As shown in plot — (€) o
Figure 9, 14 refrigerators were active during tkpegiment, and 7 were switched OFF upon the first
iteration of power reduction during frequency coti@n. At the second iteration, 2 more refrigerstor
were switched OFF. The instantaneous temperatweeage of all refrigerators, shown in plot — (b),
continued to follow the trend of decreasing temjugea The cool chamber temperatures of all
refrigerators participating in the experiment dreven in Figure 10, in which the controller activati
time is marked by the red vertical line and coadmber temperatures shown 200 seconds after the
control period. As the control period was veryrshefrigerator cool chamber temperatures did not
show any appreciable change due to the thermal amasthermal inertia of the refrigerator contents.
Therefore, the trend in the instantaneous temperatverage also did not vary. As the control period
was very short, refrigerator cool chamber tempeeatdid not show any appreciable change due to
the thermal mass and thermal inertia of the refaitge contents. Therefore, the trend in the
instantaneous temperature average also did nat vary

6.4. Ramp rate performance and gird code requirements

Table 2 lists the performance parameters of ¢oerglary frequency control experiment, as well as
the secondary frequency control requirements ferwlestern Denmark power system (DK1). The
average control response time of the two poweratamhuiterations of 33.5 seconds is comparable to
primary frequency control parameters. Primary fegmy control in the Danish power system (DK1)
requires production to be increased by 50 % inetBrsds, with 100 % capacity reached in 30 seconds
in the scenario of up-regulation. Although the povesluction obtained in the conducted experiment



was 25 % for each correction step, it is possiblachieve 100 % reduction within the same response
time. The ramp rate required for secondary frequerontrol by different fuel-based steam power
plants is in the range of 2 to 4 % per minute fquoaver capacity range of 20 to 100 %, with the
highest requirement associated with diesel engah@® % per minute for a power capacity range of
20 to 100 %. The ramp rate requirement for gastdased power plants (gas turbines, gas engines and
gas fired combined cycles) is 10 % per minute f@oaer capacity range of 20 to 100 %. During
refrigerator secondary frequency control, the raatp obtained here was 41.2 % per minute. It is
possible to activate all refrigerators at the séime, representing a 100 % load reduction in tmeesa
33.5-second response time (179 % per minute ratap ra
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Figure 10. Temperature of each refrigerator, asesgmted by the different coloured lines.

Table 2. Effect of control on aggregated refrigergower.

Secondary frequency control
Parameter Experimental Grid code for DK1 [35]
values
Average control response time [$] 33.5 900
- 0,
Ramp rate [%/minute] 41.2 %8 Egi?sslozé(-)fo/(g% %)

The refrigerators require a switch ON delay dyi@npower cycle in order for the back pressure in
the evaporator to be discharged, with the duratibrihis delay ranging from 5 to 15 minutes



depending on the size of the refrigerator unitth# delay is not maintained, the compressor will
consume a high startup current for a longer dumatiwe to the compressor split phase asynchronous
motor construction and the high startup torqueireqent. Such high startup current may cause long-
term motor winding damage due to overheating. BhEnario creates limitations on control signal
withdrawal after the system frequency reaches treimal value primary frequency control in the
generation units should thus possess down regualatipability in such situations. The compressor
motor consumes inrush current, which is typicallyntes maximum load current, for several seconds
when it is switched ON. Therefore, compressor $wildN synchronisation should be avoided after
control signal withdrawal, as their aggregated ichpaay produce unwanted transients in the power
system.

7. Conclusions and futurework

This paper studied secondary frequency cont@ID/R activation on TCLs using an experiment
involving refrigerators in real domestic householdds an example. The results revealed that the
average control signal response time was 33.5 dsecaonsiderably lower for secondary frequency
control and comparable to that for primary freqyecmntrol. The ramp rate achieved was 41.2 % per
minute, or almost twice that of diesel engine poplants, which are considered to have the highest
ramp rate of any power plant type. Furthermoris, tossible to achieve 100 % load reduction in 33.5
seconds, which corresponds to a ramp rate of 1p@rminute. The obtained response time and ramp
rate values demonstrate that TCLs can be considepédi responsive loads for DR activation and can
be utilised for power system control operationscddse of the minimum switch-off time requirement
of the running TCL compressor, it is disadvantagetmuswitch it ON immediately after frequency
restoration. In large populations of compressoratee TCLs, the minimum switch-off time
requirement can be solved using a better contigriélhm. Such a problem will not arise with
resistive loads such as space heaters and watrdiedhe temperature prediction method is best
suited even for a large population of TCLs. But $beting method has to be optimized for the large
population of TCLs. Further investigations will tec on the combined study of primary and
secondary frequency control, including the analg$igehicle to grid (V2G) electric vehicles and DR
activation on TCLs.
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Abstract

This paper studies the flexibility available witietmostatically controlled loads (TCLs) to provide
power system services by demand response (DRg#otiv Although the DR activation on TCLs can
provide power system ancillary services, it is im@oat to know how long such services can be
provided for when different levels of power redantiare imposed. The flexibility change with

different levels of power reduction is tested expentally with domestic fridges used by real
customers with unknown user interaction. The ingatbn quantifies the flexibility of household

fridges and the impact of DR activation in termsdaviation in the average temperature. The
maximum possible power reduction with the clustérrefrigerators is 67% and the available
flexibility with the cluster of refrigerators is ¥ The resulting deviation in the average tempegatu

is 14%.
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Abbreviations

BRP: Balance responsible party

COP: Coefficient of performance

DR: Demand response

ICT: Information and communications technology
QOS: Quality of service

RES: Renewable energy sources

TCL: Thermostatically controlled load

TSO: Transmission system operator

UFLS: Under-frequency load shedding

1. Introduction

The reliability of electric power system operatidapends solely on the balance between power
production and consumption. In a conventional powgstem, the balance is achieved by
consumption-driven production. In such a scenddng-term [1] and seasonal [2], [3] load and
change forecasting is used to plan new power pkamdspower production. As the electricity market
has become unbundled, one-day-ahead demand fangchstps to schedule the power procurement
[4], [5]. The transmission system operator (TSOjeisponsible for the power system balance. The
errors in the demand forecast are managed by adalitiocal procurement or consumption at short
notice to avoid large deviations from the unit catmments of the power plants [6], [7]. Such services
are called ancillary services and are provideddgrixe responsible parties (BRPs) and the regglatin
power providers on request from the power systeeratprs. Due to increasing awareness of the
negative environmental impacts of greenhouse gassemns from conventional power plants’ exhaust
gasses, motivation for the usage of renewable gmespurces (RESS) in the electric power system is
high. Therefore, the participation and penetrattbnRESs increases as time goes on. The RES
electricity supply varies, as RESs like wind anthaispower fluctuate [8], [9]. The fluctuations imet
electric power production by RESs need to be cosgted either by an additional supply of power
from fossil based power plants [10], [11] or by toling demand to achieve a balance in the power
system [12]. Demand response (DR) is a widely dedepperational procedure carried out by power-
system operators [13]-[16].

Electricity consumers can be broadly classifiatb ithree classes: industrial, commercial, and
domestic [17], [18]. The demand adjustment fronustdal consumers is large in comparison to the
other two segments [18]. Industrial consumers egpart only a scheduled demand adjustment, as
the machinery used may require a complex startadpshutdown procedure and skilled manpower to
execute the procedures. But the ancillary senggeirement of demand adjustment may arise at any
time. Domestic and commercial consumers are seait@olancillary service provision by DR due to
their time availability and less complex electrigalgets, which are easy to control.

In Nordic countries, the share of domestic eleitgr consumption is 26% [19] and the domestic
segment has great potential for DR services [1&}ifg appliance control, the service provided by
the appliance should not be affected by the comveht. Such a constraint makes thermostatically
controlled loads (TCLs) most suitable for DR apgiicns. TCLs provide a temperature service. The
temperature effect is stored in the thermal magbefTCLs, which can sustain the impact of power
reduction. In a single household, the flexibilioy lemand adjustment may be a small quantity. When
the flexibility from multiple households is aggrég@, their potential is very high. To manage the
massive distributed TCLs, the aggregators can @aijmportant role similar to the BRPs [20]. The
aggregator may be a separate entity or a paredBRP.

When the power system operator requires an anciervice related to power reduction, the



aggregator will serve the request by controlling lthads of the consumers. Under control, the servic
provided by the loads to the consumer should naaffexted or the deviation in the quality of the
service should be within the limits guaranteed e tonsumers by the aggregator. The service
provided by the TCLs is quantified in terms of temgiure. Therefore, the deviations in the quality o
service at different power-reduction levels carahalysed with the temperature variation. Also, the
temperature of the TCL system represents the anaiithermal energy stored within the system, or
in other words the flexibility available with theCL. By predicting the temperature profile, the
duration for which the system can support the seref power reduction can be predicted. Therefore,
the variation in the available capacity with reggecdifferent levels of power reduction can also b
analysed. Further, the maximum possible power temudy respecting the temperature limits of
individual TCLs can be studied and the deviatioQ@®S can be analysed.

The aim of this work is to investigate the ponand capacity for power reduction by DR
activation on TCLs using domestic refrigeratoraiagxample. In Denmark, refrigerators and freezers
contribute 18% of total domestic electricity demamdl they are regarded as important DRs in the
smart grid [21]. Refrigerators are considered fé&t §&tudy in many research activities [22]-[24]. A
simulation study with large-scale control of donesefrigerators for reduction of peak demand in
distribution systems is presented in [22]. In [ZBEimulation study to support the primary resdrye
under-frequency load shedding (UFLS) is studiede Ténergy consumption optimization of
refrigerators is studied with a grey-box model deped using time series data from experimental
measurements in [24].

The investigations of the work presented in gaper quantify the flexibility of household TCLg fo
DR activation and the impact on TCL temperature. éxperimental investigation with domestic
fridges used by real customers is conducted wlakbst into account the unknown users’ behaviour.
The adaptive fridge model presented in [25] is ugegredict the fridge behaviour for control
purposes, as the model requires only two measutsraad the prediction errors are within 5% [26].

The rest of this paper is organized as followsSéction 2 the method of flexibility analysis afwer
reduction with DR activation and the problem owliare introduced. Section 3 explains the
experimental procedure, experiment platform, thedware devices used for control and
measurement, and their configuration. Section dudises the control strategy and practical limitegtio
in detail. The results of the experiments are regbin Section 5. The discussion and conclusion are
presented in Sections 6 and 7 respectively.

2. Methodology

The refrigerator is a thermally insulated box @ttgith a compressor to pump heat out of the box to
the ambient. The compressor is controlled by antbstat. The temperature inside the refrigerator is
maintained between two limits, namely Tmax and Troynthe thermostat. The thermostat switches
the compressor ON when the temperature is abovéethperature limit Tmax. The heat from the
refrigerator is pumped out to the ambient by tHeigeration system. This causes the temperature
inside the refrigerator chamber to decrease. As sgothe temperature decreases to the limit Tmin,
the thermostat switches the compressor OFF. Asathbient temperature is higher than the
temperature inside the refrigerator chamber, theg Hews from the ambient into the refrigerator
cooling chamber through the walls and also durimgning of the refrigerator door for food exchange.
The heat flow causes the temperature of the cocliagnber to increase when the compressor is OFF.
The heating and cooling cycles of the refrigeram be called thermostatic cycles. The duration of
the thermostatic cycle for heating and cooling degseon many parameters. The cooling duration
required for the temperature to reach the valuenTim the temperature value Tmax depends on the
compressor power and its coefficient of performaf@®P), the ambient temperature, the insulation
parameters of the refrigerator, and the thermadgntees of the cooling chamber’s content (food)e Th



duration of heating required for the temperaturege from the value Tmin to Tmax depends on the
parameters listed above, except for the compregmmifications. As the refrigerator has the abtlity
store the temperature effect with its thermal iaert can be used to provide the power system
ancillary services. The method described here alenthe refrigerators’ state (ON/OFF) in order to
keep their aggregated power consumption at a gigepoint value without violating the temperature
limits of the individual refrigerators. On contioly the refrigerator, one of the constraints ig tha
temperature Tmax of the refrigerator cool chambwukl not be exceeded. The change in the
available flexibility provided by the refrigeratosan be analysed at different levels of power
reduction from the normal consumption.

In the presented control architecture, a cermoatroller for refrigerators collects the temperatu
measurements and power consumption from all refiges. The central controller can predict the
temperature of fridges and the duration for whiuéytcan be switched OFF or ON without violating
the temperature boundaries with the use of a simlalek-box model [25]. The black-box model
considers the temperature curves of the thermostgtiies as a piece-wise linear one and uses the
slopes of the temperature curves to predict th@éeature cycle duration.

In the proposed algorithm, the fridge flexibilisymeasured by the duration for which the refagmr
can be switched OFF without violating the individtedrigerator’s temperature limit. The switch OFF
time can be calculated by predicting the tempeeatnside the cooling chamber. In order to calculate
the prediction of the cooling chamber temperatime fridge’s thermal behaviour has to be modelled.
The black-box model [25] used in this study reqibaly two measurements and predicts a cooling
chamber temperature close to the actual one wheedytmiamics of the system are not changing. It is
also a generalized model suitable for any therntioatly controlled loads such as space heaterg, hea
pumps, air conditioners, refrigerators, and saSuth a model is suitable for experiments with gdar
number of refrigerators, where the number of patareeneasured is limited.

3. Experimental procedure
3.1.Test scenarios
The experiment is conducted for four scenarios ditferent values of power reduction as shown in

the Figure 1.
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Figure 1. Scenario description.

Scenario 1: Scenario 1 is the base case without camyrol. The refrigerator power
consumption and the temperature were observed4fdmoRrs. The observation without control gives
an idea about the variation in aggregated poweswuoption with time. The power limitation set-



point for the control in the following scenariogdisrived from the base case scenario 1.

Scenario 2: In scenario 2, the control objectivéoisnaintain the aggregated power at the
average value of power consumption in scenario thomt violating the temperature limits of
individual refrigerators.

Scenarios 3 and 4: Scenarios 3 and 4 are useddtrstand the limits of the possible power
reduction by DR activation on TCLs. The power Ignibr the controller are set as 50 and 25% of
scenario 1 average value in scenarios 3 and Zgcteply.

The proposed method for TCL flexibility analysgested with refrigerators in real household$wit
unknown user interaction. The following sectiorroduces the experimental set-up and provides a
description of the information and communicatioohteology (ICT) infrastructure supporting the
experiment and a description of the gathered measents.

3.2. Experimental setup

The experiment utilized the infrastructure and thfigerators of the participants in the project
INCAP. The INCAP project has established an ICTastfructure for the real-time measurement and
control of temperature and power of domestic fridge the western part of Denmark for a field
experiment. Figure 2(a) shows the experimentalipeffhe block diagram in Figure 2(b) shows the
devices installed for control and data collectioreach household participating in the project INCAP
The devices used for control and data collectienaarfollows:
1. Relay unit with power measurement facility tateivthe fridge ON and OFF in response to a

remote command and to measure the active poweucgt®n by the fridge.

Temperature sensor to measure the temperaside ithe fridge cooling chamber.

A user interface device with red and green $girtd two buttons to communicate with the user.

A Zigbee-Ethernet gateway device to enableacten of these devices with the remote server.
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A

-
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Figure 2. Data flow from the fridges to the corntolnd refrigerator control device installationain
house

Develco Products A/S, one of the partners ingiggect INCAP, provides these devices from its
Zigbee wireless home automation network produats. [The Zigbee-Ethernet gateway device hosts
the local Zigbee home network as a coordinator, @hér devices become the child of the local
Zigbee network. The Zigbee-Ethernet gateway desstablishes the connection to the control server
through a wired ADSL home Internet connection. Tafidhe devices, namely the temperature sensor
and the user interface device, are battery-powdsadces, while the other two are mains supply
powered. For the field experiment in INCAP, devieese sent to the consumers. Once installed, the
devices sent authorization requests to the sencemare authorized by the server to join the Zigbee
network. The temperature sensor was placed indbkng chamber of the fridge and the relay unit



was connected in series with the power input tofttidge. The measurement sampling rates for the
different devices were configured by the server.

3.3. Measurement parameters and sampling rate
The temperature sensor sends the temperature reessus at two-minute intervals. The sampling
interval was preconfigured by the manufacturerrmheo to have a longer battery life. This sampling
rate cannot be changed. As the temperature inkeleefrigerator changes very slowly due to the
thermal inertia of the food content, the two-mingempling rate is sufficient to appreciate these
dynamics. The temperature sensor has an accura£.9f°C. The relay unit measures the active
power consumed by the fridge. The resolution ofrtteasurement is 1 W. The RMS voltage is also
measured with 1 V accuracy. The measurement is takery 10 seconds and sent to the server.
4. Controller description

4.1. Controller architecture
The controller has the following objectives: aptedict the switch-OFF time of the fridges using th
fridge model described in [25], and b) to limit thgegregated power consumption by controlling the
fridges without violating their temperature limi&he controller execution is carried out accordmg
the following Algorithm 1.

Algorithm
Initialization:
Mark all fridges that are not active for service
Create an empty scheduling queue
Procedure 1:
For all fridges{
get fridge cooling chamber temperature
if fridge is activated for service{
if temperature is above,Ix {
turn the fridge ON

}

}

else{
put the fridge into the scheduling queue
sort scheduling queue in descending order kytheof OFF time

}

}
Procedure 2:

If aggregated power is higher than the set-point{
calculate the power reduction required
while power reduction is positive{
get the first fridge from the scheduling queue
mark the fridge to be activated for service
subtract the fridge power from the power redurctio
}
}
Procedure 3:

If aggregated power is lower than the set-point {
calculate the power addition required



while power addition is positive{
get the first fridge from the activated schedyljueue
mark the fridge to be deactivated from service
subtract the fridge power from the power addition

}

Algorithm 1. Aggregated power control algorithm.

The controller receives temperature measurenfeoits the fridges at two-minute intervals and the
power measurements at 10-second intervals. As tlieinglescribed in [25] requires the temperatures
of the previous heating cycle and cooling cycle, ¢bntrol software stores those temperature values
corresponding to previous cycles (heating and ngpliocally. The heating and cooling cycles were
identified by the compressor power consumption.if@urcooling the compressor is active and
consumes poweduring heating, there is no power consumption key campressor. Some of the
fridges have a power consumption of a few wattgHeir internal electronic components and for light
bulb illumination while the fridge door is open.3@ W threshold is used to separate the compressor
power consumption from the power consumption byligie bulb and other components.

The aggregated power is calculated every timeptheer measurement from the refrigerators is
updated. If the aggregated power is higher tharséhédimit, the coolest refrigerator among theati
refrigerators is switched OFF. The procedure comesruntil the aggregated power reaches the control
set-point. On the other hand, if the aggregatedepas less than the control set-point, the hottest
refrigerator among the group of controlled refregers is switched ON and the procedure continues
until the aggregated power reaches the contrgicet:

4.2.Control task timings
The temperature measurement from each fridge &vet at two-minute intervals. The switch-OFF
time for the active fridges (in which the compresscON) is calculated using the fridge model [25]
every time the temperature is updated. The fridgessorted in an order based on their switch-OFF
time; the fridge that would otherwise turn off soonesuld be the first priority. Although the fridge
power is measured every 10 seconds, there is aditag of 10 seconds when sensing a change in
power from the fridges. When the aggregated powdimited to the reference value, the fridges
which have to be switched OFF are marked internalyhe software. The switch-OFF command is
sent to the fridge every time, while the correspogdridge’s power measurement is received. If the
temperature of the fridge reaches its Tmax, therctiiresponding fridge is removed from the control
list.

5. Experimental results

The experiment was conducted for 24 hours for saehario. After the experiment for one scenario,
24 hours’ relaxation time was allowed for the gdriators to return to their normal thermostatic
cycles before conducting the experiment for thet segnario. Twenty-five refrigerators participated
in the experiment. The maximum aggregated compresgacity of the refrigerators is 2500 W.

The aggregated power consumption of refrigeraitorscenario 1 without control is shown in of
Figure 3(a) and the instantaneous temperature gevefaefrigerators is shown in Figure 3(b).

Their average values are marked on the respeptois as a red line. The average value of the
aggregated power consumption of the refrigera®m@&36 W. The average value of the instantaneous
temperature average is 7.1 °C. The maximum valdlkeodggregated power is 1575 W. Therefore the
experiment for scenario 2 is conducted with the grammit set at a value of 800 W for the controller
The power limit value is close to 50% of the maximpower value (1575 W) and close to the
average value (836 W) of scenario 1. The aggregateeer consumption of the refrigerators in



scenario 2 is shown in Figure 4(a). The instantas¢@mperature average of the refrigerator is shown
in of Figure 4(b). Their average values are maik®a red line on the respective plots. The average
value of the aggregated power is 801 W and theageewralue of the instantaneous temperature
average is 7.2 °C.
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The experiments for scenarios 3 and 4 help tenstahd the change in flexibility of the overall
population of refrigerators participating in thggperment. The experiment for Scenario 3 is condlcte
with a power limit value of 400 W for the contrallSimilarly the experiment for Scenario 4 is
conducted with a power limit value of 200 W for ttentroller. The aggregated power consumption
for scenario 3 is shown in Figure 5(a). The ingtaabus temperature average is shown in Figure 5(b).



The power average and average of instantaneou®tatape average are marked as a red line on the
respective plots. The average value of the aggedgadwer value for scenario 3 is 607 W and the
average value of the instantaneous temperaturagees 8.1 °C.

Similarly, the aggregated power consumption f@nario 4 is shown in Figure 6(a). The average
aggregated power consumption for scenario 4 is\WW2@he instantaneous temperature average is
shown in Figure 6(b). The average value of theamsineous temperature average is 8.0 °C. The
experimental results of the four scenarios are samaed in Table 1. The overall energy consumption
for scenario 1 is 20.1 kWh and that for scenarn® 9.2 kWh. The difference in energy consumption
is only 4.5%, taking scenario 1 as the base. Imast® 2, the controller maintains the aggregated
power close to the average value of the aggregaiegumption in scenario 1, which is the normal
consumption. In scenario 3, when the power redneticdc0%, the overall average temperature of the
population increases by 14%. The overall tempezadnerage of the population is 8.1 °C. Although
the controller aims to maintain the aggregated poateclose to 50% (400 W) of the average
consumption of scenario 1, the achieved averagegatgd power value is 73% (607 W). This is due
to one of the control constraints: that the temijpeeaof every individual refrigerator must not eade
its Tmax value. The objective of conducting the eskpent for scenario 4 is to understand the
maximum limit of power reduction without violatinpe temperature conditions of the individual
refrigerator of the population. The controller i®yded with an objective power set-point value of
200 W, which is close to 25% of the average powmrsomption in scenario 1 (836 W). The
achievable average power reduction in scenario 37% instead of 75%. The average aggregated
power consumption in scenario 4 is 526 W. The twatpre elevation is 13% and the average
temperature of the population is 8.0 °C.

Table 1. Effect of control on the aggregated posiehe refrigerators.

Power Power Average | Average Energy
Scenario reduction limit temperature power | consumption
[%] W] [°C] W] [kwh]
1 NA - 7.1 836 20.1
2 Pavg 800 7.2 801 19.2
3 50% of Ryg 400 8.1 607 14.6
4 25% of Ryg 200 8.0 526 12.6

Figure 7(a) shows the average value of the agtgdgower of refrigerators for every 15 minutes in
scenario 3. Similarly the plot for scenario 4 iswh in Figure 7(b). The controller set-point is keat
as a red line in both plots. The controller is aioldimit the aggregated power consumption up to
02:00 hours in the case of scenario 3. The synctedrthermostatic operation of the refrigerators
starts from 02:00 hours, as most of the refrigesat@ach their maximum temperature limit.
Therefore, the controller was not able to limit Huggregated power after 02:00 hours. Similarly, in
scenario 4, the refrigerators reach their maximempierature limit much earlier, in less than 2 hours
(at 23:45 hours), as the controller set-point i<imiower. The hours of controllability are circled
green on both plots in Figure 7. Due to the synuizedion of temperature cycles, as the temperature
of all refrigerators reaches the maximum, the gefators are switched ON at the same time. Their
aggregated power consumption increases, which @&aidable. When the temperature of the
refrigerators decreases, the refrigerators arelsadt OFF until the aggregated power limit set ley th
controller is reached.
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The histograms of the four experimental scenaresshown in Figure 8. The histograms show the
occurrences of aggregated power values as a phtpdistribution function (PDF) in the given range
from 0 to 1600 W along with the mean value and stendard distribution. In scenario 1, the



distribution is even around the mean value andsthedard deviation is high. Scenario 2 has more
occurrences around the mean, and the standardtidevitecreases. The mean value is also close to
the controller set-point (800 W).When control isleled to reduce aggregated power consumption by
50% in scenario 3, the number of occurrences ctosthe controller set-point value (400 W)
increases, but the standard deviation increasesmparison to scenario 2. The mean value is higher
than the controller set-point value. Similarly,scenario 4, the standard deviation increases and th
occurrences around the mean value are evenlykdisgd. In both scenario 3 and scenario 4, the
average power consumption is higher than the citgrtreet-point. This is due to the synchronization
of the refrigerators’ temperature cycles, as shmwfigure 7. As the controller set-point of sceoati

is lower than that of scenario 3, a greater nunobeefrigerators are switched OFF in scenario 4 and
consequently the overall average of the aggregat@cr consumption is low in scenario 4. This is
visible on the histogram of the aggregated powersemption of scenario 4. The number of
occurrences of aggregated power below 600 W isehiffit scenario 4 than for scenario 3.

6. Discussion

6.1. Definition and quantitation of flexibility
As the refrigerators’ operations are controlled thgrmostats, the refrigerator compressor will be
switched OFF as soon as the temperature of th@esdtor reaches Tmin. Once the refrigerator
compressor is switched OFF, the refrigerator isavailable for control until the thermostat switshe
the compressor ON after the temperature reachenttielmax. Thus, any refrigerator is available
for control only during the cooling part of the thmstatic cycle, as shown in Figure 9.
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Figure 9. Flexibility change during natural thertadis cycle.

At the beginning of the cooling, when the tempamia near Tmax, the flexibility is 0%. At the end
of the cooling, when the temperature is close tanTthe flexibility is 100% as the refrigerator can
support the maximum duration of control. All of thieove statements about flexibility are valid only
when the compressor is ON. If the compressor ischetl OFF by the thermostat, then the refrigerator
is not available for control anymore. Thereforeg ttefrigerators that are switched OFF by the
thermostat are considered to have no flexibility.
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6.2. Impact on flexibility
Figure 10(b) shows the variation in the flexibildyring normal consumption without control. The
aggregated consumption is shown in Figure 10(a9.ittteresting to notice that the aggregated power
and the flexibility of the population follow a silai trend. A scatter plot of the aggregated power
consumption versus flexibility is shown in Figurk 1
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As the power consumption increases, a greater nuoflrefrigerators become available for control
and the flexibility also increases. The coefficiaritthe correlation is 0.68. The overall average
flexibility of the population of refrigerators i8%. Table 2 summarizes the achieved average power
consumption, average temperature, and quantizebifly as percentages for the four different
scenarios. The change in the flexibility duringrehént levels of power reduction is shown in Figure
12. The change in the flexibility for scenario 2stgown in Figure 12(a). The overall average of the
flexibility for scenario 2 is 43%.

Table 2. Change in flexibility in different contretenarios.

Achieved Average Available
Scenario | average power temperaturg flexibility
W] [°C] [%]
1 836 7.1 28
2 801 7.2 43
3 607 8.1 10
4 526 8.0 5
< 100 Change in available capacity in scenario 2
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Figure 12. Change in available capacity with ddfdérpower reductions.

In scenario 2, the controller maintains the agated power close to the average value of the
aggregated consumption in scenario 1, and thebflgyiof the population increases from 28% to
43%. Therefore, flexibility in scenario 2 increadgs54% compared to the base case, scenario 1. This
phenomenon is due to the control of a greater nurabeefrigerators to maintain the aggregated
power close to the set value. The overall averaggerature of the population increases by 1% in



scenario 2 in comparison with scenario 1. In sgend, when the power reduction is 50%, the
flexibility decreases by 64% in comparison withrem® 1. The flexibility of the population is 10%.
The flexibility of the population decreases to 5%scenario 4, which can be considered as a residual
capacity which cannot be utilized further. Thedaal capacity is due to the minimum switch-off time
requirement of the refrigerator in order to avashpressor damage due to fast switching and the high
in-rush current during start-up.

7. Conclusions and futurework

This paper studied the impact of DR activation @i Tlexibility variation with different levels of
power reduction through a field experiment usinfyigerators as an example case. The normal
operation of refrigerators shows large variationpawer consumption. The flexibility available with
the refrigerators under normal operation is 28%e Buthe natural thermostatic cycles, half of the
population is not available for control. The flektly available with the population of refrigerasoin
terms of flexibility increases by 54% when the igedrators are controlled for the average aggregated
consumption. Therefore, if the aggregator has tiaecess to the compressor control, an average
flexibility of 50% is possible. When the refrigaveg are controlled to reduce their power to 50% of
their average consumption, as seen in scenarioeloverall average temperature of the population
increases by 14% and the flexibility decreasesO&.1lf the aggregated consumption is reduced by
75%, due to the temperature limit restriction, rieximum possible reduction is 37%. This causes the
maximum reduction in the flexibility: to the valaé 5%. It will be interesting to carry out a furthe
study by changing the selection criteria of theigefator. The controller ability for refrigerator
selection can be modified by considering the allavatt-hour capacity of individual refrigerators
or by considering the available percentage fleitybdf the individual refrigerator instead of magia
selection based on the length of the switch-OFFe.tifhe new resource selection strategy may
improve the performance by avoiding refrigeratarcéyonization.
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Abstract

This paper describes the impacts of different typésdemand response (DR) activation on
thermostatically controlled loads' (TCLs) aggredapower. The different parties: power system
operators, DR service providers (or aggregatord)camsumers, have different objectives in relation
to DR activation. The outcome of this experimestatly quantifies the actual flexibility of housethol
TCLs and the consequence for the different pamigh respect to power behaviour. Each DR
activation method adopts different scenarios totreepower reduction, and has different impacts on
the parameters. The experiments are conducted resthdomestic refrigerators representing TCL.
Activating refrigerators for DR with a delay redadbe integral square error (ISE) in power limdati

by 28.46%, overshoot by 7.69%. The delay in refage activation causes reduction in power ramp
down rate by 39.90%, ramp up rate by 21.30% anth8tantaneous average temperature increases by
0.13% in comparison with the scenario without atton delay.

Keywords: Demand response, domestic energy resources, atgretpad management, flexible

electricity demands, smart grid.
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Abbreviations

AMM: Advanced meter management

COP: Coefficient of performance

DR: Demand response

DSO: Distribution system operator

HVAC: Heating ventilation and air conditioning
ICT: Information and communications technology
INCAP: Inducing consumer adoption of automated reactchrology for dynamic power pricing
tariffs

ISE: Integral square error

RES: Renewable energy sources

SLA: Service level agreement

SNR: Signal to noise ratio

TOU: Time of use

TSO: Transmission system operator

1. Introduction

Power systems are operated by different entities and span production to distribution; however,
consumers pay a single commercial entity for a@ttrconsumed. Power production companies are
responsible for unit commitment and for selling pneduced power to the companies responsible for
its transportation, namely transmission system aipes (TSOs). The company which makes the
infrastructure for distributing power to the endisomer is known as a distribution system operator
(DSO), and buys power from the TSOs in order tbis&d its consumers. There is a complication in
that the consumer can buy electricity from a comgpahich is a trader and does not own any
infrastructure for production, transmission andrdigtion. Similarly, in the DR market, there are
three parties: namely, the DSO, aggregator, anduroers. Differently from the power system
operation, where the DSO sells the service toatsemers, in this situation the consumers selt thei
flexibility to the DSO. Figure 1 shows a paradigfitlee three participants in the DR. The illustratio

is a simplified scenario of the power system setitp demand side management presented in [1].
Power system operators are increasingly being eaged to accept demand response as an
operational practice [2] - [5]. DR methods can bealdly classified as load shifting, load reduction
and on-site generation [6]. Load shifting is mogiyformed by the time of use (TOU) method. TOU
motivates the consumers to shift their consumpipmeans of a time-sensitive price structure [7].
Several critical system events require unschedged reductions. The main objective of domestic
electric appliances is to provide user comfort.Phactivation, the service provided by the apple&anc
should not be affected, as the inconvenience taugiee cannot be quantified [6]. In such cases the
TCLs are most suitable for load reduction, as theye the ability to store the effect by means eirth
thermal inertia. Though the load dispatched imglsihousehold is very small, their aggregatiomfro
multiple households makes it high enough to delitaes kind of power system service. This creates
opportunities for a new entity called an aggregator

Aggregators act as a bridge between consumer®&@s [8] - [10]. Aggregators may install the
ICT infrastructure in the consumers’ premises tatd their load with a service level agreement
(SLA) not to affect the service provided by the tcolhed appliances [11], [12]. The aggregator buys
the available DR capacity from different consumargl sells that in bulk to the DSO. The
commitment made by the aggregator to the consumén maintain the service provided by the
appliances.
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Figure 1. Information and service flow between D&@gregators and customers.

In Nordic countries in the year 2013, the eleatonsumption from residential buildings accounted
for 26% of the total consumption. Household apgiésnconsume around 17% of this amount [13],
accounting therefore for 4.4% of the total consuomptThough the demand adjusted in an individual
house is small, the aggregated capacity is coraitiehigh and many DR research activities focus on
domestic segment [12], [14]. In terms of domegiads TCLs are considered for fast response power
system services because of their size, populatidnGIN/OFF capacities [15]. Refrigerators are the
most suitable TCL for an experimental study of Dffivation in household TCLs. DR with fridges
has been studied for several smart grid applicatid®] - [24]. Refrigerators are a small-scale
representation of other TCLs. The refrigeratohim home has the capacity of load shifting becatise o
its thermal capacity and has all-day availabiliggéuse of its periodic operation. The user interfeg
during the control period is less, because useptifort is not affected directly, as it is in these of
HVAC. The control devices are cheap thanks to ittng@le ON/OFF control. The main objective of the
refrigerator is to maintain a low temperature ie ool chamber. This temperature can be easily
measured with a low-cost sensor and the refrigeraperation can be controlled with a simple
ON/OFF switch. Load reduction using TCLs cause gynshifting by virtue of their service delivery
in terms of climate maintenance. This in turn caus®increase in load in another time segment after
the DR activation is removed [25]. The aim of thisrk is to investigate the impact of DR activation
on TCLs' aggregated power consumption using domesfrigerators as an example. The
investigation is expected to quantify the flexiyilof household TCLs and the consequence for the
different parties (consumer, DSO and aggregatatt) vaspect to power behaviour. An experimental
investigation with domestic fridges used by reatomers is conducted which takes into account the
unknown users’ behaviour. The adaptive fridge maakelsented in [17] is used to predict the
behaviour of a fridge in different control scenario

The rest of this paper is organised as followsSéction 2 the principle of the load reductionhmoet
and problem outline are introduced, and the cordiir@itegy adopted for energy reduction is briefly
presented. Section 3 explains the experiment phatfthe hardware devices used for control and
measurement and their configuration. Section 4udses control strategy, practical limitations and
safety constraints in detail. The results of thpegxnents are reported in Section 5 and discussed i
Section 6 and conclusions and future work are tedan Section 7.



2. Methodology

The principle of DR activation and the contralagtgy for power reduction are explained herein.
During peak hours because of either high consumirdow local production, the DSO may need a
service to limit the power flow in lines or transfeers. The DSO buys a capacity AP power
reduction from the aggregator.
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Figure 2. lllustration of DR service activation ohgy a particular time of day.

The aggregator fulfils the requirement of the Di§Qrontrolling the consumers’ controllable flexabl
appliances. A sample peak hour scenario whereggeegator reduces the demandA#R and limits
the consumption toRx iimit between 20 and 23 hours of a day is shown in EiguiThe flexible load
from the refrigerators can be used as various RRRIYmts to serve the ancillary service requirements
[26]. As the capacity of the loads and the aggmgate already assessed by DSO, the DSO and the
aggregator enter into a service contract [1]. Tlygregator reduces the consumption of the
controllable loads byA\P and commits to a maximum consumption by the obtiable loads of
Pmax_iimt The experiments realised in this paper involve tisage of domestic refrigerators as
controllable loads.

2.1 Refrigerator operation and OFF time prediction

The refrigerator is a thermally isolated box (ccmamber) in which a temperature in a lower range
than the ambient temperature is maintained by apoessor controlled by a thermostat. The
temperature inside the refrigerator varies contislpobetween two threshold limits, namely.Tand
Tmin [17]. At any time the temperature inside the coshmber of the refrigerator is maintained
between these two limits. As soon as the temperaifithe cool chamber reaches the higher limit,
namely Tax the compressor is switched ON and the coolingsstas the compressor pumps heat out
of the cool chamber, the temperature starts toedser from Jax The thermostat switches off the
compressor when the temperature reaches the lowey T,. The temperature starts to increase
because of 1) heat gains from external environrt@nthe environment is at higher temperature), 2)
openings of the fridge door for food exchange, &thcontained in the food stored. The heating
duration and the cooling duration depend on 1)igefator parameters (compressor capacity,
coefficient of performance (COP) and thermal insoe of refrigerator walls and door), 2)
environmental condition (ambient temperature) andtBers (amount of food content and its thermal
capacity, number of door openings by the usel).etc.

The refrigerator’s operation pattern is similad adefined by the thermostatic cycles during most
time of the day. The major disturbances like fordhange are introduced only during certain time of
the day. The refrigerator’s thermal behaviour (cowhmber temperature) can be predicted using a
thermal model trained from the previous thermosteyicles as shown in Figure 3. The temperature
prediction allows assessing how long the DR servégebe provided. The duration of the DR service



by switching off a refrigerator is constrained mperature threshold,. The duration of the
current temperature cycles (cooling and heating) lwa derived from the slopes of the previous
temperature cycles. The temperature profile ofr¢fiegerator can be considered as piece wise linear
For example, the segment with the duratignin the cooling cycle between the temperature
measurement3, and T3 is considered to be linear with a slof&,, as shown in the Figure 3.
Similarly in the heating cycle, the segment wité tluratiorts between the temperature measurements
Ths and Ty is considered to be linear with a sldg&. The slopes of the heating cycle segments are
used to predict the temperature and the durati@F6f timet.
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Figure 3. OFF time calculation form the temperatoeasurements.

The slopes of the heating cycle HS is calculatefdlasvs:

us. — Tnw = Tha-n) {1 <i<Ng,
! t, P<30W
where HS is heating cycle slope of individual segment ohperature curveTy is heating cycle
temperature samplg,is sampling intervalNg, is number of temperature samples in the heatiotgcy
and P is compressor power. Similarly the slopes of thmperature curve when the refrigerator
compressor is ON are derived as follows:
Tey — Teqi-1) {1 < i < Ng
t P<30W
WhereCS is cooling cycle slope of individual segment ahperature curvelc; is cooling cycle
temperature sample al; is number of temperature samples in the coolirdecyWWhen performing
the refrigerator OFF time calculation, the tempemtprediction is carried out from the present
temperaturd g as follows:

CSi =

T(l) = (HSl X tS) + T(i—l) {1T<<l ; NSh

l max
WhereT(g is present temperature measurement when the cesmprées ON i( = 0) and T is
predicted temperature after the time interval dfthe refrigerator is switched OFF. The OFF time
calculated as follows:



{ TN = Tmax
TN+1 > Tmax
wherety is calculated OFF time amdlis number of sampling intervals.

The temperature prediction strategy is verifiathwlifferent types of refrigerators. The mean esro
in predicting the OFF time are within +3% [17]. Tieenperature prediction strategy is used in a field
experiment for energy shift estimation of DR adiima on real Danish domestic refrigerators. The
compressor duty cycle prediction with the black meadel is within a +5% error limit [18] under
normal operating conditions. The errors in enetgit estimation is within £10% [18].

2.2 DR activation
The proposed method manages to limit the powerdmyralling the refrigerator operation without
violating the temperature limits. The architectofea central controller for refrigerator control is
presented in Listing 1. The controller collects pemature measurements and power consumption
from each refrigeratorThe power limitation service is delivered by a cantontroller with two
simultaneous procedures designed with the followaiggrithm.
Listing
Initialisation:
mark all fridges not active for service
create an empty scheduling queue
Procedure 1:
for all fridges{
get fridge cool chamber temperature
if fridge is activated for service{
if temperature abovenl{
turn the fridge ON

toff = ts X N

}
}
else{

put the fridge into the scheduling queue

sort scheduling queue descending by lengtheoOfRF time
}

}

Procedure 2:
while consumption is larger than the power limit{
get the first fridge from the scheduling queue
mark the fridge to be activated for service
subtract the fridge power from the consumption

}

Listing 1. Congestion management algorithm.

Procedure 1 in Listing 1 runs every second andages the fridge operation. In the proposed
algorithm the fridge flexibility is measured by tderation the refrigerator can be switched off in
order to assist the power limitation. As the nempgerature measurement is received from the
uncontrolled refrigerator with active compressbe switch OFF time for the refrigerator is calcetht
by predicting the temperature inside the cool crermising the black box model [17]. This model
requires only two measurements and predicts thect@onber temperature. It is a generalised model
suitable for refrigerators of different types. Suehmodel is suitable for experiments with a large



number of refrigerators, where the number of patarmaneasured is limited. The scheduling queue
of uncontrolled refrigerators is sorted on everw@FF time calculation as per the newly calculated
OFF time. In this way, the number of refrigeratarsl their priority for control in the scheduling
queue changes dynamically by appreciating thetlaesilable flexibility. In the procedure 1, the
controlled refrigerators are switched ON when themperature exceeds its higher temperature
threshold Tax In this way, the temperature limit of each redrafor is respected.

Procedure 2 targets the power limitation. If thgragated power consumption exceeds the power
limit, the required number of fridges is selectednf the scheduling queue of uncontrolled
refrigerators in order to keep the power limit dgrthe DR activation interval.

3 Experimental procedure

This section provides a description of the experital set-up: domestic refrigerators, supportig |
infrastructure and measurements collection.

3.1 Requirements

In domestic segment, the compressor used it ofake refrigerators is single speed, hermetic
reciprocating compressors [27], [28]. The singleexl hermetic compressor operates with only two
states (ON/OFF). The refrigerators with multiplengwessors and advanced multistage refrigeration
cycle (for exampleinverter compressors) are excluded in this expartnirhe experiment is designed
to study the impact of DR activation on the aggtedigoower of domestic refrigerators. The only
requirements are the measurements of refrigeraparsimeters and the control of refrigerators’
operation from a remote computer acting as aggreggte necessary devices to control a refrigerator
from a remote computer are: a temperature senschwhn measure the refrigerators’ cool chamber
temperatures and send data to the central compeegtely controllable power switches which can
receive commands from the central computer to tluerrefrigerators’ compressors ON and OFF, and
power measurement devices which can measure thgressors’ power consumptions and send them
to the remote computer.

The INCAP (Inducing consumer adoption of automiateaction technology for dynamic power
pricing tariffs) project has established the ICTrastructure for controlling and measuring multiple
household refrigerators in Denmark. These fridgeeveonsidered for the experimental study.

3.2 INCAP fridge data and control access

The devices connected to the refrigerators fatroband data collection purposes of each househol
refrigerator participating in project INCAP are shoin the block diagram in Figure 4. Four devices
are used for data collection and control of eabiigerator:

1. Relay or a contact unit with power measuremadaitity, to switch the fridge ON and OFF in
response to the command from the remote computetoameasure the active power consumption of
the fridge.

2. Temperature sensor to measure temperature it&dedge cool chamber.

3. A user interface device with red and green $igintd two buttons to communicate with users.

4. A Zigbee-Ethernet gateway device to enableacten of these devices with the remote server.

All these devices communicate with the ZigbhéeeEhet gateway device in the Zigbee wireless
communication protocol and the Zigbee-Ethernetvgayedevice communicates with the INCAP
server through an ADSL home internet connectiore dévices were sent to the consumers of one of
the INCAP project partners and to a DSO. Once liestathe devices send authorisation requests to
the remote computer and are authorised by the cempad configured to send the measurements.
The temperature sensor is placed in the cool chaofltee fridge and the relay unit is connected in
series with the power input to the fridge.



Figure 4. Refrigerator control device installatiora house.

3.3 Measurement parameters and sampling rate

Temperature: the temperature sensor sends the temperature reeesus once every two minutes.
The sensor manufacturer preprogrammed the samgutiddgransmission rate of two minutes to obtain
longer battery life and it cannot be changed. Aes itifrigerator has very slow thermodynamics
because of the thermal inertia of the food conthettemperature inside the refrigerator changes ve
slowly. The two-minute sampling rate is sufficidot appreciate these dynamics. The temperature
sensor has an accuracy of £0.5 °C.

Fridge active power: the relay unit measures the active power consulnedhe refrigerator
compressor with a resolution of 1 W. The measureénmsgrerformed every 10 seconds and sent to the
central computer.

4 Controller description
4.1 Controller architecture

All of the devices connected to the fridge in tlmeisehold send data to the Zigbee-Ethernet gateway
device. The device sends the data to the INCAResefhie INCAP server hosts a software ‘Smart
AMM server’ (AMM - advanced meter management) pded by the device manufacturer. The Smart
AMM server acts as a gateway for sending commamdbket devices and receiving data from them.
The communication is in the form of short messagesmart AMM server can send a copy of
received messages to the controller. A block diagrathe data flow from the fridges to the congoll

is shown in Figure 5. The controller aims to deli@gyower-limiting service during a particular time
of the day. In the INCAP project, the control i$ sethree hours, from 20:00 until 23:00 local time
(GMT+1). The controller switches off the refrigenat one by one until the power limit is reached.
The order of refrigerator selection is based on Homg it can stay OFF without violating its
temperature limits. The refrigerator which can s@¥fyF for the longest time is selected first. The
length of time a refrigerator can stay OFF is predi by using the refrigerator model described in
[17].

The refrigerator model uses a strategy to ptede cooling and heating duration using the jonevi
corresponding temperature data. The temperature asdociated with cooling and heating are
identified with corresponding compressor power oamstion. The compressor is active and has
power consumption close to its rated value while tefrigerator is cooling. The compressor
consumes no power after the temperature reach@sg;itsas the thermostat switches OFF. Some of
the fridges have electronic controllers insteadlagsical mechanical thermostats. Also, the lighib b
is illuminated while the fridge door is open. THere a 30-watt threshold is used to separate the
compressor power consumption and the power consomgtt the light bulb and other components.
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4.2 Control task timings

The controller is activated for three hours, fr@®00 until 23:00. The temperature measurement
from each fridge is received at two-minute intesvdlhe temperature update from those refrigerators
which are operational (in which the compressoriy @ used to calculate the switch OFF time using
the refrigerator model [17]. Switch OFF time is ccdfited on every temperature update. The
controller maintains a queue in which the fridges sorted according to their switch OFF time, the
one with the highest switch OFF time being firgsir Bower limitation, the fridges which have to be
switched OFF to limit the power are marked intdgnial the software. The first switch OFF command
is sent to the refrigerator when the correspondafiggerator sends the power or temperature message
(whichever is earlier). In this way the controlalels minimised. On every switch OFF command the
control relay maintains the state for five minufBsis is a safety interlock feature of the relaptwoid
the fridge being OFF permanently in the case of@mmunication failure, so the OFF command is
repeated every two minutes in response to the textyse message received. If the temperature of the
fridge reaches its JJa then the corresponding fridge is switched ON. Teximum delay in the
congestion correction is 10 seconds, as the powasunement is performed once every 10 seconds.

5 Experimental results

5.1 Scenario definition

The experiment is conducted with 25 fridges &t feur different scenarios of controls. The total

compressor power capacity of all 25 refrigerater@.6 kW. The day average power consumption is
660 W which is 26.5% of the total load capacitypdwer limit of 625 W, which is 25% of the
capacity, is selected as a set point for the clhatrdhe DR activation happens once a day between
20:00 and 23:00. The experiment is conducted wthdcenarios.

Scenario 1: Normal operation without control.

Scenario 2: DR activation without delay.

Scenario 3: DR activation with delay sequence S1-S1

Scenario 4: DR activation with delay sequence S1-S2

Scenario 5: DR activation with delay sequence S33%6.
Scenario 1 is the base case to illustrate the raramaition without power limitation. Scenario 2 is
the case when the power system operator buys doeveran unbundled market and sells for a single
tariff to the consumer. In such situations the teleity company wants to reduce the power
consumption, when the actual consumption exceedftkcasted demand, as the additional power is
procured at a much higher cost. Here the aggregatmed to meet the demand forecast by demand
response activation. In scenario 2, the aggregaiables demand response as quickly as possible.
Scenarios 3-5 present the cases when the oblighdiothe aggregator is to meet the generation



requirements like ramp up and ramp down rates &edshoots as defined in the national grid code,
for example as defined in [29].
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Figure 6. Scenario3-5 overview.

The test for each scenario is conducted for tdees. In scenario 3 to scenario 5, the focus is to
control the ramp up and ramp down rates along pather limitation. Therefore, the control for the
refrigerators is enabled sequentially with a delagne minute between each refrigerator. Similady,
the end of DR activation time, the control is disdbsequentially with the same delay. The delay
sequence used in each scenario on each day is shdha Figure 6. The refrigerators selection for
sequences from S1 to S6 is random to avoid anediaslection. The power consumption for the
three days is aggregated to one day. Similarlyatrerage of instantaneous refrigerator temperature
average is calculated. The aggregation is donepoave the signal to noise ratio (SNR) and also to
emulate a population three times larger.
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Figure 7. Aggregated power from the fridges amyure 8. Aggregated power from the fridges and

instantaneous average of temperatures of jatantaneous average of temperatures of all
fridges without control (scenario 1). fridges in scenario 2.



5.2 Scenario 1: Normal operation without control
The compressor power consumption and temperafuaé 25 refrigerators are logged without any
control. This scenario will serve as a base casedmparing the other scenario results. The power
consumption is presented in the upper plot of lEgdr The average of the aggregated power is
1875 W. The instantaneous average of the temper&uwhown in the lower plot of Figure 7. The
average of the instantaneous temperature aver&8gjesisC.
5.3 Scenario 2: DR activation without delay
In scenario 2, the controls for all the refrigera are enabled simultaneously at the beginnidgRof
activation time and disabled simultaneously ateghé of DR activation time. The DR controller has
the Phax_iimit S€t point of 625 W (which, when the three daydath are aggregated, becomes 1875 W).
The aggregated power consumption is reported impper plot of Figure 8 with the.B imit marked
as a red line. The instantaneous temperature averapown in the lower plot of Figure 8.
5.4 Senario 3: DR activation with delay sequence S1-S1
In scenario 3, the control for all the refrigeratis enabled sequentially with a delay of oneutain
between each refrigerator. The twenty-fifth refrager is enabled for control 25 minutes after ins f
refrigerator. Similarly, at the end of DR activatiome, the control is disabled sequentially witle t
same delay. The delay sequences followed at therbeg and at the end are same and the delay
sequence is denoted as S1. In this way, all re&iges are controlled for the same amount of time.
The DR controller has the samgaRimit Set point of 625 W. The aggregated power conswmgtr
scenario 3 is reported in the first plot of Fig@rewith the Ry imt marked as a red line. The
instantaneous temperature average is shown imwer blot of Figure 9.

Aggregated Power in (V Aggregated Power in (W)

S 25000}
& 1500~ - [ R o T
59(} . : L L 5 | | | | |
:00 21:00 01:00 05:00 09:00 13:00 99:00 21:00 01:00 05:00 09:00 13:00
Time (h)- GMT Time (h)- GMT
Aggregated Temperature instantaneous average @jthtins in (C) Aggregated Temperature instantaneous average ittations in )
12 ; : : : : 12 : : ‘ ‘ ‘

mean [}
mean+g ||
mean-o (|

mean -J
mean+g ||
— mean-c ||

Temperaturé@)

Temperature @)

N B
T
|
)
|
I
|
|
|
|

2 1
17:00 21:00 01:00 05:00 09:00 13:00 17:00 17:00 21:00 01:00 05:00 09:00 13:00 17:00
Time (h)- GMT Time (h)- GMT

Figure 9. Aggregated power from the fridges afigure 10. Aggregated power from the fridges
instantaneous average of temperatures of aid instantaneous average of temperatures of all
fridges in scenario 3. fridges in scenario 4.

5.5 Scenario 4: DR activation with delay sequence S1-2
Scenario 4 is similar in all aspects to scen@ridhe only difference is the sequence in which the
refrigerators are enabled for the control at thgireng and at the end. The delay sequence followed
at the beginning of the DR activation is S1 forthk three days of the experiment and the delay
sequence followed at the end of DR activation jgersoS2 for all the three days of the experiment.
The refrigerators have different DR activation dioregs. The aggregated power consumption is
reported in the upper plot of Figure 10 with thg.Bimit marked as a red line. The instantaneous

temperature average is shown in the lower plotgidre 10.
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in scenario 5.

5.6 Scenario 5: DR activation with delay sequence S1,3,5-,4,6

In scenarios 3 and 4, the test is the same fathae days. In scenario 5, each day a different
sequence is selected at the beginning and at thefahe DR activation time. On the day 1, the gela
sequence at the beginning of DR activation is Sllthe delay sequence at the end of DR activation is
S2. On day 2, the delay sequence at the beginhiD& @ctivation is S3 and the delay sequence at the
end of DR activation is S4. And on the day 3, tekay sequence at the beginning of DR activation is
S3 and the delay sequence at the end of DR activeiS6. In this way the experiment each day is
different and it allows emulating a bigger popwatiof refrigerators. The aggregated power
consumption is reported in the first plot of Figure with the Rax imt marked as a red line. The
instantaneous temperature average is shown imwer plot of Figure 11.

6 Discussion

The number of refrigerators active and consumpioger for cooling in scenarios 2 to 5 is given in
the upper plots of Figure 12 to Figure 16. Theaveres of the instantaneous temperature of the
refrigerators for scenarios 2 to 5 are given inltineer plots of Figure 12 to Figure 16. The numdier
refrigerators active is reduced after the DR atiwais enabled. As the control is enabled, the
refrigerator temperatures are driven to their maxmm Therefore the instantaneous temperature
variance of the population decreases. After theabtiation is removed, the refrigerators are alldwe
to run on their natural cooling cycle (thermostaticles).

The impact of the control is reflected on theraggted power, after the DR activation is removed.
The increase in the variance indicates more refitges are active and consuming power for cooling.
The variance different values reported in the loplets of figures from Figure 13 to Figure 16 show
that there is synchronisation of the refrigeratopgration and thus the oscillations in the pouaw.f
The numerical results for four different controésarios are reported in Table 1. The effectivenéss
the control method is analysed by considering tpegameters. The amount of deviation from the set
power control limit is calculated as the squaret fointegral square error (ISE). The power ramp
down rate during DR activation and the power rampate during the DR activation removal are also
considered to evaluate the effectiveness of the@omhe ramp down and ramp up rates are crigicall
important for the power system as the generatias have to adjust power production as the demand
changes. For example, the technical regulationdgdhe Danish TSO EnergiNet.dk for thermal
power plants demands a ramping rate in the rangtof8% of the nominal power per minute for
conventional power plants, depending on the typolagd operating point. The ramp up rate



requirement for the gas and diesel power plangasifrom 10-20 %/minute [29].
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Figure 12. The number of fridges operational Rigure 13. The number of fridges operational at
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Figure 14. The number of fridges operational Rigure 15. The number of fridges operational at
any time and the instantaneous temperatamgy time and the instantaneous temperature

variance of the population for scenario 3.

variance of the population for scenario 4.

In the analysed experiment, the ramp down ratalsulated as the ratio of power difference to the
time elapsed. The power difference is the diffeecletween the power at the time of DR activation
and the local minimum power reached as the consequef DR activation. Similarly, the ramp up

rate is calculated considering the end of DR attimatime. The ramp up and ramp down values are
normalised to the power base of 7.5 kW to achieareupit (pu) value, since the total rating of the
refrigerators is 2.5 kW and the measurements ayeeggted for three days.
It is very evident in Figure 8 to Figure 11 tha DR activation reduces the load. In Figure @it
be seen that in scenario 2 the targetgg Rt is violated more often than in the other threenages.



The square root of ISE for scenario 2 is 36.44 WoAscenario 2 has higher ramp down and ramp up
rates than the other three control scenarios. atmp rdown rate for scenario 2 is 8.77 %/minute and
the ramp up rate is 20.33 %/minute. In scenarihe controller performance is improved in terms of
keeping the power under the targetagd:Rmi: on DR activation. The square root of ISE for scena

Is 28.40 W. Scenario 3 also shows improvementduogieg the ramp down and ramp up rates. The
ramp down rate for scenario 3 is 7.37 %/minute tliedramp up rate is 18.00 %/minute. Scenario 4
shows the best results in terms of reducing powwtwb Rnax imi. The square root of ISE in this case
is 26.07 W. The ramp down and ramp up rates aceraisimal in comparison with other scenarios.
The ramp down rate for scenario 4 is 5.27 %/miaume the ramp up rate is 16.00 %/minute. As the
sequence followed for the DR activation and DRvation removal are different for all three days,
the results change dramatically in scenario 5. Sduegare root of ISE becomes 36.78 W. The ramp
down and ramp up rates increase. The ramp downigade/0 %/minute and the ramp up rate is
19.70 %/minute.
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Figure 16. The number of fridges operational at taimg and the instantaneous temperature variance
of the population for scenario 5.

In order to compare the metrics of the scenarienario 2 is taken as a benchmark. In comparison
to scenario 2, the overshoot in scenario 3 is rediby 9.62%, in scenario 4 by 9.62% and in scenario
5 by 7.69%, as shown in thable 1 The delay in refrigerator activation causes rédodn power
ramp down rate in scenario 3 by 15.96%, in scenarlyy 39.91% and in scenario 5 by 0.80%.
Similarly the ramp up rate is reduced by 11.46%sc¢enario 3, by 21.30% in scenario 4 and in
scenario 5 by 3.10%. The instantaneous averageetatope in scenario 3 increases by 2.04%, in
scenario 4 increases by 1.36% and in scenariorgaees by 1.50%.

The TCL control for load reduction will cause eneshift and payback load [25]. The control of a
group of TCLs may cause synchronisation in thearafion. The synchronised operation of TCL with
payback load will cause overshoot in power consigngfter the DR control is removed. The power
overshoot can be so high that there may be violadfosecurity limits of the power system. The
proposed algorithm has the advantage of controtliegramp up and ramp down rates by controlling
the delay sequence. The overshoot is unavoidaléssithe TCLs operation can be desynchronised.
The proposed algorithm explicitly desynchronise dperation of TCLs to limit the overshoot at the
end of DR activation period. The desynchronizamhieves 7.69% overshoot reduction between
scenarios 2 and 4, as presented in Table 1. Howbeedisadvantage is that after the activatioroger
is finished, the algorithm has no control overTi@d s.



Table 1. Effect of control on the aggregated posiehe refrigerators.

Scenario
Parameter
2 3 4 5
ISE [W] 36.44| 28.40 26.07 36.18
Ramp down rate [%/minute] 8.77 7.37 5.27 870
Ramp up rate [%/minute] 20.33 18.00 16,00 19.70
Average of instantaneous temperature averdgje [ 7.35 7.50 7.45| 7.24
Standard deviation of instantaneous temperatunage¢C] | 0.52 0.45 0.47| 0.49

Peak overshoot after DR activation removal [kKW] 5|2 4.7 4.7 4.8

7 Conclusions and future work

This paper investigated the impacts of diffetgpes of DR activation on TCLs' aggregated power
using domestic refrigerators as a sample case.eXperimental results show that withdrawing all
loads abruptly (scenario 2) produced a high squareof ISE (36.44 W) in power limitation and also
produced instability in terms of higher ramp down77 %/minute) and ramp up (20.33 %/minute)
rates and higher peak overshoot (5.2 kW). The sHfaet was obtained for the delay during the start
and end of DR activation if refrigerators were seld randomly (scenario 5). In case the network
operator needs fast response to maintain the newstability during the critical situations, sceia#
with high ramp down rate is most suitable basedlmained results. In this case the ISE in power
reduction will be high as well as the ramp up &atd the overshoot, which may affect the network
stability after DR activation. The performance ioygs in scenario 3 in terms of low ISE in power
reduction and low ramp up and overshoot. If thesoamer response time is not critical to provide the
DR service, scenario 4 with lowest ISE in powein as well as low ramp up rate and overshoot
iIs most suitable. The controller can be modifiedswatch on some of the refrigerators when the
aggregated power consumption is far below thg it to improve performance in terms of reducing
the square root of ISE. Apart from the power lirsérvice, further studies will investigate the
provision of other types of power system servicehsas grid frequency control.
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Appendix B

PRODUCT TECHNICAL SPECIFICATIONS

Technical specifications of 4 devices from Develco products are listed in this appendix
asfollows.

B1: Smart relay - ZHWR202 - ZigBee Wall Plug Meter Relay HA
B2: Temperature sensor - ZHOT 101 - ZigBee occupancy, temperature & light sensor
B3: User interface - ZHKF101 - ZigBee key fob

B4: Ethernet Gateway - ZHEG101 - ZigBee-Ethernet Gateway HA






B1: Smart relay - ZHWR202 - ZigBee Wall Plug Meter Relay HA
(Available on line at http://bit.ly/1kV zG9c)






www.develcoproducts.com

» »» ZHWR202 - ZigBee Wall Plug Meter Relay HA

ZigBee based on/off wall plug relay

The ZigBee based on/off wall plug relay enables you to switch your equipment on or off remotely, e.g. by SMS,
GPRS, ethernet or by another communications path depending on the gateway.

The relay consists of a plug unit with built-in relay, and
communicates with a ZigBee gateway. The relay is plugged directly
into the AC power outlet.

Besides being able to switch your equipment on or off remotely,
you can also do this manually by pressing the push button on the

front of the device.

Energy Optimisation and Awareness

The relay also includes built-in power meter. This enables the user
to monitor the power consumption of each appliance in the
building, resulting in sharpened awareness of power waste and energy optimisation.

All data loggings are transmitted to a data concentrator.

Specifications:

Dimensions: 106 x 61 x 54 mm
Colour: White

Power consumption: 0.4W

Max. switch voltage: 250VAC

Max. switch current: 16A

Operation temperature: 0 to +50°C
Supply voltage: 230V

Sensitivity: -101 dBm @ 1% PER
Output power: 13 dBm

Specifications Power Meter:

Voltage range: 207 to 253VAC
Current range: 16A

Accuracy: typ. = 3.0%
Optimum: 1%

V1011

Key Features:

The ZigBee based wall plug relay is configured as
router in a ZigBee Pro 2007 network.

Key features are:

On/off functionality implementerd as an
MPO device referring to the ZigBee HA
profile.

Phase dropout alarm according to the
Develco proprietary ZigBee profile.
Energy metering implemented as
Metering device complying with the
ZigBee SE profile.

Certified ZigBee Home Automation
application profile (stack profile 2).
Available plug types: Danish , UK, FR,
EU (Schuko), others by request.
Communication based on DevCom04HP
ZigBee Module.

ETSI compliant.

RoHS compliant according to the EU
Directive 2002/95/EC.

@ZigBee@

Control your world

=V=LCO
D U C T S

P R O



Develco Products A/S
Olof Palmes Allé 40

DK - 8200 Aarhus N
Phone: (+45) 87 400 370

www.develcoproducts.com

» p p ZHDR201 - ZigBee DIN Meter Relay HA

ZigBee based on/off Relay for DIN Rail Mounting

The ZigBee based on/off relay for DIN rail mounting enables you to
switch your equipment on or off remotely, e.g. by SMS, GPRS, ethernet
or by another communications path depending on the gateway.

The relay consists of a DIN rail unit with built-in relay. It communicates

with a ZigBee gateway. The ZigBee based DIN relay makes the user

capable of configuring his home appliances in clusters and hence

control a whole group of units instead of controlling each device
separately.

Energy Optimisation and Awareness

The DIN relay also includes built-in power meter functionality. This enables the user
to monitor the power conumption of each group of appliances in the house, resulting in

sharpened awareness of power waste and energy optimisation. All data loggings are

transmitted to a data concentrator.

Specifications:

Dimensions: 20 x 58 x 17.5 mm
Colour: Light grey

Power consumption: 0.4W

Max. switch voltage: 250VAC
Max. switch current: 16A
IP-class: 20

Operation temperature: 0 to +50°C
Supply voltage: 230V

Sensitivity: -101 dBm @ 1% PER
Output power: 13 dBm
Frequency band: 47 to 53 Hz

Specifications Power Meter:

Voltage range: 207 to 253VAC
Current range: 16A

Accuracy: typ. = 3.0%

Option: 1%

Key Features:

The ZigBee based relay for DIN rail mounting is
configured as router in a ZigBee 2007 Pro network.

Key features are:

On/off functionality implementerd as an
MPO device referring to the ZigBee HA
profile.

Phase dropout alarm according to the
Develco proprietary ZigBee profile.
Energy metering implemented a
Metering device complying with the
ZigBee SE profile.

Certified ZigBee Home Automation
application profile (stack profile 2).
Communication is based on
DevComQ4HP ZigBee Module.

ETSI compliant.

RoHS compliant according to the EU
Directive 2002/95/EC.

i ZigBee
Control your world

=Vz=LCO
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B2: Temperature sensor - ZHOT101 - ZigBee occupancy, temperature & light sensor
(Available on line at http://bit.ly/1RfZebe)






www.develcoproducts.com

P P P ZHOT101 - ZigBee occupancy, temperature & light sensor

ZigBee based Home Automation multi sensor for occupancy, temperature, and light

The multi sensor enables you to detect movement and light as well as measuring temperature. The sensor is
battery powered and can be mounted in four different ways: flat on the wall, flat on the ceiling, in the corner
(using a 45° bracket), or standing (on a shelf, table, or similar).

The sensor has three ZigBee end points, one for each sensor. Each end point can be used

separately.

Occupancy

Light

The occupancy sensor is PIR based, sensing moving objects up to 6 meters from the sensor.
The sensor has two outputs: one for Occupancy and one for Alarm. The sensitivity is individually
configurable for the outputs. The off-time for Occupancy is adjustable remotely via ZigBee.
The end points are configured as Home Automation profiles ,Occupancy Sensor”, and ,IAS Zone”.

The light sensor is a low-accuracy sensor reporting light level. The end point is configured as Home Automation

profile ,Light Sensor”.

Temperature

The temperature sensor measures temperature with a resolution of 0,1°C. It supports standard ZigBee reporting
(on change or interval). The end point is configured as the Home Automation profile ,Temperature Sensor”

Battery survaillance:

The sensor includes a battery monitor, providing battery level in volts as well as an ,Low battery” Warning.

Specifications:

Dimensions: 106 x 61 x 54 mm

Colour: White

Battery: CR123, exchangeable

Battery life: 5 years, hourly reporting
Operation temperature: 0 to +50°C
Sensitivity: -92 dBm

Output power: +3 dBm

Alive telegram using ZigBee Basic cluster

Specifications Occupancy:

Range: é6m
View angle: 45° up/down, left/right
Off-time: configurable 2 s - 65,000 s

Specifications Light:

Resolution: dark, light, bright
Sample time: config.: 2 s -65,000 s
Reporting: configurable

Specifications Temperature:

Range: 0 to +50°C

Resolution: 0.1°C (accuracy = 0.5°C)
Sample time: config.: 2 s -65,000 s
Reporting: configurable.

V.0514

Specification Battery monitor:

. Resolution: 0,1 Volt
. Battery Warning: V <2,5V

Key Features:

The ZigBee Home Automation multi sensor is
configured as End Device in a ZigBee Pro 2007 network.

Key features are:

. Temperature sensor

. Occupancy sensor

. Light sensor

. Battery voltage

. ZigBee Home Automation
Compliant (stack profile 2).

. Communication based on DevCom07
ZigBee Module.

. RoHS compliant according to the EU
Directive 2002/95/EC.

@ZigBee““

¥ Control your world
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www.develcoproducts.com

» » P Develco Products A/S

Develco Products

Develco Products provides communication systems
for AMR, AMI and Smart Metering combined with
Home Automation.

Modules are integrated into various meters from
different vendors. Develco Products also provides
Data concentrators with back-office communication
via GPRS, SMS, internet, Fiber and PLC enhanced
with the capability of handling Home Automation
products without any additional cost.

In addition to the large range of communication
products, Develco offers a high level of system
customization.

SmartAMM

SmartAMM is a modular concept ensuring a flexible
and forward-looking Smart House solution.
SmartAMM combines automated meter reading with
home automation, and includes:

. AMR for existing metering solutions
. AMR for meter manufacturers
. Communication modules for integration

in meters or appliances (ZigBee, Z-Wave,
PLC, GPRS, GSM and others)

. Data concentrators with back-office
communication (GPRS, SMS, Internet,
Fiber, or PLC)

Energi Midt testimonial

“Develco Products has provided E nergiMidt with a
smart metering solution for existing meters.

It comprises SmartAMM modules for power meters
with the opportunity to expand with readouts of water
and heating. A wireless energy display brings
awareness and consequent energy savings as well
as cost savings.

Thanks to Develco Products’ solution, we can now
offer control, savings, comfort, and alarm services
to our customers, constituting an important new
business area for EnergiMidt”.

Erling Klemmensen, EnergiMidt

SmartAMM is also used by:

DONG Energy Gas

AMR of gas meters via GPRS data concentrator)
Dong Energy Power

control and alarm via SmartRead power meter)

—_

(

. Home Automation

Benefits

. Cheap and reliable metering

. Reduced energy consumption

. Optimized energy consumption

(peak level out)

. Readout of several meters by diverse
manufacturers and types
(water, heating, gas, electricity)

. Surveillance & comfort

. Alarms




B3: User interface - ZHKF101 - ZigBee key fob
(Available on line at http://bit.ly/109M XY 2)






www.develcoproducts.com

» » » 7HKF101 - ZigBee key fob

ZigBee based 4-button remote control designed as a key fob.

The remote control enables you to adjust various settings such as door
opener, energy optimisation via controlling light via smart plugs,
burglaralarm or a wireless home automation system.

The remote control has four buttons (arming, disarming, night-arming, and
alarm)

It is battery powered with two standard AAA batteries.
The sensor has one ZigBee end point, for key-inputs.

The remote control will report the status every two minutes via e.g. a Home Automation system, via e.g. sms,
e-mail, or web. Any changes on the key-inputs will be reported.

Specifications: Key features:

The ZigBee Home Automation key fob is configured
as End Device in a ZigBee Pro 2007 network.

Dimensions: 72 x 30 x 18 mm

Colour: Black

Battery: : 2 x AAA, exchangeable

Battery life: 2 years, reporting every 2 min
Operation temperature: 0 to +50°C
Sensitivity: -92 dBm

Output power: +3 dBm

Alive telegram using ZigBee Basic cluster

Key features are:

4-button key fob

Certified ZigBee Home Automation
application profile (stack profile 2).

RoHS compliant according to the EU
Directive 2002/95/EC.

DIN EN 14604 and DIN 14676 Certified

/) ZigBee
Control your world
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» » P Develco Products A/S

Develco Products

Develco Products provides communication systems
for Smart Metering and Home Automation. We have
been working with wireless communication solutions
since 2004, and the products are the result of more
than 80 man-year development.

Develco Products provides products for:
-- Metering

-- Demand Side Management
-- Energy savings

-- Alarms

We also integrate communication modules based on
different technologies into various meters from
different vendors. Data concentrators with back-office
communication via GPRS, SMS, internet, Fiber, and
PLC enhanced with the capability of handling Home
Automation products without any additional cost are
also part of our product line.

Develco Products is a network driven company
engaged in many partnerships and technological
alliances.

Customers:

-- Utilities

-- Meter manufacturers

-- Energy system providers

-- Home Automation manufacturers
-- Telcos/ISPs

-- Alarm companies

-- ESCOs

Products

ZigBee HA
Gateways:

- Ethernet

-- GPRS

-- USB dongle
Devices:

-- Smart Plug
-- DIN relay

-- Multi sensor (occupancy, temp., light)
-- Smoke sensor
-- Key fob/ remote control

- Magnetic sensor

ZigBee SE
Gateways/Energy Hubs:

-- Ethernet
-- GPRS
-- Echelon built-in (PLC)

Meter interfaces:

-- Electricity
-- Gas

- Water

-- Heat

-- External meter interfaces

- 30A relay

-- IHDs (in home displays), 3rd party
-- USB IHD

Others

Energy hubs:

-- Echelon - ZigBee+Wireless M-Bus

-- Echelon - Wireless M-Bus

-- GPRS - ZigBee+Wireless M-Bus

-- Ethernet - ZigBee+Wireless M-Bus
Devices:

-- External meter interface Wireless M-Bus

Customer driven:

- Communication modules for meters

-- New products

2=V=LCO



B4: Ethernet Gateway - ZHEG101 - ZigBee-Ethernet Gateway HA
(Available on line at http://bit.ly/1P02ShD)






»»» 7ZHEGI101 - ZigBee-Ethernet Gateway HA

The ZigBee — Ethemet gateway serves as data concentrafor. It is capable of collecting meter readings from more
than 25 different meter units in a system. The number of units can be configured and is only limited by the memory
capacity. The meter unifs can e.g. be different kind of mefers like power, water, gas and heating connected fo
the wireless ZigBee network esfablished and managed by the gateway.

All dafa loggings are stored in a data flash. From this, is it possible to read out the data dassified by:

»  Dafes (start and end)
*  logs recorded since last read out
* Number of logs from oldest log
* Number of logs from newest log

The gateway can handle different logging infervals for every single mefer
unit, ranging from one minufe fo 24 months.

In addition fo the meter data, the gateway also confains an alarm log capable of
storing the latest 48 alarms from each meter unit in the system. Furthermore, the gateway
can configure and control all ZigBee compliant devices such as relays with infegrated power
meter funcfion, temperature and motion sensors.

Updating the application firmware of the gateway is rendered possible by a TFTP server. Allocation of IP addresses
during power-up fakes place dynamically from a DHCP server.

Specifications
Dimensions: 104 x 73 x 33.3 mm?
Storage temperature: -40 to +85°C
Operation temperature: -10 o +65°C
Supply voltage: PoE or ext. PSU, 15-40 V
Power consumption: Average of 1.8W
RF performance: e TX: +18dBm (EU: 12dBm) - RX: -100dBm
*  Range: lOS = 1600m, Indoor = 100m
Ethernet interface: 1OBASE-T/100BASET
Micro controllers: +  MCF52235 ColdFire
e DevCom 04HP
SW stack: InterNiche’s ColdFire TCP/IP Stack
ZigBee stack version: 2007
ZigBee stack profile: 1 (ZigBee) + 2 (ZigBee Pro)
ZigBee application profile: Home Automation
ZigBee HA device profile: Combined inferface
Standards & directives: «  CE compliant
«  ETSI compliant
e RoHS compliant according fo the EU Directive 2002/95/EC

TCP/IP - ZigBee gateway @

TCPIP
ZigBee module ligBee“’ - -
Module (ColdFire D Control your world ’ - V - L c o
W.ethernet) - -
www.develco.dk @ P R
flash
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» » B Server System Architecture- SmartAMM

Purpose

The SmarfAMM Server System is capable of handling
communication with several SmartAMM gateways (the
number depends on the selection of network type), as
well as a number of "backend applications”. The
system can be used for configuration/ consolidation
of the SmartAMM gateway deployments as well as
delivery and reception of all types of data to and from
the gafeways.

Communication
Service Provider

Backend HH-

Examples could be:

« A billing systems receiving metfer readings

*  Anend user system, i.e. a webapplication
enabling the end user to see his meter data or
monitor/ control his Smart House installation

*  An adminstrative (CRM) system containing
knowledge of the distribution and configuration
of the Smart AMM gateway insfallations.

Application Management and Monitoring

An interface providing
informational  events

This is the SmartAMM
server service which
transmits and receives

regarding the stafe of

SmartAMM

Costumer Sy the  Communication
Service Provider and its

components as well as

messages fo and from S
the SmartAMM
gateways.

It consists of a Messaging Sy
Messaging Sysfem and
a configurable Message
Dispatcher which
provides fransport for a
specific network type.
The  Communication

Message Disp

Communicatior| Service ““.II

a JMX  monitoring
inferface, which
provides runfime access
to the infernals of the
system. The detail level
it the informational
messages and  the
availability of the JMX
infeface  can  be
specified in  the
configuration.

Service  Provider s SMS /TCP / UDP

delivered with Message
Dispatchers for SMS

Communication

and TCP/IP  based

\'
Smart AMM Gatewj
but The

communication,

others  may  be
developed and added
dynamically.

The SMS Dispatcher is capable of using serial/usb
and ip modems as well as online messaging services
for transmifting and receiving messages.

SmartAMM API

This is the APl fo be used by costumer systems wishing
to ufilize the Communication Service Provider. It
consists of methods used for reading and writing the
content messages as well as sending and receiving
messages.

Costumer System

The cosutmer Sysfem is one or more systems confrolling
or using data from SmartAMM  Gateways.

October 2009

communication

between the Backend

Applications and the

Communication  Service

Provider is based on JMS compliant message queuing,

enabling asynchronous delivery of billing data, alarms

and other information from the SmartAMM Gateways.

The Communication Service Provider can deliver data

to any JMS compliant messaging system, making it
ready for enferprise deployment.

Requirements

The Communication Service Provider and the
SmartAMM APl requires Java 6.

The Communication Service Provider can be delivered
as an installer for Windows (2000, XP/Vista) (tm), or
as a sfandalone package for usage on either Linux(tm)
or Windows(tm) or other operating sysfems where Java
6 is available.
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