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& or sy What are Distributed Energy Resources
(DERs) ¢

QNN

Demand

Response %
(DR)

Electric
vehicles

DERs are consumer owned devices that can generate, store or smartly manage
energy demand.

https://aemo.com.au/en/initiatives/major-programs/nem-distriouted-energy-resources-der-program
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2019/Feb/IRENA_Market_integration_distributed_system_2019.pdf2la=en &hash=2A67D3A224F1443D529935DF471DSEATE23C774A
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S s Classification of DR

DR
|
1
Incentive based Price-based
| |
1 1 1 1 1
l DLC \l Market based \ l ToU \ CPP RTP
DR
! v v
Residential Commercial Industrial

Residential DR is the driver behind most of the market based applications

in the future.

Albadi, M.H. and El-Saadany, E.F., 2008. A summary of demand response in electricity markets. Electric power systems research, 78(11), pp.1989-1996.
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A glimpse of DR initiatives around the world

Aggregators emerging.

Germany

Capacity auctions have created a
market worth SO0m GBP for demand
response aggregators, but the
European Court of Justice ruled in
November 2018 that the market
contravenes EU state aid regulations,
rising uncertainty

While not a key resource
currently, a number of
schemes underway
including a Virtual Power
Plant planned through
Sonnen/Tiko, qualified by
grid operator TenneT

Market participation trials with VPPs.

Around 1 GW through a
range of programmes, an
interruptible service and
and an incentive based
programme. Widespread
smart meter rollout, and
plans to open ancillary
service trade for DR

Around 28 GW of demand resource
participation in wholesale markets,
justunder 6% of peak demand, and
35 GW from retail programmes.
Advanced metering has reached
50%. Leading regional markets
include PJM, CAISO and MISO and
are largely explicit, but a number of
states are expanding time-based rate
pilots, particularly linked to off-peak
charging of EVs. 4 Ireland

- - 426 MW cleared in a 2019/20
capacity auction from demand
response, out of 8,266 MW total.

350 MW through VPPs. Full
deployment of smart meters
achieved early, but only in
2018 moving towards an
implementation of DR
through Virtual Power Plants

Other European countries

Belgium and France have both defined

P ro m isi n g O U 'I'C O m es roles and responsibilities for

independent aggregators, and
fro m re -I-O il p rog rams capacity available tripled between

* 2013 and 2015. A number of other
countries including the Nordics,
Netherlands or Austria have
implemented retailer-based DR
programmes, but not yet recognised
aggregators

.d
Trials with DER participation.

Leading country in creating
sandbox trials for advanced
services, including DR
services through the
Optiwatt project.
Interruptible services
amounted to around 7.2
MW in 2017.

Around 600 MW operated
through Demand response

| programme for Emergency
Reserve through retailers

and distributers, with plans
to open up DR aggregation |
for third parties.

Emerging third parties.

Trials have not been able to capture the residential DER aggregation.

IEA (2019), Tracking Energy Integration 2019, IEA, Paris https://www.iea.org/reports/tracking-energy-integration-2019
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S s Existing vs. Future prospects

Current applications of DR . . .
Future potential applications

of DR

Applications

DER aggregation in
Issues gored

Uncertainties in DER * Energy markets
aggregation

Peak

shaving « Ancillary service markefts

Retail

Lack of control « Emergency DR

Time —based O|gOI’iTth

programs

Compliance with
existing standards

Aggregator

Wholesale &
Market | ancillary
markets

Under-utilising the capacity of DER possessed by residential customers is a
missed opportunity in electricity markets.
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Research Objectives

1. To develop a control mechanism for the aggregator to accurately track
the set-point power load reduction assigned by the system operator
through aggregation of DERs.

2. To model the system uncertainties which could arise in the process of
aggregator tfracking the set-point power load reduction assigned by
the system operator.

3. To develop a fully automated model-based control scheme that is
robust enough to handle system uncertainties and successfully achieve
provision of bids with precise load reductions in real-time under
aggregated participation of DERs.

4. To analyse the performance of developed control schemes under
different market scenarios and comparison with existing aggregator
based DER management approaches.
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O U -I-C omes Of D R -I-ri q |S Uncertainties in DER aggregation

Learnings from existing
Load Control Trials

AEMO RERT Trial Report - 2019
ﬁ 120.0

Market participation trials

HRUNUN S 105.4
100.0 905
80.0
« Low customer participation due 400
to ‘loss of perceived control’. » 8
40.0 =
18.3
20.0 143
+ Allowing flexibility at the consumer - .
0.0
end, resu”‘ed in frequen‘l‘ Residential Commercial Industrial
Overridlng |r\ TrlOlS =MW Confracted MW Recruited

Significant mismatch in residential
contribution.

Customer overriding poses challenges in the successful aggregation of DERs to
participate in market events.

SDG&E “Smart Thermostat Pilot”, ConEd Cool NYC program, Ausgrid CoolSaver program, ZEN ECOSYSTEMS ARENA/AEMO DR Trial

https://arena.gov.au/assets/2019/03/demand-response-rert-trial-year-1-report.pdf 11
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Large scale aggregation of DERs

Complex communication
&
control

1

Communication failures
Delays in communication Aggregator

Complex communication and confrol poses challenges in
large scale DER aggregation.

Intermittent nature
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B oraumsins Why uncertainties need to be
addressed?

According to market policies [1],

Voluntary -
participation

Ancillary markets

Mandatory Non-compliance
commitment —
Aggregator

Mandatory

SMSEEMEY P13 commitment

Presence of uncertainties ¢

Aggregator at risk of receiving financial penalties for not delivering
contfracted demand in real-time.

[1] https://pjm.com/markets-and-operations.aspx 13
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& o Drawbacks of existing load

control programs

Lack of control algorithms

Ideal DR confrol

\ 4

Handling

uncertainfies . 4
! Compatibility
) y with smart
DR ?OD?CWY y Customer appliances
Implicarions Perfect satisfaction
Regulation

>

Ge
SDE agl

A S:QSEmpra Energy utility
% (=
sz G ing

To what extent the existing algorithms account for market participation of DER
is always a question.
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S s Demand Response Standards

Compliance with existing standards

- %
N energy storage

» / \
water heater
é = - Q / Posiimer en/:)mex

= ]ﬁl — Mode Action
CELJ e

DRM- 2 Limit to 50% rated
DRM- 3 Limit to 75% rated

pool pump

qir conditioner

Load control algorithms in existing literature hardly take account of
existing DR standards.

https://www.energex.com.au/home/control-your-energy/positive-payback-program/positive-payback-for-business/air-conditioning-rewards 15
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Literature Review

(HVAC and EWH)

. Retail-based

(shiftable loads)

HVAC, EWH, shiftable loads, =
EV, battery .

-- Market-based =

HVAC, EWH, EV, battery

\ 2

Our scope is limited to market participation of DR under real-time uncertainties.
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S e Gaps in Literature

((\O\L'\(‘g Aggregator R eO/~f/',he
.\S'\o(\ Lro,, s
oe’ 'on

Optimal bidding Precise load control fime

Uncertainties addressed. / Uncertainties not oddressed.x
Market price forecasts End-customer behaviour

Forecasts of DGs Communication failures and delays

Modelling errors of loads

Uncertainties are taken info account to determine the optimal bidding
strategy, but not in developing control algorithms in real-time provision
of bids.

Uncertainty modelling at bidding stage does not capture the dynamics
in real-time operation.

Inadequacy of existing algorithms in resembling real-implementation
under existing standards and policy related to DR.
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s Proposed Methodology

Stagel

e Heuristic control scheme

—

Stage 4

e Analysis in existing markets

—

20



SMg] * Heuristic control scheme
&
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& oz Stage 1: Heuristic control scheme

LK

Developing control algorithms for thermostatically controllable loads to
deliver a certain set-point reduction under uncertainties

Step 1: Development of the supply curve —

o Appliqnce
selection

N

Step 2 : Formulation of the optimisation algorithm -% i

Step 3 : Modifications to the algorithm to account for
customer override action

Algorithms
=  ynder
uncertainties

Step 4 : Modifications to the algorithm to account for
temperature changes

Step 5 : Modifications to the algorithm to account for
set-point load changes

21
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e Stage 2: Uncertainty modelling tﬁ!'

Td Uq Yd

4
% » Controller U System T)C )

Transformation to a real scenario

set-point customer communication

change compliance link

disturbance action disturbance
reference +
set-point _ ~ ,|Centralised DER Aggregated
Controller dispatch population output
= control response
measured aggregate
response
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e Stage 2: Uncertainty modelling \/—
U )
Td Ud Yd
;@—b Controller m System T)CFD
| Ym

Mathematical modelling of uncertainties

If u={ui,us...uny}? where u; = {0,1} Vie {1,2...N}

_J 1 if dispatch instructions sent
i 0 if not sent

Ify ={y1,y2...yn}* where y; = {0,1} Vie {1,2...N}

Communication failure

o 0 if Ym,i = U4
Ydi = 1 if Ym,i 75 Uj

Customer overriding

e 0 if Yi = Uy
uE = 1 if yz-;éuz-

23
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Stage 3: Predictive control scheme
for aggregators \

SMg| * Predictive control scheme

EE XY

Model Predictive Control (MPC):

Solving a finite horizon optimal dispatch problem (subject to constraints of
DERs) based on the current state of the aggregated population.

Future predicted Centralised
optimal dispatch  [emm— DER controller
sequence
> Measurements
) Aggregate
population

z(k+1) = Az(k) + Bu(k) Cost function
y(k) = C z(k) Set point tracking
3 &
states of DERs dispatch Control effort
confrols
z1 (k) uy (k) Constraints
z2 (k) us (k) -
w(k) = : u(k) — : Tmin = .’I!(k) = ZTmax
.’EN(k) uN'(k) Umin = ’&(k) < Umaxzx

24
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Stage 4: Analysis in existing markets

SMgf © Analysis in existing markets
@

KL<

Performance in
markefts

A 4

Energy markets

For longer durations

Robustness to
uncertainties

\ 4

Ancillary service markets

\ 4

A 4

Regulation

Reserves

Following a load signall

For short durations

Comparison with
existing schemes

Practical
commercial

implementation

https://pjm.com/markets-and-operations.aspx

25
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Data & Software tools

Data Software

Appliance specific consumption,

generation data Data pre-processing

—— @ python’

! TECHNOLOGIES

Control algorithm
development

Sensor measurements

Weather data : UQ weather 4\ +

stations
MATLAB
Market related data : from SIMULINK®

AEMO website, PJM and
NordPool
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Tas Unrvenrry
S s Progress up to date

Work under stage 1 is almost completed.

Aim

Control of thermostatically confrollable loads to deliver a certain set-point power
reduction in the presence of uncertainties.

Thermostatically confrollable loads

(TCLs)
\ 4 \ 4
Air conditioners Water heaters
G' AC (V tank _ ff‘ B ts) T_'intet i f_r .t
TOOm __ rpToom A it . i, 1 T_out.',et — T_out.!et R i i i i E
1 vv1 =T + ts Ao A i, t+1 it 7 fank + 7 fan +

L . PEWH 3412 A%_tank . (Tfi;tlet _ Tiamb) . t_s ‘ 1
8.34 it Rgank 60 Vimnk

Realistic consumption data for air conditioners and water heaters used in modelling.

100 appliances for the study

28
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Methodology

Proposed Methodology

Appliance selection

I
| v
Supply curve Optimisation

formulation | algorithm

Emulating a supply curve
in electricity markets

In Marginal cluster

F = wepst - Zcpt M APM) g + Wyis - ZDjz V?:EXJ'*
min  F(AP; ) :

m N
S
£ - Z APi,f < Preq,t
E Marginal i
B cluster Ay
' AC AC AC
xg.\ sznzSP <Pma:1¢7.
3 EWH EWH EWH
! Supply curve Pm%n z P < Pmaw %
& " Troom < Troom < T’"fmm
Py Dema:d Touﬂet < Toutlet < Touﬂef
based on A} and A P+ = K; - Pirated
K,; € {0.25,0.50,0.75,1.0}
Determining Weost + Wais = 1
Marginal cluster —
i, —

T,-T;
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Proposed Methodology

Handling uncertainties

Customer override

Temperature violations

Set point changes

Algorithm 1: Algorithm for customer non-compliance
events

1 Data: Prog, Tiur, P‘-f:c, P,-EWH, 3§V, input
paramelers;

2 Determine ¢ based on Tau- and DR event;

3 Initialise ¢ = (;

4 Supply curve formation and determining Aj» ;

s Performing optimisation to dispatch optimal appliances
in Xj. ;

6 Update power consumption at time t;

7 Determine F,. . as in (21);

sflort=it+1,; t < Ty, do

9 if Pocip < Freq then

1 Update Pregete, as in (22) ;

1 Determine &, with (1);

12 Set P —0 Wi €Oy s

13 Avoid sending control signals Vi £ &, for
[, Taur 5

14 Supply curve formulation and determine A .
with i € A\O;

15 Perform optimisation on Aj- ;

16 Dispatch control on chosen appliances and
determine Py e, from (21) ;

17 il Foge < Frog then

18 Update Freyoqe, =02

18 Skip &j. selection and optimisation ;

B Allow ¥i € A to operate at the power
consumption at t;

21 Determine Faeeete, from (21) ;

2z end

23 end

Algorithm 2: Algorithm for temperature violations

Algorithm 3: Algorithm for a change in set point

1 Data: £, P\'.):C~ RIE"W'H’ Tlr‘ocrm -T‘_.o!udgt‘ .]ﬁ‘_room‘
Tewdet i input parameters;

2 Calculate T,7777 with (4) ;

3 Calculate Tﬂ"—:i:‘ with (7) ;

4 for i € Q40 do

5 if Tyeee = T;reom then

6 | Update PA% = PG
7 else

3 | Keep P ¢,

9 end

w end
u fori € Qpwy d_o
p | T > T then

3 | Update PEWH = F’lf_ﬁz e
14 else

15 | Keep P‘-E“’IH 3

16 end

17 end

18 Calculate Fooeqe, as in (21);

1 Data: Frog =0, Taur, P,-_’:C, F‘!-E'WH, J¥i, input
paramefers; ' '

2 Determine ts based on Ty, and DR event;

3 Initialise ¢ = 0;

4 Supply curve formation and determining Aj. :

s Perform optimisation to dispatch appliances in Xj. :

6 fort =i+, t < Ty, do

7 Update Freg.t:

8 if Prege > Prege—e, then

s Update PJ5% as in (23) ;

10 Formulate the supply curve and determine &j.:

1 Perform optimisation on ;. as in (9);

12 Send control signals to chosen appliances ;

13 if Fregt = FPregt—e, then

14 Update FL,, =0;

15 Skip marginal priority order selection and
optimisation ;

16 Allow ¥i € A to operate at the power
consumption at £ — £,

17 end

15 end

30
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Results

Objective : To obtain 100 kW load reduction from the TCLs in cluster 1 and cluster 2 in

the absence of uncertainties in the system

[= = Expected —— Actual|
5 105} .
=
.2
1]
2 ]
B
b
-
é 95+ 1
15:00 15:15 15:30 15:45 16:00
Time Mar 22, 2020
| Cluster 1 | Cluster2 |
= 6 2.5 "
qul z nfjll‘ ' zx;“‘?"l
=z o 1.5 {1 ‘ Ml
B, i | “ | J" BRI ‘“! ‘
) il ] D < 101w ” il ‘ J
L, |<:2(‘)5"m J M\," \’ ‘ W= 530 ! f A,' I ‘ W 530
< fe 7 1s:10 ) Oy ). i} I 15:20 R, il \ 15:20
15:00 s " 15:00 B d”"‘n,.,._ T 1s:00 e BN Mg T 15:00 e e
75
; 148
= 7 | = 1464l |
TE73 | | & fi )|
2 \}““ ‘ B 1aa il
1 = 72 1‘\! | A‘Il"‘” iy, 142 \lw Il ‘w‘ “‘\“‘
I “15:30 (M U Ay ” f s
P 1520 i 15:30 L gy """ 15:30
W50 . oy, 15:20 Rt S 15:20
15:00 A Lrry T 15:00 = o ey R |:nn P e
ey 5: < ery s: <
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Results

Objective : To obtain 100 kW load reduction from the TCLs in cluster 1 and cluster 2 in
the presence of uncertainties due to customer override action and temperature

violations
For 100 kW reduction
I
sk — — Expected —— Actual| |
=
-
=]
R o
E
[
g 95
% Temperature violations |
85— Override L
| | |
15:00 15:15 15:30 15:45 16:00
Timpe lar 22,2020
|  Cluster1 | |  Cluster2 |
- = 6
= 1.l = = f |
Ea],{“»y,;,‘ b “’-%EIS{"“V‘}‘J'] gl =4 ‘H “1 i ‘
=, WA i SR ATt Ao \‘ | |
J | (,.'!l)’lm‘ ‘ L 1 i I ’J H',W ,l i 5 ’ : , ) ‘ ‘ ‘ ’L/‘
b, b st IS0 “ co, ‘,Ji\ ” I ‘-J‘/’ls:z(lxsz'm ) ‘ I 5.26°73°
e, L 15:20 Ly, i 15:10 : 1,/]< L %0 _
Pz, W si00 10 s sy, “15:00 e ey, 15:00 e
75
145 J‘_ p—— 148
140 411l | ) [ = 1464 f I
E 1 e 24 B e |
1251 &y ‘,‘J w]”"“ | 1424 /i', i ‘J ‘:w/" |
E I s = K
i 15 (IIS:"O i o, 1 ‘ ‘ /,’;;(1)5:30 sy, - I ‘ d I ﬁjv” =20
" e, 18:407" o s L= 15010 e, T15:10 N
e " 15:00 e e 15:00 < Pery 15:00 e
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Power reduction / kW

Results

arising from temperature violations.

Objective : To follow the load reduction signal when the set-point changes from
100 kW to 150 kW at a certain time step, while taking into account the uncertainties

|
16:00

T
160 Expected Actual
__— set point change
150
1
1
]
140 — ' —
1
]
130 (— 1 —
1
]
1
120 '
1
1
110 i
1
1 P
N Temperature violations
100 (— - >
1 1
15:00 15:15 15:30 15:45
Time Mar 22, 2020

| Cluster1 |

| Cluster2 |

5. L.
u(,/
e - ey 7e
15:00 ~ 7y
msJ“
& 1404/ I
% 135 i
—_ 130
125
L 15:30 15:30
I 15:20 i, > U 15:20
i 15:10 = e, 4 15:10 =
o, ¢ < < ¢ 5
“ers 15:00 < Pery, 15:00 B

2.5
= Z il
SRR i ! ERR I
<1l 2 »
il m’l i I ] ‘ L
1 ! | ‘u ” f 15:30
ey, M | e 5:20
&7 LI s:
vy 15:00 Yoy 15:00 e
75 i
148
= 74 = o
& ‘ ‘ E= 1464 ] } i i
F - | | ( "B 144 ‘) | I i ‘
=20 3 I
Il ’ ’M\‘ lJ }"“ l 14”/ ‘ M H ‘)‘w“ J\
Az, ‘ ST 15:30 I ’ | W 530
15:2 oz 15
e, A= 15:10° 7_“ . ”"'/(_.,' (| 15:10 “‘u
ery, 15:00 U sy, 15:00 NS
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This work is nearly ready for submission in IEEE Transactions on Sustainable

Energy.

Centralised control of thermostatically controllable
loads for participation in electricity markets in
presence of real-time uncertainties

Gayan Lankeshwara, Srudenr Member, IEEE, Rahul Sharma, Senior Member; [EEE, Ruifeng Yan, Member, IEEE,
and Tapan Saha, Fellow, IEEE
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Index Term—Demand Response, dimect load control, un-
electricity markets, customer override, aggregator,

L INTRODUCTION

N the presence of two-way communication and advanced

metering infrastructure (AMI), demand side management
approaches are a promising dleruative for the grid operators
to man; when it is stressed [1]. One such
alemative which is wumy used in the industry is demand
responss (DR). According to FERC demand response report
21, the annual peak demand savings from retail demand
response corresponds to more than 31 GW.

Direct load control (DLC) [3], is one of the most com-
mon strategies used in practice. In this approach, the end
customers allow the ullity o a third party to control their
household appliances (eg: HVAC, water heater, EV and pool
pump) when the grid is in need of additional support. With
improved accuracy and relisbility, DLC is most preferred
by the grid operalor [4]. Extensive work is available in the
lterature based on the inertial capabilites of thermostatically
controllable sppliances to participate in DLC [S], [6]. HVAC

Gayan Lamlodwira Rabul Sharmi, Ruifene Yon and_Tagan
S we i e Scbool of Informaion Techmolosy and Eleccal

i
f
ok
£

Auala emal 3 ledvan€ug piedia i st wed
ien Gike et i S e et 20

set point control in peak load shaving is considered in 7]
The authors in [8] have studied the capabilities of HVAC
providing balancing services, where the dispatch is according
10 a priority based stacking. Du etal in [9] proposed 4 load
scheduling stralegy for electric water heaters in DLC based
on the market price. The authors in [10] introduced a novel
comfort index for thermostatically controllable appliances. to
determine incentives for commitment in an event. However,
all the spproaches have overlooked the fexibility of end
customers, insiead assumes the guaranieed participation of all
contracted end customers during an event.

Although DLC is in practice, the outcome of most of the
trials supgest that residential customers are more-likely to
participale in price-based approaches (eg: ToU, CPPRTP [11])
compared to DILC. The root cause for this issue is end wsers
“1osing the perceiied control” when an agpregator control their
‘appliances at households [12]. Furthermore, it is suggested that
customers are likely 1o have an override or extemal control
option to opt-out during a DR event. Howexer, only a handful
of studees are published on the feasibility of DLC in the

resence of customer voluntary eompliance during a DR event
A]mwgh mm&llmg of voluniary compliance is done in [13],

only generalised complce household
m.n. ot ot apptance vl AL e e although
overriding has been highlighted in [14], [15] [ls] 1o explicit
m\)d:llmg has been done to determine its consequences.
antime, enabling voluntary compliance creates com-
pllellzs when an aggregator provides services in electricity
markets. According to the existing market policies, the com-
‘mitment is mandatory for the aggregator if it bids are cleared
in the market [17], lnmczvn\lnfngmﬁcml override, there is
bid amounts, which leads to penalties o ‘non-compliance. The
DR trial conducted by the Australian Energy Market Operator
(AEMO) in 2019 [18], gives evidence of volatile behaviour of
rzmienlm] customers compared to their counterparts during an
DR event. To add more, DLC programs conductet
o e world 19,1201 have perded significant customer
ovemide evnis during the operation. Consdering al fese
can be claimed that a systematic approach is
nent e et agaregators are 1o participate in markets
ise social welfare under real-time uncertainties

Fig. 1 illustrates the effect customer override can have o the
performance of a DR event. The figure is based on Redback
data [add ref] and illustrates successive the divergence of

A Conceprual prioriry based ranking mechanism and emic
lated suppty curve formation

Consider n number of controllable appliances are present.
in each house h € {I,...,N}. For each appliance i €
A, a customer is required to define a priority index j 5.t
3 € {1,.....n). The priority index j is used as a quantitative
‘measure of the importance of one appliance over the others.
For example, if the customer in house h assigns ey index
= 1 to the water heater and priority index 5 = 2 to the ai
Conditioner, it implies that the operation o the air padroded
is more critical than the water ester for thalcustomer curing 2
ina simple way, as the priority index j
increases, the importance of the appliance for the cus
also increases. Hence, the aggregalor always guaranizes (o
fe the demand response by controlling the consumption
of appliances with the lowest j and then sequentially control
higher priority appliances.

Once j is assigned for ¥i & A by the customers in
Vh € {1,....N}, a set of priority orders ¢ is defined 5.t
C=lli e L., m)) wiere & comesponcs o priory
Cluster formed by the appliances with prior i
practice, most of the existing approaches in DLC do not
Hiow an applance 10 be fuly controled, insead allow &
‘minimum consumption level which is usully a fraction of
the rled power (28], Adhering (o this. the flexible power
of an appliance © al a time ¢ can be expressed as, P/ =
(1~ K) X P, rase. K is the minimum fraction of power that
should be allacated for an appliance. Hence, the total fexible
power of cluster & at time ¢ can be expressed as.

PG = ZP"“ VieX; ®)

Likewise for V2. the aggregated flexible power at time ¢ can
be cascaded in an mereasing priorty order (o form an emulated
supply curve shown in Fig. 5.

Priarty Order

E)

—

Py Demand
Fig. 5. Sepply cunve formaion sed the decision of marginal clusier

d by the determination of the clearing price based
an o et bt supply curve and the deman

curve in eleciricity markets, a similar approach is followed
to determine the marginal cluster .Y; . and the lower priority
clusters &; for j € {1...7* — 1) that need to be controlled
during a certain time siep in a DR event. For example, when
P,., is mquired by the sysem operator as shown in Fig,

5 (represented with a red solid line), the appliances in X

d X only needs 1o be controlled, where X will be the
‘marginal eluster. Likewise, the emulated supply curve is used
to delermine the marginal cluster ;. and the lower priority
clusiers 10 be controlled (0 achieve Preg at 2 certain time.
B. Optimisation problem

Once marginal cluster X;. is determined from the supply
curve as in section [1l-A, & step-ahead optimisation pmblem
is solved lo delermine the optimal sekection of applian
be controlled in ;. for the next time step. From the point o
view of the aggregator, the objectives are 1o minimise the cost
of buying electricity from wholesale markets or contracts, and
to minimise the discomfort for the contracted end customers.
Therefore the problem is formulated as a multi-objective
optimisation (MOO) with the cost function to be a combination
of total cost for the ageregator and the total discomfort for the
end customers. Considering the marginal priority clusier X;«
at time , it can be expressed as,

F=Wen- Y Cpu- (Prye— AP 1o

+ ZDI

where C,,, is the market price of electricity at time 1, AP,
is the power reduction of appliance i at time ¢ and Cll is the
discomiort index for appliance i at time {. In addition o that
Wi 20d 0, Tepresents the weights assigned to the cost and
discomfort, respectively:

“The discomfort index for air conditioners and water heaters
a1 particular time siep is obtained from (311, For ACs, the
dlscomiort index can be expressed s,

vie X ©

i€ o 10

For EWHs, the discomfort can be expressed as,
S Totler ot Tt
- T i€ Qgwn (D)

Diye=

o =
The overall optimisation problem with constraints are,
min F(AP;) ay
zap = Prege a3
p,,‘.‘.ﬁ.sp"’<p“= as
P,,ﬂ‘,',’"’( PEWH o pEW, as)
T S T = T a6
et < et ¢ ot an
. : as)
Koe form0mom, :n) as)
Weost + 1 )
with (2) — (7), (10) and (11)

problem is given by (12).
comesponds to the minimum demand reduction required from
the marginal priority cluster at time ¢. The constraints (14)
and (15) describes the power limits for ACs and EWHs in the
‘marginal priority cluster. Similary, (16)-(17) comesponds to

is followed 10 avoid any over-sizing or under-sizing in AC
cooling capacity decision making.
For the EWH subsystem, it is assumed that Tie, and
o, ate constant as in [35]. Furthermore, it is assumed that
the f7 is uniformly distributed and remains constant during
DR horizon. Hence, all the EWHs are operating at their
raied power (calculated from (7) at ¢ = 0) to keep the hot
‘water {emperature at set point. This assumption is reasonable
for short DR events (max. upto | hour) where the water
heating oceurs 10 restore a fully empty tank with heated
water. Howerer, due 10 ToU tarilf schemes introduced [36],
EWHs wil ol sy operke dumlg peak demand hours,
DR action cannot be
A demand reduction event is m;mmi for Tur = | hour,
starting from 15:00 ding at 1600 on 2203-2020.
The market price of electricity Cy.e is assumed constant
based on contracts and obtained from [37] Bependmg
on o the vale of P, demand reductions can be o
from eiter X, or &) and i Hemce a monmte wlu
simulation (MCS) is performed in X to determine P,
tobe obtained. The resuls of the MCS are given in Figure

“The total pawer consumption of the population at time ¢ = 0
is 609.45 KW, It is distributed between ; and X, as 295 67
kW and 313.77 kW respectively. The MCS is performed by
assigning a; = {0,0.25,0.50,0.75) for each § with equally
likely occurrences. The results provide a narrow approximation
that achieving 100 - 120 KW reduction is possible in ;

Hence the rest of the simulation results are based on the
following scenarios.

100 kW (around 16% from the total) demand reduction

(within the range of MCS
o 150 kW (around 24% from the total) demand reduction
(not within the range of MCS)

In addition o that, for each of the scenarios discussed
here under, the algorithms are written in MATLAB and the
optimisation is performed with YALMIP and soived in 4 Dell
OptiPlex 7060 desktop embedded with an Tntel Core i7-8700
CPU and 16.0 GB RAM. The time interval, ta — 1 min for
each step.

A. Ideal sysiem scenario

Alt =1 min, the aggregator requests for P,
and the algorithm is executed to obiain the desired ttion
Once the demand reduction is achieved in the next time step,
e, at ¢ =2 min, for the rest of the event, the ACs and EWHs
in both X, and X, operate within permissible power limits
defined by the aperegator According to Fig. 6. the actual
reduction follows the expected reduction within the threshold
4 (described in section HI-D) which s assumed (© be 0.05.
B. Performance under the ifiuence of uncerainties

Simulations are performed mainly for two scenarios: 1) a
certain group of customers override the control signals sent by
the aggregator during the DR event 2) the aggregator decides
toincrease the target reduction during a DR event. Recovering
and following the targeted reduction under the afore mentioned
scenarios are considered while Algorithm 2 takes care of
uncertainties arising due o temperature violations.

b = = e et
fom———og - = == ==
T o
% o)
T N

Time Mar22, 200
Fig & Demand recuction nder the ideal system scemario

1) Customer nan-compliance evens: In actual implementa-
tions, the non-compliance action is only realisable with air
ners. Once the customer overrides the DR event, the
‘control action will be released and the AC continues o operate
under the normal consumption for the rest of the DR event
While the aggregator delivering 100 kW and 150 kW of
demand reduction, it is simulaied that 10% of the ACs in X
engage in non-compliance event at ¢ = 10 mins.

5
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"' — — Eoeand Actual
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£ 150 513 1530 1543 1600
Time Mar22. 200
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Fig. 7. Compaison of demind mducton uder override for o cases

Airca
mmu, e

g, 8. The varsion of pover consumption sad fie reom mperss for
B AC i %,

As depicted in Fig. 7, the overriding action oocurring at
¢ = 10 min msulls in mismaich eaceeding the treshold
& 0.05. Hence an oplimisation is solved at ¢ = 11
min and additional unils dispaiched o compensate for the
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Activity/Milestone 2019 2020 2021 2022
RQ3 | RQ4 | RQl | RQ?2 | RQ3 | RQ4 | RQL | RQ2 | RQ3 | RQ4 | RQL | RQ2 | RQ3

1 Literature Fewview

Modelling of
Themostatically

2 controllable loads for
direct load control

Developing the
heuristic control
algorithm

Joumal publication

Confirmation

Systematic modelling
.3 of encertainties

Conference
7 publication

8 appliances

Developing the
9 predictive control
algorithm
10 Joumal publication
- -
11 Mid-candidature

12 energy resonrces

Conference
13 publication

Extending the
14 predictive control
algorithm to DERs
15 Joumal publication
16 Thesis Wwriting
17 Thesis Review
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