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Abstract—This paper presents a real-time, coordinated ap-
proach for residential demand response (DR) participation
in electricity markets under the dynamic operating envelopes
(DOEs) framework. In the first stage, the distribution network
service provider (DNSP) utilises a convex hull method to construct
DOEs at each customer point-of-connection (PoC). In the second
stage, the demand response aggregator (DRA) employs a hier-
archical control framework for tracking a load set-point signal
commanded by the market operator while individual households
minimise their electricity costs. In this regard, the real-time
control operation takes account of DOEs assigned by the DNSP.
The simulation results validated on a real Australian network
with realistic data suggest that the DRA is able to achieve
precise tracking of the load set-point signal while honouring
network statutory limits and also managing comfort for end-
users. Furthermore, the approach preserves end-user privacy and
is scalable.

Index Terms—Demand response, dynamic operating envelopes,
low-voltage distribution networks, import/export limits, network
statutory limits, air-conditioners

I. INTRODUCTION

The rapid penetration of behind-the-meter distributed energy
resources (DERs) in low-voltage (LV) networks and their
participation in demand response (DR) and other electricity
market services have created complex technical challenges
for distribution network service providers (DNSPs) to manage
network integrity. One strategy to overcome these challenges
is to impose fixed import/export limits and curtail excess
consumption/generation beyond the pre-defined limit. For in-
stance, in Queensland, a 5 kW export limit is introduced for
small customer connections [1]. However, static limits are
based on worst-case loading and generation scenarios and
often underutilise the available capacity of DERs.

Dyanmic operating envelopes (DOEs) is an insightful ap-
proach that takes account of the dynamic behaviour of house-
hold load and generation in determining import/export limits.
As defined in [2], “Dynamic operating envelopes vary import
and export limits over time and location based on the available
capacity of the local network or power system as a whole.”
Based on this definition, DOEs can be implemented at either
DER-level or at the point of connection (PoC) of an end-user.
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Considering the state-of-the-art literature, strategies for im-
plementing DOEs for households can be discussed under
two groups: 1) optimal power flow (OPF)-based approaches;
2) network sensitivity-based approaches. In OPF-based ap-
proaches, an optimisation problem is formulated to maximise
the utility and/or social welfare of the DNSP while taking
account of network statutory limits, DER operational limits.
The solution gives optimal power set-points for customer
connections and individual DERs such that network technical
limits are honoured. For instance, the authors in [3] have
introduced a centralised control scheme based on AC-OPF
such that end-user export limits are maximised. Along with
that, the DNSP accounts for network statutory limits. In [4],
a two-level control strategy based on OPF is proposed to
assign active power set-points for household battery storage.
In this approach, DOEs are assigned only if the end-user
intended operation compromises voltage limits of the network.
However, end-users are required to send information on their
consumption and generation periodically to the DNSP. This
will lead to data privacy issues. To alleviate privacy issues,
the authors in [5] have proposed a hierarchical control scheme
based on the alternating direction method of multipliers
(ADMM) where network-secure envelopes are determined for
consumer-owned rooftop photovoltaic (PV) and battery storage
to provide services in electricity markets. Furthermore, this
approach also accommodates end-user reactive power through
a Q-P controller.

In network sensitivity-based approaches, the sensitivity of
voltage and current with respect to active and reactive power
are determined for a certain operating state of the network
via perturb-and-disturb method, numerical calculations, and
regression. Thereafter, sensitivity factors are used to determine
nodal injections of active and reactive power such that network
constraints are honoured. For example, the authors in [6] have
proposed a network-aware approach for the participation of
DR in day-ahead and real-time markets. In this method, the
DNSP calculates network sensitivity factors via regression and
shares with the demand response aggregator (DRA) for its
market participation. In [7], a network-aware method based
on distributed model predictive control (MPC) and ADMM is
utilised for DERs to track a day-ahead dispatch plan and for
the operation in real-time. Furthermore, an analytical approach
is occupied to determine network sensitivities.



To this end, most of the existing studies focus on developing
a DOE framework to assign export limits to cater for the strong
uptake of PV and battery storage in residential networks.
In this regard, the contribution of residential DR is often
overlooked in the formulation. Hence, household import limits
are paid much less attention in the current practice compared
to dynamic export limits [2]. However, it should be noted
that exporting rooftop PV generation to the grid along with
participation in DR services could have an adverse impact
on the network. Despite the consideration of DR in [6],
the overall centralised approach requires end-users to share
sensitive information with the DNSP and the DRA. This gives
rise to end-user data privacy concerns. Hence, developing a
privacy-preserving control framework is crucial for a real-
world implementation.

The main contributions of this work can be summarised as:

« Developing a two-stage, coordinated, real-time control
scheme for dynamic operating envelopes-enabled demand
response in low-voltage networks.

« Preserving end-user privacy via a hierarchical implemen-
tation based on the ADMM form of the resource-sharing
problem.

o« Dynamic operating envelopes take account of ac-
tive/reactive and import/export power limits.

The rest of the paper is organised as follows. Section II
outlines the proposed methodology. The simulation studies are
discussed in section III and concluding remarks are presented
in section IV.

II. PROPOSED METHODOLOGY

In this work, a two-stage coordinated approach is proposed
for the DOE-enabled real-time demand management in res-
idential LV networks. A summarised block diagram of the
proposed approach is given in Fig. 1. The overall approach
can be described under two stages. In stage I, the DNSP
determines household DOEs based on power injection limits
at PoC and sends to the DRA. In stage II, the DRA utilises
the dynamic operating envelopes calculated in the previous
stage to provide DR services in electricity markets while
concurrently satisfying network statutory limits.

Let H := {1,2,..., H} be the set of households indexed
by h and T {to,t1,...,to + T} be the set of time
periods indexed by t. Since end-users with embedded genera-
tion can only adopt dynamic connections in Queensland, the
following disjoint sets of residential customers are defined:
1) DOE customers — end-users with rooftop PV and adopt
DOEs (H*t C H); 2) non-DOE customers— end-users
with rooftop PV and do not adopt DOEs (HT C H); 3)
passive customers—end-users without rooftop PV (H~ C H).
Furthermore, DOE customers will only participate in DR
events. The steps involved in the overall process of DOE-
enabled DR are discussed in detail in the following sections.
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Fig. 1. A summarised block diagram of the proposed approach

A. Stage I: DNSP determining household operating envelopes

The process of DNSP estimating household operating en-
velopes consists of two steps: 1) households calculating power
injection limits at the PoC; 2) DNSP constructing household
operating envelopes based on a combination of Monte Carlo
(MC) load flows studies and convex hull approximation.

1) Households determining power injection limits

In the first stage of the two-stage approach, the DNSP is
required to determine household DOEs in real-time. Consider-
ing the inverter-type air-conditioner—thermal model described
by [8]—to be the controllable DER present in each DOE
customer, the active and reactive power injection at the point-
of-connection (PoC) of household h € H*T* at time t € T
can be expressed as:

h D h h Dh
an t — 1PVt PAC,t - PUL,t (])
h A h
m‘]7 QPV t QAC,t - QUL,t 2)

where ‘Plnj . and QmJ , corresponds to active and reactive
power injection, vaf and QPV, corresponds to available
active and reactive power generation of rooftop PV, PAC,t’
Q kC,t corresponds to active and reactive power consumption
of the air-conditioner, Pé‘ht and Q{}Lt corresponds to active
and reactive power consumption of uncontrollable loads of
household A at time ¢. In this regard, P, mJ . > 0 represents
exporting power to the grid whereas Plr’ijt < 0 represents
importing power from the grid at time ¢.

For the controllable air-conditioning load, active power is
bounded by,

0< Plo, < Pro 3)

where F./:Lc is the rated power of the inverter-type air-
conditioner at house h € HTT. Furthermore, it is assumed
that the active power factor correction method [9] is employed
for the operation of the air-conditioner. Following this, the



relationship between PJ,, and Q. , at time ¢ can be
expressed as:
Vo =Pl -t
Qxc,: = Pac,: - tan (COS

“(pho)) “)

where ¢ Kc is the constant power factor (lagging) for the
inverter-type air-conditioner at household h € Ht+.

Since rooftop PV generation is considered to be uncontrol-
lable, fixed power factor operation in line with AS/NZS 4777.2
standards [10] is assumed. Hence, va,t of rooftop PV in
house h € HTT can be obtained as:

ng,t = PPhV,t - tan (COS?I (‘Plgv)) o)

where 901@\, corresponds to the power factor of the rooftop PV
inverter at house h € H* 7.

Similarly, for uncontrollable load, fixed power factor oper-
ation is assumed. Hence, the following relationship exists.

QGL,t = PI?L,t - tan (60871 (@{JLL)) (©)

where cp{}L corresponds to the power factor of the uncontrol-
lable load at house h € Ht+.

Following this, the minimum and maximum limits of active
and reactive power injection at the PoC of household h € H T
at time ¢ can be algebraically calculated as:

Pl =min(Pl,) st (1)—(6) (7)
Py =max (Pl,) st (1)—(6) ®)
Q. ,=min(Qf,) st (- 9)
Qg = max (Qfy,) st ()~ (6) (10)

For instance, P ﬁlj_’t in (7) can be calculated by setting P!,

at its maximum value which is ﬁf{c according to (3). This is
because the air-conditioner is the controllable load in DR and
the active power injection at the PoC varies according to the
value of PH’}J ;- Following a similar approach, ?ﬁu . in (8) can
be calculated by setting PAC , at its minimum value which is
Zero.

For non-DOE customers, i.e., h € HT, since the air-
conditioning load is uncontrollable and cannot participate in
DR, (1) and (2) simplifies to:

‘Plgj t P PVt

Y
(12)

b h

— Pyp
A h

— Qur
Since rooftop PV generation is also uncontrollable, active and

reactive power limits at the PoC can be obtained as: ij .=

h —=h h h .

Pan, = Plnjt and anj t — Qinj,t = Qinj,t SUb.]eCt to (5)
and (6) for h € H.

For passive customers, ie., h € H™,
simplifies to:

mJ, QPV t

(1) and (2) further

Ph ., =-Pl, (13)
i}rLAj,t = _QI}JLL,t (14)

Similar to non-DOE customers, active and reactive power

injection limits for ’{msszve customers can be obtained as:
R _ ph  _ _ h

P, = P; Pant and anjt_Q

inj,t =inj,t — inj,t

to (6) for h € H™.

—h
= Qnj,+ subject

Ph

Once [ inj,t>

7mj t,QhJ t’QmJ ;| is calculated locally !
for all A € H for the next time step, the information is passed
to the DNSP.

2) Constructing dynamic operating envelopes for house-

holds

With information from power injection limits at the PoC
for all h € H at a particular time step, the DNSP utilises a
bounding-box approximation method to determine the region
of operation in the P-Q plane for each DOE-customer. Con-
sidering household h € H ™ at time ¢ € T, the bounding box
B! which captures the overall region of operation is given by:

h —h
< Rn_],t — inj,t

p"
h .__ h h = inj,¢
%t T (‘P1n3t7 inj,t) h
an_]t = Qm_] t < Qinj,t

The bounding box in (15) represents the capability curve at
the PoC for each DOE-customer at time t € 7. However,
there is no guarantee that all combinations of (Piﬁjyt, Q ihnj’t) €
B! for h € H*T would honour voltage statutory limits of
the network. Hence, the DNSP further utilises MC simulation
studies to determine feasible pairs of (P ., Q) € B}
such that resulting three-phase unbalanced load flows would
not breach voltage limits at any node i € A of the network.
To this end, it is assumed that the DNSP has full information
on network configuration and parameters to perform load flow
studies.

Let 2 be the set of MC scenarios indexed by w at time

5)

t €T and (Pn}fjﬁ, QmJ t) be the pair of active and reactive
power injection at the PoC of house h € H*tt under
scenario w at time t. For house h € HT™T, (PIZJ“;,QIHL )

are chosen from a uniform distribution such that P”

S
an t
U(Bfln] t’ﬁl}:l_] t) and anj t € U(Q t?QlIl_]) On the other
hand, since (P i, Qs ;) are fixed for h € H* UH-

bounding-box in (15) s1mp11ﬁes to a single point in the P Q
plane. Hence, (PH}ILJ“;, QmJ t) is considered to be fixed for all
w € . Thereafter, a three-phase unbalanced load flow [11]
is performed to determine whether (PH};“;, QmJ t) forheH
is feasible. i.e., the voltages of the resultant load flow remain
within limits described by:

v Vgl <0, ieN (16)
where |V; ;| is the magnitude of voltage in node ¢ at time ¢,
v and U are the lower and upper limits of voltages and N is
the set of P-Q buses of the network.

Following this, the feasible region of operation in the P-
Q plane for h € H*T at time ¢, B} C B! C R2, can be

expressed as:

Bf = {( ln_]t’an_] t)

Compared to a set of feasible pairs of (B[, Qf;,) that
would not violate voltage constraints at any node of the

satisfies (16)
. (17)
load flow in [11]

'A household could utilise the existing home energy management system
(HEMS) to perform this calculation.



network at a particular time step, the DNSP is interested in
determining an envelope which represents the overall region
of operation at the PoC for all h € H*T at a certain time
step. To this end, the convex hull [12] of ( it iﬁjyt) is
constructed to determine the envelope of the PoC.

T
Let z, = {Plffj‘i, Qﬁl’;’t] € R? be a feasible pair of power
injection for house & € HTT under scenario w at time ¢, then
the convex hull of all the feasible pairs of power injections for
h € HTT at time t € T, i.e., the convex hull of B}, can be
obtained as:

z, € B

Ze 6., > 0 for all w

" Zewzl

conv ( Bh (18)

It is important highlighting that, considering the 2-D nature
of the problem, the convex envelope defined in (18) reduces
to a convex polygon as (PJ;“Z,QIHJ t) € R2%
considering the half-space representation [12] for a convex
polygon, conv(B}) can be expressed as:

CODV(B?) = {( 1}rL1_] ts an] t ‘A 1nJ ts ihnj,t}T < b}
(19)
where A € R™*2 and b € R™ such that m < |B}|, | - |
represents the cardinality of a set. To this end, the convex
hull and parameters of its half-space representation can be
calculated using existing software packages such as MATLAB,
MPT-3 [13]. Once operating envelopes are calculated for a
certain time step, the information is shared DOE customers

for their demand response participation in market services.

Moreover,

Unlike explicit set-points determined based on a certain
design objective as in OPF approaches [3], [5], the operating
envelope obtained by constructing the convex hull outlines
the region of operation in the P-Q plane—inclusive of active-
reactive and import-export limits—without breaching voltage
statutory limits.

B. Stage II: DRA controlling household air-conditioners to
provide DR services

The objective of each DOE customer is to minimise the
electricity cost based on a price signal. This includes main-
taining the indoor temperature within thermal comfort limits
and also managing the consumption at the PoC within the
operating envelope sent by the DNSP.

Considering h € H* at time ¢ € T, this can be expressed
as an optimisation problem in the following form:
. ph

con,t

(20a)

min 7 -
PAC

subject to:

h
Pcon t

h Sh 5h

= Pycs + Pove — Pevy
Ah

cont QACt+QULt Qpv ¢

TAhC,t+1 =exp (—At/RAc CRe) - TAhC,t

+ (1 — exp (—At/RKC C/fc)) (To}fm,t

(20b)
(20c)

- 7720 Rﬁc P/(IC,t)

(20d)
=h
Thc < Tho, < Tao (200)
P h
A |: cont:| Zb (20f)
con,t

and (3)-(6)

where Pcont and Qcont correspond to net active and re-
active power consumption at the PoC, Ct is the mdoor
temperature, 1./, + 1s the outdoor temperature and P is

the electricity price for house h at time t. T 1 and TAC
represent lower and upper limits of thermal comfort, R KC
is the thermal resistance, C /ilc is the thermal capacitance for
the air-conditioning system and At is the sampling time [8].
Minimising the electricity cost is represented by (20a), active
and reactive power balance at the PoC are represented by
(20b) and (20c), thermal dynamics of the inverter-type air-
conditioner is represented by (20d), thermal comfort limits
are represented by (20e). (20f) is an alternative representation
of the operating envelopes determined by (19). Since net
consumption at the PoC is considered in (20) compared to
net injections in (19), the sign of the inequality reverses.

The objective of the aggregator is to track the load set-point
signal commanded by the market operator by controlling the
consumption of air-conditioners belonging to DOE customers.
This can be mathematically expressed as:

2
H}lil’l E PAC t ref t
Pao,t heH++

where P, is the reference load set-point sent by the market
operator at time ¢. According to (21), the deviation of the sum
of air-conditioner power consumption from the load set-point
is minimised.

2y

Although the DRA could centrally control air-conditioning
loads to track the load set-point signal [14], it will require DOE
customers to share power ratings, Rac and Cac values, T' 5
and T ac limits for their own air-conditioners with the DRA.
This will lead to end-user privacy violations. To overcome this,
a hierarchical implementation based on the ADMM form of
the resource sharing problem [15] is utilised. In this regard,
a local controller at each DOE customer and a coordinating
controller at the DRA are established.



1) Local controller problem
Considering household h € HTT, the local controller
problem can be formulated as follows:

Pﬁ&?”::wgnnn(w?Rgmt+«p/m-

Plo 22)
h R | ) @) a2

(PAc,t —Prct + Pogy — B+ 6, )

subject to (3)-(6), (20b)-(20f)

where (v) represents v-th iteration of the ADMM scheme,
p > 0 is the augmented Lagrangian parameter, P,y is the
average of PAhC,t’ P, is an auxiliary variable such that P, =
(1/IH*T]) Y peq+ Pl and 0 is the dual scaled variable. The
interested readers are referred to [15] for more details on the
scaled form of ADMM for the sharing problem.

2) Coordinating controller problem

For the coordinating controller at the DRA, the load set-
point tracking problem in (21) is modified as:

2
P& — argmin <|’H++|Pt — Prem) n

t

(23a)
2
OHHmm)(B—%”—R%W)>
o0+ = 9 4 prD _ plrh (23b)

The tracking problem is represented by (23a) and the global
dual variable update is represented by (23b).

To further explain this, in iteration v at time steP t, each
local controller solves (22) to determine PAhg: Y for all
h € HTF and passes to the coordinating controller. In the
next step, the coordinating controller calculates the average

of P2 which is given by P;\',g ) and thereafier, solves

(23a) to determine Pt(”'H). Finally, the coordinating controller
updates the global dual variable as in (23b). This process
is repeated at each iteration until the following termination
criteria are met.

el < ™ and sl < e

where rg'/) and sﬁ”) are the primal and dual residuals in v-

th iteration at time t, eP"™™ and €@ are the tolerances for
primal and dual residual respectively. Furthermore, r§”> =
[Picy — P, PR, — P for HHY = {1,2...,n}
and s{”) = [PV — P")]. In addition to the termination
criteria given by (24), criteria based on maximum ADMM
iteration to terminate, maxiter, can be imposed to speed up

the ADMM algorithm.

(24)

IIT. RESULTS

To validate the proposed approach, it is assumed that the
DRA receives a load set-point signal that should be tracked
for a period of 2-hours, starting at 10:00 and ending at 12:00,
on 06/12/2020. The validations are performed on a practical
residential network in Queensland, Australia [16]. The single-
line diagram of the residential network is given shown in
Fig. 2. Since network data is only available up to the pole

Fig. 2. The single line diagram of the LV residential network [16]; bus @
(red triangle) represents the LV distribution transformer; black dots (bus @ -
bus @) represent P-Q buses (poles); a household is connected to each phase
of each bus except (1); black lines represent overhead conductors; italicised
numbers in blue represent pole-to-pole and transformer-to-pole distances in
metres; poles with DOE customers are highlighted in yellow

level, it is considered that nodes represented by @—@ has a
single customer connected to each of the three phases. This
results in a total of 34 x 3 = 102 customers. Aligned with
statistical data from [17], it is assumed that ~ 45% (46 out of
102) households are equipped with rooftop PV generation. The
ratings of the PV inverter are [3.0, 3.6, 4.0, 5.0, 6.0, 8.0] kWp
[18] with gplﬁv = 0.8 for all h € HtT UHT in line with [1],
[10]. For uncontrollable loads, gp{jL = 0.95 (lagging) [1]. For
inverter-type air conditioners, ¢ hc = (0.95 based on the power

factor correction method [9], Py ~ N(2.5,3.5) kW; R ~
N(1.5,2.5) °C/kW; C'liy ~ N(1.5,2.5) °kWh/°C; n i = 2.5,
Iﬁc = 22°C and TALC = 24°C and the initial temperature
T} = is considered to be 23°C for all h € HTT. The
outdoor temperature profile is obtained from [19]. The load
set-point signal is constructed as in [14] considering the set-
point temperature to be 23°C and a regulation capacity of 20%
from the baseline consumption. The profiles for household
uncontrollable load and rooftop PV generation are obtained
from [20]. The household electricity prices are obtained from
the National Electricity Market (NEM) [21].

The three-phase network is modelled in OpenDSS [22] with
voltage statutory v = 0.95 pu and v = 1.10 pu [1]. The
overall algorithm is written in MATLAB on a desktop com-
puter equipped with an Intel(R) Core i7 3.20 GHz CPU and
16 GB RAM memory. The optimisation problems discussed
in section II are modelled with YALMIP toolbox [23] and
solved with Gurobi 9.1.2 [24]. The convex hull and its half-
space representation are calculated using MPT-3 [13]. For
the ADMM problem, ePim and edval gre 1e-3, p =1 and
maxiter = 15. The simulation step size At =5-min, i.e., DOEs
are assigned every 5-mins, aligned with the market clearing
interval of the NEM [2].

Considering a total of 30 DOE customers (= 30%) and
500 MC load flow scenarios, i.e., |©2] = 500, simulation
studies are carried out to determine the overall performance
of the proposed control scheme. The process involved in
determining the bounding box based on power injection limits
and thereafter estimating the operating envelope based on
convex hull method for house 38 connected to bus at 11:15
is given in Fig. 3.



It can be seen from Fig. 4a that the DRA is able to follow
the load set-point signal with a high accuracy, error < 0.004
kW, for the DR period considered. Looking at Fig. 4b it
is observed that the indoor temperature for DOE customers
remain within thermal comfort limits [22,24]°C throughout
the DR period. Hence, it can be concluded that, under the
proposed hierarchical control scheme, the thermal comfort of
DOE customers is not compromised even though the DRA
accurately follows the load set-point signal by controlling the
consumption of air-conditioners owned by DOE customers.

Discussing the scalability of the proposed approach, the
average execution time per step is around 50 seconds which
is far less than 5-mins—the sampling interval (At). Hence, it
can be claimed that the overall approach is scalable.

IV. CONCLUSIONS

In this work, a two-stage approach is proposed for res-
idential DR to provide market services under the dynamic
operating envelopes framework. In the first stage, the DNSP
employs a convex hull method to determine household oper-
ating envelopes. In the next step, the DRA controls household
air-conditioning loads to follow a load set-point signal in the
electricity market. The simulation results suggest that the load
set-point signal can be tracked with an error margin in the
order of 1072 kW while maintaining the indoor temperature
within [22, 24]°C limits. Furthermore, the approach is scalable.
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