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Abstract

In this era of advanced distribution automation technologies, demand response is becoming an important tool for
electricity network management. The available flexible loads can efficiently help in alleviating the network
constraints and achieving demand-supply balance. Therefore, this forms the rationale behind this paper, which
aims to implement a multi-agent system framework in order to achieve flexible price-based demand response. A
genetic algorithm-based multi-objective optimization technique is applied to determine the optimal locations and
the amount of required demand reduction in order to keep the network within statutory limits. The methodology
is based on probabilistic estimation of the granularity of total available flexible demand from shiftable home
appliances in each low-voltage feeder. Moreover, an optimal decision making for the start time of appliances upon
receiving a real-time price signal is proposed. This is accomplished by considering the willingness to participate
as well as price demand elasticity of the different clusters of customers. To fully demonstrate the feasibility and
effectiveness of the proposed framework, a modified IEEE 69 bus distribution network comprising 1824 low

voltage residential customers has been implemented and analyzed.

Keywords

Demand response (DR), multi-agent system (MAS), dynamic pricing, residential flexible demand, distribution

networks, active network management (ANM).

1. Nomenclature

ap, AP Index and set of appliances in a home.
Sh Set of shiftable appliances in a home.
t,T Index and set of time intervals.

h,H Index and set of customers.

c, C Index and set of cluster of customers.

n, NB Index and set of MV buses.
b, LB Index and set of LV buses.
br, BR Index and set of MV branches.



1. Introduction

The power flow at the Distribution Networks (DNs) is limited by several constraints. Voltage and thermal limits
are among the most prominent ones. Increased penetration of intermittent distributed generation, such as wind and
solar, in conjunction with potentially flexible loads, such as plug-in electric vehicles, can push the DNs to their
capacity limit and hence introduce significant challenges for optimizing network use [1]. Exceeding network
constraints boundary causes operational problems in the DN due to periods of extensive demand level. Therefore,
there is a need to upgrade traditional DNs towards more intelligent platforms for controlling and coordinating these
new loads and generations. In the low carbon future, Active Distribution Network Management (ADNM) with an
interactive Low Voltage (LV) network is a key to unlocking the full potential of grid flexibility. The ADNM
platform will host grid optimization algorithms, flexibility services and future innovation projects aiming to
increase the utilization rate of existing network.

In the attempt to provide a smart and active DN in Great Britain (GB), the traditional passive managing role of
Distribution Network Operators (DNOs) is now changing to Distribution System Operators (DSOs) [2].
Accordingly, a more decentralized approach is required for the management of DNs, where the introduction of
System Operators (SO) at the local distribution level of the network becomes crucial. Recent technological
advancements have provided significant opportunities to develop greater flexibility with regards to Demand
Response (DR). Consequently, DR programmes have been introduced as effective and economic tools to enable
power balancing across power networks and as a result, deferring or even avoiding DN’s upgrading costs [3].

The effectiveness of employing DR from flexible resources in DN as an alternative solution to reduce overall
cost, improve network capability and flexibility, as well as delay future network investments, has been proven by
a number of innovation pilot projects [4]. Consumers can also benefit from these schemes through reduction in
their electricity bill. The Customer Load Active System Services project [5] resulted in up to 3.3GW of DR potential
to provide voltage/frequency support which is equivalent to a combined total reactive power of 2GVAr and two
gas turbine power plants. In another trial, the Accelerating Renewable Connections [6] combined an ADNM
scheme and local community engagement to manage the generation-supply by generators and locally-produced
energy sources respectively. This project enabled connection of 49.5MW and 2.2MW from wind farm and PV
panels respectively into local homes. This could save households around £1.9 million in energy costs over the
lifetime of the systems. However, except for rather small-scale trials, the implementation of DR in the DNs of GB
has been very limited so far.

An optimal strategy for energy dispatch and pricing demonstrates the significant improvement in profits and
load factors while reducing peak loads and environmental impact [7]. A novel framework for assessment of
business cases for smart distributed multi-energy systems in a transactive energy context has been developed in [8].
A dynamic pricing DR algorithm for energy management has been introduced in [9] based on a hierarchical
electricity market that considers both service provider’s and customers’ profits. Real Time Pricing (RTP) has long
term benefit as energy consumers are willing to adopt their consumption’s behaviors and apply energy efficient
products. However, a review of the existing researches on DR optimization suggests a need for further studies on
the RTP, which is set by energy suppliers [10]. In particular, the contribution of flexible loads using RTP in
maintaining the network constraints within permissible range is vital.

In the current GB electricity network, DNOs do not have full observability or real-time visibility of their
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lack of system studies, it would be difficult to find the optimum locations of automatic supporting tools such as
voltage regulators. Hence, the flexibility provision by DR does not limit on its benefit to constraint control but also
enables other application such as fast frequency response, reserve capacity and etc.

From a power network’s point of view, the contribution of residential flexible loads in network management
can be investigated at both local and wide area levels. In the former, the DR control mechanism aims to control the
local issues in LV networks such as transformer overloading and voltage constraints through individual consumer’s
available DR. On the other hand, wide area level studies, such as this one, refer to constraint management in
Medium Voltage (MV) networks, e.g., voltage or current, through DR provided from aggregation of households in
each LV feeder.

Under network stress condition, an immediate action is required to mitigate the constraints in the DN. Hence,
from a technical perspective, incentive-based DR programmes [13] are the ones of interest because customers have
contractual obligations for DR provision. However, at wide level, price-based DR programmes have also been
considered [16]; additional network entities, such as aggregators and energy suppliers, are required [11] to provide
DR from local level. However, the potentially available demand reduction is highly variable and dependent on
consumer characteristics. Therefore, when implementing DR programmes, domestic users are generally considered
as aggregate entities rather than individual ones [12] and this increases the overall system complexity. In [13], a
model for studying the participation of a DR aggregator in wholesale markets has been proposed. The impact of
considering multiple load aggregators has been investigated in [14] that indicated a great impact on shaving peak,
decreasing energy loss, and reducing the operation cost.

In price-based DR approaches, the control mechanisms proposed in the literature have been based on defining
and applying the network charges in the electricity price. A real time DR is presented in [15] for where the
congestion management is controlled through adjustment of the electricity price by charging the cost of the
transformer overloading. Similarly, Liu et al [16] proposed a distribution congestion price in a day-ahead market
to relieve possible congestion in the DN [16]. An example of an effective alignment between the load and the grid
real-time condition is the proposed scheme in [17] which adjusts aggregated thermostatic loads under real-time grid
conditions. However, it can be observed that only a limited number of constraints have been considered in these
studies. Moreover, the objectives of these DR control schemes are focused solely on either technical or economic
aspects of DNs.

On the other hand, the implementation of DR from residential flexible resources in a wide-area network,
necessitates a framework that incorporates various players with individual attributes. This can guarantee network
reliability and security as well as meet all entities” objectives. Three types of frameworks have been developed:
multi-layer [18], hierarchical [19], and Multi-Agent Systems (MAS) [20]. The first one consists of different layers
where different entities exists in each layer having similar roles or attributes. Entities in each layer connect to all
other agents in their upper layer. The hierarchical structure is similar to multi-layers but it consists of different
levels where the entities in each level communicate with one entity in the upper level [21]. This structure is also
known as supervisor-employee model. In the MAS, each network entity is modelled as an agent with specific
behavior, attitudes and objectives [22]. Agents can communicate with each other in order to achieve their goals.

MAS, although a relatively new approach, is an established distributed control method [23] that has been
applied in power systems. One of the significant advantages of MAS compare to other structures is that each agent
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any local failure at component or communication pathway [24]. It has been found to provide a decentralized and
intelligent framework to control and coordinate the network [23]. It can also minimize the computational burden of
the central processor for optimizing the network and thus suitable for modelling a complex network.

A range of MASs has been applied to different types of DR programmes and several applications have included
the participation of large-scale residential DR aggregators. The proposed MAS in [25] introduced a novel
approaches to manage the distribution transformer overloading using incentive-based DR. Oliveira et al. proposed
a MAS platform that can support several energy resource management models, as well as diverse DR programs
[26]. However, these researches did not employed any market agent and thus the framework supports a limited
range of DR scenarios and use of real data. A novel agent-based structure has been proposed in [27] which
integrated the flexibility demand from both residential and industrial sectors. The optimization objective was the
minimization of the total cost of energy, and regulation without considering the power network constraints. In [],
authors used MAS to model multi micro grids in order to control the voltage in a fully decentralized way. The most
recent studies in DR using MAS are reviewed in [28]. The major gaps in the literature for DR framework are the
non-scalability [18, 29] or non-adoptable architecture [30], the limited application (e.g., limited number of studied
constraints [15, 16], DR scenarios [28, 26, 25]) and the limited number of network entities, (e.g., market [26, 31]).

The rationale behind this research is to provide an in-depth investigation of the potential responsiveness in
residential demand and its effect on constraint management of the DN. Hence, the aim of this research is to
implement a framework for DR automation using MAS in order to manage the voltage and thermal constraints
under RTP. The novelty aspect of this paper is to provide a decentralized platform aiming to merge technical as
well as economic benefits of enabling and controlling the DR in residential feeders. Therefore, DR trading can not
only maximize social welfare of both end users and network operators/energy suppliers but also lessen MV/LV
network violations from stipulated limits. The development of proposed MAS framework, if adopted by DNOs,
can be an important tool to support the transition to the DSO model. The proposed framework is studied and
validated under real-time environment and it represents a beneficial guideline for future network planning studies.
Hence, the platform considered the future of DNOs where the term DSO is used in the proposed model as a
replacement of DNOs. Furthermore, it can be used by aggregators or energy suppliers in order to investigate and
model the behavior of the system and consumers.

The main contribution of this paper is the design and implementation of a new DR-MAS-based ADNM
framework for voltage and current constraint management of MV feeders through available DR at LV feeders under
real time environment with the following novel achievements:

1) A fast decision-making methodology for running residential controllable appliances.
2) A novel control strategy to determine the optimum magnitude and location of demand response.
3) Apply the proposed framework in a 69-bus test system with 8 MV and 48 LV feeders.

It is worth to clarify that in this paper only flexible demand from shiftable loads is considered. The overall
network objectives are achieved by solving a power flow that is based on customer load profile characteristics,
taking into account different personal (social, technical, educational and financial incentives) as well as external
(time, day and seasonal) factors. The required flexible loads from each LV feeder is defined in half an hour basis.

The structure of the paper is as follows. The proposed MAS framework focusing on its cyber layer is described
in section 2. The goals and attributes of each agent are modelled mathematically in section 3. This is followed by a

description of the overall DR algorithm. Section 5 explains the preparation and setting parameters for implementing



the proposed framework. Section 6 presents the simulation results for two case studies followed by a discussion in

the next section. Finally, concluding remarks and future work are provided in section 8.
2. Proposed Multi Agent System Framework

This section describes the system model of the proposed MAS for residential DR scheme. The MAS
implementation is based on an original approach that was described and developed in [32]. The general DR
architecture model and data communication among agents is presented in Fig. 1. The framework consists of two
different layers, physical and cyber layer. Components in the first layer and their corresponding agents in the

second layer are modelled using MATLAB.
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Fig. 1. Proposed MAS framework and overall scope of communications among agents: The solid line represents physical layer (power line)

and the dashed line refers to cyber line (agents conceptual communication flows)

The proposed model provides a price-based energy management framework, consisting of dynamic sets of
intelligent nodes, for aggregated domestic consumers. Specifically, the interest of this work is on studying the
network under system stress conditions due to operational issues with the view to manage voltage and thermal
constraints. In this regard, five kinds of agents are introduced as DR 2Provider Agent (DRPA), Supplier Agent
(SA), Local Transformer Agent (LTA) and Home Agent (HA) and Data Service Provider Agent (DSPA).

DRPA represents the DSO that activates the DR in the network by implementing dynamic tariffs. These are
set by electricity suppliers which are modelled by SA in the proposed MAS platform. HA and LTA represent
household and LV feeder respectively. DSPA is added to the MAS framework to model the Data Communication
Company (DCC) that interconnects smart meters to DSOs, suppliers and authorised service entities of the network
in GB [33]. DSPA enables data exchange between the HAs and the LTAs, SA and DRPA. It should be noted that
this paper assumed that the network comprises the same DSO and energy supplier. However, the MAS framework
and DR algorithm can be modified to incorporate several DRPAs and SAs.

The system network comprises several lateral LV feeders which are controlled by a set of local distribution
transformers LTA = {LTA1, LTA2, ...} connecting to a set of households HA = {HA1, HA2, ...}. It is assumed
that all HAs have smart meters and Home Energy Management Systems (HEMS) installed for DR performance.
Another assumption is that communication between LTAs or SAs and HAs is done through DSPA. The timeframe

for data update is split uniformly into 48 slots T = {1, ..., 48}. The price of electricity is determined in real time



(at each timeslot 7¢T for the next half an hour (#+1) € T') by SA. In fact, SA acts as an electricity retailer who sets

the tariffs and the incentives aiming towards DR fulfilment. The modelling details of each agents, their goals and

behaviours are presented in section 3 and 4.
3. Mathematical Models

A. Home Agent

The main aim of each HA is to decide about the start-up of each available appliance in real time, with the aim
of minimising cost and maximising comfort level. Each individual household is considered as an autonomous
agent which consists of a set of appliances Ap = {api....,apn}. Home appliances are categorised as non-controllable
and controllable, where the flexible loads are provided through the latter. Three major wet appliances that can be
shifted during a typical day were considered and these were Washing Machine (WM), Dish Washer (DW) and
Tumble Dryer (TD). The model of each controllable appliance is described in [34]. The total loads l;), at a given

time t can be defined as a set of aggregated loads as follows:

e = liﬁ = ]fh,t + Z(lf‘ht * Diht) ’
v h € Ht €T, qap,fshy € AP, Dit € [0,1] o))
Where,
B =1+ Ry + 1Y @

Where I3 and lit are shiftable appliances and other loads of household / at timeslot ¢ respectively. I,
comprises [j, 17 and I}? which represent consumption of WM, DW and TD correspondingly. The start-up of
each appliance sh is denoted by the binary variable D5 which is 1 for selected ones and 0 otherwise and is

expressed as:

W A vdhi>1
DRt = b , VYheHteTssheAP 3)
10, vdh <1
where,
dit = (MRt Ohy) + A @

di" denotes user-related constraints. p5% reflects the first goal of HA which is to verify the economic viability
for starting up controllable appliances by considering the received price signal from SA. A value of 1 is allocated
to up, for attractive prices. 6',51'; relates to the satisfaction level of household and is 1 if the appliance s# is selected.

The binary variable Ay, represents the ownership of appliance s/ at household /. The mathematical expressions

for “Zhr is as follows:
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f‘]“t is the HA’s willingness for DR participation and Ef‘ht reflects the price elasticity, expressed as:

1, VER >1
h = B vieT,he H ()
' 0, VEqy <lne

where,
Eih = ACht€ch + ben N

ACy, is the price difference at timeslot t. £, is the price elasticity of demand and b, is a constant. Iy, ; is the total
demand including selected appliance.

In order to estimate the value of the parameters in (5-7), the approach in [35] was used. The methodology is
centred on characteristic-based clustering of load profiles. These considerations include mean power usage as well
as other individual and distinctive ones for each household. Af,},‘t and g, are determined for each cluster of
households. Aﬁ‘t is achieved through segmentation of customers according to their attitudes towards load
curtailment programmes which resulted in three classifications, highly motivated, less motivated and doubter.

SE}‘t relates to the set of constraints based on appliances availability, kf,f‘t, and consumer preference, wm These

are expressed as:

1, V(wit kit =1
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At;ht’prEf for operating an appliance sh € AP depends on the starting time to operate an appliance t:?h and its

cycle length:
A" = pilh ki (1)

Using the methodology introduced in [34], the probability of using an appliance sk, at a timeslot ¢ was
estimated as a variable p,ﬁ’} for different clusters of households, similar to the approach presented in [34]. The
proposed methodology has considered the appliance ownership, frequency usage, household characteristics as
well as technical aspects of operating an appliance, such as energy constraints, in predicting the p within each

cluster. Energy constraints ensure that the required energy for completing the operating cycle of appliance sk is

provided.



Although an appliance may operate in multiple but interruptible cycles, this paper considers that all wet
appliances should be operating continuously from the start until the end of their operating time. This is modelled
by the binary variable xiht Moreover, the frequency of usage per appliance is assumed to be one and is presented
by binary variable z3". This variable also considered the assumption that only one appliance sk can run at any

given time.

B. Local Transformer Agent

The role of each LTA is limited to sending the information regarding the available flexible loads from the
associated HAs to DRPA through DSPA. Using the approach in [34], the available flexible demand from HAs
over time is estimated. Since one operating appliance s/ is considered at each given timeslot, the probability of
maximum shiftable appliances from each HA is averaged. Then, the maximum DR potential of each LTA is

computed by summing all aggregated DRs from the related HAs.

C. DR Provider Agent

The power network could experience critical conditions due to overloading issues at distribution feeders.
Therefore, the network constraints should be kept within the allowable boundary. In this respect, a multi-objective

function is defined for DRPA aiming to manage the constraints in the DN using available DR sources This is

DR
expressed as equation (12) which consists of three sub-objectives including, ZZLE;TSIM#, VDI, and RPLI,)
" max,lv

where the contribution of each is determined using weighting factors. The explanation of each term is detailed in

the following.

DR
Min (f = w, 27 "% 4w, VDI, + w;RPLI,)

Shnax,iw

N IlwelLV,teT 12)
Subject to the following constraints:
P,?t = P,ﬁt + P"Lvt (13)
QrDL,t = QT’GL,t + Qﬁ,t (14)
Vmin —<Vn,t = Vmax (15)
Sbr,t =< Smax (16)
AP e SAPER < AP 17
minlvt = ot = max,lv,t ( )

where w;, w, and w; are weighting factors with the total sum of one as shown in (18).
Yiaw;=1, VOsw; <1 (18)

It is worth to note that the same values are selected for all weighting factor (w;, = w, =w;=1/3) in order to employ
the same contribution effect of each objective terms on the main objective function. However, the selection of
these weighting factors depends on the user application and the purpose of DR implementation and can be varied

to highlight the most prominent and relevant factors.



DR
;P'“‘ ) refers to the optimal location and quantity of load reduction in each LV
max,lv

The first sub-objective (w, Siwe

feeder. y,,¢ APPR is the total required DR and S1,,,,, is the highest voltage sensitivity index from all the buses in
that feeder. The approach in [36] was used to calculate the voltage sensitivity in order to determine the most
influential buses in the network for demand reduction. The proposed method is dependent on the topology of the

network and the sensitivity coefficients are defined as:

Vi
TQn: _Rmfl,nfl (19)

where, the voltage sensitivity is a matrix of (m X my presenting the voltage sensitivity of bus m in respect to the

. o . . av
active power variation at bus n. Since the voltage at bus slack is always constant ﬁ =0.
n

The second sub-objective (w,VDI,) aims to minimise the Voltage Deviation Index (VDI) which is defined as
the sum of the voltage differences at all buses (excluding the one at the substation where voltage is known) with

respect to the nominal value. This is mathematically expressed as:

2 2
VDI = Zn,t(vnom - Vrgﬁmn,t) + (Vnom - VrgaRx,n,t)
Zn,t(vnom - min)Z + (Vnom - malx)z

VneNBn#1L,teT (20)

where V.2 ., is the minimum voltage and Vjmk, . ; is the maximum voltage of node # with DR control at timeslot

t respectively. Vom, Vinin and V., are assumed to be 1, 0.94 and 1.1 respectively as per UK standards.

The last sub-objective (w3 RPLI,) minimises the Real Power Loss Index (RPLI) which is formulated as:

PDR
RPLI= @3¢, VtET @1

loss,t

Where, Ply2% and PDE; . denote the total real power loss before and after implementing DR at timeslot #. and

Total power loss is expressed as

Zn+1,t

2
PE@un+1) = Sne Ranes [l—lv] :

VnENBn#1teT (22)

Where R, ., is the resistance, V,,and V,,,, are the voltages and Y,,,, is the impedance between two
consecutive buses (n and n+1).

AC power flow equations are considered in (13-14) and are solved using the backward-forward sweep method
[37]. Active power demand, generation and loss at node 7 at timeslot ¢ are denoted as P2, , P¢, and PE,
respectively while reactive power demand, generation and loss are represented by Q,‘a . Q,‘fyt and Q},. Equation
(15) gives the voltage limits in the DN which are £6% in this paper. Equation (16) is the thermal limit of branch

br, where S, . is determined from (23-25).

Spre = \[Pbr,f + Qpr” (23)



BR(br,1),T BR(br,2),T
Pore = Zn,t( R + ¥ N 7" (D))

BR(br,1),T
t

Qbrt = Y, Qg,t + Z:,l:(brvz):r Q]ﬁ,t (25)

Vbr € {BRbr'},t € T,n € NB

where S+, Py and Q. are apparent, active and reactive power flow in branch br, and P§,, Qs ,, P%, and
Qﬁ't are the active power, reactive power, active power loss and reactive power loss fed by br respectively. The
number of nodes fed by branch br is denoted by br'.

AP,% in equation (17) expresses the available DR at each LV feeder, determined by TRA, and is constrained

within the minimum ( AP,,;,, 1) and maximum (AP ) DR availability.

max,lv,t
A Genetic Algorithm (GA) implemented by the global optimization toolbox in MATLAB, as illustrated in Fig.
2, was used to solve the objective function (12). A penalty strategy was used to create the fitness function where

the violation of constraints (15-17) are modelled as penalty term.

Input network data
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iteration >100 or
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is <=0.001?

No

Generate new population

Fig. 2. Flowchart implementing the Genetic Algorithm to solve the objective function (12).

D. Supplier Agent

The SA is responsible for designing electricity tariffs and biding for HAs. Aiming to have a more effective,
dynamic and active network, this paper suggests the price to be updated for each LV feeder individually. The
rationale behind this was to present different attributes of consumers in demand reduction as in reality each
consumer can chose different supplier with different pricing rates. This actually models having different suppliers
and therefore customer characteristics across the network and is this policy is applied for simplifying the
simulating the proposed framework. Therefore, for each LV feeder, the electricity payment linearly increases with
the amount of energy to be reduced/shifted. Accordingly, a two-level piecewise linear pricing function Py, is

used to define the half-an hour basis price and is expressed as:

10



o PRR +B,, v PRYS < 70%

P, . =
vt {ocz PRIR +B,, v PRIR > 70%
Vo <o, lvELV,tET (26)
where,
APDR
PROR = —* 4100 @7
, APyt

PRR,'E is the participation rate, ARDY is required DR and APy is the available one. B; and B, are constants
based on the fixed prices. «; is the slope of the first segment is the step 1. Once the energy exceeds the threshold,
the slope becomes «, (Fig. 3). The coefficients in (26) are obtained by using the price data introduced in the
project in [38]. This pilot was implemented as the first dynamic Time of Use (ToU) tariffs in GB in order to
investigate the potential of dynamic pricing to provide residential DR. These price bands were determined by EDF
Energy supplier [39] as High: 67.2 pence/kWh, Default: 11.76 pence/kWh and Low: 3.99 pence/kWh.

The proposed RTP provides the opportunity to use the residential DR for DSOs, where they can contribute to
the network constraint management. In addition, the price allocated for each LV feeder, Fig. 3, is set and updated
in real time taking in to account the available and required flexible loads, as well as the attitudes of users to

demand reduction within that feeder.
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Fig. 3. Proposed pricing function in (26)

E. Data Service Provider Agent

DSPA enables data communications among different agents in the network. As the meter reading is recorded
in half hourly resolution during a typical day, 48 samples are produced during interval T={ti,..,tss}. Each agent
sends updates through DSPA in each time interval. However, in each timeslot ¢, the HAs are informed about the

price of electricity for only the next half hour #+7.
4. Overall Proposed DR Algorithm

This section describes the overall approach in order to implement the price-based DR in real time. The
proposed algorithm is presented in Fig. 4. Each colour represents a particular agent undertaking a specific process
as illustrated in Fig.1. Each sub-process is explained in related subsection of section 3. At each timeslot ¢, agents
update their data. Then DRPA determines the network status to detect any constraint violation by running a power

flow and accordingly computing network parameters such as voltage and power in buses. If any violation is

detected, the optimal flexible loads e for each LV feeder (APE}}) ) is calculated for implementation in the next

11



time slot #-1. Afterwards, SA specifies the real time price using (25-26). Accordingly, HAs decide about starting
up any available controllable appliances and update their load profiles. LTA then calculates the available flexible
loads for the next timeslot. It is worth to clarify that MV network constraints management is only undertaken
through active power at each bus. It is assumed that the overloading of each MV/LV transformer is controlled

locally by the LTA.

DSPA
HA
=0
LTA
DRPA nput network data (e.g., topology,
line data, bus data) and load profiles L
SA and available flexible demand for Calculate the price
the next timeslot for the next timeslot
Update load profile

Calculate total
available DR for the

next timeslot

there any
constraint
yiolation?

Calculate the required demand
curtailment by optimising the
fitness function

Fig. 4. Overall algorithm of the proposed active network management through DR in real time.

The actual total demand reduction DRE#® in each LV feeder can be defined as:
DRgctual = ZIV(IRIRt - ]lv,t) ,VIVELV,teT (28)
where 1}, and IDR are the load profiles before and the after DR at timeslot 7 of V" feeder respectively.

5. Simulation Modelling and Setup

To validate the proposed MAS, a modified IEEE 69-bus 12.66 kV radial DN is utilised as the test system which
comprises 8 MV and 48 LV feeders as shown in Fig. 5. Each LV feeder is fed from a 12.6/0.415kV, 45kVA
MV/LV transformer. The line and transformer parameters are available in [40, 41].

Each LV feeder consists of 19 nodes, representing two households each which results in a total of 1824
households in the test network. In order to specify the load profile for each HA, the dataset of the Ireland Electricity
Smart Metering Trials IEMST) [42] which consists of 4232 Irish households with half hourly meter readings was
used. In this study, the data related to a summer month, July, and only for weekdays is considered. In addition,
customers with meter readings missing for more than one day were removed and this resulted in a total of 3996

customers.
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Fig. 5. One line diagram of the test system consisting of 8 MV and 48 LV feeders

The load profiles are clustered using the Dirichlet Process Mixture Model (DPMM) [43]. The DPMM is a
Bayesian non-parametric statistical model that integrates Dirichlet and Multinomial distributions hierarchically.
Load profiles are represented as draws from the latter. The advantage of the model is that the number of clusters
does not need to be determined before clustering. The iteration results in a partition with six clusters (see Fig. 7).
According to the clustering results, 1824 synthetic load profiles were generated to present the variability among
consumers consumption behaviour. For each cluster, the load profiles were created randomly around its centroid,
based on normal distribution. The results of synthetic data generated from clustering results are shown in Fig. 6.

The simulation period is one day with 48 timeslots, half an hour resolution. Timeslot t=1 represents 00:00:00-

00:23:59 hrs.
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Fig. 6. 1824 synthetic load profiles of HAs created from resulting 6 cluster
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The spread of households along with their attitudes towards DR participation is depicted in Fig. 7. In addition,
the assumption for coefficients (6) used to assess the elasticity of each cluster of customers in the simulating

models, are summarised in Table 1.

Number of Households

18 21 24 27 30 33 36 39 42 45 48
LV feeder number

I Highly motivated [Less motivated [ElDoubter

Fig. 7. Distribution of households and their readiness to participate in DR programmes

Table I. Setting coefficients of parameters €. and b, (6)

Cluster No. & b,
1 0.5485 -0.4009
2 0.807 -0.2799
3 0.556 -0.1926
4 0.6759 -0.2342
5 0.4294 -0.1488
6 0.39 -0.1072

6. Simulation Results

The simulation outputs for two scenarios are provided in this section. The result without load control is taken
as the reference while the one with RTP is the proposed model. The modelling and simulation are undertaken
separately for both cases with a view to compare the results and analyse the effectiveness of the proposed model.

Scenario #1) Without Load Control: In this scenario, DR is not applied in the network. Therefore the results
are obtained by distributing the load profiles across the test network, running the power flow and determining the
network status during simulation. The price for all HAs are the same. This is the reference scenario referred in
this research as WDR.

Scenario #2) With RTP: This is the proposed model with real time prices being sent to HAs. The dynamic
change in the pricing is based on the network status as well as the aggregated household demand. The prices are
different for each LV feeder but are fixed for all households within that feeder. Although the initial load profiles
are the same as the first scenario, they change after households individually decide on the start of their shiftable
appliances. This scenario is named DR in this research.

It is worth to note that in scenario #1, for each appliance s/ in each household #, the default of start time, tfft,

is considered as a random selection among At;ht’pref(l 1). Accordingly, in scenario #2, this time is updated based

on the proposed model for HAs’ decision-making on the start of the appliances. Moreover, as mentioned in section

3, the weighting factors of the objective function (12) in scenario #2 are assumed to be equal.
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The output of the simulation for determining the pricing in the proposed methodology together with the
aggregated load profiles of HAs is presented in Fig 8. The spread of the RTP for each timeslot in all the feeders
is shown in Fig. 8(a) while the total demand for both scenarios is illustrated in Fig.8 (b). The price is separately

allocated to each LV feeder according to network status and their DR potential.
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Fig. 8. Pricing for the proposed RTP scheme in scenario #2 (a) and total aggregated load profiles all HAs in the network from both scenarios

(b).

The total percentage of change in power at each LV feeder after DR implementation is shown in Fig. 9 for a
one-day simulation period. As can be seen, the evening peak demand is shifted to morning non-peak times. No
considerable change is observed in the Peak-to-Average Power Ratio (PAPR), which aims to flatten the overall
demand over time. This can be explained by the fact that PAPR has not been considered in the objective function
of DRPA since the aim of the proposed framework is to mitigate the DN constraints through DR. The standard

deviation is decreased to 25% when DR is applied.
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Fig. 9. Demand reduction along LV feeders



Fig. 10 uses boxplots to illustrate the voltage magnitude distribution of LV buses connected to each MV feeder
for both scenarios in 48 timeslots. In scenario #2, the voltages at MV connection points are improved and
maintained within the allowable boundary. This is also verified in Fig. 11 which shows the minimum voltage
among all buses in the network for both scenarios. In spite of voltage reduction at some timeslots, e.g., 17-21, the
voltage level was kept within statutory limit. For both scenarios, the VDI drawn in Fig. 12 illustrates that the
voltage deviation from the reference point is reduced in all buses. This confirms the validity and effectiveness of

considering VDI minimisation in the DRPA objective function.
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Fig. 10. Voltage distribution at the MV connection points in scenario #1 (a) and scenario #2 (b)
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Fig. 11. Minimum voltage profile of the test network for both scenarios during simulation
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Fig. 13 presents the total power loss during the simulation period. As can be observed, there is a marginal
increase in power loss in scenario #2 at some timeslots and this could be attributed to peak load aggregation.
However the overall system power loss decreased by 0.28kWh. Additionally, it can be seen from Fig. 14 that after
implementing DR there is a dip in RPLI in timeslots 25-48 due to a reduction in total demand. Furthermore, no

significant increase was noted for periods with rises in overall load.
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Fig. 13. Total power loss in the network for both scenarios during simulation
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7. Discussion

This section comprises a thorough analysis of the results as well as the various characteristics of the proposed

MAS strategy.
A. Effect of Pricing on Power Reduction

In order perform a comprehensive analysis of the computation technique employed for implementing RTP tariffs
in the proposed scheme, the worst case scenario is used. This was achieved by selecting the feeder with the most
critical voltage level in the network, MV feeder 7, as depicted in figure 11(a). As illustrated in the resulting voltage
profile along the feeder in Fig. 16, the voltage is not only improved but it is also kept within the tolerable boundary.
The lowest voltage level prior to applying DR was at timeslot 37 and this was chosen for this investigation. The
voltage profile for this timeslot is shown in Fig. 17 for all buses within the feeder. It was noted that the further the
buses were from the feeder, the lower voltages they experienced. Furthermore, since the voltage levels of the last
nine buses were under the acceptable limit without DR, it becomes necessary to implement a DR control strategy
to raise the voltage to be within the allowable boundary. The buses with the maximum voltage sensitivity are the
most optimum location for load curtailment. However due to several constraints in the objective function such as
the available DR limit in each LV feeder, the maximum required DR is not always assigned to those buses. As an
example, in this work, feeder 59 has the highest power reduction. However the highest voltage sensitivity are for

buses 61-65. The maximum price is allocated to feeder 62 which has the highest participation rate.

0.99 ; ; ;

— = Minimum boundary limit
0.98 1= — With DR 7
097 - = Without DR

improvement at
timeslot 38

092 - after DR
091 Minimum voltage
occursat < _
0.9~ timeslot 38 Tee—a
0.89 | | | | | | | | T |
0 4 8 12 16 20 24 28 32 36 40 44 48
Timeslot

Fig. 16. Voltage profile for MV feeder 7

1.05 T T T T
Il With DR
o1 Il Without DR
. = =Minimum boundary limit

S0971 B
=
5
%
ks - - - - A-8 - - BB -
2093 ]

0.89 - ]

0.85

1 2 3 4 5 6 7 8 9 53 54 55 56 57 58 59 60 61 62 63 64 65
Bus number

18



Fig. 17. Voltage profile for individual buses in MV feeder 7 at timeslot 37

The calculated values for the parameters needed to apply the proposed DR control are given in Table II. The
only buses shown are those connected to LV feeders (12 buses). The total available flexible load was 21.312kW
while the 14.80 kW required one was computed from (12). Based on PRﬁ,ﬁ (26), the individual price for each LV
feeder was determined. After applying the proposed methodology, the resultant overall demand reduction was
14.77 kW. The accuracy in the result is an indication of the feasibility and effectiveness of this DR mechanism.
It is worth noting that due to the assumption of constant power factor for all loads, a proportional amount of

reactive power is also reduced along with the real power.

Table II. Calculated parameter for applying DR at MV feeder 7 at timeslot 37.

Bus No. " Available DR Required DR (PR} Actual DR Price
(LV feeder) Sensitivity (kW) (kW) (%)‘ (kW) (Pence/kWh)

6 0.0018 0.03 0 8.11 0.019 4.89
7 0.0020 0.19 0.09 46.27 0.05 9.13
8 0.0021 2.38 0.748 31.38 1.03 7.47
9 0.0031 1.96 0.871 44.33 1.16 8.91
53 0.0024 3.48 2.765 79.43 2.043 29.19
54 0.0025 4.36 3.596 82.46 3.26 34.78
55 0.0027 0.97 0.717 74.06 0.953 12.21
59 0.0041 0.51 0.379 74.96 0.198 20.92
61 0.0043 2.02 0.634 31.33 0.688 15.24
62 0.0043 1.86 1.63 87.70 1.79 44.47
64 0.0045 1.14 0.94 82.10 1.07 34.12
65 0.0056 2.68 2.291 85.38 2.539 40.18

B. Scalability of the Proposed Framework

The implementation of the MAS framework demonstrated the interaction between the different players in
communicating, collaborating and negotiating with each other can achieve the system goal. The proposed DR
approach can provide an environment where the overall target of the system is split into sub-tasks and distributed
among agents and thus the minimising the computational process. The responsibility of DSO is focussed into
monitoring the network status and determining the optimum amount and location of DR implementation.
Forecasting the price elasticity of demand or quantity of available flexible load are not the DSO’s remit. LTAs
which are the DR aggregators, have the task of providing the available flexible loads from their associated HAs.
The SA has to set the price for each LV feeder. As a result, the proposed MAS framework eases the communication
among agents and simplifies the analytical processing.

The number of households or the incorporation of new loads or generations does not have a considerable effect
on the complexity or processing time and of the DR mechanism. This can be attributed to the following reasons:
1) The input data at DSO or SO level, such as quantity of available flexible load or required demand, are provided

from LV feeders. Thus the number of loads does not have a significant impact.
2)  The calculation of available DR by LTA is performed using statistical methods. Therefore, without any

optimization involved, the time process does not rise.
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3)  The load scheduling proposed in this research is based on decision-making at each time-interval individually.
Hence, no optimization is required. However, even if an optimization method is applied in order to schedule
the household appliances taking in to account a set of prices for a specific period, e.g., next few hours and
next day, the time processing is minimal. That is because the optimization is done in parallel for each
household.

4) HAs decide about their running of their shiftable appliances at real time and independently from other
timeslots, thus not requiring any optimization. If an optimization technique is considered for load scheduling
based on prices for a defined period, the processing time is low. This is due to the optimization being
performed in parallel for all HAs.

5)  The termination criteria of the optimization algorithm employed at the DSO, depends primarily on the network
constraints and status. The size of the network or the number of variable parameters does not affected.

It can be concluded, based on the discussions, that the proposed MAS framework has scalability features.

Integrating new agents with individual attributes is possible due to configurability of the framework. It can also

provide a platform where the system layout is adjustable. Furthermore, the framework provides the possibility for

goals, tasks accessibility to other participants’ information to be modified during implementation. The potential to
combine a centralised and decentralised control scheme can also provide added benefit. Therefore the feasibility
and effectiveness of the proposed framework for applying price-based and incentive-based DR in the DN can be

confirmed.

8. Conclusion and Future Work

This paper developed and implemented a MAS framework for active network management of distribution
networks using demand response. The aim is to propose a dynamic platform as an applicable and useful tool to
support the DNO transaction to DSO readiness. Deploying such a framework by DNOs, enables them to control
the load flow across their network and relieve the constraints through real time pricing tariffs without costly
network upgrading investment. It also benefits the other third party entities such as aggregators, suppliers and
consumers to participate in DR programmes more actively. The proposed methodology employs the price-based
DR from flexible residential loads which are modelled by synthetic load profiles created from historical data.
Moreover, the price of electricity is individualised for each LV feeder connected to several residential loads. This
models the variety behavior of customers charactristics in response to different energy suppliers and provides
more dynamic and efficient framework.

Two scenarios are considered including before and after DR implementation. The simulation results showed
the capability and effectiveness of the proposed DR framework in controlling the power flow equations in MV
feeders. That is achieved by maintaining the network active power within the acceptable limits by reducing
available flexible demands considering the most influential LV buses. The active power of the network was
maintained within the acceptable limits by reducing available flexible demands considering the most influential
LV buses. As an example, for feeder 7 at timeslot 37, the required DR was calculated to be 69.44% of the total
available flexible demands. The DR implementation resulted in load reduction of 69.30% which indicates the
feasibility of this framework. One advantage of the proposed framework is that connecting a new agent with
specific attributes to the proposed system is feasible due to the configurability feature of the proposed platform.

In addition, the agent’s goals, tasks and accessibility to other agent’s information can be modified during system
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operation. The scalability feature allows the integration of new loads, generations and agents without affecting
the simplicity and computational process of the DR algorithms. This enables the integratiion of both centralised
and decentralised DR control mechanism.

Future work includes merging local control by each LTA with wide area network management in order to
achieve more dynamic and reliable networks. Accordingly, at each time interval, HAs optimise their appliances
time scheduling by predicting and updating the price for the remaining time of the day. Applying the feedback of
the HAs on changing prices the as well as Distribution Use of System (DUoS) in updating RTP is also a future

interest.
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