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Abstract: Capacity challenges are becoming more frequent phenomena in residential distribution
networks with new forms of loads, distributed renewable energy resources (RES) and price-responsive
applications. Different types of demand response programs have been introduced to tackle these
challenges through iterative changes in price and/or contractual participations based on incentives.
In this research, a dynamic network tariff-based demand response program is proposed to address
congestion problems in low-voltage (LV) networks. The formulation takes advantage of the scalable
architecture of the agent-based systems that allows local decision making with limited communication.
Energy consumption schedules are developed on a day-ahead basis depending on the expected cost
of overloading for a number of probable scenarios. The performance of the proposed approach has
been tested through simulations in the unbalanced IEEE European LV test feeder. Simulation results
reveal up to 82% reduction in congestion on a monthly basis, while maintaining the quality of supply
in the network.

Keywords: congestion management; dynamic tariff; agent-based distribution networks;
demand response

1. Introduction

Fundamental changes are expected in the power systems in terms of increasing shares of renewable
energy resources (RES)-based local distributed generation (DG) units and price-responsive residential
flexible loads. Due to the intermittent nature of the DG units and reduced diversity of the loads,
more and more operational challenges are appearing in residential LV networks in terms of voltage
variations, thermal overloading and power quality issues [1]. Congestion or thermal overloading
result from power flows through a network asset (lines, cables, transformers) exceeding its transfer
capability. Even though the network assets are usually designed to withstand power flows beyond a
defined margin, continuous overloading leads to ageing and subsequent failure of the distribution
cables and transformer windings [2,3]. The conventional approach of reinforcing the network assets to
tackle such issues necessitates a huge investment, and it is also deemed redundant, as the frequency of
such issues is unpredictable [4]. In order to avoid the huge costs, different types of demand response
(DR) mechanisms have been studied and developed worldwide for the procurement of flexibility
from end-users in order to solve these operational challenges. These mechanisms can be roughly
subdivided into direct and indirect load control methods. In direct methods, end-users are compensated
through an appropriate contract, which enables automatic or manual shift in consumption of electricity
based on the requirements of the network operator. Indirect methods, on the other hand, invoke
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flexibility through a market-based coordination and/or dynamic price signals [5,6]. An overview
of such mechanisms has been presented in [7–12] for various types of smart grid domains such as,
for instance, microgrids, load balancing services, smart electric vehicle (EV) charging and residential
energy management.

A centralized coordinated home energy management system, which implements daily power
based network tariffs to mitigate network congestion due to the high demands of heat pumps (HPs) and
EVs, is described in [13]. In contrast to conventional centralized methods, a number of decentralized
approaches have been proposed in order to adequately address the comfort of the end-users for
scheduling the energy consumption of dynamic inputs [14–17]. Such decentralized approaches aim to
enable the end-users to take autonomous actions with no or limited communication with other entities.
Contrary to the centralized approaches, they offer a more robust and reliable operation due to the
lower vulnerability for communication failure.

A local market based framework has been presented in [18] that supports the network operators
and prosumers to fully utilize the available flexibility and, thus, enhance the operational efficiency of
the network. Dynamic tariff schemes that consider the high level penetration of EV and HP have been
discussed in [19–21]. In order to tackle congestion in distribution networks, a dynamic subsidy (DS)
method is presented in [22] to motivate aggregators to adjust the load profiles and to take network
constraints into consideration. DS is inherently an incentive or reward that the distribution system
operator (DSO) is willing to pay to the aggregators who would reschedule their energy profiles.
Sensitivity analyses and linear approximation methods have been applied in [23] to develop a pricing
model, considering EVs as a flexible load and accounting for three-phase and single-phase voltage
variation, network losses and overloading of network components. For the identification of barriers,
potential solutions and opportunities, a generic method is applied in the Netherlands [24]. The applied
method focuses on market integration aspects and tries to access the flexibility procurement mechanism
through the aggregators. As an outcome of the study, an analysis on relevant issues for market
integration with reference to the Dutch system and European Grid codes is presented and a lack
of proper communication system between users is identified. Authors of [25] have performed an
analysis to understand the network pricing methodology most suitable for prosumers in the future,
and they concluded that contracts would be economically efficient when retailers have access to the
full range of devices, which helps them to convert wholesale electricity pricing in retail contracts,
and second, the wholesale price associated with customers must represent the short term marginal
cost of electricity production.

However, for a market-based DR mechanism, a sound methodology for congestion management
is important to reflect the realized ageing of the network assets to a representative financial loss.
An integrated congestion management mechanism has been proposed in [2,16] for the residential
networks that involve the dynamic loading model of a distribution transformer. In reality, procurement
of flexibility can be a more complex problem involving multiple involved actors in the same network.
This work extends the market-based control proposed in [16] for day-ahead scheduling of the residential
appliances that considers the dynamic network tariff to avoid thermal overloading of the MV/LV
transformer. The tool developed in [16] has been used for estimating the overloading cost for different
scenarios of imminent day-ahead loading, and a more realistic approach has been adopted of changing
the network tariff dynamically for various scenarios of loading. Thus, the new approach becomes
robust for uncertainties associated with day-ahead scheduling. The method will take advantages of
Multi-Agent Systems (MAS) for a scalable architecture and distributed intelligence in a multi-actor
setting. In principle, the method allows for local decision making and dynamic scheduling of the
appliances with limited communication and a smaller number of iterations among the actors. Key
contributions of this article can thus be listed as follows:

• Day-ahead market-based congestion management through agent-based scheduling of the
residential appliances;
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• The estimated incurred cost of overloading is determined through the dynamic loading model of
the transformer and used as the trigger for the procurement of flexibility;

• The dynamic network tariff has been calculated through a robust formulation considering
uncertainties in loading and correlation among loading in different time steps.

The rest of this paper is organized as follows: Section 2 highlights the overall approach and system
architecture; Section 3 presents the problem formulation along with the description of the proposed
methodology; Section 4 provides the description of the simulation test case and the assumptions
adopted. Finally, simulation results are discussed in Section 5, before summarizing and concluding
with Section 6.

2. Approach

2.1. Overview

With the increasing adoption of flexible domestic appliances and small-scale generation
technologies like rooftop solar PV, market-based control of the LV network has been drawing extensive
research attention in recent years [26–28]. This has principally paved the way for new market actors
(e.g., aggregators, energy service companies), novel business models, innovative control algorithms
and in general, a more decentralized operation of the future power system [4].

Transactive energy frameworks have been developed to incorporate the flexibility of residential
appliances with a range of scopes and aims [29,30]. In this context, market-based mechanisms with
local flexibility services have attracted notable interest for ancillary services and network congestion
management [6]. However, in a market-coordinated network with a considerable penetration of
price-responsive appliances, the overall peak loads tend to be significantly higher due to the higher
coincidence of loads in low-price hours. These peak loads may lead to more frequent occurrences of
network congestions in the LV networks.

In this work, we aim to incorporate a variable network tariff with the day-ahead dynamic price,
as discussed in [6]. The market-based control is coordinated by a commercial market actor such as
an aggregator. Aggregators are usually responsible for managing the flexibility in their cluster of
end-users and providing the DSO with a schedule of the loading for the following day. Case congestion
is expected, and the dynamic price levels are adjusted by varying the network tariff to shift the flexible
demand in order to relieve the congestion. Conventional market-based mechanisms try to adjust the
day-ahead price based on the network or market issues. These processes need to be carried out by
market actors, like aggregators or energy suppliers, who need to be compensated for the provided
services and the adjustment in the portfolio. On the contrary, the proposed approach focus on the
network tariff part of the price and does not have to depend on the market parties.

The application of such an approach relies on robust and reliable communication among different
entities in the whole value chain. An MAS-based system architecture is adopted in this work that
provides for an efficient platform for smooth coordination among the involved actors. An overview of
the distributed system architecture and related interactions are presented in the following subsection.

2.2. MAS-Based System Architecture

A hierarchical MAS-based architecture is adopted in this work (as shown in Figure 1), consisting
of device agents, household agents, an aggregator agent and a network agent. The connected loads and
DG units are represented by device agents (DAs). The DAs are responsible for the energy optimization
of respective appliances based on the given price signals and associated constraints. DAs of each
house are coordinated by a house agent (HA) that interfaces with the external market and network
agents through an aggregator. The aggregator coordinates the end-users through dynamic prices and
supports the DSO with the required flexibility during network issues.
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Figure 1. Multi-Agent Systems (MAS)-based system architecture.

The transformer agent (TA) represents a network agent that monitors and controls the MV/LV
transformer. The agent-based architecture enables the system to be sufficiently scalable, since more
end-users and their appliances can be easily included in the system in terms of new agents. At the
same time, the platform can be expanded to wider network areas by implementing more transformers
in terms of additional TAs. A more detailed description of the system architecture can be found in [16].

The interactions among the agents in the MAS environment are depicted in Figure 2. In normal
operations, the HA adjusts overall energy consumption by optimizing the predicted consumption of
the DAs. The final day-ahead profile is sent to the TA to check network security constraints. In case
the TA detects an imminent overloading of the transformer, the tariff-based DR phase is triggered
(as depicted in Figure 2b). At this phase, the TA calculates the resulting ageing and thermal overloading
cost. Based on the cost, it determines required changes in the network tariff at different time instants of
the day while keeping the daily average constant. The updated network tariff is sent to the HAs as a
flexibility request through the aggregator for an iterative solution of the problem.
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3. Modeling

In this section, the modeling of the proposed mechanism is discussed in detail. At any given time,
the total available flexibility depends upon the type of loads in the network. Therefore, in order to
procure the required flexibility, the behavior of the loads for different price levels needs to be taken
into consideration. The Markov Chain Monte-Carlo method is applied in this regard to perform the
modeling of household loads [31].

The day-ahead scheduling of the appliances has two aspects. First, the response of the devices
needs to be modeled for dynamic prices, and then their behavior needs to be adjusted for changes in
the price if flexibility is requested by the TA.

3.1. Response to Dynamic Pricing

The household appliances can be broadly categorized into four groups, i.e., non-controllable,
buffer appliances, time shifting and curtailable appliances [32]. The non-controllable appliances are
mostly commonly known as the base load and include the devices that do not offer controllability for
different levels of price. Buffer appliances represent devices with integrated storage facilities in terms
of thermal (e.g., freezers, heat pump) or electro-chemical energy (e.g., batteries, EV). Time-shifting
appliances can shift their consumption in time based on price and include the washing machine,
dishwasher, etc. Finally, the curtailable appliances refer to the devices that can be interrupted based
on predefined contracts for different purposes (e.g., solar PV system for voltage violation or network
congestion). Each type of these appliances would react differently to the incoming price levels. The HA
tries to optimize the energy cost of the house by utilizing the available flexible loads, and the associated
optimization problem could be expressed as:

min
|A|∑

a=1

NT∑
t=1

pt × Pt,a × ∆t (1)

where A is the set of all appliances within a single household, NT is the number of time steps in a day,
pt is the price at time t, Pt,a is the power of appliance a at time t and ∆t is the duration of each time step.

The buffer and time shifting appliances need to optimize their profiles based on the dynamic price.
Since the devices are categorized in different groups, their energy use can be considered independent
of each other. Equation (1) can thus be re-written as:

|A|∑
a=1

min
NT∑
t=1

pt × Pt,a × ∆t. (2)

The behavior of the buffer appliances can be formulated as:

min
NT∑

t

pt × Pt,a × ∆t ∀a ∈ Ab f (3)

subject to,
t=k∑

k+xa

Pt,a =
t=k∑

k+xa

P0
t,a ∀a ∈ Ab f , k ∈ T (4)

minTP0
t,a < Pt,a < maxTP0

t,a ∀a ∈ Ab f , t ∈ T (5)

where xa is the maximum buffer time for appliance a, P0
t,a is the original load of appliance a at time

t, T is the set of the time steps in a day and Abf is the set of the buffer appliances. The constraints in
Equations (4) and (5) control that the total energy consumed by the device will remain constant and
buffer time, xa, could be altered depending on the price.
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For time shifting devices, the behavior can be represented as the following optimization problem:

min
NT∑
t=1

pt × Pt+τ,a × ∆t ∀a ∈ Ats (6)

subject to,
NT∑
t=1

Pt,a =

NT∑
t=1

Pt+τ,a ∀a ∈ Ats (7)

τmin,a < τ < τmax,a ∀a ∈ Ats (8)

where τ is the time shift of the appliance, τmin,a and τmax,a are the limits of the maximum allowable
time shift and Ats is the set of all time shifting appliances. The optimization problem of the time
shifting appliances needs to use the time shift τ as the decision variable rather than the power at each
time instant.

In this work, PV systems have been considered as curtailable only, and their behavior has been
considered inelastic to dynamic price signals. More information of the device level modeling can be
found in [6].

3.2. Price Adjustments

Generally, day-ahead dynamic price for an end-user consists of three distinct parts: the day-ahead
market price (pD

t ), a flat network tariff (pDSO) and taxes (ptax). Thus, the day-ahead price at any given
time, pt can be expressed as,

pt = pD
t + pDSO + ptax. (9)

In the Netherlands, the day-ahead market price for a particular day has an hourly resolution and
is available at 12:00 on the day before after the closure of the day-ahead market. The network tariff is
usually fixed and is around EUR 150 per year. On top of these, the energy tax is applied based on the
volume of energy consumption [5].

In this work, we aim to vary the flat network tariff to influence the end-users for shifting the
flexible appliances from the peak hours to off-peak moments.

3.2.1. Overloading Cost of the Transformer

Overloading of a transformer occurs due to higher loads at connection points such as, for example,
with charging a large number of EVs or the operation of domestic HPs. Thermal overloading generally
affects the insulation of the transformer windings; however, the involved dynamics in the loading
enable the transformer to be overloaded for some time. Consequently, the amount of flexibility that
needs to be procured should be aligned with the thermal status and the respective cost of overloading
of the transformer.

Based on the provided load-profiles and historical values of the transformer load, the TA generates
a set of probable loading scenarios to tackle the inherent uncertainties. For each of these scenarios,
it estimates the imminent loss-of-life and respective overloading cost of the transformers. To do so,
the following steps are followed:

Step 1: In this step, the TA generates the set of scenarios for probable loading. This is to counter
the uncertainties associated with real-time loading, deviations from day-ahead schedule and forecast
errors of the local generation technologies. In reality, correlations exist between the loads of consecutive
hours. Therefore, instead of calculating single values for each time step, pseudo-random profiles of
loading are generated based on Copula theory [33].

A copula is a multivariate probability distribution where the marginal-distributions are uniform.
According to the Sklar’s theorem, if those marginal distributions are continuous, the copula is unique.
Let F be a 24-dimensional distribution function with continuous margins, (F1, F2 . . . . . . , F24). A copula
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can be fitted, using the cumulative distribution functions (CDFs) of the historical load and the expected
load profile provided by the aggregator. The marginal distribution here is the cumulative distribution
functions generated by a Kernel Density Estimator (KDE). Then, the CDFs are used as inputs to generate
the copula reflecting the correlation between the loads at different time steps. Next, the synthetic
profiles generated from the fitted copula are transformed back to the original scale by applying the
inverse cumulative distribution function. The whole process of scenario generation can be summarized
by Figure 3.
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Step 2: The expected load is converted to the resulting hottest-spot temperature, θH, of the
transformer. According to IEEE Std C57.12.00-1993, the hottest-spot temperature is defined as the
highest temperature of the winding at the operating condition, and is the main element for calculating
the expected life of a transformer [34]. To determine this, a ratio called the load multiplex, K, is calculated
and then used to calculate the top oil temperature rise, ∆θTO, and the hottest-spot temperature rise,
∆θH, as:

K =
Expected load

Rated load
(10)

∆θTO = ∆θTO,R

[
K2R + 1

R + 1

]
(11)

∆θH = ∆θH,RK2 (12)

where ∆θTO,R is the top oil temperature rise at rated load, ∆θH,R is hottest-spot temperature at the
rated load and R is the ratio of load loss at rated load to no-load loss at rated load. Then, θH is found
by summing the ambient temperature θA with the above mentioned temperature rises.

θH = θA + ∆θTO + ∆θH (13)

Step 3: In this step, the ageing acceleration factor (FAA) and equivalent ageing factor (Feqv) are
calculated for the particular combination of loads and temperature for a duration of thirty min. This
is due to the fact that degradation of the insulation is realized when the transformer is generally
overloaded for half-an hour.

FAA = e[
15000

383 −
15000
θH+273 ] (14)

Feqv =

∑N
n=1 FAA∆tn∑N

n=1 ∆tn
(15)

where N is the number of time intervals, the duration of each is ∆tn hours and normal insulation life of
the transformer is Tinl hours. According to IEEE standards, the normal insulation life of a well dried,
oxygen free distribution transformer is 180,000 h or 20.55 years [2,16].
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Step 4: Based on the calculated equivalent factor, per unit loss of life of the transformer Tlol is
determined.

Tlol =
Feqvt
Tinl

(16)

The aging cost Cag can be determined by the loss of life with the total owning cost (TOC) Co of the
transformer. The TOC method is considered to be one of the most cost and resource efficient methods
for economic analysis of a transformer [35]. In addition to the initial cost of the transformer, TOC
considers the operation and maintenance cost of the transformer and is calculated over the life span of
the asset. The TOC can be determined from purchase cost CP, cost of no-load loss CNL and cost of load
loss CLL of the transformer [35].

Co = CP + CNL + CLL (17)

Cag = TlolCo (18)

If Cag is greater than the aging cost at nominal rating of the transformer Cag,R, then the overloading
cost COL is determined from the arithmetic difference. Otherwise, the overloading cost is assumed to
be zero.

COL =

 Cag −Cag,R when Cag > Cag,R
0 otherwise

(19)

3.2.2. Calculation of Dynamic Tariff

The TA calculates the dynamic tariff that satisfies the thermal constraints for each of the loading
scenarios s ∈ S. This can be mathematically presented as the following optimization problem:

min
s=sN∑

s=1,s∈S

t=tN∑
t=1,t∈T

(pDSO
t − pDSO)Ps

t ∀s ∈ S if (COL
t,s > 0) (20)

subject to,

pDSO
t = pDSO (21)

pDSO
t =

1
5

t+2∑
t f =t−2

pDSO
t + padj if COL

t f ,s > 0 (22)

padj,t ≤ max
(
COL

t,s ). (23)

pDSO
t is the decision variable and denotes the dynamic network tariff at each time step. Ps

t is the load at
time t ∈ T in scenario, s. Constraints in Equation (21) dictate that the average network tariff should be
the same for both normal operations and tariff-based DR cases. Constraints in Equations (22) and (23)
limit the range of tariff adjustment in time and monetary values, respectively.

The resulting dynamic network tariff is sent to the Aggregator for updating the price for the
end-users. This process is continued as an iterative process until the issues are resolved. In this work,
we have limited the process to up to ten iterations. The whole process can be represented by the
flowchart as shown in Figure 4.
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4. Simulation Setup

4.1. Load Modeling

A bottom-up approach is adopted for the simulation test case. The residential loads are classified
into seven categories: base load, EV, PV, heat pump, washing machine, dishwasher and refrigerator.
The base load is considered to be comprised of the non-controllable devices. The required EV charge
is modeled based on the driving distance, arrival and departure time [36]. The charging rate is
assumed to range between 3 and 8 kW. For the PV, the rated power varies between 2 and 5.5 kW per
household. The heat pumps have a rated power of 0.7 kW to 2 kW, with an additional 2 kW resistive
heating element. The washing machine, dishwasher and refrigerator have a rated power in the range
of 0.6–2 kW, 0.5–1.11 kW and 0.035–0.140 kW, respectively. For more information about the loads,
the reader is referred to [6]. A flat network tariff of EUR 0.06 is considered for pDSO [37]. The network
tariff is adjusted in such a way so that the daily average is kept fixed at EUR 0.06.

4.2. Network

A modified version of the IEEE European LV test network is used for the case study [38].
The network hosts 55 households with single phase connections. A 250 kVA, 11 kV/0.416 kV
transformer supplies the LV segment from the MV bus. The resistance and reactance of the windings
are 0.4% and 4% of the base values at the MV side, respectively. An additional LV feeder with an
aggregated peak load of 100 kW is assumed at the substation. A constant power factor of 0.95 is used
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for the power flow calculation. Per unit values in the results are calculated considering the transformer
rating as the base value.

4.3. Simulation Platform

The simulations have been performed with a time step of 15 min. The MAS-based coordination is
done in a MATLAB environment. Due to the relatively simpler form of the local optimization problems,
the MATLAB Optimization Toolbox has been used to solve them. The power flow calculations are
performed using the EPRI distribution system simulator, OpenDSS [39].

5. Numerical Results

In this section, simulation results are presented. First, the generated scenarios are briefly discussed,
followed by a discussion on the effect of dynamic price on residential demand. Next, the impacts of the
dynamic network tariff are explained, followed by the monthly performance of the proposed approach
in terms of overall efficiency of managing the congestion.

5.1. Scenarios of Loading

Figure 5 shows the scenarios generated based on the historical loading data of the transformer
and the scheduled demand for the following day based on the day-ahead dynamic price, as supplied
by the aggregator. First, a set of 1000 scenarios are generated using Gaussian copula to represent the
correlation among different time steps based on the data of previous one month. In order to simplify
the calculation, this set of scenarios is reduced to 20 that closely represent the behavior of all the
members of the set. Figure 5c shows that the set of reduced scenarios can capture the dynamics of all
the time steps of the following day based on the day-ahead price. Thus, the set of reduced scenarios
can address the uncertainties with the loading of the following day.
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5.2. Effects of Dynamic Market Price

Figure 6 illustrates the effects of the dynamic market price on the network load as a whole.
The initial load profile represents the projected profiles of the households. The HAs adapt the initial
profile based on the identical price from the aggregator. The price-adjusted profile shows distinct peaks
when the price levels are lower. The HAs essentially minimize the total energy cost by optimizing the
daily usage of all the appliances. To this end, the flexible appliances are mostly scheduled at times of
lower price. Consequently, a reduced domestic energy cost is realized by the dynamic price levels at
the expense of higher overall peak load.
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5.3. Dynamic Network Tariff for Peak Reduction

In order to resolve the congestion, the TA requests flexibility from the aggregator. This is done by
introducing the variable network tariff, as discussed in Section 3.2. As the coordinator of the demand
flexibility, the aggregator adjusts the price sent to the HAs by adding the variable tariff instead of the
flat counterpart. Flexible appliances of the end-users react to this newly available price and try to shift
loads from the peak moments. Figures 7 and 8 show the change in price and the resulting adjusted
load profiles for two consecutive days, respectively. To make use of the decreasing price at the evening
of the first day, EVs start charging almost simultaneously and, as a result, they cause congestion in the
transformer. Similarly, the coincidence of the HP operations with the conventional evening peak leads
to congestion on the second day.

Based on the overloading cost and expected loading scenarios, the TA changes the network tariff.
The off-peak price level is further reduced due to lower tariff in order to maintain a constant daily
average. The HAs respond to the new price levels by re-optimizing the flexible loads. The effect of the
increase is reflected in the loads, as the peak load on the first day is lowered to 0.98 p.u. from 1.04 p.u.
In both cases, the total energy consumption remains 4.95 MWh, since the flexible loads are merely
shifted in time.
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5.4. Monthly Assessment

The overall monthly performance of the proposed approach is analyzed in terms of the congestion
duration, network peak load and total supplied energy. This ensures the efficiency of the approach
for resolving the congestion while maintaining the quality of supply. Table 1 depicts the comparative
values of the uncontrolled load, the price-based scheduling and the proposed tariff-based DR scheme.
The congestion duration is considerably reduced with the proposed approach at the expense of a
drop in supplied energy. This happens due to the fact that some of the flexible appliances shift their
energy consumption at later hours (possibly the next day) and, hence, were not considered within the
simulation time window. The average monthly energy cost of the end-users has been reduced for the
proposed method, although the objective of the proposed approach is to tackle imminent congestion in
the network, and not to reduce the energy cost of the end-users. In reality, the end-users will not have
to face the effect, since the daily average of the tariff will be the same. In other words, they will keep
paying the same amount for the network tariff as before. The change in the cost is generated from the
differences in day-ahead price at corresponding time steps.

Table 1. Comparative monthly assessment among different schemes.

Performance Indicators Uncontrolled Load Price-Based Scheduling Tariff-Based Dr

Maximum load (p.u.) 1.07 1.07 1.05
Duration of congestion (h) 11.50 9.75 1.75
Supplied energy (MWh) 148.22 148.34 148.07

Average domestic cost (EUR) 43.88 41.23 42.02

The effects are also evident in the monthly load duration curve, as shown in Figure 9. The controlled
case demonstrates a notable reduction in the peak demand and shifts the loads when the network tariff
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is lower. Since the total energy consumption is of similar order, the comfort levels of the end-users
were also ensured.
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6. Conclusions

A dynamic network tariff has been introduced in this paper that utilizes a hierarchical MAS-based
architecture with distributed intelligence. The price-responsive behaviors of the loads have been
modeled using a detailed bottom-up Markov Chain Monte Carlo approach. The loads are scheduled
based on the dynamic prices available from the aggregator. If a case of network congestion is expected,
the DSO adjusts the network tariff part of the price by varying it throughout the day. This is done on
the basis of an estimated overloading cost resulting from the probable loading scenarios. The loading
scenarios are generated using the Gaussian copula of the expected load from the aggregator and
historical loading values of one month previous. The network tariff is raised around the peak hours
while keeping the daily average fixed.

The proposed approach has been evaluated through simulations for 55 households in a modified
form of the IEEE European LV test feeder. Simulation results reveal a notable relation between the
dynamic price and congestion, which has been reported by a number of previous studies. The proposed
approach appears to be efficient at managing congestions, as the total monthly congestion duration has
been reduced up to 82%. The monthly simulation has been performed on an Intel Core i7 computer
with 8 GB of RAM. The proposed approach requires a simulation time of approximately 15 min
compared to 12 min for the uncontrolled case.

Future research on this topic will be directed to efficient methods for local voltage control.
The functionalities of the aggregator will be further updated with smarter learning techniques for more
accurate price adjustments.
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Nomenclature

List of Abbreviations

CDF
Cumulative Distribution
Function

KDE Kernel Density Estimator

DA Device Agent LV Low-voltage
DR Demand Response MAS Multi-Agent Systems
DS Dynamic Subsidy MV Medium-voltage
DSO Distribution System Operator PV Photovoltaics
EPRI Electric Power Research Institute RES Renewable Energy Sources
EV Electric Vehicle TA Transformer Agent
HA House Agent TOC Total Owning Cost
HP Heat Pump
List of Symbols
Indices θH hottest spot temperature
a index of appliances θA ambient temperature
t index of time steps FAA ageing acceleration factor
bf index of buffer appliances Feqv equivalent factor
ts index of time shifting appliances Cag ageing cost
D index of day Tlol loss of life
s index of scenarios COL overloading cost
Sets Parameters
A set of appliances Nt number of daily time steps
T set of all time steps ∆t duration of a time step in hour
S set of all scenarios x buffer time
Variables τmin lower limit of allowable time shift
p electricity price τmax upper limit of allowable time shift
P active power ∆θTO,R top oil temperature rise at rated load
k time shift of buffer appliances ∆θH,R hottest-spot temperature at rated load

τ
time shift of time shifting
appliances

R ratio of load loss to no-load loss

K load multiplex Tinl normal insulation life of transformer
∆θTO top oil temperature rise CP purchase cost
∆θH hottest spot temperature rise CNL, CLL cost of no-load loss and load loss
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