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1 Research Field

The robust satisfaction of the electric energy needs of a dense consumer pop-
ulation, allowing them to run their appliances anytime, is a challenge to be
met by the utility companies (UC). The continuously increasing number of
electric vehicles (EV) connected to the power grid may result in line con-
gestion and voltage limit violations [1]. Hence, it makes their incorporation
in the perspective solutions in the power grid necessary [2]. Uncontrolled
electricity usage may cause repeated and unsolicited grid-wide surges of the
required electric power. Therefore, integrating new power plants and trans-
mission lines into the existing infrastructure may be necessary. However,
these solutions are expensive, time-consuming, and damaging to the envi-
ronment; hence they should be avoided, and alternative solutions should be
considered.

The smart grid is introduced as a modern concept [3] using advanced
technologies like artificial intelligence to improve the power efficiency [4] and
to regularize the grid-wide consumption [5]. Unlike the conventional grid,
the smart grid enables a bidirectional way of communication between the
provider side (i.e., UC) and the consumption side. Thanks to the intelligent
metering [6] in smart grids, records of energy consumption data are provided
as real-time feedback to the UC on an hourly basis or even more frequently.
Hence, aggregating a set of geographically linked populations based on their
consumption can be done easily. Such metering solutions also provide the
opportunity of implementing flexible and dynamic tariff strategies into the
consumer side for control purposes [7].

Consumption control options using the features of the smart grid [8, 9] are
investigated in order to continuously and accurately match the prediction-
based production with limited deviation as the instantaneous production
of extra energy is expensive. The demand-side response (DR) optimiza-
tion programs are considered as the optimal alternative solutions to control
the consumption pattern [9]. Such programs may limit the instantaneous
consumption or apply a dynamic pricing strategy that the consumers will
respond to. The essential objectives of the DR programs are to reduce the
power peaks that appear due to excessive and unsupervised consumption
on the consumer side. Moreover, reducing the overall electricity costs when
supplying and consuming. Hence, the DR programs find an equilibrium
point that checks all the mentioned objectives and brings benefits to both
the consumer and the UC. Thus, the latter reduces the additional costs of
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purchasing instantaneous energy on the market at peak periods due to the
reduced fluctuations around the predicted consumption.

The research work deals with the demand side management strategies in
a smart grid environment. The DR program is based on a dynamic pricing
strategy to be implemented by the UC and the automation and control of
the consumer’s appliances on the household and neighborhood levels. The
presence of distributed energy resources such as the EV and photovoltaic
panel should be incorporated in the DR programs.

The aim of the thesis can be divided into two main parts. On the one
hand, the UC seeks to provide the amount of electric energy purchased from
the power plants to the consumption side without buying additional energy
when the demand exceeds the predicted supply capacity [10]. Therefore, the
dynamic pricing should be adequately generated to reflect the energy market
at specific times in order to match the demand with the supply. The dynamic
pricing strategy should consider different consumers’ behavior coexisting in
the same population. Hence, the behavior of the consumers is built up using
real consumption data provided by UC in Hungary.

On the other hand, the consumer searches for opportunities to reduce his
electricity consumption bills. Despite the fact that dynamic pricing intends
to influence the overall consumption, the consumers cannot be expected to
continuously adjust their consumption to such tariffs since the marginal ben-
efit of a single consumer side action remains small [11]. Hence, it is important
to develop automated algorithms to control the power consumption of mul-
tiple households in response to the dynamical pricing algorithm proposed by
the UC. Recall that this work does not address the economic incentives or
business models behind implementing such household optimization strategies
or the dynamic pricing optimization. The focus of this research remains the
development of a set of optimization algorithms to solve the control problems
alone.

2 Research Target

The goals of this research work are to propose a dynamic pricing algorithm
for the utility company, specifically the Time-of-Use tariffs (ToU). ToU tariffs
are commonly adopted in DR programs since the prices change less frequently
compared to the other dynamic pricing strategies (i.e., Real-Time Pricing,
etc.). Moreover, consumers can easily understand the ToU tariff structure for
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its resemblance to the flat tariff. On the consumer side, the aim is to develop
transparent consumer side solutions that adapt automatically to those pric-
ing strategies so that the overall control objective (i.e., global consumption
regularization) is met.

The application of such solutions would avoid high energy demands in
peak hours and would minimize electric energy costs. The consumer side
will benefit from an optimal comfort level with lower electricity bills. At the
same time, the UC will increase its profit by matching the predicted and
programmed supply with the real-time demand. Hence, as shown in Fig. 1,
the research is focused on two main control problems:

Figure 1: Summarized framework of the thesis

� Control Loop 1: optimal consumption scheduling for non-thermal appli-
ances and indoor temperature control on the consumer side (household
level and neighborhood level) as shown in Fig. 2. Residential consumers
possess different appliances equipped with the necessary technology to
connect them to the smart grid (smart appliances). These appliances
can be controlled based on their operations in order to consume energy
efficiently. Multiple energy sources can be available at a household level
for supplying the appliances. To automate the appliances’ operations
on the consumer side, novel algorithms are needed to consume effi-
ciently the energy while maintaining the consumers’ preferences (i.e.,
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Figure 2: The consumer side framework

appliances running times and desired indoor temperature). A popula-
tion of consumers can be connected under the same UC yet can have
different consumption behavior. Hence, the interconnection nature of
this residential population can be considered to allow the possibility
for energy exchange among them.

� Control Loop 2: dynamic pricing schemes on the utility company side
to control the overall consumption of a specific consumer population.
Thanks to the bi-directional way of communication between the con-
sumers and the UC, the real consumption data of residential consumers
in two towns in Hungary are available to be analyzed. Hence, the UC
can use this data to extract the consumers’ behavior or at least have
a hunch about it. Moreover, purchasing and planning the energy dis-
tribution of the day will be optimized to match the demand with the
supply or at least limit its deviation. Therefore, the UC can develop
the best strategies to tackle all the existing consumption behaviors in
the selected populations to guarantee a reduction in the overall power
peak.

The two control loops are broken down to the following sub-tasks:

� On the consumer side (residential consumer population):
- Construct a thermal model of a household as well as the electricity
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consumption models of smart home appliances models (e.g., washing
machine, dishwasher, etc.),
- Include the electric vehicle and use it as a special appliance which can
also serve as a source of electric energy,
- Develop scheduling algorithms for the smart appliances guaranteeing
optimal electricity costs,
- Control the household temperature to achieve optimal comfort for the
consumer while keeping the related electricity consumption costs at a
minimal level,
- Introduce renewable energy resources into the grid and schedule when
they can be deployed based on the energy needs,
- Optimizing electricity consumption for a group of consumers with
different consumption behaviors and coordinating the energy exchange
among them.

� On the utility company side: (the flowchart of the algorithm is shown
in Fig. 3)
- Aggregate a group of consumers with different behaviors based on
real consumption data in Hungary,
- Distinguish the consumers’ group eligible for participating in the DR
program,
- Work out a consumer behavior model that is identifiable based on the
real consumption data while respecting the privacy of the consumers,
- Develop algorithms that generate optimal Time-of-Use electricity tar-
iffs to minimize the cost of additional energy purchased over the pre-
dicted consumption and incentivize the consumers.

3 Scientific Results

In this section, the developed new scientific results are summarized. The
first thesis group deals with the demand side management on the residential
consumer side. The scheduling algorithms are created using the YALMIP
toolbox in Matlab/Simulink environment and solved using Gurobi solver in
the same environment. The thermal appliance (i.e., HVAC) control is carried
out using the Model Predictive Control algorithm in Matlab/Simulink envi-
ronment. The algorithms propose novel results in controlling the consump-
tion pattern to avoid power peaks appearance while saving on the consumer’s
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Figure 3: Steps of the proposed algorithm on the UC side.

electricity bills.
The second thesis group proposes new algorithms and strategies to opti-

mally plan the energy purchase and distribution, and most importantly, to
minimize the deviation of the energy supply from the demand. The aggrega-
tion of consumers is carried out using k-means clustering techniques based on
real consumption data. The ToU electricity tariffs and the new load demand
are optimized using genetic algorithms of the global optimization toolbox in
Matlab/Simulink environment. The two thesis groups form a compact and
complete control loop strategy to tackle the energy consumption problems
that appear with the rise of the world’s population and the increasing number
of electric appliances installed in residential houses.

Thesis Group 1 (Consumer side algorithms) I designed an optimiza-
tion framework for household electricity consumption, including two inter-
acting algorithms: (1) appliance scheduler; (2) MPC-based temperature con-
troller. The interaction of the components ensures that the overall electricity
constraints are enforced, and the temperature comfort is maximized.

Related publications: [S1, S2, S3, S4, S5, S6, S7, S8]

Thesis 1.1 I developed an optimization algorithm based on integer program-
ming techniques to schedule shiftable household appliances in response to dy-
namic ToU electricity tariffs. The algorithm considers the operational con-
straints of the appliances, the user schedule preferences, and the charging
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periods for an Electric Vehicle (EV). Furthermore, the EV can also be a
power source for household appliances.

Related publications: [S1, S2, S3, S4, S6]

Thesis 1.2 Based on MPC techniques, I developed an algorithm to control
the inside temperature. The model used is based on the thermodynamic de-
scription of the household. The cost function includes a temperature incon-
venience based term, which can also be used to compensate the consumer.
I demonstrated that the MPC reduces the inconvenience-based compensation
by minimizing the reference tracking error while consuming the energy effi-
ciently.

Related publications: [S1, S2, S3, S4, S5, S6]

Thesis 1.3 I established an interaction method between the two optimization
components (see Thesis 1.1 and Thesis 1.2) for efficient energy usage. The
output of the scheduling component defines the energy constraints of the MPC
component. I worked out an algorithm that triggers a rescheduling event
by the MPC component if the amount of energy available is not enough to
actuate the heating system to drive the inside temperature.

Related publications: [S7]

Thesis 1.4 I developed an algorithm that maximizes the usage of distributed
energy resources that are locally generating power in the household. I intro-
duced a solar panel and an energy storage system, where the latter is scheduled
to charge when the ToU tariff is low during the schedule horizon. I developed
an algorithm that schedules and coordinates the energy consumption (i.e.,
source of energy) of multiple households that are equipped with EVs. I estab-
lished a local virtual energy market as a non-cooperative game between the
consumers connected under the same UC to sell/buy the extra energy.

Related publications: [S8]

Thesis Group 2 (Utility company side) I developed a cost model, a price
sensitivity-based user behavior model, and a multiple-step algorithm to design
optimal dynamic pricing strategies for utility companies (UC) selling elec-
tricity to households. The algorithm uses only the consumption data of the
consumer population, and it was analyzed on real consumption data recorded
in two cities in Hungary.

Related publications: [S9, S10, S11]
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Thesis 2.1 I developed a consumer categorization algorithm allowing the de-
sign of different ToU tariffs for consumer groups with different electricity
power consumption behavior. The algorithm includes a k-means clustering on
aggregated and averaged consumption data which is followed by a categoriza-
tion. The categorization is heuristics-based, and it assigns to each consumer
cluster a capacity level to reschedule its consumption. The structure of the
ToU tariff, namely the number and duration of tariff periods during the day,
are determined independently for each consumer category.

Related publications: [S9, S10, S11]

Thesis 2.2 I developed an optimization framework to determine the electric-
ity prices for each tariff period of each consumer category. The calculation
of the cost function involves the evaluation of the price sensitivity model of
consumers and the cost model of the utility company, which are also elabo-
rated. The optimization uses genetic algorithms. I carried out a numerical
robustness analysis that shows the dependence of the profitability of the opti-
mal ToU tariff on the price elasticity parameters. The analysis shows that the
ToU tariffs remain profitable to the utility company (compared to flat tariffs)
despite a large uncertainty on price elasticity parameters. I also proposed a
method to identify the price elasticity parameters.

Related publications: [S10, S11]

4 Conclusions

With the technological advancement of the power grid infrastructure in gen-
eral and residential housing in particular, the thesis results can be applied to
optimally distribute and consume electric energy.

The results of Thesis Group 1 can be used to tackle the energy consump-
tion on the residential consumers’ side. The results demonstrate complete
automation of the household’s thermal and non-thermal appliances opera-
tion control. Furthermore, distributed energy resources such as the EV and
renewable energy sources can be integrated easily to be used as additional
energy sources to not overwhelm the power grid. Unlike the traditional grid,
the consumer has an active role in choosing the best strategies that answer
his preferences (such as appliances switching on/off times, selling/purchasing
energy from the neighboring consumers, etc. )
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On the other hand, the results of the Thesis Group 2 can be adopted by
utility companies to plan their energy supply better and to increase their
profits. Optimal dynamic pricing structures (ToU tariffs) are validated using
real consumption data recorded in Hungary, and they demonstrate a great
potential to shift major loads to avoid peak power appearances. The strategy
also aims to keep the consumers’ privacy while designing the ToU tariffs.

The thesis has covered all the aspect that are related to the energy con-
sumption control and management; however, some further ideas can be con-
sidered as possible research directions. The optimization framework on the
UC side can be easily extended to more complex consumption prediction
schemes and ToU tariff structures (e.g., different tariffs during the weekdays
and weekends) and improved consumer clustering and categorization tech-
niques based on more complex features.
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