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Abstract—The general energy demand of the residential sector Qac The cooling power input to the room.
and the ensuing option for fossil fuels produce adverse results by . .
both CO:, greenhouse gases (GHG) and extra air pollutant Os The heat ﬂOW Into an exter19r .Surface of the
emissions. As domestic energy demand consists mostly of energy house subjected to solar radiation
nec?ssities for space and. vs:ater heatil.lg alongside the energy R The thermal resistance of the windows.
dedicated for appliances, distinct strategies that target to foment a .
practical consumption of energy have to be reinforced at all levels R The thermal resistance of the wall.
of human activity. In this paper the aim is to make a comparison S(t) A binary variable that emulates the turn-on
between proportional-integral-derivative (PID), thermostat dt £f of the th t
(ON/OFF) control and Model Predictive Control (MPC) models of and turn-off of the thermostat.

a domestic heating, ventilation and air conditioning (HVAC) T; The temperature of the room.
system controlling the temperature of a room. The model of the T Th bi
household with local solar microgeneration is implicit to be located out ¢ ambient temperature.
in a Portuguese city. The house of the case study is at the mercy to T, The wall surface temperature.
the local solar temperature, irradiance and 5 Time-of-Use (ToU)
electricity rates applied on a complete week of August, 2016. T The wall temperature.
The second purpose of this study is to assess which is the best U The non-empty set described with linear
electricity ToU rate option provided by the local electricity retailer ine fgr

SO% qualities.
for the residential sector.

u(.k) Future control sequence.

Keywords— FEnergy optimization; Model predictive control; u(k +i| k) Future control sienals for i=0... P-1
Energy management controller; Photovoltaic microgeneration; o ) g i ’
Residential building. w Positive definite matrix of the performance

weights.
NOMENCLATURE x(k) The state vector.
Aw The wall area. . x(klk)  The current state.
1; iﬂe §tatet(or :}fstem) matrix. (k) The system output.
¢ input ma rn?. y(k+ilk) The estimated outputs.

c The output matrix. Table of abbreviations
Cin The thermal capacitance of the indoor air. GHG Greenhouse Gases
Cui The thermal capacitance of the wall. HVAC Heating, ventilation and air-conditioning
ho The combined convection and radiation LQ Linear Quadratic

heat transfer coefficient. MIMO Multiple Input-Multiple Output
1 The identity matrix. MPC Model Predictive Control
J(k) Infinite horizon performance cost. ON/OFF Thermostat
k Sampling instant and the current control SISO Single-Input and Single-Output

interval. ToU Time of Use Tariff
k+i The time instant associated to the future state

prediction for i=1...N.
The prediction horizon.
Positive definite matrix.

vz =

The control horizon.
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I. INTRODUCTION

As a result of concerning alterations in climate, oscillations
in costs of energy, uncertainty regarding energy sources and the
growth in energy demand, a rising interest has been widely
witnessed in alternative methods of generating, distributing and
consuming energy while keeping it under control [1].
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Thus, in order to effectively tackle such substantial
challenges the planning of energy efficient buildings as one of
the paths to follow in order to achieve a proper sustainable
development [2]. Around the world researchers and policy
makers are aiming on decreasing the GHG emissions and air
pollution through the expansion of the electricity originating
from renewable resources and have already started an important
change in producing and supplying of electricity [3], [4].

A fundamental purpose of housing is to safeguard its
inhabitants from hostile weather, mainly during periods of
severe ambient temperatures which undoubtedly influence the
thermal comfort. In order to keep a satisfying comfort inside the
residence it becomes essential for indoor air temperature and the
temperature of internal surfaces of the house enclosure to be kept
within a specific desired interval. Combined they generally
depend on fluxes of heat emerging through internal surfaces of
the residence [5].

According to researchers, the buildings sector is accountable
for circa 30% of the overall energy consumption in the world, of
which the housing sector is responsible for 74% of the entire
energy consumption [6], [7]. This sector is also responsible for
circa 8% of direct CO, emissions from the end user. It is
estimated that if deprived of any energy efficient solutions in this
field, the overall energy demand will rise by 50% in 2050 [8].

All in all, two distinct methods at this time strive to achieve
energy efficiency gains: the presence of more energy saving
equipment in the dwelling, or the efficient control of the energy
consumption by employing an EMS [9]. HVAC systems uphold
the most significant part of building energy consumption [10]
with around 20-50% and are responsible for a main share of
energy consumption [11].

Quite a few methods based on the MPC have been proposed
and tested with the intention to optimize the operation of HVAC
systems. The MPC is, mostly, an optimization based approach
in which a clear model is utilized to predict the performance of
the controlled plants over a receding horizon. The recognition
by the research community of the MPC occurred ever since its
first use in the process industry in 1970s. At the moment, the
MPC method is largely utilized in several applications that range
from railway traffic management [12] to supply chain systems
[13]. In the literature, the research of MPC is mainly aimed
towards a centralized implementation. In contrast, with the quick
progress of energy efficiency technologies and the mandatory
increase in the economic performance, large scale systems, such
as EMS, ten to be more complex [14]. Consequently, new and
original methods are required to involve and control numerous
utility-owned and third-party assets in a sustainable and reliable
way.

The MPC method is thought to have better qualities when
compared to the classical control techniques such as ON/OFF
and PID. PID controllers are inferior since they display low
accuracy in processes which are either non-linear or have a large
time delay. For example, PID controllers only succeed in
efficiently single input single output (SISO) systems while the
MPC is capable to manage multiple input-multiple output
(MIMO) systems, to display a greater accuracy, to operate with
constraints, is robust when fronting disturbances and has the
ability to predict the performance of the controlled plants over a

receding horizon. Nevertheless, such an upper hand is
counterweighted with greater computational requirements [15].

The goal in this paper is to compare the MPC behavior with
the PID and ON/OFF control of a domestic HVAC system
regulating the temperature of a room subject to five different
electricity summer ToU rates which are currently are in force by
the Portuguese electricity retailer [16]. A household model of
with local solar microgeneration is considered for this study and
the setting is considered to be in the city of Covilha, Portugal.
The focus is on an entire summer week of August of 2016 in
which excessive levels of ambient temperature and solar
irradiance were witnessed. As stated by weather researchers it
was the second hottest August in Portugal since 1931 [17].
Hence, the aim is to compare the aforementioned control
methods of the HVAC system under high temperatures
witnessed during this period by applying the available ToU rates
for summer seasons.

The remainder of the paper is organized as follows: in
Section II the general overview of the MPC methodology is
presented. Then, in Section III the developed test case is shown
while in Section IV obtained results are discussed. Finally,
conclusions are drawn in Section I'V.

II.  GENERAL OVERVIEW OF THE MPC

This control method which is intended to optimize a series
of manipulated variable adjustments bound by a prediction
horizon functions as such through the use of a process model in
order for the optimization predictions of process performance
based on a linear or quadratic objective, restrained by equality
or inequality constraints. In a control technique of such a nature
the optimization is executed repeatedly on-line — the receding
horizon which is the inherent contrast between MPC and other
control methods. In ideal conditions only the suboptimal result
for the total solution can be accomplished, such is the limitation
of such finite-horizon optimization. Nonetheless, the
optimization of the receding horizon can adequately include the
uncertainties suffered by the model, also the time-varying
disturbances and behavior [18]. The forecasts of the MPC are
formed by utilizing a dynamic model, normally a linear model.
The basic concept of the behavior of the MPC can be observed
in Fig. 1.
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Fig. 1. Basic concept of the bahaviour of the MPC.



A. Elemental MPC Controller Formulation

The most comprehensive state-space representation of a
linear system with p inputs [19], g outputs and n state variables
is represented as follows:

x(k+1)= Ax+ Bu(k) (D
y(k) = Cx(k) )

where
x(k)e R", u(k)e R?, y(k)e R? 3)

The follow-up of such representation is that the system will
be observable and controllable.

As previously mentioned, the MPC is an optimization based
control law, and in an elemental MPC controller the
performance measure is nearly each time a quadratic cost.
Through the representation of the positive definite matrices as:

M=M"~0 4)
and the performance weights is given by:
w=w">0 (5)

The optimal control input has to be identified in order to
minimize the infinite horizon performance cost:

J(k) = ixT 1MLk +u” (G LEWu(j k) (6)

=k

In an unconstrained scenario, the solution to this equation is
given by the linear quadratic (LQ) controller. Yet, in a
constrained scenario, no analytic solution exists. As an
alternative, the objective in the MPC is to establish a prediction
horizon N and approximate the problem with a finite horizon
cost:

k+N-1

J(ky=Y x"GloOMx( k) +u" (Gl oWu(j k) (7)

j=k

The finite horizon is essential since it is due to it that it is
possible to solve the problem, but simultaneously, other
complications are brought by the finite horizon.

By utilizing the model from (1) and (2), it is possible to
predict the state x(k+jlk), given a future control sequence u(-|k)
and the current state x(k|k). In such a case, no state estimation is
obligatory and it is assumed that C=I, therefore, x(klk) = x(k).
Consequently, the prediction is represented as:

i—1
x(k+ j| k)= A"x(k | k)+JZ:A-i’i’lBu(k+i | k) (8)

i=0

By utilizing such predictions, it is possible to define the
following optimization equation:

k+N+1

min 3 x" (G OM(j o)+ (G LOWu(i 1K) (9)

J=k

which is subject to:

uk+jlk)eU (10)
and
x(tk+jlk)=Ax(k+j-1|k)+Bu(k+j-1|k) (11)
and thus, it is possible to design a basic MPC controller.

III. CASE STUDY

The room is acclimatized with a HVAC system with a power
cooling capacity of 3.516 kW. The heat exchange with the
exterior occurs through the outer wall of the room and it is the
most important cause of disturbance of the preferred thermal
comfort level of the room. With the purpose of testing the three
control strategies, the rate of heat loss/generation through the
model of the external wall of the room is simulated by means of
a temperature based time series with significant wide thermal
amplitude variation upon 24 hours. The ON/OFF, the PID and
the MPC are fixed with a limit of +/1 °C and having as reference
23°C.

A. The model of the room

With the purpose of constructing enjoyable and satisfying
interior environments in terms of temperature in distinct rooms
of the house - additional energy needs to be consumed with the
purpose to remove or insert heat. As a result, the preferred
comfort level is established by choosing a reference temperature
and by assessing the space air temperature. The comfort level
based on temperature is disrupted by the amount of residents that
inhabit the dwelling, the thermal mass of the space itself, and by
the exchange of heat with the external environment through the
external walls as can be observed in Fig. 2. Consequently, the
temperature dynamics of a room in the house derives from such
factors as the balance of energy of the outside environment
temperatures and the HVAC equipment that inserts or extracts
heat from the room in permutation with the indoor thermal mass
as depicted in Fig. 2.

With the objective of calculating and comparing the
behavior of the controller a thermal mass model utilizing a
resistance-capacitance circuit analogy is modelled. The
aforementioned model contains the heat flow balance between
the thermal capacitance of the internal air and the external wall
and windows of the room of a house [20]. With the purpose of
having a uniformed temperature in the room it is assumed that
the air inside is homogeneously mixed. The following
expressions were withdrawn from [21]:

AC * %9999
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Fig. 2. Indoor environment temperature control.
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where Q.. gives the cooling power input to the room, the
ambient temperature by Ty, T quantifies the temperature of the
room, the wall temperature is given by T, the thermal
capacitance of the wall by C,,;, and the thermal resistance of the
wall by R, R.s represents the thermal resistance of the
windows, the thermal capacitance of the indoor air is given by
Cin and the heat flow into an exterior surface of the house
subjected to solar radiation by O;. The combined convection and
radiation heat transfer coefficient is quantified by A,, the wall
area is represented by Aw, T, represents the wall surface
temperature. Finally, S(¢) represents a binary variable that
emulates the turn-on and turn-off of the ON/OFF. For this study,
the operation of AC is represented by a power switch block
without internal losses. All the data of the physical parameters
are acquired from [22].

The dwelling model with local solar microgeneration is
assumed to be located in Portugal, specifically in the city of
Covilha. The modelling tool employed in this study is Simulink,
developed by MathWorks, Inc. The solar PV panel capacity used
in this study is 0.55kW. The dwelling of the case study is subject
to the local solar irradiance, temperature and electricity ToU
rates of a specific week of summer — from 8% to 14™ August,
2016. Five different electricity ToU rate options are used in this
study and the prices of the electricity tariffs can be observed in
Table 1. The aforementioned five electricity ToU rate options
are the ones currently applied by the Portuguese electricity
retailer and can be observed in Fig. 1. Option B is the standard
flat tariff of Portugal, option A and C are three tier Tariffs, and
options D and E are both two tier Tariffs. Electricity ToU rates
and price information was taken from [23] which were recently
made available for the Portuguese residential market by the
electricity retailer — EDP - Energias de Portugal. As it can be
observed in Table 1 the highest price is naturally at critical peak
hours with 0.27 €/kWh for three tier ToU rates and the lowest
one is at valley hours for both two and three tier ToU rates with
0.12 €/kWh.

IV. RESULTS AND DISCUSSION

Once the assessment in maintaining the temperature of a
room controlled by ON/OFF, PID and MPC of the HVAC
performance is effectuated, the obtained results indicate that if
the system is managed by ON/OFF the utilized energy in kWh
is higher when compared to other two options, except Monday,
8™ August. The obtained results have also revealed that the
greatest HVAC operation is by using the MPC control option.
The energy consumption of all three control options of the entire
week can be observed in Fig. 4. The lower energy use witnessed
on 10" of August occurs as a result of being the coolest day of
the week, justifying a lower use of the HVAC system. The
consumed energy cost of each controller option per ToU tariff
option is shown in Fig. 5. By analyzing the information given by

this figure, it can be noticed that the MPC is the best controller
option in terms of energy efficiency and the tariff ToU option A
— a three tier pricing scheme — is the option that allows a lower
energy consumption.

TABLE I.  THE PRICES OF THE ELECTRICITY TARIFFS IN €/KWH
Without With VAT (in €)
VAT (in €)
Flat Tariff 0.1634 0.2010
Two tier ToU rate Valley 0.1002 0.1232
Two tier ToU rate Non-Valley 0.1909 0.2348
Three tier ToU rate Valley 0.1002 0.1232
Three tier ToU rate Peak 0.1716 0.2111
Three tier ToU rate Critical Peak 0.2169 0.2668
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Fig. 4. The energy consumption of ON/OFF, PID and MPC of the controlled
HVAC system.
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V. CONCLUSION

A distinct MPC strategy with the goal to foment an efficient
consumption of home heating energy has been presented in this
paper. A comparison between the ON/OFF and PID control
models and a MPC model of a domestic HVAC system
managing the temperature of a room was made. The household
model with local solar microgeneration was assumed to be
located in Portugal, specifically in the city of Covilha.
The residential building of the case study was at the mercy of
the temperature, local solar irradiance, and five ToU rates
provided by the local electricity retailer for the residential sector
and applied on an entire week of August, 2016. Therefore, the
energy consumption of the HVAC system and its performance
during the whole week was calculated and the consumed energy
cost assessed. Obtained results showed that the MPC was the
best controller option in terms of energy efficiency. It also
showed that the tariff ToU option A, a three-tier pricing scheme,
was the option that allowed a lower energy consumption degree.
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