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Abstract

Worldwide roughly 80% of heating and cooling systems in the building sector are currently
dominated by fossil-fuel technologies, [1]. These systems, known as Heating, Ventilation and
Air Conditioning (HVAC) systems in buildings, are key drivers of global energy consumption
growth, and they have caused detrimental effects to the environment as well as considerable
operational costs to the owners. These effects are mainly the consequence of the increasing
demand of HVAC systems over the last decades due to population growth, and improved
building climate comfort and indoor environmental quality requirements. Moreover, the use
of fossil-fuel based systems has contributed and will contribute to global climate change, and
thus, global warming, greenhouses emissions and weather variations.

To reduce and in an attempt to mitigate the aforementioned effects, the European Union es-
tablished the Performance of Building Directive (EPBD) that requires “all new built buildings
to be nearly zero energy buildings by 2020” and old ones will need to comply this regula-
tion by 2050, [2]. This has motivated the improvement of heating and cooling systems of
buildings, for instance by replacing their system components for energy efficient systems or
implementing better control strategies. These improvements cause not only environmental
benefits, but also the potential to realize savings. In this thesis project, our focus is on the
implementation of advanced control strategies.

The control of HVAC systems in buildings aims to provide thermal comfort and acceptable
indoor air quality. These factors are influenced by temperature, humidity and CO4 emissions.
While we will not discuss the influence of the CO4 in this project, it is important to note that
the air quality is highly affected by it. Thermal comfort and indoor air quality together with
the reduction in energy consumption is the core of this work, we propose a nonlinear Model
Predictive Control (MPC) as an approach to solve the temperature and humidity control
while aiming to realize energy consumption reduction in buildings.

MPC has been identified as an optimal control strategy, since it offers the possibility to express
the problem as an optimization program with constraints over a prediction horizon. Here,
the major advantage of using MPC in comparison to classic control methods for building
climate comfort is the straightforward relation between temperature and humidity to energy
consumption, which is quantified in the objective function definition. In this project, we use
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a nonlinear MPC to solve the cooling and dehumidification problem of a building, which we
represent as a mathematical model of a single zone space using the thermodynamics laws of
energy and mass conservation. We consider the case in which a cooling coil dehumidifies the
air, and a heating coil re-heats the air. Their dynamics are indirectly integrated in the MPC
formulation by analyzing the air conditioning processes of the air across the coils. These
processes are graphically represented in the psychrometric chart. That allows us to define the
overall system’s enthalpy or total heat content balance as the vector between the mixed air
and supply air temperatures and humidity ratios. This vector is integrated into the objective
function definition in the MPC formulation.

The problem formulation of the MPC is defined by the reference tracking of the temperature
and humidity ratio in the zone and the energy minimization problem, which corresponds to
a nonlinear constrained optimization problem. Here, the constraints are described by the
system dynamics of the temperature and humidity ratio of the zone, states constraints, and
the input constraints. The inputs correspond to the temperature and humidity ratio of the
supply air. In this formulation, the state constraints and the reference tracking allow to
indirectly limit the evolution of the relative humidity in the zone. The energy minimization
problem corresponds to one of the following cases, the optimization with respect to the (i)
air mass flow rate, (ii) the air mass flow rate and the sensible heat from ventilation and (iii)
the air mass flow rate and the enthalpy vector.

We investigate the opportunity to improve the energy efficiency by providing an analysis of
the aforementioned scenarios. From which the first was taken as the reference controller.
To solve the nonlinear program, we use the toolbox Yalmip and the Sequential Quadratic
Programming (SQP) solver. The toolbox supplies the warm-starting for the optimization
problem inside the bounds defined so that the problem is feasible, and then it computes the
solution. The results from these approaches confirm comfort requirements. And they also
show that case (iii) provides the least energy consumption in comparison to (i) and (ii).
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Chapter 1

Introduction

This chapter gives an overview of MPC control of HVAC systems in buildings for climate
comfort with focus on cooling and dehumidification by means of cooling and heating coils.
This topic is motivated by the necessity to reduce energy consumption, achieve economical
savings and lessen environmental side effects. Herein, climate comfort is analyzed by the
dynamic behavior of the temperature and humidity in the building. The impact of these
variables to maintain a comfortable environment in an energy-efficient manner is explored by
MPC. To build a better understanding of the HVAC system under study, the first section
introduces its relevant concepts and the challenges between achieving climate comfort and an
energy efficient operation of the system. Then, we present relevant literature to this work,
which is followed by the contribution of this thesis. Finally, we end this chapter with the
report structure and an outline of each of the following chapters.

1-1 Background

In the building sector to help mitigate the effects of climate change and also to decrease
operational costs, it is necessary to execute efficient operations of the HVAC system while
guaranteeing thermal comfort and air quality. These conditions are mainly influenced by
temperature and humidity, where humidity is explained as relative and specific humidity
(humidity ratio). An appropriate level of these variables reduces the side effects on occupants,
equipment, building materials and in general on items sensitive to temperature and humidity
fluctuations. For instance, poor indoor climate conditions negatively affect the productivity
and efficiency of people, and they induce a faster rate of deterioration or even malfunctioning
on materials and equipment. Hence, the main goal of the HVAC system is to comply with
the climate comfort requirements while avoiding those undesired effects.

1-1-1 HVAC systems - A brief overview

In current practices, Heating, Ventilation and Air Conditioning (HVAC) systems in buildings
are controlled by conventional control such as rule based methods and PI controllers. The
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Figure 1-1: Schematic diagram of an HVAC system for cooling and dehumidification, adapted
from [3]

energy consumption of the HVAC equipment is commonly administered by the Building En-
ergy Management System (BEMS), where their set-points are configured. The classic control
rules are easy to implement while attaining the desired comfort requirements. However, an
energy efficient operation is not guaranteed and its tuning relies on the expertise of the de-
signer. Also, since the relation of the variation of set-points and the energy consumption is
not straightforwardly linked, the classic control rules become harder to manipulate. Manip-
ulation that can be further hampered when not only human comfort must be achieved, but
also material comfort. For instance, in museums, hospitals or libraries.

In small to medium -size buildings and even some large-scale buildings, temperature and
humidity are jointly controlled, [9]. Even though a potential solution is the migration to
dedicated equipment that independently control these variables, its implementation is ham-
pered for instance by economical aspects or lack of space in the building. In these scenarios,
the HVAC system performs the climate control by conditioning the outside air by means of
its components, such as dampers, coils, and fans. In this air conditioning cycle, the most
expensive process in terms of energy usage is cooling and dehumidification. Thus, for these
systems there still exists the need to control temperature and humidity jointly.

The HVAC system being investigated is shown in Figure 2-1. This system controls the
temperature and humidity inside a room by conditioning the outside air and distributing
the treated air to the room, Figure 1-2. The supply fan transports the outside air into the
duct, where damper 1 determines the quantity of fresh to pass. Then, this air is mixed with
an amount of the return air from the room determined by damper 2. This mixture is then
cooled and dehumidified in the cooling coil. The process that occurs through this coil is
the heat interchange between the chilled water from the production units and the air. This
preconditioned air is then re-heated in the heating coil (re-heat coil) by exchanging heat
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Figure 1-2: Schematic of the ventilating system of a room, adapted from [3]

between the air across the coil and the hot water from the production units. This conditioned
air is delivered to a room or space, referred to as zone, to control the temperature T, and the
humidity ratio W, therein, Figure 1-2. A return fan transports the air out from the room
through an exhaust grille so that the air is continuously circulating. A portion of this air
is returned to the space while the rest is exhausted to the environment by the position of
dampers 2 and 3, respectively. These processes correspond to the air conditioning cycle that
controls temperature and humidity inside the building.

The understanding of the air conditioning process is a key aspect in the control of temperature
and humidity, especially with regard to humidity. At the room level, moisture changes occur
due to the air movement and exogenous inputs. For instance, the former caused by the air
mass flow rate produced by the fans, and the latter by occupancy or outside infiltration air.
In our system we consider occupancy as the only moisture gain in the building, however,
other moisture sources such as infiltration produced by cracks in the building envelope or the
opening of doors and windows may have considerable effects on the humidity. Consequently,
the humidity ratio variation in the room is the result of the interaction of the aforementioned
exogenous inputs and the air conditions from the ventilation of the supply air.

The supply air conditions from ventilation are the result of the dehumidification and re-
heating processes through the heating and cooling coils. These conditions allow to control
the temperature and humidity in the building and the heat being transferred to the zone is
produced by the air mass flow. Here, the fan produces the air mass flow rate that transports
the conditioned air throughout the room, thus it transfers latent or sensible heat to the room.
The latent heat from ventilation corresponds to a moisture input controlled by the HVAC
system and may negatively affect the humidity ratio inside the room if the conditioned air
has less moisture than the internal moisture generators. If dehumidification is required in the
building, the amount of moisture from ventilation injected into the zone is the result of the
dehumidification of the mixed air across the cooling coil. Otherwise, it is the result of the
mixed-air conditions. The supply air temperature from ventilation is produced by either the
cooling or heating coils, in which the heating coil does not affect the cooling off-coil humidity
ratio.

Master of Science Thesis Andrea Carlota Diaz Guasgua



4 Introduction

1-1-2 Challenges of temperature and humidity control

In this work, the problem that we aim to solve is determining the optimal temperature and
humidity in terms of energy efficiency of the air conditioning equipment, namely the cooling
and re-heat coils. There are identified two factors influencing the complexity of the problem,
which are its modeling and the controller synthesis of the joint control of these variables.

HVAC systems in building modeling poses as complex, nonlinear, discrete-time Multiple-Input
Multiple-Output (MIMO) systems, [3]. For the sake of simplicity, we assume a mathematical
model of a building where the parameters of the system are known. However, this assumption
will need to be further investigated in a separate project by system identification and filtering
techniques. Even though the parameters in this work are assumed to be known, the nonlin-
earities yield higher computational effort and tractability issues when an advanced controller,
namely MPC, is implemented.

To overcome the aforementioned issues, the simplification of the system dynamics is required.
This is possible to realize by the understanding of the air conditioning processes, which are
better explained by psychrometrics, the studies of the properties of the air. Regarding the
humidity property of the air, the distinction between humidity ratio and relative humidity is a
key aspect to the zone model, since the humidity ratio variation in the zone can be considered
to be decoupled from the temperature in the zone. This no longer holds for the relative
humidity, because it shows a nonlinear coupled relation with the temperature and humidity
ratio. These psychrometric concepts allow us to model the dynamics of the temperature and
humidity ratio in the zone as a nonlinear system, and disregard the coils dynamics. Thus, the
complexity of the system is reduced and the model captures the air conditioning processes,
which corresponds to the change of phase of the air. This process starts when the air is
transported from the inlet damper, distributed and conditioned by the cooling and re-heat
coils to the room and returned or exhausted from or out of the system by the respective
dampers.

Temperature and humidity regulation in buildings is determined by the operation of the HVAC
system equipment, their controllers, and the operational set-points during each season of the
year. We assume that low-level controllers exist that are able to track the set-points, and we
define the scope of the project to a time period when cooling and dehumidifying of the air is
needed. Herein, the set-points relation to energy is not a straightforward concept, and their
operation is not guaranteed to be energy efficient. To define this relation, Model Predictive
Control (MPC) is able to address the minimization of energy consumption and maximization
of comfort as an objective function, while also handling the constraints for climate comfort.
For instance, by limiting the temperature, humidity ratio, and the conditioned air inputs in
a specific range. By limiting the temperature and humidity ratio in the zone, we are able to
limit the relative humidity. The challenge of implementing MPC arises from the modeling
itself, the availability of forecasts of the pertinent exogenous variables, and the existence of a
solution to the nonlinear optimization problem.

Modeling, as explained earlier, yields a nonlinear discrete time MIMO system of the room.
Here, the computational effort is the main burden, however, the nonlinear program is still
tractable with respect to the slow dynamics of temperature and humidity. It is desirable
that the problem yields a convex formulation for faster convergence. Regarding the forecast,
which in this particular case are the predictions of the weather and occupancy, the data is
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1-2 Related work 5

considered to be deterministic and given. Ideally this might not be case, and data should
rather be collected over a representative period of time. Finally, as the problem is posed as
a nonlinear programming, the numerical method to solve the optimization should be able to
provide a solution within the defined sampling time.

1-2 Related work

In the building sector, the control strategy algorithms have experienced a slow evolution over
the last decades, [10]. This is evidenced by the considerable amount of studies that have only
dealt with the control of HVAC systems for temperature regulation and have partly covered
other factors such as humidity. A brief overview of the most relevant studies that address
MPC in HVAC systems in buildings will be presented next.

A MPC for temperature regulation in large-scale buildings was proposed in [11]. This work
used a distributed control to solve two problems formulated from the water-side and the
air side subsystems of the HVAC system. The former problem was expressed as a high-level
optimization problem of the whole building, and the latter as a low-level optimization problem
in each room. Both problems sought to optimize the energy used to reach the defined comfort
temperature. This architecture allowed to formulate the solution of the high-level controller
as constraints in the low-level problem. Here, the dynamics of the overall temperature of the
building and rooms were represented by linear models. This simplification may no longer be
applicable when the humidity dynamics are considered.

In [12] a nonlinear MPC was proposed for temperature regulation of a multi-zone building for
energy consumption reduction and a similar study was found in [13]. The main consumers
from the HVAC system corresponded to a cooling coil and a fan, in which each room had
its own VAV box to control the air flow rate. In [12] the cooling coil energy calculation in
the optimization problem followed the sole interaction of the supply air temperature with
the room temperature, however, this assumption does not hold if we further analyze the air
conditioning processes. A similar calculation was found in [14]. The relevance of the nonlinear
formulation is in posing a modeling technique that could cope with the inclusion of humidity.

The studies from [15, 16, 17] addressed the control of the HVAC of temperature and humidity
regulation in a space. These approaches use a linear system of the dynamics of the air
conditioning units and the room. [15] presents a practical implementation in which the
model parameters of the linearized system are updated at each sampling time, providing a
solution to deal with the nonlinearities of the plant. A similar approach followed [16], where
a priory optimization steered the system to an optimal steady-state while minimizing energy
consumption. The drawback of these studies is when the disturbances are considerably large,
the system could be steered out of the neighborhood of the operating point.

Studies addressing temperature and humidity control with advanced control strategies were
found in [18, 19], and even though the object of control was a greenhouse, the controller
used were MPC. In [18], the problem was cast as a multi-objective problem, which was
solved using game-theory. Here, the modeling was carried out by system and identification
techniques, thus, confirming that one of the challenges for MPC is the modeling of the system.
In [19], a detailed mathematical modeling and its validation of the system was carried out.
This model laid the basis of the nonlinear MPC. The optimization problem used a grid-search
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6 Introduction

for the warm-starting, and the results assessed a considerable improvement with respect to
the conventional control of the greenhouse.

To the best knowledge of the author of this thesis, the air-conditioning process that experi-
ences the air throughout the HVAC system has not been explained in detail in the literature
found of MPC and HVAC systems for temperature and humidity control of buildings. The
most relevant study found was from the air conditioning of a car, [20, 14]. This research pro-
vided a detailed explanation of the phase change of the air using the standard psychrometric
chart. The analyzes enabled the calculation of the system inputs, in which no optimization
was carried out. The results from this study showed that this approach performs better than a
fuzzy controller for temperature and humidity regulation. Although this study is not directly
related to building energy comfort, it provides enough tools to understand the cycle of the
air conditioning process to offset temperature and humidity.

1-3 Contribution

We developed a simplified representation and of an HVAC system in a building for cooling
and dehumidification. This development mainly differs from literature by the analysis of the
psychrometrics of the air. From this study, we identified that dehumidification is produced by
the cooling coil after the dew-point temperature has been reached, and that the temperature
variation produced by the cooling or heating coils does not change the phase of the air for
temperatures higher than the dew-point. We used these findings to establish the simplified
model, which accounts only to the building dynamics. This model indirectly relates to the
cooling and heating coils by the supply air temperature and humidity ratio, which are con-
sidered as inputs together with the air mass flow rate. Also, the psychrometric chart allowed
us to determine the enthalpy vector of the system as the vector between the mixed air and
supply air conditions.

The simplified model described by the dynamics of the building and the enthalpy vector of
the HVAC system in the building were used in the problem formulation of the MPC. Herein,
the heating and cooling coil dynamics were not necessary since they were integrated by the
temperature and humidity ratio of the supply air as decision variables. We assumed the
existence of low-level controllers to track those variables. By means of the MPC capability to
pose the problem as an optimization algorithm, we included the enthalpy vector in the cost
function and solved the problem with the constraints on the states and inputs. Although the
system is nonlinear, the computational effort and complexity of the optimization problem was
considerably reduced by disregarding the dynamics of the coils.

We also provided an analysis of the MPC control strategy of a simple case of study in a mild
summer day. We discussed reducing the heat produced by the coils by defining a cost function
for reference tracking of the temperature and humidity ratio and the energy consumption in
the building. Herein, three scenarios were discussed that differ in the energy consumption
cost. This cost corresponded to the air mass flow rate, the sensible heat from ventilation and
the enthalpy of the system. We also compared the difference between the sensible heat from
ventilation injected to the building and the total heat required by the coils during cooling,
cooling and dehumidification or heating. We developed this analysis to show that the heat
load of the coils is not the heat injected to the system from ventilation, especially during the
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1-4 Report Structure 7

dehumidification periods. This demonstrated that for temperature and humidity control, the
thermal heat profile of a building has to take into account the air conditioning processes of
the air throughout the components of the HVAC system.

1-4 Report Structure

The content of this report have been structured in four chapters. This introductory chap-
ter explains the motivation, related work and contribution of this thesis, and the following
chapters are described in the next paragraphs.

Chapter 2 describes the HVAC system for cooling and dehumidification of a space and its
mathematical modeling. The components are briefly described with relevance to the control
problem definition. This is followed by the analysis of the air conditioning processes by means
of the psychrometric chart, which allows us to clearly visualize the phase changes of the air.
These concepts lay the basis of the system modeling and its simplification, which is presented
next together with the additional modeling considerations.

Chapter 3 presents the proposed controller for the system that corresponds to a nonlinear
Model Predictive Control (MPC). It discusses the problem formulation for the MPC, its
objective function, constraints and assumptions. Prior to developing the numerical studies,
we discuss the effects on the humidity ratio when we control only the temperature and the
system has considerable moisture gains. After, we present the joint control by MPC of the
temperature and humidity ratio of an academic model of a building. The numerical examples
analyzed differ from each other on the cost function, which is defined by the air mass flow rate,
the sensible heat from ventilation and the enthalpy of the system as the energy optimization
term.

Chapter 4 is the final chapter of this work, and it outlines our conclusions and recommen-
dations for future work.

To conclude this report, we present the supporting information of this thesis. These sections
explain concepts used throughout this report: the psychrometrics of the moist air, the fun-
damentals of MPC and the parameters and constants used for the numerical example from
Chapter 3.
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Chapter 2

System description and modeling

This chapter describes the HVAC system for cooling and dehumidification and its modeling
oriented to model-based control. Section 2-1 introduces the heat transfer phenomena that
affects the inside temperature and humidity ratio of buildings. Section 2-2 describes the
components of the system, in which we analyze the air conditioning process of each. The
understanding of these processes is presented in Section 2-3 by using psychrometrics. We
finish this chapter with Section 2-4, where we present the mathematical model of the system.
Throughout this and the following chapter the notation from Table 2-1 is used.

2-1 Heat transfer in buildings

The mechanisms for the generation, use, conversion and exchange of heat between the build-
ing, the HVAC system, and its surrounding physical systems rely on thermodynamics and
mass conservation laws. Herein, we support our study with the fundamental principles of the
first law of thermodynamics. This principle states that the heat change of the system’s en-
ergy is equal to the energy transferred by heat and work, which is a formulation of the energy
conservation law. Similarly, the mass conservation law states matter cannot be created or
destroyed, but it can change forms, [21]. In general, the mechanisms for heat transfer can be
either sensible or latent.

2-1-1 Sensible heat transfer

It describes the heat exchange of a thermodynamic system, namely a gas or an object, while
there exists a variation in its temperature without affecting its phase. Herein, sensible heat
is associated to the thermal energy that is required to change the temperature of the ther-
modynamic system. Mathematically, the sensible heat @ can be expressed as:

Q = cmAT, (2-1)
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System description and modeling

Table 2-1: Notation

Symbol | Description

T Temperature

w Humidity ratio

Q Heat transfer rate

Q Heat energy

h Enthalpy

q Heat Flux

m Mass flow rate

Ca Specific heat coefficient of air
Py Latent heat of vaporization of water vapor
o Density

A% Volume

A Area

C Thermal capacitance

U Thermal transmittance

e
I T T T 1T

s

Air Conditioning
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Radiator

Infiltration
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% Lights
ﬂ Equipments /

Occaupancy

O

AAP

Ground
Glazing

Ground Heat Loss

Radiation

Solar Radiation

Sensible Heat

0 Conduction

_’ Long Wave
Radiation

_/\/\/\-}Sho_rt Wave

Radiation

7~ Convection
Latent Heat
——» Moisture

Figure 2-1: Heat Transfer Mechanisms in Buildings, adapted from [4]
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2-1 Heat transfer in buildings 11

where ¢ is the specific heat of the material, m the mass of the gas or object and AT the
change in temperature. The thermodynamic system can either absorb or give-off thermal
energy in an amount that depends on the material specific heat. Moreover, the heat transfer
is unidirectional from the hotter system to the cooler system, and is the result of conduction,
convection or radiation acting alone or in combination.

e Conduction

It occurs by diffusion of the internal heat within the body as a result of a temper-
ature difference across of it. In buildings, this phenomenon can be evidenced in the
temperature difference of walls or windows produced by the outside and inside space
temperatures. This heat transfer in the envelope is particularly important for the heat-
ing or cooling losses to the outside and for the operational costs related to it. Herein, the
conductivity of building materials is expressed by the U-value, which is a quantification
of its insulation effect.

e Convection

It is the heat transfer within a fluid such as a gas or liquid that results from the fluid
movement across a surface. It is related to “the fluid transport properties (specific
heat, viscosity, thermal conductivity and density), fluid velocity and the geometrical
relationship between surface and fluid flow”, [22]. Convective heat transfers relevant
to buildings are related to the wind, forced air movement, or space heating or cooling
by fluid movement. For instance, the natural ventilation by the wind, the forced air
movement by fans and the fluid movement in coils, radiators or convectors.

¢ Radiation

It occurs due to electromagnetic waves through gas or vacuum, which means that radia-
tion does not require a fluid medium to transfer heat but rather an air gap. Radiation is
affected by the reflectivity and emissivity properties of a surface. The former property
determines the reflected radiation from a surface, and the latter the capacity of a body
to emit radiation. They also vary depending on the wavelength of the radiation. With
relevance to buildings, the heat exchange in its surfaces is related to long- and short-
wavelength radiation transfers. In which, the emitter sources differ from each other by
the amount of heat they produce. Examples of those emitters are the sun as long-wave
emitter, and people, equipment, and lighting as short-wave emitters, [23].

An example of these three phenomena is shown in Figure 2-1. Here, the sun transmits heat
by radiation to the earth and the surfaces of the building such as walls and glazing. This
heat can be either absorbed by conduction or reflected as radiating heat to the environment.
Inside the building, this heat is transferred to the indoor air by convection, for instance from
the air movement caused by the air conditioning system.

2-1-2 Latent heat transfer

Latent heat is related to the variation in the humidity ratio of the air, and it is related to
the amount of heat required to change the phase of the air whether for dehumidifying or
humidifying the air. These processes correspond to the condensation of the water vapor in
the air, and the evaporation of water into water vapor, respectively. The energy required to
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Figure 2-2: Components of the studied HVAC system

change the phase of the air amount to substantial heat losses for instance the heat required
to evaporate 1 kg water is 2500 kJ, [24].

As shown in Figure 2-1, occupancy adds moisture to the air causing an increase of the building
humidity ratio, similarly, the infiltration air from the outside weather conditions. This latent
heat corresponds to a certain amount of energy to dehumidify the air inside this building,
which is provided by the air conditioning system.

2-2 Components of the HVAC system

The components of the air conditioning system of the building discussed in this project are
shown in Figure 2-2. We consider the building to be an abstraction represented by one single-
zone space. A single zone-space is a cluster of offices, heat transmitters and emitters where
the temperature and humidity fluctuations are the result of the phenomena explained in
Section 2-1. To control these variables, the HVAC system adds or removes latent or sensible
heat, in which each component has a role in the air conditioning process, which is explained
next.

Dampers

The dampers (D;, D2, and Ds3) distributes the air through the ducts in and out of the zone.
D is the damper of the outside weather conditions, namely temperature Ty, and humidity
ratio Wy,. The B factor corresponds to the amount of fresh air inlet into the building. Ds is
the damper of the exhausted air to the exterior of the building, where the air has a temperature
Te, and humidity ratio We,. D3 is the return damper that controls the amount of return air
from the zone, where the air has a temperature 7T}, and humidity ratio W;,. The factor 1 — 8
corresponds to the amount of return air from the zone that is mixed with the outside air.

Andrea Carlota Diaz Guasgua Master of Science Thesis



2-3 Air conditioning - A psychrometric analysis 13

Fan

The air mass flow rate 1, produced by the fan, transports the air from the exterior into the
building and back. It delivers the conditioned air that has a temperature Ty, and humidity
ratio Wg,, which is capable to offset the zone temperature T, and humidity ratio W, by
ventilation. Ventilation transports the moisture throughout the zone. While it provides
a humidity ratio Ws, less than the latent heat gains, the humidity ratio in the zone W,
decreases. In contrast, a positive contribution by the humidity ratio from the supply air W,
increases the humidity ratio in the zone W,. This variation in moisture is the consequence of
the mass conservation principles.

Heating and cooling coils

The air conditioning occurs in the heating and cooling coils, where the temperature and
humidity ratio Tec, The, Wee and Wi, are the result of the convective heat interchange between
the water from the production units and the air in each coil. The water that flows through
each coil is controlled by a chilled water controlled valve C'— CV and a hot water controlled
valve H — CV.

The cooling coil reduces the air temperature, and under certain conditions condensates the
water vapor of the moist air. This condensation process causes a decrease in the humidity
ratio of the mixed air. This change of phase of the air occurs when the off-coil tempera-
ture has reached values below the dew-point temperature of the mixed air. The amount of
dehumidification required is related to the zone comfort conditions.

The heating coil role is to increase the temperature of the air after the cooling coil. In
this system it is considered to be a re-heat element. Whenever the temperatures produced
by dehumidification are below an acceptable temperature, re-heating the air is necessary;
an acceptable supply air temperature is between 12 [°C| and 24 [°C]. Increasing the air
temperature does not affect the humidity ratio.

The aforementioned components keep the zone under comfortable settings by means of cir-
culating conditioned air to the zone. This conditioned air is the result of mixing the outside
air (Toa, Woa) and return air (71,,Wr,) from the zone in a proportion § given by the dampers
positions (D1, Dy and Ds3). Then, this mixed air (Tiya,Wmna) is dehumidified in the cooling
coil resulting in a preconditioned air (Tce,Wee). Later, the air is re-heated again (Ttc,Wee),
which corresponds to the actual conditioned air (Ty,, Ws,) delivered to the zone.

2-3 Air conditioning - A psychrometric analysis

To support the processes in each component of the HVAC system explained in Section 2-
2, the psychrometry for the complete air conditioning system can be developed to deploy a
graphical analysis in the psychrometric chart. In HVAC systems, it is a common practice
to use psychrometrics to analyze moist air. Its properties and processes are represented by
its sensible and latent heat balance, which can be graphically visualized with the aid of the
psychrometric chart, [25]. Refer to Appendix A for the description and concepts used in this
section.

Master of Science Thesis Andrea Carlota Diaz Guasgua



14 System description and modeling

Toa, Woa Tma, Wma Tee,Wee Tsa.Wsa Tz, Wz
J
3 MIXING : COOLING & " RE-HEATING | VENTILATION
DEHUMIFICATION ;
D1
o . ; | ! !
Al Bma 1 | : 3
= - = = (;I = B o
: ﬁ | cc 3 HC | i

(1-R)ma | 4
Y
¥

D2
- Bﬂ’la ﬁ T_/z
ﬂ L = = I\/tI Zone
Figure 2-3: Cooling and dehumidification scheme of the system
WOE{ e B
g
=
Wma ¥
”_g\
=
=
Wz
Wa
=8
=
OD.IJ
=
T [oC] Tee ~ i po Tsa Tz Tma Toa
(1-p)Tz_, . PToa
Pt

Figure 2-4: Psychrometric process for energy balance of the system

Regarding to our case of study the processes of cooling, dehumidification, heating and venti-
lation are represented in the figures 2-3 and 2-4. Figure 2-3 shows the air distribution in each

component and Figure 2-4 the complementary psychrometric processes associated to each of
these components.
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2-3-1 Mixing process

It corresponds to the process of mixing the outside air point oa and the return air point 4
resulting in the conditions of point 1 by means of the dampers Dy, Dy, and Ds. Wherein,
it is assumed a perfect mixture and an ideal gas behavior. Then, it follows that the outside
temperature T, and humidity ratio W, mix with the return air conditions. These conditions
are defined by the temperature T;, and humidity ratio Wy, of the return air, which are con-
sidered to be equal to the temperature T, and humidity ratio W, of the zone. The proportion
of the mixture is given by the factor g that determines the amount of fresh air drawn into
the building. In Figure 2-4 this mixture corresponds to the point 1, where the air has a
temperature denoted by T;,, and a humidity ratio denoted by W,,.

Thma = ﬁToa + (]- - /B)Tz (2-2&)
Wma = ﬁWoa + (1 - B)Wz (2—2b)

2-3-2 Cooling and dehumidification process

This process occurs as the mixed air at point 1 pass through the cooling coil C'C until reaching
the off-coil conditions of point 2, Figure 2-3. The air from point 1 comes in contact with
the cooling coil surface and interchanges heat with the chilled water in the tubes. If this heat
interchange produces an off-coil temperature 7. below the dew-point temperature Tq,, which
lies in the saturation line (Relative Humidity 100%), the water vapor in the air partly changes
its phase from vapor to water. In Figure 2-4, this is visualized with the arrows indicating a
decrease in temperature from point 1 to point dp, where no change of phase of air exists.
A further decrease in temperature causes a decrease in the humidity ratio until point 2 as
the air is still saturated. Denote at point 2 the air temperature by 7. and the humidity ratio
by Wee.

2-3-3 Re-heating process

This process occurs as the off cooling coil air at point 2 passes through the heating coil HC
until reaching the supply air conditions of point 3, Figure 2-3. The air from point 2 traveling
across the coil interchanges heat with the hot water in the tubes of the coil thus increasing the
off coil air temperature. In Figure 2-4, this is visualized with the arrows indicating an increase
in temperature from point 2 to 3 while the humidity ratio remains unchanged. At point 3,
the temperature T, and humidity ratio Wy, of the supply air are equal to the temperature
Tic and the humidity ratio Wi, at the outlet of the heating coil

This heating stage is known as a re-heating process, and it is a necessary process that coun-
teracts the low temperatures that may be produced by the cooling coil when dehumidification
is needed. These low temperatures are not suitable to be delivered directly to the zone due to
their unacceptable effects on comfort requirements. In addition, the heating coil adds sensible
heat to the zone while off-setting the variation in temperature.
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2-3-4 Ventilation

The heat transfers by ventilation produces the temperature 7T, and humidity ratio W, of
the zone, wherein the supply air and the zone conditions mix until reaching point 4. The
conditioned air or supply air at point 3 has a temperature Tg, equal to temperature of the air
after the heating coil T}.. At point 3 the supply humidity ratio Wg, is equal to the heating
coil humidity ratio Wi, which is also equal to the humidity ratio of the air at the outlet of
the cooling coil We..

In addition, ventilation transports the air throughout all the ducting system, the coils and
the zone (described by the circulation cycle oa,4 - 1 - 2 - 4 in Figure 2-4). In which, some
key aspects are the sensible and latent heat transfers from the supply air to the zone by the
air mass flow rate, which contribute to an increases or decreases in the zone temperature and
humidity ratio.

Fan power

The calculation of the power of the supply fan P is approximately proportional to the cube
of the total supply airflow as shown below [12, 26, 27]:

P = Ozfmg : (2-3)

where ri1, is the air mass flow rate expressed in [kgs™!] and ay=0.5 [kW s3kg™3] is the fan
power constant, [26].

Fan Energy

The total energy consumption of the fan is given by:

Lfinal
Ef,total = Pfdt (2'4)

tinitial

2-3-5 Heat calculation

The analyses of the previous processes are quantified by its enthalpy or total heat transfers.
In Figure 2-4, the enthalpy of the cooling and dehumidification processes is equal to the heat
injected by the cooling and the heating coils to the system. This statement is supported by
the energy balance and thermodynamics laws. Also, the psychrometric chart clearly shows
the relationship among the vectors describing the enthalpy across the coils.

Enthalpy

The vector enthalpy hy corresponds to the difference from point 3 to point 1, and it sums
up the enthalpy vector of the cooling coil he. and the enthalpy of the heating coil vector hyc.
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2-3 Air conditioning - A psychrometric analysis 17

The enthalpy of the cooling coil h.. corresponds to the difference between point 1 and point
2, which is expressed as:

hcc = ca(ch - Tma) + hWV(Wsa - Wma) (2'5)

The enthalpy of the heating coil h.. corresponds to the difference between point 2 and point
3, which can be expressed as sensible heat:

hhc = Ca(Tsa_ch) (2_6)

The enthalpy of the system h¢ then follows:
ht = hne+ hec (2-7a)
hy = Ca(Tsa - Tma) + hwv(Wsa - Wma) (2_7b)
Heat transfer rate

Using the developments from (2-5), (2-6) and (2-7), we can compute the heat transfers across
the cooling coil Q)cc, the heating coil Q. and the total heat Q)¢ as follows:

QCC = ma (Ca(TCC - Tma) + hwv(Wsa - Wma)) (2'83)
th = My (Ca(Tsa - ch)) (2—8b)
Qt = 1M, (Ca(Tsa - Tma) + hwv(Wsa — Wma)) (2—88)

From the set of equations (2-8), (2-8¢) can be used as a surrogate of the dynamics of the
coils. As it will be shown in Chapter 3, we use the structure of the MPC algorithm to include
(2-8¢) in the cost function, in which we define m,, Ty, and W, as decision variables.

Saturation equation

This equation represents the dry-bulb temperature to the humidity ratio when the relative
humidity is 100%. We have previously declared the humidity ratio of the supply air as decision
variables in the control problem. However, the controlled variable in the cooling coil is its
off-coil air temperature; for the heating coil, the controlled variable is the temperature Tg,,
which is equal to its off-coil air temperature. We proceed to obtain the off cooling coil air
temperature T, by approximating the curve of the temperature as a function of the humidity
ratio in the psychrometric chart at saturation. This approximation was chosen as a second
order equation of the form:

Tee = aW2 + bW, + ¢ (2-9)

where a, b and ¢ are constant parameters obtained by the nonlinear least-squares (nonlinear
data-fitting) problem:
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min [[e(2)[[3 (2-10)

x = [a,b,(]
e(r) = aWg, +bWsi + ¢ — The

where Ty is the temperature vector of values in the interval [—17,100], and Wgy = f(Thy)
the computed humidity ratio obtained from (A-7) at saturation where the relative humidity
is equal to 100%.

2-4 Modeling of the system dynamics

The system dynamics model corresponds to the analysis of the zone, where the states, in-
puts, and disturbances are described in Section 2-4-2. This simplification of the system from
Figure 2-2 to the zone model reduces the complexity of the system and thus the controller
synthesis. This choice was made since the dynamics of the coils correspond to a highly non-
linear discrete time MIMO system. Even though there was found in literature some efforts
to model the coils as simplified representations as done in [28, 29], in regard to cooling coils,
those models do not capture the processes of cooling and dehumidification. Moreover, those
nonlinear representations lead to a hard problem to solve using MPC. In addition, while
a system identification and filtering technique can be applied to find the parameters of the
integrate model of the system, the availability of data is a determining factor. This data was
not available for the development of this work, and neither system identification nor filtering
techniques were considered as the core of this project.

Before introducing the mathematical model, the considerations and assumptions are presented
next.

2-4-1 Assumptions

e The HVAC system from Figure 2-2 is oversimplified, which means that the heating
and cooling coils dynamics are neglected. This is accomplished by considering the
conditioned air temperature Ty, and humidity ratio Wy, as controlled inputs. These
inputs are controlled in the air conditioning units, where Ws, is the controlled variable
of the cooling coil and Ty, is the surrogate for sensible heating or cooling by the coils.

e The building is assumed to be a single zone space, which is represented by one tem-
perature T, and humidity ratio W,. These variables represent an average value of the
whole space. While the relative humidity in the zone RH, is not considered here, its
quantification is a consequence of the temperature T, and humidity ratio W,, (A-8).

e The humidity ratio W, in the building is assumed to be only affected by occupancy, thus,
other sources of moisture are neglected, such as infiltration from the outside weather
conditions, moisture from built-in materials of the construction, or building defects
(piping leaks, rain penetration, envelope cracks).
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2-4 Modeling of the system dynamics 19

e The air is considered to have an ideal gas behavior, perfect mixing, constant pressure,
and during its conditioning processes the thermal losses are negligible. Moreover, the
air specific heat capacities and densities are considered to be constant parameters.

2-4-2 Mathematical equations

The model follows the governing generalized equations of the heat transfer and preservation
of energy and mass given by:

dT .
dw .
=W (2-11b)

where C' and M are the thermal capacity and mass of the air in certain space, ‘i% is the

temperature variation, % is the humidity ratio variation and @ and W accounts for the sum

of the sensible and latent heat transfers, respectively.

We define the states, inputs and disturbances of the model of the zone as following;:

States

e T, Temperature of air inside the zone

e W, Humidity ratio of the air inside the zone

Control inputs
e 1h,, Mass flow rate of the air
e T, Temperature of the supply air

o Ws,, Humidity ratio of the supply air

Disturbances
e T,., Temperature outside air
e [,, Solar radiation
° th, Sensible heat transfers sum from internal sources of the zone
° I/Vint, Latent heat transfers sum from internal sources of the zone
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Parameters

® p,, Density of air

e ¢,, Specific heat capacity of air

® hyv, Specific enthalpy of water vapor

e (C,, Thermal capacitance of the zone

e M,, Moisture capacitance on the zone

o Ayin, Agan and Agoor, Area of windows, walls and floor
e SGF, Solar gain factor

e Uyanl, Thermal transmittance of the wall

® Cfwin, Cfper, Cfeq and cfiignt , Convection factor of windows, persons, equipment and
lighting

® €per; €eq, and €jgnt, emissivity factor of persons, equipment and lighting
® (eoq and qiight, Heat flux of equipment and lighting
o Cper, Heat per person

e Hper, Moisture rate per person

Zone temperature dynamics

Following the first law of thermodynamics (energy conservation), the temperature evolution
of the zone T, is given as:

dr,

Coar

= pacama(Tsa - Tz) + Qint (2_12)

where the first term from the right hand side corresponds to the heat transfer between the
AHU ventilation system and the zone. Here, T, is the temperature of the supplied air, which
is the temperature of the air that has been conditioned by the cooling and heating coils. The
second term Qint corresponds to the internal sensible heat loads, which follows, [30]:

Qint = Qenv + Qpeople + Qinst (2—13)

where Qeny is the sensible heat produced by the environment, namely outside temperature
and solar radiation, @Qpeople is the heat from people, QQoq is the heat from equipment and
lighting. The former can be computed from:

Qenv = WallAwall(Toa - Tz) + SGFAWinIonwin (2'14)

where the first term corresponds to the heat gain due to the difference between the outside
temperature T,, and the zone temperature T,. In this first term, A,y is the area of the
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wall and Uy, the wall thermal transmittance. The second term is the heat gain due to solar
radiation. From (2-13), Qpeople follows:

Qpeople = Cfpercpeerer (2— 15)

where the right hand side represents the heat gain of people resulting from their short wave
radiative heat contribution into the zone.

From (2-13), the heat from installation is Qins = Qeq + Qlight, in which:
Qeq = CfquﬂoorQem (2—16)

expression that represents the short wave radiation produced by the heat transfer from in-
stallations. Similarly, the heat gain from lighting is:

Qlight = ¢ flight Afloor Qlight (2-17)
The factors cfper, Cfeq and cfiigne in (2-15), (2-16) and (2-17) are computed from:

cfper = 1 —é€per (2-18a)
Cfeq = 1—€cq (2-18b)
chight = 1 — €lignt (2-18¢)

where €per, €oq and ejigng are the emissivity factors of each surface, namely people skin, instal-
lations surfaces and lighting surfaces.

Considering the heat gain of walls from (2-14) as an independent heat gain, since it relates
to the zone temperature T, the dynamics of the temperature 7T, in a compact representation
are given as:

dr, . . .
C’zﬁ = Cama(Tsa - Tz) + UwallAwallma(Toa - TZ) + Qint (2‘19)
dT, . . 1
dt = klzma(Tsa - Tz) + kQ,Zma(Toa - TZ) + k37ZQint (2'20)
where oA 1
Ca wall<‘1wall
k1,=—koy=—~— k3, =+
17 CZ 27 CZ 37 CZ

and Qilnt = Qsolar + Qpeople + Qinst-

Zone Humidity ratio dynamics

Following the mass conservation principles, the dynamics of the humidity ratio W, in the zone
are given as:
dw,
dt

where the first term of the right hand side corresponds to the humidity variation due to the
AHU humidity ratio Wg, in response to the zone humidity ratio W,, and the second term is

MZ = ma(Wsa - WZ) + VVint (2'21)
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the addition of moisture due to the latent loads in the zone, Wiy, which will be assumed to
be caused by occupancy:

Wint = Npcercr (2—22)

where, Hp, is the moisture rate per person. Then, the dynamics of the humidity ratio W, in
a compact representation are:

dw, .
dt - k47zma(Wsa - Wz) + k4,zI/Vint (2_23)

where,
1

M,

k'4,z =

Summary of equations

Define the state vector [z1, 2] = [T}, W,]T, as the temperature and humidity ratio of the
zone, the control inputs [uy, us, uz] " = [Mga, Tea, Wea] T as the mass flow, the temperature and
the humidity ratio of the supply air and the disturbances as [dy,dz,d3]" = [Toa, Qint I/Vint]T
as the temperature of the outside air, internal heat gains, and latent gains, the compact
representation of (2-20) and (2-23) follows:

d.Tl

- kiui(u2 — 1) + kop(di — 1) + k3 odo (2-24a)

% kagui(uz — x2) + kazds (2-24b)
where,

ki, = %,kzz = Uwadgjwau,kg@ = Cl'z’k4’z = ]\Z

The system (2-24) represents a nonlinear continuous time MIMO system of the temperature
and humidity ratio of the zone. Here the input u; has a polynomial relation with respect to
uo and ugz, and a bilinear relation with the states x1 and xs.
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Chapter 3

Controller design

The focus of this chapter is the design of the Model Predictive Control (MPC) of the system
shown in Figure 3-2. In Section 3-1, we introduce the discretization of the model followed by
Section 3-2, in which the objectives of the control strategy are described. Section 3-3 presents
the MPC, the assumptions made and the controller design. The MPC problem formulation is
presented in Section 3-4. We conclude this chapter with a numerical example in Section 3-5.

3-1 Discretization and sampling time selection

The Euler forward method was used to develop the discrete-time system of the continuous
time system from (2-24). The approximation of & is given as:

T+l — Tk
AT

Here, the knowledge of xj, the time step or sampling time AT, and the derivative & are used
to approximate the slope between the current and the next point xg,;. This algorithm is
known as an explicit integration method since it uses past and current values. Figure 3-1
illustrates where the current value of x at time ¢ is used to approximate the slope, [5].

Forward discretization showed numerical stability for the case of study described in Section 3-
5. However, to guarantee unconditional stability backward discretization is preferable. This
approach is a well suited method for building discrete time systems with low sampling rates,
as proved in [31].

The sampling time chosen was AT = 15 minutes, a period sufficiently enough to capture the
system dynamics [32]. The continuous system from (2-24) is then expressed as the discrete-
time nonlinear system, which yields to:

Tig1r = Tk + AT (kiguip(uer — 21 k) + kog(dig — 21k) + k3 pdo ) (3-1a)
o pr1 = xok + AT (kszur k(ugp — 22 k) + Kazd3 1) (3-1b)
Y = ka (3—1C)
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tn tn+1 t

Figure 3-1: Representation of the Euler forward method, [5]

The aforementioned developments can be rewritten as a single dynamical model for each
sampling time k£ in a more compact notation:

Thp1 = f(og, ug, di) (3-2a)
yr = h(z,uk, di) (3-2b)

where the discrete state vector is zj, = [xl’k,mlk]T = [T,,W,]" € R2, the output vector is
yr = x, € R?, the vector of inputs is ug = [U1’k7UQ’k7U3,k]T = [ma’k,Tsa,bWsa,k]T € R3
and the vector of disturbances dj, := [dl,k,dg,k3d37k}T = [Toak,Qint,k,W/im’k]T € R3, where
Qint,k = f(Qsolara Qpeoplea Qins) and I/Vint,k = f(Wpeople)-

3-2 Objectives of the control strategy

As described in the previous chapters, the main goal is to obtain an energy efficient sys-
tem while guaranteeing comfort conditions in temperature and humidity. Thus, the control
objectives are straightforwardly described as follows:

e The temperature T,, humidity ratio W, and relative humidity RH, inside the zone are
kept under comfort conditions. Here, we define comfort conditions to be fixed values of
temperature and humidity:

T, — 20[C] (3-3a)
Wysp = 8 [gwkggl] (3'3b)
RH,, = 55.62 [%] (3-3¢)

e The energy used by the cooling and heating coils is minimized, which consequently
means a reduction in the costs associated to the production units.

e The constraints of the temperatures and humidity ratios of the zone and supply air are
satisfied.

Andrea Carlota Diaz Guasgua Master of Science Thesis



3-3 Model Predictive Control 25

Tee,sp The,sp
Ea
1
| 1
| From (1) 1 From (2)
[ — [ —
I l | l
| 1

D1
Tma, Wma Tee.Wee Tece.Wee Mg Tsa,Wsa

M
}{ > > > > (;I >
cC HC
A
“ﬁ"ﬁa}{ Tz,Wz
D3

Toa, Woa It

D2
BMa A
/J/ < < <
I Zone
(1) Chilled Water Production System
(2) Hot Water Production System

Figure 3-2: HVAC control system

3-3 Model Predictive Control

It is an algorithm that optimizes the control signal using the prediction of the evolution of
system by means of its dynamical model and the constraints imposed. It uses the explicit
knowledge of the dynamical model and allows the quantification of the control objectives in
the cost function while keeping the states and inputs within bounds, see a more detailed
explanation in Appendix B.

The optimization problem of our system aims to minimize the control objectives described
in Section 3-2 by computing the optimal air conditioning input trajectories over the control
horizon while keeping the temperatures, humidity ratios and inputs within bounds. These
optimal control input trajectories result in trajectories for temperature and humidity ratio of
the zone. Only the first input is applied to the system. Then, measurements are performed
to estimate the next state. Subsequently, the optimal control computation is repeated over
the new time horizon starting from the next estimated state.

3-3-1 Motivation

For temperature and humidity control in buildings, MPC presents a series of advantages in
comparison to classic control methods. It stands out the intuitive concepts that relate tem-
perature and humidity to energy consumption, relation which in PID or rule-based methods
is not straightforward. Also, the treatment of constraints in temperature and humidity ratio
of the zone and inputs is conceptually simple and can be systematically included during the
design process. Moreover, MPC is a well adopted method for processes with slow dynamics,
which is the case of our system. A major shortcoming of MPC is the need of an appropriate
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model of the process to be available, thus, discrepancies between the real process and the
model used will affect the results of the controller.

3-3-2 Tuning parameters
Prediction horizon, N,

It represents the length of the finite horizon open-loop optimal control problem solved at
each time step. A higher value of IV, captures the dynamics up to the permanent regime, and
increases the domain of attraction of the controller and performance. However, the length of
the predictions increases as well as the number of decision variables hence the complexity of
the optimization problem, [8].

Considering the state representation of the nonlinear system (3-1), the availability of full state
information and predictions at each sampling time, we defined a prediction N, horizon of 20
time steps, which is equivalent to 5 hours in time. Hence, at each time step the prediction
data of the next 5 hours is also incorporated in the optimization problem.

Control horizon, N,

This parameter corresponds to number of time steps over which the optimal control input
trajectories are computed at each time step, [8].

To allow flexibility in the control action and avoid aggressive control actions, we kept the
control horizon N, equal to the prediction horizon N, = 20.

3-3-3 Assumptions

The design of the nonlinear MPC is based on the statements from Section 2-4-1 and the
following assumptions and considerations:

e The relative humidity RH, is indirectly controlled by limiting the temperature 7, and
humidity ratio W, within bounds. We defined the limits by a region in the psychrometric

chart around the set-points in temperature 7}, s, and humidity ratio W, s, as shown in
(3-3-5).

e Low-level controllers control the water flow rates of the chilled (C' — CV) and hot
water (H — CV') valves of the cooling and heating coils, respectively. It is assumed
these controllers track the set-points Tecsp = f(Wsa), which is computed by (2-9), and
The = Tya. The design and implementation of these low-level controllers are not part of
this thesis.

o Wi, and T, are considered as decision variables for the nonlinear MPC. These inputs
together with the air flow rate input 7, are within the capacity of the coils and fan,
which means that the HVAC system in the air side is properly sized. Thus, the water
side or production units are capable to deliver enough heat from the water to produce
those inputs.
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e The dampers opening are not a controlled inputs. It is assumed 20% of fresh air from
the outside is drawn into the system, which guarantees air quality. Then, the mixed air
conditions satisfy the formula (2-2).

e The predictions of the disturbances from the weather conditions, sensible and latent
heat gains of the zone are assumed to be available for the simulation time.

3-3-4 Cost function

The objective of the MPC controller is to obtain a comfortable indoor temperature 7, and
humidity ratio W, with the least energy consumption. Our goal is to find the inputs u; =
Ma, ue = Ty, and ug = Wy, at each sampling time k. The cost function J is then associated
to the reference tracking problem (Jj g, J2 %), which ensures the comfort conditions, and the
energy consumption problem(.Js):

J=Jig+ Jor+ I3k (3-4)

where,

o Jir=|ly1r —TspH2QT, penalizes the deviation of the room temperature from its set-point
Tsp by the weighting factor Qr

o Jor = |lyak — Wsp“%ng penalizes the deviation of the room humidity ratio from its
set-point Wy, by the weighting factor Qw.

o J3p = HulHQQu + Fy, corresponds to the energy related term. Herein, Fj, corresponds to
one of the scenarios presented next, which are analyzed in terms the air mass flow rate
Fy, the sensible heat F5 from ventilation, and enthalpy F3.

Air mass flow rate

This function corresponds to the optimization with respect to the air mass flow rate
1, = wp. This input affects the heat transfer across both coils, see the general equation
of heat (2-8). Here, F1 = 0, and J3 yields to:

Jsp = |ullp, (3-5)

In (3-5), Qy corresponds to the air mass flow rate weighting factor. This cost was chosen
since the heat of the coils can be expressed as:

Q = carina AT, (3-6)

where ¢, is the specific heat capacity of the air, 7, the air mass flow rate and AT the
difference between the off- and in- coil temperatures. Even though the dynamics of the
coils have not been modelled, it is possible to compute the temperature of the coils from
the solution u of the MPC and the energy and mass conservation laws. The relation of
u1 = 1M, in (3-36) allows us to have an indirect control of the heat rate of the coils and
it also optimizes the fan power consumption.
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Sensible heat

(3-7) was chosen due to the findings from literature, in which it was considered that the
heat from ventilation Qvem = ca(Tsa — T,) corresponded to the total heat provided by
a coil. The psychrometric analysis from Section 2-3 showed that this does not hold. F5
is expressed as:

R = Qvent = Tmaca(Tsa - TZ) (3_7)

In this equation, 7 is a constant weight, 1, = wu; the air mass flow rate, ¢, the heat
capacity of the air, Ty, = uo the temperature of the supply air and T, = x; the temper-
ature of the zone. Then, J3 follows:

Jyg = |luill, + Tcaurluz — 21 (3-8)

Enthalpy

(3-9) allows us to optimize the heat load of the cooling and heating coils. This function
is assessed by the psychrometric analysis of the moist air throughout the HVAC system,
see Section 2-3. In this cost, the dynamics of the coils are not required. Moreover, the
constant value for 3 introduces Ti,, and Wy, as variables that can be computed from
(2-2). Then, F3 is expressed as:

F3 = T1in, (CaTsa + Py Wea — (CaTma + hvama)) s (3'9)

where, T is a constant weight, h, = u; the air mass flow rate, ¢, the heat capacity of
the air, hyy the specific heat capacity of the water vapor, Ty, = us the temperature of
the supply air, T, the temperature of the mixed air, Wy, the humidity ratio of the
supply air, and Wy, the humidity ratio of the mixed air. The energy cost term J3 is
given as:

J3 k = Huluéu + TU]_ |Cau2 + h’WVu3 - (caTma, + hvama)| (3—10)

5

3-3-5 Constraints

The limits of the sets X , Y and U from Section 3-4 are presented in this section. Here the
state set X is equal to the output set V.

Comfort

The building (zone) temperature and humidity ratio, which correspond to the system states
xk, have to be kept in a range that complies with thermal comfort. We consider such limits
as the set X between the following values:

1, <T, (3-11a)
Top <W, (3-11b)

VANV

T,
W,
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where T, T,, W, and W, are chosen so that the relative humidity RH is kept between 40%
and 60%. Considering xs, = [Tip, Wep] |, where Ty, = 20 [°C] and , Wy, = 8 [g, ke, '], the
chosen limits are:

T,=18[°C] and T, =21[°C] (3-12a)
W, =6[g.ke, '] and W, = 8,3 [g, ke, ] (3-12b)

Although the nonlinear function of the relative humidity RH, = f(1'z, W,) computed from
(A-9) is not included in the system dynamics, by including the reference tracking of the states
to zgp in the cost function (3-4) and the state constraints (3-12), the relative humidity in the
zone RRH, remains in the psychrometric region around the point xp,.

Supply air inputs

These constraints correspond to the air mass flow rate of the fan and to the heating and
cooling coil capacities, which describes the set U.

The air mass flow rate limits are given by:

Mgy < UL | < Mgy (3-13)
where mg, = 0.001 [kgs™1] is the lower limit considered to be different from zero since it is
a common practice to deliver air into the building. The upper limit value is considered with
regard to the number of air cycles ay /¢ desired within an hour to remove the air mass in the
building volume. This limit was chosen equal to 8 (value considered according to a zone with
considerable amount of people). Then, the air mass flow rate is computed as shown below.

: 8 .
Meale = Vapaaa/c = 600 * 3600 1.3 [kgs ™ (3-14)

where V, is the volume of the zone, ay /¢ the air cycles per hour and p, the density of the
air. For this analysis, mcae = 1.3 is approximated to the upper integer value, value that
corresponds to the upper air mass flow rate limit s, = 2 [kgs™!].

The conditioned air temperature Ty, corresponds to the surrogate of the temperature that
can be obtained from the cooling and heating coils. It is related to the temperature after the
cooling coils in the range:

T <upp < Te (3-15)
where Ty, and Ty, correspond to the minimum and maximum temperatures that can be

obtained by either the cooling coil or heating coil acting alone or in combination. Thus, the
following values are admissible:

T =12°C] and To, = 24[°C] (3-16)
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The conditioned air humidity ratio Wy, expresses the capacity of the cooling coil in terms of
the amount of condensation that it can produce. This variable is related to the cooling coil
and not the heating coil, and its limits are:

Wsa < ugp < Wsa (3—17)

where W, is the minimum humidity ratio that can be produced by condensation as a result of
the heat exchange between the chilled water production units and the air. It means that the
chilled water can reach the temperature corresponding to the humidity ratio Wg,. Wy, is the
maximum humidity ratio limit of the supply air. It is chosen as the mixed air humidity ratio
Wihna, since it corresponds to the conditions that may be delivered to the zone. While it was
not considered a humidification element, the humidity ratio of the supply air Wy, may behave
as an increasing or decreasing source of moisture in the zone. The minimum and maximum
values of the supply air humidity ratio are then assumed to have the following values:

Wea = 6 [g ke '] and Wi, = Wha (3-18)

3-3-6 Feasibility

The region of the sets in X', ) and U defined earlier may not guarantee that the optimization
algorithm finds a solution. The unfeasibility of the problem may be caused by the physical
characteristics of the equipment for instance the maximum allowable fan velocity and the
heating and cooling capacities of the coil expressed as the temperature Tz, and humidity
ratio Wy, of the supply air. Another factor influencing feasibility is the transitory regime,
where there exists incompatibility between the constraints with respect to the disturbances.

To recover feasibility we will relax the system by using soft constraints. The input constraints
will not be relaxed since they correspond to physical characteristics thus the set U4 cannot
be violated and will remain unchanged. The state constraints however are softened by the
introduction of non negative slack variables as shown below:

1
Tz 1y

were x = [T, WZ]T, x, = (1}, %]Ta Z, = [T, WZ]T, and €1 and €9 are the non negative slack
variables. These slack variables will allow the violation of the states constraints, from which
the level of violation is defined as an additional linear cost J. that will be included in the

objective function J from the equation (3-4).

1
e <x<T,+ e €1,62 > 0,7 € X; (3-19)

Je = pr€1 + paea (3-20)

Equation (3-20) represents the cost associated to the soft constraints of the states x, where the
penalty weights p; and ps ensures the feasibility of the optimization problem. These weights
must guarantee we have ’exact soft constraints’ that enforces the hard constraints when the
problem is feasible, [33]. Also, the tuning of p; and p2 should avoid numerical issues and be
greater than the infinity norm of the vector of Lagrange multipliers of the original problem,
[34].
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3-4 MPC problem formulation

Consider the cost function from 3-3-4, the input constraints 3-3-5, the soft constraints and
penalty function from 3-3-6, the time step k € [0,1,2,--- Np|, where N, is the length of the
prediction horizon, the state vector sequence x := [x(k)" ---2(Ny) '], and the input vector
sequence u := [u(k)" - u(N, — 1)T]. We can formulate a finite-horizon optimal control
problem for each time step k as given as:

NP

min > J(w,u) (3-21a)
k=0

s.t. Tht1 = f(xk,uk,dk), zp € X. C R? (3—21b)
yk = h(ag, up, dy), yr € Ve CR? (3-21c)
up €U C R3 (3-21d)

Replacing the system dynamics (3-1), the constraints (3-13), (3-15), (3-17), (3-19), and the
penalty function of the soft constraints (3-20), the control problem is then expressed as:

Np 2
min Z (J(w, u) + Z pie,-) (3-22a)

k=0 -1

Tipr1 = g+ AT (ki urp(uer — x1k) + kog(dig — 21k) + k3 pdag), (3-22b)
Vk=0,1,--- Ny — 1

Topr1 = Top + AT (kgguip(usp — v2k) + kagdsg), VE=0,1,--- N, — 1 (3-22c)

ye = Cazp, Yk=0,1,-- N, —1 (3-22d)

Ty — |4 €2 <yp < T, + 1 €, VE=1,2,--- | N, (3-22¢)

Msa < ULk < Mea, VE=0,1,--- N, —1 (3-22f)

&SulkgTisav\v/k:Ovlf"aNp_l (3_22g)

Wea < s < Woay V= 0,1, | Ny — 1 (3-22h)

€1,60 >0 (3-22i)

Define x4y as the initial state vector and a given vector of disturbances d; at each sampling
time ¢. It is assumed that the prediction vector « of the system dynamics (3-21b) is known
given the initial state xg = x4. The proposed optimization problem (3-22) is a constrained
nonlinear program for the polynomial and bilinear relation of the inputs and states in the
system dynamics, (3-22b) and (3-22c¢). The algorithm is summarized in Table 3-1.

Temperature and humidity ratio of the coils

As a remainder of the notation, the subscript cc is associated to the cooling coil, hc to the
heating coil, sa to the supply air and ma to the mixed air.
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The solution of (3-22) provides the set-points for the cooling and heating coils low-level
controllers. However, a post-processing procedure is followed to discriminate unnecessary air
dehumidification and to compute the temperature and humidity ratios of the coils. In this
procedure, we identify three processes that may occur as a consequence of uo = Ty, and
ug = Wga. These processes are heating, cooling, and cooling and dehumidification.

Before describing the aforementioned processes, the mixed air temperature Ty,, and its dew-
point temperature Ty m, are computed:

Tha = BToa+ (1 - ﬁ)xl (3-23&)
1 - Hrna
Td,ma = Tma - % (3—23b)

We define AW = |Wya — Wina| [gwke, '], and set the condition AW < 1. This band allows us
to avoid dehumidifying the air in the inlet of the cooling coil for small changes in Wg,. Then,
we proceed to compute the temperatures Te., T and humidity ratios We., Wy of the coils in
each of the following processes.

Heating: This process corresponds to the sensible heating of the air, which is a process
that does not vary its humidity ratio. While avoiding unnecessary dehumidification, which
is expressed as the deadband AW < 1, heating occurs when the supply air temperature is
greater than the mixed air and dew-point temperatures. These conditions are expressed as:

Tsa = Tma N Tsa > Td,ma NAW <1

Then, the air temperatures and humidity ratios of the coils are:

Toe = Tima (3-24a)
Wee = Wina (3-24b)
The = Ta (3-24c)
Weo = Whe = Wina (3-24d)

Cooling: This process corresponds to sensible cooling, where no dehumidification is required,
which is assumed as the dead band AW < 1. Here, the supply air temperature is less than
the mixed air temperature but greater than the dew-point temperature. These conditions are
expressed as:

Tso < Tima NTga > Tgma NAW <1

The air temperatures and humidity ratios of the coils are:

Tee = T (3-25a)
Wee = Wima (3-25b)
The = Te (3-25¢)
Wea =Whe = Wma (3-25d)

Cooling and dehumidification: This process corresponds to sensible and latent cooling,
in which the deadband AW > 1 determines the need for dehumidification. It also involves
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the re-heating of the air after it has been dehumidified. Here, the supply air temperature is
less than the mixed air and the dew-point temperatures. These conditions are expressed as:

T A Tea < Tama A AW > 1

The temperatures and humidity ratios of the heating and cooling coils are given as:

Tee = aW2 + bW +ec (3-26a)
Wee = W (3-26b)
The = T (3-26¢)
Wea = Whe = Wee (3-26d)

Heat: (3-24), (3-25) and (3-26) allows us to compute the cooling and heating heat transfers
Qcc, Qne which yields to:

QCC = Ty, (Ca(ch - Tma) + hwv(Wsa - Wma)) (3'273)
th = maca(Thc - ch) (3—27b)

Table 3-1: Algorithm Nonlinear MPC

Algorithm Nonlinear Model Predictive Control (MPC)

1: Initialize the state vector x¢p = xyp and the disturbance vector along the prediction
horizon {d}gﬁo.

2:  Solve the optimization program (3-21) and determine an optimal solution sequence
[u87 e vu*Np]'

4:  Check if u3 ;4 triggers the dehumidification condition for small changes and compute
the new uz%, see Section 3-4.

3:  Apply the first element of optimal solution with u3,, = u3%y, which yields to input
vector uyo 1= [u] 4, U3 49, U3 0], to the system (3-2).

4: Measure the state and update the parameter.

5:  Go to step 2.

3-5 Numerical study

We consider a building (zone) with the characteristics and modeling parameters shown in
Appendix C. This building does not represent any particular building, and is rather the
result of the mathematical equations from Section 2-4. The sampling time At = 15 [min], the
simulation time Ty, = 24 [hr] equals 96 steps and the prediction horizon N, =5 [hr] equals
20 steps.

The day analyzed was August 29, 2016 from 5:00 am. Its weather conditions were taken
from [35], and contained information of the outside ambient temperature, humidity ratio, and
solar radiation, Figure C-3. The prediction of the sensible, latent disturbances and occupancy
profile are shown in Figure C-1. The two former were obtained by using the equations from
Section 2-4, and the profile of the number of people was taken from [36]. This occupancy
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pattern was scaled down accordingly to the 200 [m?] zone area dimensions, and it was chosen
sufficiently high to produce significant effects on temperature and humidity of the zone. In
addition, we include the analysis of the case 3 controller for September 13, 2016 from 5:00.
These day is a warmer and more humid day, as shown in figure C-4, The prediction of the
heat disturbances are illustrated in C-2.

The simulations were initialized with the building zone temperature z; at 23 [°C] and a
humidity ratio zo at 12 [g ke, !]. The optimization problem from (3-21) was solved using
Yalmip as the interface and 'SQP”’ as the solver, [37]. This gradient-based solver automatically
calculates the solution by using the Sequential Quadratic Programming numerical method.
The initial guess for the nonlinear MPC was left to the solver, thus, it looks at the bounds
and initializes the variables inside these bounds.

Each of the following sections presents the control in temperature and humidity ratio of the
zone using MPC.

First, we analyze the effects on the humidity ratio when the temperature of the zone T, is
the only controlled state and the control inputs from the supply air are its mass flow rate 1,
and its temperature Ty,. Then, we present the MPC problem formulation for temperature
and humidity control, in which the objective function has two goals, namely the energy min-
imization of the cooling and heating coils and the reference tracking problem in temperature
and humidity ratio of the zone. In this formulation, we discuss three cases that differ in the
energy minimization term of the objective function. These terms are the air mass flow rate,
the energy from ventilation and the enthalpy of the system. We also show the performance
of case 3 controller.

Of course, in general the optimization goals stated in (3-3-4) should be met for the stated
formulations. However, it is hard to quantify the benefits without a reference controller (or
recorded performance data) to compare it to. Therefore, the MPC from Section 3-5-2 is taken
as the reference controller.

3-5-1 Effects on the humidity ratio for temperature control only

We solve the problem from (3-21) for the constraints and dynamics corresponding to the
temperature only, which yields to the nonlinear MPC formulation:

Np
min Y J(xw) = [lyg — Tplld, + llully, + e (3-28a)
k=0

s.t. Tik+1 = T1k + AT (kl,zul,k(UZk — $1,k) + kz,z(dl’k — «Tl,k) + k37zd2’k) (3—28b)
VE=0,1,-,Np—1

Yp =1, Vk=0,1,--- N, — 1 (3-28c¢)
T,—e<yy<T,+e,Vk=12-- N, (3-28d)
Ty <ugy < T, Vk=0,1,--- ,Ny —1 (3-28e)
Mga < Ut < Mg, Vo =0,1,--- Ny, — 1 (3-28f)
€1,69 >0 (3-28g)

To show the effects on the humidity ratio of the zone (3-29), we will analyze the air condi-
tioning processes that are required to achieve the supply air temperature us = Ti,, which is
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a solution of (3-28). The supply air humidity ratio us = W, in this section is not controlled,
but rather is a consequence of the air conditioning processes in the coils. The results of the
simulation are shown in Figure 3-3 and Figure 3-4.

Humidity ratio in the zone

This dynamics (3-29) are affected by ventilation and by the air conditions. The former
expressed as the air mass flow rate u; = 1,, which is a solution from (3-28), and the latter
by the air humidity ratio us = Wg,.

Topt1 = Xok + AT (kazuip(usy — Tokx) + kaydsg) (3-29)

The humidity ratio of the supply air ug = Wy,, which is an uncontrolled input for this
section, is computed by analyzing the processes that may occur due to the air conditioning
requirements with respect to the temperature of the supply air Ty,. These processes are
heating, cooling and cooling and dehumidification, which are explained next.

Relative Humidity in the zone

With the knowledge of 1 = T, and z9 = W,, we can compute the RH, using (A-9). The
nonlinear formula of the relative humidity can mathematically be greater than 100%, which
is an unrealistic concept. A value of 100% physically means that the air cannot longer hold
more water vapor, thus, liquid water appears. To make the system more realistic, when the
relative humidity RH, is greater than 100%, we compute the humidity ratio of the zone W,
from the approximation of the curve at RH = 100% as follows:

W, = aT? 4+ bT, + c, (3-30)

where T, = x1 and the coeflicients a, b and ¢ are constant parameters obtained by using the
nonlinear least-square method from Section 2-3-5.

Temperature and humidity ratio of the coils

While the only controlled variable is the zone temperature T, the operation of the cooling and
heating coils is exclusive. This allows us to determine whether cooling or heating is required
by the knowledge of the supply air temperature Tg,.

Heating: It occurs when the supply air temperature is greater than the mixed air. These
conditions are expressed as:
Tsa Z Trna

The air temperature and humidity ratio of the coils are then expressed as:

Toe = Tima (3-31a)
Wee = Wina (3-31b)
The = Ta (3-31c)
Wea = Whe = Wi (3-31d)
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Cooling: It occurs when the supply air temperature is less than the mixed air and greater
than the dew point temperature of the mixed air. These conditions are expressed as:

Tsa < Tma A Tsa > Td,ma

The air temperatures and humidity ratios of the coils then yield to:

Toe = Tu (3-32a)
Wee = Wina (3-32b)
The = T (3-32¢)
Wea =Whe = Wha (3-32d)

Cooling and dehumidification: It occurs when the supply air temperature is less than
the mixed air and its dew point temperature. While there is no control of the humidity is
this section and the coils operate exclusively, the re-heating process is disregarded. Then, the
condition for this process is expressed as:

Tsa < Tma A Tsa < Td,ma

The air temperatures and humidity ratios of the heating and cooling coils are:

Wee = aT2 + 0T +c (3-33a)
Tee = T (3-33Db)
The = T (3-33c)
Wea = Whe = Wee (3-33d)

(3-31), (3-32) and (3-33) allows us to compute the cooling and heating coils heat transfers
and energies using the relation from (3-27).

Discussion of the results

In Figure 3-3 and Figure 3-4, we aim to show the effects on the humidity when the temperature
of the zone is the only controlled variable. In these illustrations, the upper plot depicts the
temperature x1 = T,, the middle plot the dynamics of the humidity ratio zo = W, and the
bottom plot the relative humidity in the zone RH,. The initial condition for Figure 3-3 is
xo = [23,12] and for Figure 3-4 is xyp = [23,7]. The bounds for each of these variables are
indicated with dashed lines.

Figure 3-3 and 3-4 reveal that the sole control of temperature does not guarantee that the
humidity ratio of the zone W, remains within bounds when the zone is subjected to high
occupancy and an uncontrolled humidity ratio from ventilation Wg,. For instance, the distur-
bances in the initial time step and during the time step 29,10:00 and 29,18:00 from Figure C-1
affect significantly the humidity in the zone. Furthermore, there are also seen values of the
relative humidity in the zone RH, greater than 100%. This situation is explained by the fact
that we used the mathematical equation of the relative humidity (A-9) and the approximation
of the humidity ratio of the zone W, for values greater than 100%, (3-30).
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Figure 3-3: Building MPC temperature control and the effects on the humidity - Initial condition
xo = [23,12]

Figure 3-3 also shows that an initial condition of xzy = [23,12], where the humidity ratio
is off-bounds, leads to the violation of the humidity bounds for the whole simulation time.
Herein, ventilation is not able to steer the humidity to its bounds even when the moisture
from occupancy is zero.

Figure 3-4 shows that the initial condition xg = [23,7] keeps the humidity relatively stable
within bounds before time step 29,11:00. During this period, the ventilation system does not
have a significant impact on the humidity inside the zone. Nevertheless, humidity experiences
a gradual increase as occupancy rises occasioning the violation of the bounds for the rest of
the simulation. Even though after 29,18:00 the moisture from occupancy does not longer
affect the zone, the ventilation system does not remove enough moisture out of the zone to
satisfy the humidity limits.

The previous findings demonstrate that to guarantee climate comfort when the zone is sub-
jected to considerable moisture disturbances we need to perform the joint control of temper-
ature and humidity.

3-5-2 Joint control in temperature and humidity ratio

In this section we present the nonlinear MPC control of temperature and humidity ratio
of the zone. We have previously shown that performing the single control of temperature
disregarding humidity compromises climate comfort whenever the moisture disturbances are
significant. To overcome this issue, we introduce the following optimization problem based
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Figure 3-4: Building MPC temperature control and the effects on the humidity - Initial condition

2o = [23,7]

on our developments from Section 3-4:

min
u

L1,k+1

T2 k+1
Yk

Np 2
Z (J(a:, u) + Z pm) (3-34a)

k=0 i_1
x1 g + AT (kyyur p(uop — x1 k) + kos(dig — 21 k) + K3 pdag), (3-34b)
Vk=0,1,--- N, —1

Tok + AT(kJ4,ZU1,k(U37k - Q:Q’K) + k4,zd3,k), Vk=0,1,--- 7.7\7p —1 (3—34(3)

Cxp, VE=0,1,--- N, — 1 (3-34d)
T, — 1 € < Yp STy + 1 €1, Vk=1,2,--- | N, (3-34e)
Msa < ULk < Mga, Vo =0,1,--- Ny — 1 (3-34f)
&SUQ’kgTisa,VkIO,l,'”,Np—l (3_34g)
Wea < ugp < Wea, Vk=0,1,--- ,N, — 1 (3-34h)
€1,€0 >0 (3-341)

(3-34) solves the reference tracking of the states x = [T,, W,] ", and the energy minimization
problem. Here, the relative humidity in the zone RH, is indirectly controlled by tracking
the desired set-points and satisfying the bounds in the zone temperature and humidity ratio,
which allows the relative humidity RH, to fluctuate around the values defined in Section 3-3-5.
The energy minimization problem is represented by three scenarios.

The constraints of (3-34) correspond to the system dynamics, state constraints and input
constraints. The former is represented by the discrete-time equations (3-34b) and (3-34c).
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The states constraints are the upper and lower limits in temperature x1 = T, and humidity
ratio zo = W, of the zone, (3-34¢). The input constraints correspond to the air conditioning
inputs, namely, u = [Mga, Tsa, Wsa] |, (3-34g) to (3-34h). The slack variables constrains are
defined in (3-34i)

Case 1: Reference tracking and mass flow rate formulation

In this scenario, we aim to optimize the heat transfers of the cooling and heating coils by
minimizing the air mass flow rate. The problem (3-34) has the following cost function:

(@, w) = llyk — zsplly, + lurlldy, + prer + p2ea, (3-35)

This goal was chosen since the energy across the coils can be expressed as:

Q = catna AT, (3-36)
where ¢, is the specific heat capacity of the air, rh, the air mass flow rate and AT the air
temperature difference across the coil. This relation allows us to have an indirect control of
the heat rate of the coils.

In this formulation, the cost function is a multi-objective function described by a quadratic
cost function of the deviation between the states and their set-points, and a quadratic cost
function of the air mass flow rate input. These costs are weighted by the matrices @y, and
@y, which were chosen iteratively. The weights p; and ps were chosen sufficiently large. The
results from this problem are presented in Figure 3-5, Figure 3-8 and Figure 3-13.

Case 2: Reference tracking and sensible heat formulation

(3-34) is solved considering the reference tracking problem of the states, as explained in the
previous sections, and the energy problem in terms of the air conditioning inputs, namely the
air mass flow rate u; and the supply air temperature us, which corresponds to the sensible
heat transfer through ventilation. The cost function yields to:

J(@,u) = |ly — zoplldy, + [wallfy, + Turcaluz — 21| + prer + paes (3-37)

Note that the cost function includes, with the third term of equation (3-37), a cost on the
absolute difference of the temperature of the supplied air and the temperature of the air of
the zone, which corresponds to the heat by ventilation. This term is different from that of
the heat transfers of the coiling or of the heating coils.

Similar to the previous case, the cost function is a multi-objective function described by
(3-35) and the linear cost from the sensible heat transfer by ventilation, third term in (3-37).
The costs are weighted by the matrices @y, QQu, and 7, which were chosen iteratively. The
weights p; and pg were chosen sufficiently large. The results from this problem are presented
in Figure 3-6, Figure 3-9 and Figure 3-14.

In addition, in this section we support the difference between the heat transfers from the coils
and ventilation in Figure 3-11 and Figure 3-12. In these figures, the heat from ventilation is
computed from:

Qvent = Caul(UQ - xl), (3-38)
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where heating from ventilation corresponds to its positive part, while the cooling to its neg-
ative values.

Case 3: Reference tracking and enthalpy formulation

This formulation considers the reference tracking problem of the states and the energy problem
expressed in terms of the enthalpy the system, which was analyzed in Section 2-3. The cost
function yields to:

J(@uw) = |y — 2zsplld, + lurlld, + 77 caTia + hawWea — (caTina + Pove Wina)[(3-39)
pP1€1 + p2e€a

This cost function is a multi-objective function described by (3-35) and the linear cost from
the enthalpy throughout the air conditioning process, third term in (3-39). The costs are
weighted by the matrices @)y, and @, and 7, which were chosen iteratively. The weights
p1 and ps were chosen sufficiently large. The results from this problem are presented in
Figure 3-7, Figure 3-10 and to Figure 3-15.

Discussion of the results

For each of the cases from Section 3-5-2, the figures 3-5, 3-6 and 3-7 illustrate the temperature,
the humidity ratio and the relative humidity of the zone; the figures 3-8, 3-9 and 3-10 show
the air mass flow rate, temperature and humidity ratio of the supply air. The bounds for each
of these variables are indicated with dashed lines.

The figures 3-13, 3-14 and 3-15 present the heat transfers across the coils and the cumulative
energy loads of each of those coils. The figures 3-11 and 3-12 indicate the heat transfers for
cooling and heating produced by wventilation in comparison to the heating and cooling loads
of the coils. Here, the red color is associated to the heating coil, blue color to the cooling
coil, and black to heating or cooling by ventilation. The initial condition for each case is
xo = [23,12].

As can be seen from the figures 3-5, 3-6 and 3-7, the reference tracking problem in temperature
x1 and humidity ratio x5 of the zone allows to have an indirect control on the relative humidity
in the zone RH,, which is demonstrated by the fairly stable response of this variable within
its bounds.

The optimal supply air inputs of the air conditioning system shown in the figures 3-8, 3-9 and
3-10 indicate that the relation among them is not a straightforward concept for the whole
simulation time and the provided prediction of the disturbances from figure C-1. The optimal
air mass flow rate u is kept low, and it causes a fluctuating effect on the temperature ug and
humidity ratio ug of the supply air. While a decrease in temperature of the supply air uo
occurs at around 29,8:00 in case 1 and 3 thus anticipating almost two hours in advance the
sharp increase of the latent and heat gains at time 29,10:00, the humidity ratio of the supply
air uz does not show an anticipating trend nor the humidity ration u2 from case 2. In all
the cases, ug shows a relative stable trend around its maximum limit whenever the moisture
gains are insignificant. For instance during the off-peak hours of occupancy, especially after
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the time 29,18:00. This behavior demonstrates how the controller in each tries to compensate
the sensible and latent heats in the zone.

Figure 3-11 and 3-12 showcase the difference between the heat by ventilation that is trans-
ferred to the zone and the heat that is injected by the cooling and heating coils to the system.
Figure 3-11 demonstrates that the heat for both cases is indeed higher during the dehumidifi-
cation periods from 29,10:00 to 29,18:00 and at the beginning of the simulation. However, the
ventilation heat used for cooling the zone is almost negligible in comparison to the heat of the
cooling coil. A similar behavior is shown in figure 3-12, where the ventilation heat for heating
the zone is not considerable with respect to the heat injected by the heating coil. Here, the
heat injected by the heating coil corresponds to the re-heating process and we observe it
accounts to significant values. These observations prove that if we use solely the heat from
ventilation as the heating or cooling demand of a building, we fall into downsizing the water
side system requirements.

From Figure 3-13, 3-14 and 3-15, two main outcomes were found. First, more heat is required
for dehumidification, especially for the periods from time 29,10:00 to 29,18:00 and at the
beginning of the simulation. During these periods simultaneous cooling and heating of the air
is required thus resulting in higher energy consumption. As dehumidifying the air entails not
only sensible cooling but also latent cooling, the amount of energy required to change the phase
of the air shows a substantial increase in comparison to the periods where dehumidification is
not needed. In addition, the heat from the re-heating process that compensates the sensible
loss during dehumidification causes a significant increase in the total heat transfers.

The second outcome regards the energy consumption for that day, which is shown in tables
3-2 and 3-3. In table 3-2 we observe that the fan energy is negligible in comparison to the
cooling and heating coil energies for the three cases, and that the cooling and heating energies
are similar. Moreover, from 3-3 case 2 shows a decrease of 1.00% in comparison to the base
line strategy (case 1) confirming that improvement in energy usage exists when the heat from
ventilation is taken into account in the objective function of the MPC formulation. Finally,
a further improvement of 5.82% is accomplished by the energy problem formulated in terms
of enthalpy, case 3. This last improvement is the consequence of incorporating the enthalpy
of the whole system into the problem formulation.

In addition, even though the focus of this work is not an economic approach, roughly speaking,
if we considered the price of electricity at around 18 euro cents per kWh, the price for each
case is 13.80, 13.67 and 13.00 euros a day. This shows the economic benefits on a daily basis.

Table 3-2: Total energy consumption of the system for Aug 29, 2016

Case of study Energy [kWh]
Equipment 1(Baseline) 2 3
Cooling coil 43.00 43.02 | 41.58
Heating coil 33.69 32.90 | 30.64
Fan 0.116 0.117 | 0.104

Figure 3-16 shows climate comfort is also achieved when the system is subjected to warmer
and more humid conditions. Figure 3-17 demonstrates how the energy consumption of the
system rises up to 88.25 [kWh] while the cooling and heating coils energy also increases up to

Master of Science Thesis Andrea Carlota Diaz Guasgua



Controller design

42
Temperature - X,
24 T T T T T T T Zone
20 — — — - U-bound
06 _________________________________ — — — - L-Bound
= 20 i R My VEE) PRy By ey
Ll = [ A T T R
29,06:00 29,09:00 29,12:00 29,15:00 29,18:00 29,21:00 30,00:00 30,03:00
Humidity Ratio - x,,
T T T T T T T T .
2
= 10 -
z tHhe———— e ——— e —
5__| _____ |- === = | === = r—-——-—"r/- =TT = =7
29,06:00 29,09:00 29,12:00 29,15:00 29,18:00 29,21:00 30,00:00 30,03:00
Relative Humidity - RH,
100 F T T T T T T T T ]
S u I S S S S
T 50 -
EYPFf—F———————(—(—————(——f[——(——— o 1
0 1 1 1 1 1 1 1 1
29,06:00 29,09:00 29,12:00 29,15:00 29,18:00 29,21:00 30,00:00 30,03:00

"t" (t = kAT, AT=15 min)

Figure 3-5: Building MPC temperature and humidity ratio control - case 1: States evolution

and the relative humidity in the zone

61.55 [kWh] and 25.40 [kWh]. As seen in the figure C-4, the day is more humid causing the
cooling coil to remove more moisture out from the air thus more energy is required.

Table 3-3: Total energy consumption of the coils and fan, and the energy percentage reduction

in each case of study for Aug 29, 2016

- Case of study
Performance indicator 1(Baseline) ) 3
Energy (kWh) 76.80 76.04 | 72.33
Energy reduction (%) - 1.00 | 5.82
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Figure 3-6: Building MPC temperature and humidity ratio control - case 2: States evolution

and the relative humidity in the zone
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Figure 3-7: Building MPC temperature and humidity ratio control - case 3: States evolution

and the relative humidity in the zone
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Figure 3-8: Building MPC temperature and humidity ratio control - case 1: Supply air inputs
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Figure 3-9: Building MPC temperature and humidity ratio control - case 2: Supply air inputs
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Figure 3-10: Building MPC temperature and humidity ratio control - case 3: Supply air inputs
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Figure 3-11: Building MPC temperature and humidity ratio control - case 2:- Cooling coil and
ventilation heat transfers
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Figure 3-12: Building MPC temperature and humidity ratio control - case 2:- Heating coil and
ventilation heat transfers

Master of Science Thesis Andrea Carlota Diaz Guasgua



Controller design

46
Coil's heat transfer rate
40 T T T T T T T T
E _ Cooling coil
= 20 [ Heating coil | —
[6)
0 = L ..I'II.III..I.“—.—-.—.*-_—__-_-_J—-_-_-_-L-_I_-_I
29,06:00 29,09:00 29,12:00 29,15:00 29,18:00 29,21:00 30,00:00 30,03:00
Coil's energy
100 T T T T T T T T
=
3
X,
w
29,06:00 29,09:00 29,12:00 29,15:00 29,18:00 29,21:00 30,00:00 30,03:00
"t" (t=kAT, AT=15 min)
Figure 3-13: Building MPC temperature and humidity ratio control - case 1: Heat transfer rate
and the cumulative energy of the coils
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Figure 3-14: Building MPC temperature and humidity ratio control - case 2: Heat transfer rate

and the cumulative energy of the coils

Coil's heat transfer rate
40 T T T T T T T T

] Cooling coil
20 Ir I Heating coil | —
0 Lh—_g_gjlllllllw

29,06:00 29,09:00 29,12:00 29,15:00 29,18:00 29,21:00 30,00:00 30,03:00

Coil's energy
T T T T T T

E [KWh]

29,21:00 30,00:00 30,03:00

29,12:00 29,15:00 29,18:00

29,06:00 29,09:00
"t" (t = kAT, AT=15 min)

Figure 3-15: Building MPC temperature and humidity ratio control - case 3: Heat transfer rate

and the cumulative energy of the coils
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Figure 3-16: Building MPC temperature and humidity ratio control - case 3: States evolution
and the relative humidity in the zone for September 13, 2016
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Figure 3-17: Building MPC temperature and humidity ratio control - case 3: Heat transfer rate
and the cumulative energy of the coils for September 13, 2016
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Chapter 4

Conclusions and recommendations

The focus of this research is to develop a MPC approach for cooling and dehumidification
in buildings, where the processes are controlled by cooling and heating coils as the main air
conditioning units. This final chapter presents the conclusions from these developments, and
gives recommendations for future work.

4-1 Conclusions

Every control system needs a representative model of the dynamics of the engineering system.
In this thesis, the modeling yielded a nonlinear system, where the states were the temperature
and humidity ratio in the zone, and the inputs were the air mass flow rate, the supply air
temperature and the supply air humidity ratio. This simplified modeling of the dynamics
disregarded the complex dynamics of the coils, and allowed us to define the set-points of the
coils in terms of the supply air temperature and humidity ratio.

The air conditioning psychrometric analysis of the studied system enabled us to support
the aforementioned modeling simplification by establishing the heat transfers in terms of the
mixed air and the supply air temperature and humidity ratio. This allowed us to determine
how much heat and thermal energy is required by the coils at each sampling time. However,
it should be pointed out that the evolution of the air temperature and humidity in the coils
are nonlinear processes and their dynamics were not included for the studied case due to the
complexity it adds to the problem, and due to the unavailability of data to realize a realistic
sizing of the coils.

The simplified dynamics laid the basis for the MPC controller formulation, in which we studied
three approaches that differ by the cost function defined. The main advantage of using this
controller is the optimization over a prediction horizon instead of a single step. This allows
to take uncertainty into account. On the other hand, the prediction horizon is a variable that
increases the number of decision variables to be optimized, and thus the computational effort
of the problem. Here, a trade-off had to be made between the system prediction accuracy
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and the complexity of the resulting optimization problem considering we posed the system as
a nonlinear system.

We investigated three scenarios in terms of the reference tracking problem and the energy
minimization problem. This energy minimization focused on optimization with respect to
the air mass flow rate, the air mass flow rate and the sensible heat from ventilation, and the
air mass flow rate the enthalpy of the system. Here, we demonstrated that the sensible heat
from ventilation is not the heat produced by the coils, especially during the dehumidification
process. Although the use of the sensible term in the cost function showed an improvement
in energy usage in comparison to the mass flow control formulation, these two concepts must
not be confused. The decrease in the energy usage is the result of the air conditioning process,
as shown in the psychrometric analysis of the air.

For each scenario, we proposed to solve the nonlinear constrained optimization problem with
state and input constraints. To solve the nonlinear program, we use the toolbox Yalmip in
Matlab and the Sequential Quadratic Programming (SQP) solver. The toolbox supplies the
warm-starting for the optimization problem inside the bounds defined then it computes the
solution. The results from these approaches confirm the comfort requirements, and energy
reduction is also confirmed. The results that included the enthalpy variation showed an im-
provement in terms of energy usage. However, we encountered difficulties tuning the weights
in the cost function to reach those results.

4-2 Future work

In order to improve the present project, the following tasks are suggested.

The major area that requires further investigation is the modeling of the system dynamics,
especially with respect to humidity and the factors influencing its variation. For instance
infiltrating moisture from the outside weather conditions, moisture absorption or desorption
in built-in materials of the construction, or building defects (piping leaks, rain penetration,
envelope cracks).

Another aspect of improvement is the development of the forecasting occupancy and weather
models. In this study, they have been considered to be deterministic and available. How-
ever, in reality these uncertainties are stochastic processes characterized by non Gaussian
distributions. Thus, the controller synthesis needs to address this behavior.

It is also suggested to carry out system identification and filtering techniques of a similar
system to prove the theoretical results of the controller. This can be done by means of
a dedicated energy simulation software for buildings or by studying a real building, where
dehumidification is performed by cooling coils.

With regard to the controller synthesis, the problem formulation could also include the damper
opening fraction § as a decision variable. This will allow to obtain the maximum benefits from
the outside weather predictions. For instance, free cooling or heating, which is a method of
using the external air conditions to reduce the mechanical heat transfer of the HVAC system.

We also suggest to investigate the possibility to linearize the system. For instance, by the
convexification method proposed in [12], or by a scheduled linearized MPC, in which the linear
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model is the result of the linearization around several operating points, [8]. The availability
of a linear system allows to simplify the proof for stability and robustness. Those subjects
are complex for nonlinear systems and have not been discussed in this work.

The problem formulation could also be extended to several zones, where a distributed control
method could be used to decompose the problem in a set of sub-problems with the coupling
constraints from the air conditioning system. With the increasing complexity in the building
model, computing the predictive controller action might become computationally expensive.
And even though the time for solving the nonlinear MPC can be considered to be a nonre-
strictive factor for the slow dynamics of the system, a significant increase in the number of
zones will amount more computational time. Thus, this can be overcome by the distributed
control scheme and a linear model of the system.
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Appendix A

Psychrometrics

This appendix describes the psychrometrics of the air, where we explain basic concepts re-
garding the properties and processes of moist air relevant to the HVAC system under study.
Herein, moist air is defined as a mixture of dry air and water vapor. Its psychrometric anal-
ysis is commonly used in HVAC systems to study, size and assess the performance of air
conditioning systems in buildings, [25].

A-1 Properties of the air

The properties presented next are concepts used throughout this thesis project. These con-
cepts and formulas were taken from [38, 39).

A-1-1 Dry-Bulb temperature
It is the temperature of the air, which can be measured by a thermometer freely exposed to

the air that is shielded from radiation and moisture. This temperature is referred to as dry
since the air moisture content will not cause variations in temperature.

A-1-2 Vapor pressure
It is the pressure exerted by vapor above a surface of water. With relevance to the calculation

of humidity, the pressure of air at saturation e}, and the saturation vapor pressure of moist
are e, are presented next.

Saturation vapor pressure

It is the pressure e/, at which the process has reached an equilibrium with no change in either
vapor pressure or density. We denote the saturation vapor pressure in the pure phase by e/,
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and it is given as:

(A-1)

17.62T
e@zG.llZexp( [ )

24312 +T

where e/, saturation vapor pressure expressed in [hPa], and 7" the air temperature in [°C].

Saturation vapor pressure of moist air

This pressure e,, is expressed as the following product:

ew(P,T) = f(P)ey,(T) (A-2a)
f(P) = 100(1.0016 4+ 3.15 x 107 5P — 0.074P~1) (A-2b)

where e,, is the saturation vapor pressure of moist air [Pa], T" is the air temperature in [°C], P
is the barometric pressure in [hPa] (P = 1013.25 [hPal), and f(P) [Pa] is a constant parameter
assuming the barometric pressure P is constant.

A-1-3 Humidity ratio

This property of the air denoted by W corresponds to the mass of water vapor m, in a unit
volume of air V. It is given as:

My
W=— A-3

" (A-3)

where m, can be expressed in [g] of water vapor, and V in [kg] of dry air. Here, to derive

(A-6) we introduce the law of perfect gases, which is given as:
eV =myR,T (A-4)

where, e [Pa], V [m?], T [°K], and m, [kg] are the air actual pressure, volume, temperature,
and mass, and R, is a constant equal to 461 [JKg=!°K~!]. From (A-4), we arrive to the
expression P = 55, which is replaced in (A-3) and yields to:

W= RiT Ll;g?)] (A-5)

Since the units for mass in our system have been defined in kg, we multiply the denominator
of (A-5) by the density of the air p,, which yields to:

e kg
— =) A-
W R,Tpa {kg} (4-6)

We can replace in (A-6) the actual vapor pressure e = e“i&H from (A-8), (A-1) and (A-2).
The following relation is found:
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W:6.112f(P) RH . ( 17.62T )[kg] (A-7)

Ropa T+273°P\21312+7) |ke

where W is the air humidity ratio [kg,ke, '], f(p) is a constant function of the barometric
pressure P [Pa], p, the density of the air [kg,m 3], T the air temperature [°C], and RH the
relative humidity [%)].

A-1-4 Relative Humidity

This air property corresponds to the ratio of the actual amount of water vapor in the air to
the amount it could hold when saturated. It is expressed as a percentage or the ratio of the
actual vapor pressure e to the saturation vapor pressure expressed e, as a percentage. The
expression of the relative humidity RH is given by:

RH = 1006i (A-8)
From (A-7), we can find RH:
Ry pa —17.62T
RH = 5o py (1 1 273)W exp <243.12 i T) 7] (A-9)

where RH is the relative humidity [%], f(p) is a constant function of the barometric pressure
P [Pal, p, the density of the air [kg,m~3], T the air temperature [°C], and W the humidity
ratio [kg, kg, .

A-1-5 Dew-point temperature

It is also known as saturation temperature Ty and corresponds to the temperate at which the
water vapor of the air condensates. Ty is described by the approximation, [40]:

100 — RH
Td:T—¥ (A-10)

where T [°C] is the temperature and RH [%)] the relative humidity.

A-1-6 Enthalpy

It corresponds to the total heat content of the air, which entails latent and sensible heat. The
enthalpy h is expressed as follows:

h=c)T + hywW

where ¢, = 1.006 [kJkg, °C™!] is the specific heat coefficient of the air , hyy, = 2454 [kJkgl]
is the specific heat of water vapor, T' [°C] the temperature and W [kg, kg, !] the humidity
ratio.
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Figure A-1: Psychrometric chart, [6]

A-2 Psychrometric chart

It is a visual aid that shows the relations of the properties of the air, Figure A-1. In HVAC
systems, this chart is a standard tool to visualize, design and analyze the air-conditioning
processes and energy changes that experiences the air, [25].

The chart Figure A-1 shows the properties of moist air in terms of dry-bulb temperature,
relative humidity, humidity ratio and enthalpy. The knowledge of two of these properties are
sufficient to identify the phase of the air, [6].

In Figure A-1 the dry-bulb temperature is graphically represented by vertical lines, the hu-
midity ratio by horizontal lines, the enthalpy by oblique lines, and the relative humidity by
the curves. Herein, when the air has reached 100% RH, the curve is called the saturation
curve. The dew-point temperatures of the air lay over this curve.

A-3 Psychrometric processes

This section describes the processes analyzed throughout this thesis project.

A-3-1 Sensible heating or cooling

This process is characterized by an increase or decrease in the temperature of air without
changing its humidity ratio. This movement in the chart corresponds to a horizontal variation
along the humidity ratio lines. For instance, increasing the temperature from point 2 to point
3 as shown in Figure A-2. Here, the initial temperature of 60°C is increased horizontally (no
humidity ratio variation) until 70°C. The readings provided from the chart are a variation of
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287.0 kJ/kg d.a.

275.5 kJ/kg d.a,

60°C 70°C

Figure A-2: Heating process movement in the Psychrometric chart, [7]

115.7 kJ/kg d.a.

50.8 kJ/kg d.a.
25.2 g/kg d.a.

12.9 g/kg d.a.

18°C 50°C

Figure A-3: Cooling and dehumidifying process movements in the Psychrometric chart, [7]

enthalpy from 275.5 kJkg, ! t0 287.0 kJkg, ! which are represented by the diagonal blue and
red lines. The readings of the relative humidity are 58.8% and 37.6%, and they are described
by the curvy red and blue lines at each point, [7].

A-3-2 Cooling and dehumidifying

This process involves the removal of moisture from the air. Removal that happens when the
air has reached a temperature less than the dew-point. In Figure A-3, the air is cooled from
point 1 to point 2, where there exists a decrease of the humidity ratio from 25.2 g kg, ! to
12.9 g kg, ! and also a decrease of temperature from 50 °C to 18 °C. The readings from the
chart allows to identify the dew-point temperature given by 28.8 °C, the enthalpies of 115.7
kJkg; ! and 50.8 kJkg; ! and the relative humidity 32% and 100% at each point. Point 2
lays over the saturation line that corresponds to the relative humidity of 100%, [7].

Master of Science Thesis Andrea Carlota Diaz Guasgua



58 Psychrometrics

Andrea Carlota Diaz Guasgua Master of Science Thesis



Appendix B

Model Predictive Control (MPC)

B-1 Principles

This control strategy comprises a model-based algorithm that computes a control signal by
minimizing an objective function subject to a set of constraints. To explain it, we consider
the system (B-1), where f and h are smooth functions of = and u, [41].

(k) (B-1a)

k)) (B-1b)
MPC considers the prediction of the system over the period [k + 1, k + Np|, where N, corre-
sponds to the prediction horizon and k to the current sample step, Figure B-1. From (B-1),
we can obtain the estimates §(k + j|k) based on the state x(k) at time step k and the future
input sequence u(k),u(k),--- ,u(k+ j — 1). This leads to:

ﬁ(k +]‘k) = Fj(x(k)v u(k),u(k), T 7u(k7 +7 - 1))a Jj=1-- 7Np (B'z)

By defining the vectors:
a(k) = [uTw(k) - u” (k)a(k+ N, = 1)] (B-3a)
glk) = |9 wlk 4+ 11k) - §7 (k)2 (k + Np|k)| (B-3D)

The following equation is obtained:

y(k) = F(x(k), a(k)) (B-4)

B-2 Cost function and constraints

A cost function J(k) is associated to the goals required, which corresponds to a function
minimized over all future possible input sequences subject to the constraints imposed.
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Figure B-1: MPC strategy, adapted from [8]

B-3 Prediction horizon

The aforementioned problem is solved over the time horizon given by the prediction horizon,
Np. This term corresponds to the number of future time intervals, in which the open-loop
control problem is evaluated and optimized.

B-4 Control horizon

To reduce the problem, a control horizon N, is introduced, which means that after step
k + N. — 1 the input w is held constant.

u(k +j) =u(k+ No—1), for j = Ne,-++ , N, — 1 (B-5)

B-5 Receding horizon principle

The optimization problem defined by the objective function J(k) and the constraints results
in the optimal input trajectory w. Only the first control input calculated is implemented
to (B-1). Time is shifted on step, and the model is updated from the measurements. A
new optimization is performed starting from the new measurements, and again the first
optimal input is implemented. Until the end of the simulation, the control signal is recursively
recalculated in the next samples using new measurements following the receding horizon
principle.
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Building characteristics

This appendix describes the characteristics of the building analyzed in the numerical case of
study from Section 3-5. The parameters from Section C-2 are taken from [21], and the values
from Section C-3 have been inspired by the work found in [42]. At the end of this appendix,
we also include the weather conditions, which were taken from [35].

C-1 General considerations

The building corresponds to a high occupancy building (zone) of the following physical char-
acteristics:

Aganl = 180[m?], Agoor = 200[m?], Ayin = 50[m?], V, = 600[m?],

The building thermal capacitance C, = 1.4c,p,V, has been chosen such that the capacitance of
furnishings and zone contents are taken into account. The air mass in the zone is M, = p,V,.

C-2 Air properties coefficients

Specific heat coefficient of air ¢, = 1.006 [kJkg, '°C™!]
Latent heat of vaporization of water vapor hyy = 2454 [kJkg,!]
Density of air  p, = 1.205 [kg,m 7]
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C-3 Factors and coefficients

Convection factor - windows — ¢fwin =  1.012 [—]
Convection factor - equipment cfeq=  0.23[—]

Convection factor - lighting ¢ fijghe =  0.08 [—]

Convection factor - person cfper = 0.02[—]
Solar Gain factor ~ SGF = 0.5[—]
Thermal transmittance - wall Upall = 0.62 [Wm™2°K™!]
Sensible heat rate - person  Qper = 80 [W]

Moisture rate - person  Hperson = 0.06 [kgwh_l]
Heat flux - Equipment Qeq = 3.2 [Wm™?
Heat flux - Lighting Qight = 4.5 [Wm_2]

C-4 Disturbances prediction

Figure C-1 and C-2 present the sensible Qim and latent loads Wmt, and the occupancy pro-
file Nper used for the simulations. The two former were obtained using the equations and
principles explained in Chapter 2. The number of people is a scaled version of [36]. The
prediction correspond to August 29,16 5:00 to August 30,16 10:00 and September 13,16 5:00
to September 14,16 10:00.

C-5 Weather conditions

The weather conditions were taken from [35]. From which the hourly weather data was
converted to fifteen minutes data by linear interpolation. Figure C-3 and C-4 show the
outside temperature Ty,, humidity ratio W, and solar radiation I, in fifteen minutes intervals
of August 29, 2016 5:00 to August 30, 2016 10:00 and September 13, 2016 5:00 to September
13, 2016 10:00 and.
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Glossary

List of Acronyms

HVAC Heating, Ventilation and Air Conditioning

MPC Model Predictive Control
AHU Air Handling Unit
PID Proportional, Integral, Derivative

EPBD Performance of Building Directive

ISA International Society of Automation

VAV Variable Air Volume

MIMO Multiple-Input Multiple-Output

BEMS Building Energy Management System

ASHRAE American Society of Heating and Refrigerating and Air-Conditioning Engineers
WMO World Meteorological Organization

KNMI Koninklijk Nederlands Meteorologisch Instituut

SQP Sequential Quadratic Programming

ISA International Energy Agency

List of Symbols

p Density [kgm ™3]

Py Latent heat vaporization of water vapor [kJkgg!]
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3

Thermal capacitance [kJ°K 1]
Thermal transmittance [Wm™2°K™!]

m Mass flow rate [m3s~!]

Q Heat transfer rate kW]
Ca Specific heat coefficient of air[kJkg, 1°C~!]
h Enthalpy [kJkg;, ']

Q Heat energy [kWh)]

q Heat flux [kWm 2]

T Temperature [°C|

Vv Volume [m3]

w Humidity ratio [kg, ke, ']
A Area [m?]

C

U
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