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Executive Summary

Heating, ventilation, and air-conditioning (HVAC) systems account for high energy
consumption in buildings. Conventional approaches used to control HVAC systems
rely on rule-based control (RBC) that consists of predefined rules set by an expert.
Model-predictive control (MPC), widely explored in literature, is not adopted in the
industry since it is a model-based approach that requires to build models of the building
at the first stage to be used in the optimization phase and thus is time-consuming and
expensive. During the PhD, we investigate reinforcement learning (RL) to optimize
the energy consumption of HVAC systems while maintaining good thermal comfort
and good air quality. Specifically, we focus on model-free RL algorithms that learn
through interaction with the environment (building including the HVAC) and thus not
requiring to have accurate models of the environment. In addition, online approaches
are considered. The main challenge of an online model-free RL is the number of days
that are necessary for the algorithm to acquire enough data and actions feedback to
start acting properly. Hence, the research subject of the PhD is boosting model-free RL
algorithms to converge faster to make them applicable in real-world applications, HVAC
control. Two approaches have been explored during the PhD to achieve our objective: the
first approach combines RBC with value-based RL, and the second approach combines
fuzzy rules with policy-based RL. Both approaches aim to boost the convergence of RL
by guiding the RL policy but they are completely different. The first approach exploits
RBC rules during training while in the second approach, the fuzzy rules are injected
directly into the policy. Tests are performed on a simulated office existing in Grenoble

INP building during the winter period.



Chapter 1

Introduction

1.1 Context and Motivation

1.1.1 Buildings Energy Consumption

Buildings consume considerable energy in many countries. Both residential and commer-
cial buildings contribute between 20-40% of the total energy consumption in developed
countries. In the US for example, they account for nearly 40% of the total energy con-
sumption where half of this energy is linked to heating, ventilation, and air-conditioning
(HVAC) systems (Pérez-Lombard et al. [2008]). Hence, buildings’ energy management
has been a substantial subject in industry and research as well. A building energy manage-
ment system (BEMS) is responsible for monitoring and controlling all the energy needs
of the building. BEMS is defined as a sophisticated electrical control and monitoring
system that is capable of controlling the building ranging from HVAC system to lighting,
fire alarm system, security, maintenance, and energy management (Manson and Mclntyre
[1997]).

HVAC systems are responsible for maintaining good thermal comfort and good indoor
air quality. Thermal comfort is usually represented by indoor temperature and humidity,
while indoor air quality is represented by CO2 concentration. With high indoor temper-
ature and bad indoor air quality, occupants can feel sleepy, dizzy, and have breathing
issues. Thus, maintaining thermal comfort and air quality in the good range is necessary
for having high-quality working and living environments.

Nowadays, BEMS’ most conventional control strategies of HVAC are rule-based feed-

back control that relies on some pre-defined schedules to select the setpoints (high-level
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Condenser Source
Equipment type Cooling tower, air VAV box, Fan coil
source, ground source unit, radiator
High Room temp sp.
(ultimate goal)
Medium Cond. water temp Supply water temp  Supply air temp. Supply air temp.
Cond. water flow Supply water flow  Supply air flow rate Supply air flow rate
Low Fan speed Compressor speed Cooling valve Reheat valve
(actuator) Pump speed etc. Economizer Fan/damper
PID, etc. PID, etc.

Low-level
(Actuator)

High-level
(Supervisory)

Medium-level

Figure 1.1: Complexity of HVAC control (Wang and Hong [2020]). temp. sp stands for

temperature setpoint

control) and then uses techniques such as proportional-integral-derivative (PID, low-level
control) to track these setpoints (Geng and Geary [1993]). HVAC systems account for
high energy consumption that is significantly affected by their control strategies. Further
improvement can be done on HVAC control strategies that can lead to better comfort

while minimizing energy consumption.

1.1.2 Control Levels of HVAC Systems

HVAC control is very complex and energy-consuming. Figure 1.1 clarifies why it is
difficult to have an HVAC controller that can work for all buildings (Wang and Hong
[2020]). Two main reasons make this problem complex. First, an HVAC system is
composed of many components: an air handling unit (AHU), a heating/cooling source,
a condenser, and a terminal unit. For each component, there are different types such
as variable air volume (VAV) and fan coil unit (FCU) for the terminal unit component.
Second, there are different levels of controls for each device: high-level (called also

supervisory level), medium-level, and low-level.

* High-level control is acting on the setpoints such as room temperature setpoint

(heating/cooling temperature setpoints), and carbon dioxide (CO;) concentration
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setpoint in case the HVAC system is equipped with a CO; sensor and a controller
for CO, concentration that can activate the ventilation when CO, concentration is
high. A setpoint is a target value the system is required to maintain e.g: a room
setpoint temperature of 23 °C means the system has to maintain the room at 23
°C. An example of high-level control could be using the observations of outdoor
and indoor temperature to determine the room temperature setpoint. Rule-based
control (RBC) is the most popular strategy in real HVAC systems and is defined

by some simple rules given by experts.

* Low-level control is acting directly on the actuators such as the reheat valve and
damper position. Conventional controllers like proportional-integral-derivative
(PID) are used to act on the actuators and track the setpoints. An example of low-
level control could be controlling the VAV damper to minimize the error between
indoor temperature and indoor temperature setpoint. Medium-level control is one
level between the high-level and low-level such as supply air temperature and

supply air flow rate in VAV.

Most of the studies done on HVAC systems optimization are on controlling the HVAC
terminals at a high level. The reason behind selecting to optimize the high-level terminal
controls the most is because they are easier to access and safer to control where they exist
on a thermostat and can be modified. Moreover, controlling high-level control has more
effect on HVAC operations since changing one setpoint can trigger more than one HVAC
actuator. Figure 1.2 shows a thermostat that monitors the room temperature and contains
2 setpoints temperature: one for cooling and the other for heating. The thermal comfort
range is defined to be between the heating and cooling setpoints temperature. When the
room temperature is above/below the cooling/heating setpoint, the HVAC system will

cool/heat to bring the room temperature down/up to the comfort range.

Figure 1.2: A thermostat with dual setpoints temperature.
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1.1.3 Motivation

Buildings, both residential and commercial, account for a significant portion of the
total energy consumption in developed countries, most of which is consumed by HVAC
systems. The energy consumption of HVAC systems is greatly affected by their control
strategies. The most popular HVAC control strategy used in real environments is rule-
based control which is not energy efficient and can lead to discomfort in terms of
temperature and air quality.

This PhD is a CIFRE fellowship within a scientific partnership between eLichens, a
French startup based in Grenoble working in the gas sensors and air quality domains,
and LIG and G-SCOP laboratories, of the University of Grenoble Alpes. Founded in
December 2014, eLichens’ mission is to provide relevant and comprehensive information
about the air we breathe. The company relies on a portfolio of patents, know-how, and
skills that enable a complete air quality solution (sensors and services) and address
consumer electronic and industrial markets. eLichens has decided to address the HVAC
market with the ambitious goal to optimize energy consumption while assuring optimal
comfort to the occupants of residential or commercial buildings. One of the main
products developed by eLichens is the indoor air quality station named eLsi. This station
measures several environmental variables like temperature, humidity, CO, concentration,
particulate matter, and volatile organic compound (VOC). The idea is to couple the
station measurements with HVAC controls, collect enough informative data, and develop
data-driven algorithms to optimize the system.

The following sections will review the existing approaches for HVAC systems control
ranging from rule-based control to model predictive control (MPC) to the recently
explored approach in reinforcement learning. The advantages and drawbacks of each

approach will be presented.

1.2 Existing Approaches

1.2.1 Rule-Based Feedback Control

The most popular approach existing in today’s HVAC systems is rule-based feedback
control. This approach includes two main things: First, predefined rules (on a high-level
control) that define the setpoints are provided according to the experts’ experience (Wang
and Ma [2008]). Second, the setpoints are maintained using conventional controllers

(on the low-level) such as PID control that doesn’t require an input-output model (Wang
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Figure 1.3: PID controller.

et al. [2001]). Figure 1.3 illustrates the main components and the functionality of a
PID control. PID includes three terms: P for proportional, / for integral, and D for
derivative. P accounts for present values of the error e.g if the error value is large and
positive, the control output will also be large and positive. I accounts for past values of
the error e.g if the current control output is not sufficiently strong, the integral of the
error will accumulate over time and the controller will respond by applying a stronger
action. D accounts for possible future trends of the error based on its current rate of
change. Rule-based feedback control is a model-free approach that doesn’t need system
modeling to compute a control policy.

In some situations, it is necessary to pre-heat or pre-cool the environment some time
before occupants arrive to reach the comfort level of indoor temperature when people
come. And to know the exact time to do that in advance requires some knowledge of the
building’s thermal inertia and the state of the environment such as outdoor temperature,
building temperature, and some forecast values like the outdoor temperature for the next
steps. However, rule-based feedback control doesn’t have such knowledge and doesn’t
react to such situations leading to sub-optimal performance. Moreover, this type of
approach requires continuous monitoring of the system which leads to high-operational

costs.

1.2.2 Model Predictive Control (MPC)

1.2.2.1 MPC Formulation

MPC is a control strategy that relies on an internal model and an optimization technique.
It has been used for the first time in the oil industry in 1970 (Morari and Lee [1999]).
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control . . measurements
inputs »* System
MPC
controller
exhaustive search
R T I . pattern search
optimization gradient based algorithms
cnntrnsl() evolutionary algorithms
action <
White box o
Gray box [€ 7T model  [prediction |,  objective,
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Figure 1.4: Model Predictive Control

The internal model is a predictive model that can predict the state of the system in the
next time steps based on some controls and system variables. The optimizer uses the
predictive model to anticipate future events over a horizon (specifies how many steps
to anticipate ahead), and make better decisions to achieve its task; optimizing energy
consumption under some comfort constraints. Figure 1.4 illustrates how MPC operates.
At each control time step t, the MPC controller computes the optimal states with the
corresponding optimal controls to reach them in the next horizon time steps using the
predictive model and the optimizer together and then takes the first control to drive the
system towards the objective function.

MPC is an optimization planning problem formulated as follows (Boyd):

t+T

min Y cx(Xk, M)
K k=t

Xk+1 :f(xknuk)a k=t,...t+T—1
wel, t=t,...t+T
xeX, t=t,.,t+T

x represents the state or system variable, u represents the control variable, ¢ represents the
cost function MPC is trying to optimize, f represents the system dynamics (the internal
or predictive model), and T represents the prediction horizon. X and U represent the
input constraint sets. At time step t, the system is at state x; and the MPC controller is
trying to find the optimal control trajectory over one horizon that leads to such output
control trajectory of length T (ty,x¢41,...,X:+7,t+7) but only the first control will be
executed. The optimization problem will move then one step and the same procedure

will be repeated for the next time step.
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1.2.2.2 Simulation Models and Optimization Techniques in Buildings

The first phase of MPC for buildings is to develop the simulation models of the buildings’
dynamics. Simulation models as shown in Figure 1.4 can be of different types: white-box,
black-box, and gray-box (Wang and Ma [2008]).

* White-box, called also physical-based models, rely on physical models of the
buildings’ dynamics to predict the state and energy consumption of the system
under study. White-box models use a priori knowledge of the system and detailed

physical models such as laws of energy, mass, heat transfer, flow balance, etc.

* Black-box models are data-driven models that don’t require prior knowledge of the
buildings’ dynamics. These models use data recorded in the building automation
system (BAS) related to the system variables, control variables, and disturbance
variables (weather forecast, occupant existence) and can predict the state of the
system and the energy cost. Such models can be an artificial neural network (ANN)

for instance.

* Gray-box models are hybrid models that rely on both: some physical equations

and data of the building to calibrate and tune the parameters of the models.

The second phase of MPC is the optimization controller. There are many optimization
techniques used in this phase such as exhaustive search, pattern search, gradient descent
algorithms, and evolutionary algorithms (Nguyen et al. [2014]). The evolutionary or

genetic algorithm will be revisited in section 3.5 in one experiment of MPC.

1.2.2.3 Applications of MPC

MPC is the most explored approach in literature. It has shown some success in buildings.
For instance, in Aswani et al. [2011], authors tested MPC on a simulated air conditioner
(AC) and succeeded to reduce the electricity consumption by taking into account the
occupancy. Privara et al. [2011] used MPC to control the heating system of a university
building and succeeded to achieve 17-24 % of energy savings compared to the existing
controller. Ma et al. [2009] used MPC to optimize the thermal energy storage in building
systems and achieved 24.5% of energy savings in simulations. As a result, MPC has

shown some success in both real experiments and simulations.
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1.2.2.4 Drawbacks of MPC

Although MPC has been widely explored in literature and has shown successful applica-
tions, it hasn’t been adopted in the industry. The main complexity in MPC lies in the
first phase which requires developing predictive models of the buildings. This phase
accounts for 75 % of the time required for MPC implementation according to Rockett
and Hathway [2017] and requires high expertise and a long time for calibration. For MPC
to achieve good results, it requires accurate predictive models (Killian and Kozek [2016],
Privara et al. [2013]). The difficulty in developing the predictive models goes back to
the complexity of buildings’ dynamics. Moreover, buildings are very heterogeneous,
and thus models can’t generalize between buildings (Lii et al. [2015] ), specifically the
white-box and gray-box models. Concerning the optimization phase, MPC is a non-
convex optimization problem because of the non-linearities in the buildings’ dynamics,
and thus optimization can take a considerable time especially when the control variables
are large and the control time step is short (Raman et al. [2020]). Many applications of
MPC tried to simplify the first phase of MPC by linearizing the predictive models (Atam
and Helsen [2015]). However, this strategy will make problems when it comes to more
complex systems such as HVAC systems that are not linear and will not eliminate the
problem of high expertise and a great amount of time required to have good models that
can’t be transferred to other buildings. Hence, it is important to develop or rely on other
approaches with the following features: can generalize to different buildings and don’t

require to develop predictive models of the building’s system.

1.2.3 Reinforcement Learning

1.2.3.1 Definition

Reinforcement Learning (RL) is a subcategory of machine learning that involves learning
by interaction (Sutton and Barto [2018]). Two main players exist in this kind of learning:
the agent and the environment. The agent is the learner and decision-maker at the same
time. The environment is the system the agent interacts with. It generates a reward that
represents evaluative feedback for the agent. A reward is a scalar value that represents
the quality of the action taken by the agent at a specific state; such as +1 for rewarding a
good action and -1 for penalizing a bad action.

The agent learns through trial and error and then a great number of interactions with the
environment is needed to learn the optimal actions. The agent-environment interaction is

shown in Figure 1.5. At each time step ¢, the agent observes the state S; that includes a
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Figure 1.5: Reinforcement Learning agent-environment interaction.

reward R; then takes an action a;. The environment will move then to a new state S; |,
and the agent will receive evaluative feedback of the action taken, reward R;; ;. The
agent’s goal is to learn an optimal policy ©t* that maximizes not the immediate reward but
the cumulative reward it receives in the long run called also the expected return G;. The
optimal policy specifies the best action to take in a specific state. The expected return Gy,

in its simplest form, is defined as follows:

G =R 1 +R2+R3+...+Rr (1.1)

1.2.3.2 Model-Based vs Model-Free RL

RL algorithms are divided into two subcategories: model-based and model-free algo-

rithms.

* In model-based RL algorithms, the agent learns a model of the environment by
observing how the state is changed when an action is taken and thus learning
the transition function. When a model of the environment is learned, it could be
coupled then with a planning algorithm to obtain the optimal policy. The learned

model is used to simulate transitions, which increases sample efficiency.

* Model-free RL algorithms do not need a model of the environment and they learn
a policy through trial and error. They require huge data to learn a good policy.
Model-free RL algorithms are divided into two classes: online and batch. Online
RL algorithms update the value being in a state in an online fashion after each
interaction based on the current measurement. Such an online model (called on-
policy as well) is SARSA (Rummery and Niranjan [1994]). Batch RL algorithms

store past transitions to be reused for the update of the value being in a state.
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Transitions can be fixed such as in fitted Q-iteration (FQI) (Ernst et al. [2005])

or growing by collecting new transitions from the environment enabled by the

experience replay strategy Lin [1992]. Experience replay can make learning more

stable and faster than online RL algorithms.

1.2.3.3 Applications in Buildings

Reinforcement learning has shown great success in gaming and robotics. AlphaGo which
is developed based on reinforcement learning has defeated the human European Go
champion( Brunner [2019]). RL has been recently explored in literature in the context of

buildings’ control:

* In Wei et al. [2017], authors use deep-Q networks (DQN Mnih et al. [2015] ) to
control the fan air flow rate in a variable air volume (VAV) system to maintain
thermal comfort and reduce energy consumption. The building with the HVAC
system is simulated in EnergyPlus (energy simulation software: Crawley et al.
[2000]). Authors prove that DQN achieves high energy savings in simulations

compared with the traditional approach used in EnergyPlus.

* Zhang et al. [2018] uses Asynchronous Advantage Actor Critic (A3C Mnih et al.
[2016]) to control the heating system supply water temperature of a radiant heating
system to maintain thermal comfort in an intelligent workplace (IW) and reduce
the energy consumption. The authors use EnergyPlus to model the building with
the HVAC system. The development of the RL controller for the radiant heating
system undertakes two phases. The first phase consists of training the A3C offline
using the building energy model application (EnergyPlus). The second phase
consists of deploying the trained DRL (deep reinforcement learning) agent offline
in the actual HVAC system. In the second phase, the agent will continue to refine
its control policy from the actual feedback from the real HVAC system. As a result,

this work has achieved 15% of energy savings in a real experiment.

* Gao et al. [2019] uses Deep Deterministic Policy Gradient (DDPG: Lillicrap et al.
[2015]) to control heating and humidity setpoints of an HVAC system; modeled
in transient system simulation tool (TRNSYS). DDPG was compared with other
DRL methods such as DQN, SARSA, Q-learning. Simulation results show that
DDPG outperforms the other methods and improves occupants’ thermal comfort

while reducing the energy consumption of HVAC system.
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Paper Simulation tool HVAC type RL method Convergence time
Wei et al. [2017] EnergyPlus VAV DQN 100 months
Zhang et al. [2018] EnergyPlus Radiant heating system | A3C ~ 62years
Gao et al. [2019] TRNSYS HVAC not specified DDPG 10k hours
Zhang et al. [2019] EnergyPlus VAV model-based RL | 7 days
Moriyama et al. [2018] EnergyPlus VAV TRPO 300 years
Dalamagkidis et al. [2007] | Matlab/Simulink | Heat Pump LRLC 4 years
Barrett and Linder [2015] | physical equations | not clear Q-learning not clear
Table 1.1: Reinforcement learning applications in buildings. The last column (conver-

gence

time) indicates how long it would take if the system should learn directly on a real

building instead of a simulation environment.

Zhang et al. [2019] uses model-based RL to control the air flow rate and tempera-
ture setpoint of a VAV system in a two zones data center modeled in EnergyPlus.
The dynamics of the system are approximated using a neural network. Using
model-based RL, the energy consumption is reduced by 17.1-21.8 % compared
with the model-free approach, proximal policy optimization (PPO: Schulman et al.
[2017]). Model-based RL shows as well faster convergence by 10x. However,
the comparison made by the author doesn’t seem fair. In more detail, in the arti-
cle, model-based RL achieves almost the maximum reward after 7 days but after
learning the dynamics of the buildings using historical data of 65 days. While
model-free RL, PPO, succeeds to achieve almost the same reward after 70 days
but starting completely without any knowledge. So overall, model-based and

model-free-RL have the same result in the article.

Moriyama et al. [2018] uses DRL to control the HVAC system in a two zones data
center. Fan air flow rate and temperature setpoint are controlled using trust region
policy optimization (TRPO: Schulman et al. [2015]) to reduce the cooling energy
consumption and maintain thermal comfort. TRPO succeeds to reduce the cooling

energy consumption by 22%.

1.2.3.4 Limitations of RL Applications in Buildings

RL for the control of HVAC systems has been recently explored in literature. It is still

in the research work and has not been adopted in the industry. One main advantage of

model-free RL is that it doesn’t need prior knowledge of the buildings’ dynamics and

can learn a policy only by interacting with the environment. Hence the complexity of

buildings’ dynamics is not anymore a problem with model-free RL. However, this type
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of machine learning requires huge data to learn a good policy since it learns through

trial and error and requires exploring the state-action space to find the optimal actions
leading to a lot of transitions with bad actions. For this reason, most of the RL. work
for HVAC done uses simulation tools like EnergyPlus, TRNSY'S, or physical equations
(Table 1.1) to model the environment that is considered as the real system and then RL
agent interacts with the simulated environment to learn a good policy without relying
on anything else other than the interactions. After obtaining a good policy using the
simulation tool, RL agent can be deployed and tuned by itself in the real environment.
Thus, the exploration is mostly done on the simulation tool and then eliminating to take

bad actions in the real system.

However, the solution or the policy obtained on one building doesn’t work on another
building since their dynamics are different. This type of approach requires simulating
every building inside a building simulation tool to use as an auxiliary to apply reinforce-
ment learning. The problem that appears here is the great amount of time and expertise
required to simulate a building with its equipment (HVAC, lighting, ...) and in the end,
this is required for every building. What appears to be a solution for the problem of

HVAC complexity is not a complete solution since it doesn’t generalize to other buildings.

Table 1.1 summarizes most of the work done in the domain of RL for HVAC optimization.
Most of the work done relies on RL algorithms that are considered model-free and on
a physical simulation tool that allows to represent a copy of the real environment. As
shown in the table, these approaches are taking unreasonable time to converge and thus
cannot present a practical solution in real systems. These approaches present a solution
only when the RL algorithm is pretrained in advance in a simulator that models the real
system and then deployed later online. Thus, they require the modeling of every system
inside the simulator which needs time and expertise. As a result, these approaches don’t
represent a practical and complete model-free approach as presented in the literature. In
addition, the data used during the training should be accessible and easy to obtain which
is not the case in some of the literature where some unreachable information are used in
the state of the system such as in Gao et al. [2019] where metabolic rate and clothing

insulation are required to be presented.

Although many studies are showing the importance RL in buildings, few of them have
tested their work in a real experiment. Out of the seven papers presented in Table 1.1,
Zhang et al. [2019] is the only one who deployed his work in a real experiment achieving

energy savings by 17.1-21.8% and fast convergence time by 7 days. However, he relies
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on model-based RL that requires at the first stage to learn the dynamics of the building

based on historical data of 65 days. The hindrance in his work is the first stage which

has high costs in terms of time and expertise.

1.3 Research Question

The research question targeted during this PhD is as follows:

* How can we develop an applicable control approach that can optimize the energy
consumption of HVAC systems while maintaining good thermal comfort and good
indoor air quality? The control approach should be generic (can be applied to any

building) and converge in a reasonable and short time.

1.4 Main contributions

As discussed in the previous sections, MPC represents a weak solution for the optimiza-
tion of HVAC systems since it depends on very accurate models that require considerable
time and expertise to obtain. Moreover, it is a non-generic approach since it cannot be
generalized to another building because of the heterogeneity of buildings. However,
MPC can be built in a completely data-driven approach which can then be applied to
another building. RBC doesn’t require accurate models and consists of simple rules.
However, it is not optimal and requires constant monitoring and tuning.

On the other hand, RL appears to be better than the previous two control approaches
since it can be model-free where no prior knowledge of the building is needed (if we
do not pre-train the controller on a building simulator) and it is not required to develop
predictive models. Yet, the main problem of model-free RL is the need for huge data
to reach a good control policy, something that is not applicable in real-world HVAC
systems. Hence, our contribution in this PhD is mainly to drive faster the convergence
of RL approaches so that they are applicable in real-world systems. At the beginning
of the PhD, the privilege was to develop a data-driven framework that doesn’t require
the knowledge of an expert or the environment dynamics. Hence, an advanced MPC
with data-driven architecture has been considered at the beginning. Then, the option of

model-free RL has been preferred later. Thus, the contributions are as follows:

* Develop a data-driven MPC to optimize the air flow rate of the HVAC system.
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1.5

Combine RL with RBC to guide the RL policy at the beginning and drive faster

the convergence of RL.

Inject human knowledge into a comprehensive policy to explain better the results

and have fast convergence.

Outline

The dissertation is structured into chapters as follows:

Chapter 2 - Reinforcement Learning Fundamentals: This chapter will mainly
provide state-of-the-art of reinforcement learning. The theory of RL will be
detailed with the type of RL algorithms.

Chapter 3: This chapter tackles the optimization of an HVAC system simulated
in EnergyPlus using an advanced architecture of model predictive control. It
illustrates the limitations of this optimization strategy and introduces a way to

explore a more advanced strategy: Reinforcement learning.

Chapter 4: Our contribution is built on top of an existing DRL algorithm: DQN.
It aims at guiding the RL agent at the beginning of the learning phase and thus
speeding its convergence. It is called: DQN+RBC since it is a combination of
rule-based control (RBC) and DQN.

Chapter 5: Fuzzy logic is introduced to inject human knowledge into the control
policy. ANFIS, a neuro-fuzzy approach that combines the power of fuzzy inference
and neural networks is used as an initial control policy. Then, a policy-based RL
algorithm, REINFORCEE, is used to optimize the policy.

Chapter 6: This chapter concludes the PhD work and suggests many subjects worth

exploring in future research.



Chapter 2

Reinforcement Learning

Fundamentals

This chapter presents the theory behind the reinforcement learning problem. It starts
by describing first the reinforcement learning framework. Second, it shows how to use
dynamic programming to find the optimal policy given that the transition function is
provided. Third, it focuses on model-free reinforcement learning, which searches for the
optimal policy without the need to have the transition function, by introducing temporal
difference learning and then presenting the three classes of model-free reinforcement

learning: value-based, policy-based, and actor-critic.

2.1 Reinforcement Learning Framework

2.1.1 Markov Decision Process

A Markov decision process (MDP) is a sequential decision making where actions influ-
ence not only immediate rewards but also future states and rewards. Thus, MDP involves
delayed reward and the need to tradeoff immediate and delayed reward (Sutton and Barto
[2018]). The RL framework is described in section 1.2.3.1. This framework can be
mathematically formulated as an MDP with the following specifications (S, 4, p, R, 7):

» State space S is a set of all possible states.

» Action space A4 is a set of all possible actions.
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* Transition function p(s’ls, a) defines the dynamics of the MDP and governs the

transition between states:

* R: $xA4 — R is the reward function computing the expected reward achieved on a

transition starting in (s, a):

R(s,a) =E[Ri41|S = s,A,=a] = Y rY p(r.s']s,a) (2.1)

reR s

where R is the set of all possible rewards.

* y€ [0, 1] is a discount factor that weights the importance of later rewards to earlier

ones.

The transition between states should meet the Markov property where the next state
depends only on the previous state and action and is conditionally independent of all the

previous states and actions.

P(si11]s1,a1) = P(sy41(8t,ar, -+, 50, a0) (2.2)

2.1.2 Cumulative Reward

The goal of RL is to learn a control policy that maximizes the discounted cumulative
reward at each control timestep. The control policy represents the agent’s behavior and
can be either deterministic or stochastic. A deterministic control policy, 7(s) = a, maps
each state to a specific action. While a stochastic policy, T(als) : Sx A4 — [0, 1], assigns a
probability distribution over the actions in a given state.

Considering that the agent-environment breaks into episodes where there is a terminal
state, the discounted cumulative reward G;, called long-term return, is represented as

follows:
T
G =Rt +YR2+ VR +..+Y "'Rr= Y ¥Ry (2.3)
k=t+1

vy is the discount factor and specifies how much importance should be given to future

rewards vs. immediate reward. G; can be defined recursively as follows:

G =Ry 1 +YR 12+ Yth+3 + ...
=Rip1 +YR2+YRip3+...) (2.4)
=Ri+1 +7Gr41
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2.1.3 Value Functions

The state value function v(s) estimates how good it is for the agent to be in state s. To be
more precise, it computes the cumulative reward following the policy 7. The state value

function vy (s) is defined by:
vr(s) = E[G|S; = 5, 7] (2.5)

The state-action value function defines how good for the agent to take an action a in a

state s following a policy 7
gr(s,a) = E[G;|S; = 5,A; = a, 7] (2.6)

The state value function can be defined in function of the state-action value function as

follows:

vr(s) = Zn(a|s)qn(s,a) = Elgx(S:,A:)|S: = 5,7 (2.7)

2.1.4 Optimal Value Functions

The optimal state value function v*(s) is the maximum value function over all policies

and it specifies the best possible performance in the MDP:
v*(s) = maxvg(s) (2.8)
T

The optimal state-action value function g*(s,a) is the maximum action-value function

over all policies:

q*(s,a) = max gr (s,a) (2.9)

2.1.5 Finding an Optimal Policy

An optimal policy can be found by maximizing over g*(s,a):

1 if a=argmaxq*(s,a)
¥ (s,a) = a€A (2.10)
0 otherwise
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2.1.6 Bellman Equations

The state value function v(s) can be defined recursively, known as the Bellman expectation

equation of state value function:

va(s) = E[G/|S; = 5,7 (2.11)
=E[R 11 +YGi11]S; = 5,7] (2.12)
- [R,H—i—yvn(StH)]St:sAtwn(S,)] (2.13)

ZZp r,s'|s,a)(r4+ywr(s")) (2.14)

L
; [ s,a —|—YZp s \s,a)vn(s')] (2.15)

The state-action value function g (s,a) can be defined recursively, known as the Bellman

equation of state-action value function:

grn(s,a) = E[Ri+1 +wn(Si+1)|S: = 5,Ar = 4] (2.16)
= E[Ri+1 +Yqr(Si4+1,A141)|S: = 5,A; = a] (2.17)
_ZZP r,s'ls,a) (r—l—yZTE "I (s, a)) (2.18)
= R(s,a +Y2p 'Is,a ZTE "|s")gr(s',d") (2.19)

2.1.7 Bellman Optimality Equations

Given an MDP = <§, 4, p, r 7>, the Bellman optimality equations of value functions

obey the following expectation equations:

vi(s) = max g, (s,a) = max [R(s,a) +Y§p(s’|s,a)v* (s')] (2.20)
¢ (s,a) = R(s,a) +v}_p(s'ls,a) maxg*(s', ') (2.21)

The Bellman optimality equation of v, called optimal state value function v*, specifies
the largest expected return achieved in state s under the optimal policy ©t*. While the
bellman optimality equation of g, called optimal state-action value function g*, specifies

the largest expected return in state-action pair (s, a) under the optimal policy ©*.
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2.2 Dynamic Programming

If the transition function is provided, the Bellman optimality equation can be solved
using dynamic programming. Dynamic programming refers to a collection of algorithms
that can be used to compute optimal policies given a perfect model of the environment
as a Markov decision process (MDP) Sutton and Barto [2018]. Dynamic programming

methods can be divided into policy iteration and value iteration.

2.2.1 Policy Iteration

The policy iteration method consists of two main steps: policy evaluation and policy

improvement.

2.2.1.1 Policy Evaluation

The first step in policy iteration is policy evaluation. This step consists of estimating the

value of a policy:

v(s) = E[Rr+1 4+ Wwr(Si+1)]s, 7]

The idea of computing this equation is by starting with an initial guess of v, turning the

equation into an update rule, and then iterating until convergence:

Algorithm 1 Policy Evaluation

First, initialize v, e.g., to zero
Then iterate
Vst Vi1 (s) = E[Re1 + vk (Sr+1) s, 7]

Stopping: whenever vy 1(s) = vi(s), for all s, we must have found vy

2.2.1.2 Policy Improvement

The second step in policy iteration is policy improvement. This step consists of improving

the current policy by considering a new greedy policy with respect to the value of the
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current policy as follows:

Tew (5) = argmax gz (s, a) (2.22)

a

= argmaxE[R; 1 +Wr(Si+1)|S: = 5,A; = d (2.23)
a

Then we can repeat the process of evaluating and improving of the new policy until

obtaining the optimal policy as follows; E for evaluate and I for improve:

E I E I E I E I
T — Vg, — My = Vg, — T3 —> ... = Ty — Vg, — Ty

2.2.2 Value lteration

The main drawback in policy iteration is the policy evaluation step which is time-
consuming. The idea of value iteration is to truncate the policy evaluation step by
updating the policy at every iteration. The process is done by turning the bellman

optimality equation into an update as follows:
Vi1 (s) = mng[RtH +Wik(Si11)[S: = 5,4 = a]
The output is policy T ~ ©* such that:

n(s) = argmax B[Ry 1 +Wa(Si41)|S: = 5,4 = ]
a

2.3 Temporal Difference Learning

In most real-world problems, the transition function p(s’|s,a) is not provided and requires
a complex task to obtain. Hence, temporal difference learning (TD) consists of solving
the MDP problem without having the need to know the model of the environment and
the associated reward of every state-action pair. For this reason, it is called model-free

reinforcement learning.

2.3.1 SARSA: On-policy TD learning

The idea of TD learning is to estimate the expected return using samples (Sy,A;, Ri+1,S1+1,A1+1)

where the state-action values are updated towards the estimated return Ry 1 +Yq(Si+1,Ar41):

TD error

qi+1 (SmAz) = QI(Stht) +O('<:Rt+l ‘f’YCIz(StJrl :AI—FI)/_QZ(SMA!)‘) (2.24)

target
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o represents the learning rate or step size and gamma is the discount factor. This
algorithm is known as SARSA because it uses samples (S;,A;, Rr+1,5:+1,A:+1). SARSA
is an on-policy algorithm because the same policy used to make decisions is the one to
be evaluated and improved. To elaborate, the policy used to generate actions is called
behavior policy and is referred to by u(s). The target policy is the policy that an agent
is trying to learn and is referred to by t(s). In the equation above, in the target, action
A;1 1s selected according to the same policy used to select actions. Thus, SARSA is an

on-policy algorithm since the target policy is the same as the behavior policy.

2.3.2 Q-learning: off-policy TD learning

The state-action values in Q-learning are updated as follows:

TD error

9r+1(51,Ar) = q: (S, Ar) + 0°<Rt+1 +Ym;}XCIt(St+1 »al) —q,(St,A,)> (2.25)

~
target

= (1, A1) + 0 (Rt 701 (See1, argmaxq(S,1,@) = au(Si,Ar) ) (2.26)
a/

A table of size S x A4 is used to store the state-action values in both SARSA and Q-
learning. Q-learning is an off-policy algorithm where it attempts to evaluate or improve a
policy different from that used to generate the data Sutton and Barto [2018]. To elaborate,
the behavior policy used to select actions, €-greedy, is different from the target policy

that the agent is trying to improve. The target policy here is greedy w.r.t q(S, A):

T(Sr+1) = argmaxq(Sy+1,4')
a/

2.3.3 Exploitation-Exploration strategy

During the training phase, the RL agent attempts to learn an estimate of the optimal
value function (or policy). Given that the agent has no knowledge at the beginning, it
will not behave optimally since it doesn’t know the optimal value function or policy.
Hence, the agent has to explore new actions for the sake to find a better policy and to
exploit by selecting the action that is most likely to be optimal according to the agent’s
past knowledge. This scenario is faced by the RL agent during training and is called the
exploration-exploitation dilemma. SARSA and Q-learning use €-greedy policy to deal
with this dilemma. €-greedy policy is one of the most common exploration methods in

RL where € controls the trade-off between exploitation and exploration. €-greedy can be
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state output
vector: s; layer
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Figure 2.1: A neural network model is used to approximate the state-action values Q(s,

a).

described as follows:
argmaxq(S;,Ay) with probability €

A= aea (2.27)
uniform random action with probability 1 - €

Another way to explore in continuous action space is to add exploration noise € (e.g.
Gaussian noise) during action selection such as in deep deterministic policy gradient
DDPG (Lillicrap et al. [2015]):

A =u(s|0)+¢

u is the behavior policy that decides what action to follow in a specific state.

2.4 Function Approximators

SARSA and Q-learning use a lookup table to store the state-action values Q(s, a). How-
ever, for real-world problems, the state and action space can become high-dimensional,
especially when they are continuous, and storing the data in a table becomes no longer
practical and possible. To cope with this drawback, a function approximator can be
used to estimate the value functions and even the policy which can be done using a
parametric method like neural network Figure 2.1. Reinforcement learning is called deep

reinforcement learning DRL when combined with neural networks. Hence, parametrized
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Q(S, Aq)
Q table : Policy:
or

Function Approximation Q(S, Am)
Neural network

A =argmax Q(S, A)

J

Figure 2.2: Value-based reinforcement learning.

functions are used to represent value function vz(s), state-action value function g(s,a),

and the control policy 7t(s):

vr(s) = v(s;0y) (2.28)
qr(s,a) = q(s,a;0,) (2.29)
n(s) = m(s;0x) (2.30)

2.5 Model-Free Reinforcement Learning

Model-free RL is used when a model of the environment is not existing and the learning
depends only on the interaction between the agent and the environment. Model-free RL

consists of three main classes: value-based, policy-based, and actor-critic.

2.5.1 Value-based

In value-based RL, the policy to maximize the expected reward is not learned explicitly.
An optimal value function or state-action value function is approximated first and then
the policy is deducted in a greedy way Figure 2.2 . So far, what has been discussed
before is value-based RL algorithms such: as Q-learning and SARSA which aim at
approximating the optimal value function, and then the policy is deducted from the value
function. Thus, the policy depends completely on the value function.

Improvements have been done to Q-learning to deal with high-dimensional state space
where a function approximator is used to estimate the value function such as a neural
network. Such a combination introduces deep reinforcement learning (DRL). Deep-Q
network (DQN) Mnih et al. [2013] is a value-based DRL and represents a valuable
improvement of Q-learning that introduces additional features like target network and

experience replay to stabilize learning and break correlation between samples. DQN will
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be discussed in detail in another chapter.

2.5.2 Policy-based

So far, all the methods presented depend on value functions (state of state-action) where
the policy is generated at the end from the value function. However, policy gradient
methods Sutton et al. [1999] attempt to model and optimize the policy directly. The
policy is modeled with a parametrized function w.r.t 0, Tg(a|s). RL attempts to maximize
the cumulative reward G; which can be defined according to the policy. Thus, policy
gradient attempts to optimize 0 to obtain the best reward.

For simplicity and to make proofs easy to understand, a one-step episodic problem
(contextual bandit) will be considered to explain and prove the idea of policy gradient.
The expected reward is then computed as follows:

J(8) = E[R(S,A)]

Ty

R;41 is a scalar value and doesn’t depend on 0 and thus it cannot be used to sample the
gradient. Instead, policy gradient uses the following identity to approximate the gradient

and then maximize J(0):

VoE[R(S,A)] = E[R(S,A)VelogTe(AlS)] (2.31)

Tg

Sutton and Barto [2018] derives the gradient as:
VGE VGZd )Y mo(als)re rsa = E[R(S,A)|S = 5,A = d
a
= Zd s eravene(a|s)
N a
:Zd erane als) VBTCG( |s)
N

Tte(a| )
=Y d(s) Y mo(als)rsaVelogme(als)
Ky a

= E [R(S,A)Vglogme(AlS)]

d,TCe

d(s) defines the probability of being in state s in the long run. The right-hand side of the
equation is an expected gradient that can be sampled. The policy-gradient update is as
follows:

0;11 =06, + R 1 Vglogme, (A;]S))
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The update doesn’t use any value function and depends on the parametrized policy. This
algorithm is known as Reinforce. Reinforce can be generalized to include a comparison
of the expected return to a baseline value and thus called Reinforce with baseline. The

goal of this generalization is to reduce variance and speed learning, done as follows:

GH_] = G, + a(Rt+] — VW(SI))VQ 10g7t9, (At|St) (232)
Wil = Wr + B(RH—I - VW(SI))VWVW(St) (2.33)

o and represent the learning rates for the policy and value updates respectively. Although
a state value function is used here, reinforce with baseline is still called a policy-gradient
algorithm according to Sutton and Barto [2018] since the baseline was used only as an
estimate and not as a critic: The state-value function is not used for bootstrapping where
the value estimate of a state is updated according to estimated values of subsequent
states.

As stated at the beginning of this section, a one-step episodic problem is considered
to simplify the proofs. However, an episode consists of many steps and to adapt to a
multi-step problem, R, 1 should be replaced by G; which is the cumulative return that

could be obtained after finishing the episode. Thus, the updates are as follows:

T
G=) R (2.34)
k=t+1
9t+1 = 9, + OC(G; — VW(SZ‘))VQ log 759[ (A[ ‘St) (235)
Wil = Wy + B(Gl‘ — VW(St))VWVW<St> (236)

2.5.3 Actor critic

The actor-critic method is a combination of value-based and policy-based methods. Actor
critic RL algorithms use a critic to estimate a value or state-action value function and an
actor to update the policy in the direction suggested by the critic. The cumulative reward

G i1s estimated using the state-value function:

G: = Rit1 +w(Si+1) (2.37)

The actor-critic algorithm is then as follows:
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Algorithm 2 Actor critic

Input: a differentiable policy parametrization pig(als)
a differentiable state-value function parametrization v,,(s)
Parameters: step sizes o, 3
Initialize policy parameter 6 and state-value weights w
for episode=1, M do
Initialize S (first state of the episode)
for t=1, T do
A; ~ mp(.IS)
Take action A;, observe S;11,R;+1
8 =R+ (Sr+1) — v (St)
Wir1 = wy + POV (Sy)
0;+1 = 6; +0dVglogmg, (A;|S)
end for

end for

2.5.4 Continuous Action Space

An advantage of policy-based and actor-critic over value-based is that they can deal with
continuous action space while value-based can’t. In policy-based and actor-critic, the
actions can be chosen from a normal distribution (Gaussian) with mean and standard
deviation derived by parametric function approximators (neural network) and thus these

methods can deal with high and continuous action space range Sutton and Barto [2018].

2.6 Summary of this chapter

The reinforcement learning framework is formulated into a Markov decision process.
The goal of RL is to find the optimal policy ©* that maximizes the cumulative reward.
Given the transition function, dynamic programming can be used to find the optimal
policy, however, the transition function is generally not available and difficult to obtain.
On the other hand, in model-free reinforcement learning which is classified into three
categories: value-based, model-based, and actor-critic, the agent can learn the optimal
policy by interacting with the environment and relying on samples (s,a,r,s’,r") without
requiring to have a model of the environment.

In real-world applications, especially in the domain of HVAC systems, no models of
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the environment dynamics are provided, and obtaining such models is considered a
complicated task as explained earlier in Chapter 1, section 1.2.2.4. Hence, model-free
RL is favored over model-based RL.

In the work of the PhD, the focus was to develop an end-to-end framework to optimize
the energy consumption of HVAC systems while maintaining good thermal comfort
and air quality. The privilege at the beginning was to develop a generic framework that
doesn’t require the knowledge of an expert or the environment’s dynamics. Hence, at the
beginning, an advanced MPC with a generic structure has been adopted to develop this

framework, and the option of RL hasn’t been chosen at the very beginning.



Chapter 3

Model Predictive Control for HVAC
Optimization

In this chapter, a data-driven approach is developed for optimizing the fan power con-
sumption of a standard HVAC system while maintaining indoor temperature and CO,
concentration in an acceptable range. The data-driven approach represented by model
predictive control (MPC) is followed to achieve this objective. MPC relies on predictive
models and an optimization algorithm. The predictive models describe the connection
between specific outputs (indoor temperature, CO;) and controllable (air flow rate)
and uncontrollable inputs (humidity, outdoor temperature, room occupancy, ...) while
the optimization algorithm is used to generate optimal controls. The building model,
equipped with the HVAC system is modeled in EnergyPlus. EnergyPlus is a building
energy simulation software that can model the energy consumption, indoor evolution of
temperature and CO2 concentration based on outdoor conditions (temperature, humidity,
solar radiation) and HVAC system variables (cooling and heating setpoints of coils,
water mass flow rate, air mass flow rate). To build the MPC, the predictive models
are developed and validated first using data collected from EnergyPlus. Second, the
optimization algorithm represented by the genetic algorithm is developed to optimize the
fan power consumption with the option to modify the weights of the objective function
by the user and thus can feature one output on another. Results show considerable energy
savings achieved by MPC over EneryPlus while maintaining the same degree of thermal

and air quality comfort.
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Figure 3.1: HVAC system.

3.1 HVAC system

In figure 3.1, an HVAC system is used to maintain thermal comfort and good air quality
in the occupied zone. The outdoor air is injected into the occupied zone with the help of
a supply fan. The air mass flow rate control specifies how much air should be injected
inside the occupied space. The air will pass then by a cooling coil that cools the air if its
temperature is above the setpoint temperature and then passes through a heating coil that
heats the air if the temperature is below the setpoint temperature and finally it is injected
into the occupied space. The return air is exhausted outside the building using a supply

fan.

3.2 Problem Statement

In this chapter, air mass flow rate is the control that the MPC is trying to optimize to
optimize energy consumption while maintaining thermal comfort and good air quality in
the occupied zone. The other controls like setpoint temperature are not touched and are
kept as in the initial controller: EnergyPlus. Fan air mass flow rate affects at the same
time the fan power consumption and the heating/cooling power consumption since less
air flow rate will mean less volume of air needed to be heated/cooled and thus less power

consumption.
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Figure 3.2: MPC feedback control.

3.3 Model Predictive Control: MPC

MPC is a control strategy that relies on internal models and an optimizer, see figure 3.2.
The internal models are predictive models that can predict the state of the system in the
next time steps based on some controls and system variables. The optimizer uses the
predictive models to anticipate multiple future states ahead according to a specific value
called "horizon", then it generates the optimal controls over a horizon but forwards with
only the first control. The system, HVAC + zone, modeled in EnergyPlus uses the first
control u(t) of the controls proposed by the optimizer and moves to the next timestep.
The predictive models will then use the real measurements obtained at the next timestep

by the system, which represent the system feedback to predict the next outputs, etc.

3.4 Predictive Models

The first phase of the MPC controller is to build a predictive model for the system
variables: indoor temperature and CO2 concentration inside the zone. After analyzing

different models: multilayer perceptron MLP (neural networks), linear regression, and
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Model Tin (° C) | Gin (ppm)
Linear regression 0.1 112
Support vector Regression | 1.6 1490
Neural network 0.1 48

Table 3.1: MAE score computed over the test data set for the three predictive models

described

support vector regression, neural networks have been chosen as predictive models for
their best performance. The quality of the models is assessed according to the mean

absolute error (MAE) metric:
l .
MAE:NZ|)’i—Yi| 3.1
i

N is the size of the test data set, y; is the real observed value (an EnergyPlus value in our

case), and y; is the predicted value. Table 3.1 shows the scores for the test data set.

3.4.1 Description of the Data

1

The data are obtained using EnergyPlus software’. We use two weeks of data (in

February) to build the predictive models and 1 day to test the models. Data frequency is
one value every 10 minutes. The training data and test data have different profiles for the
number of occupants, weather temperature, and zone air flow rate (the only controllable

variable under study). Data is divided into three categories:

e Controlled variables: indoor temperature (7;,), CO2 concentration (Cj;,), power
consumption of the VAV box (P).

* control variables: zone air flow m, (i.e damper position).

* context or uncontrollable variables: outdoor temperature (7, ), number of occu-
pants (O).

3.4.2 Indoor Temperature Model

The indoor temperature is modeled as follows:

Tin(t+1) = fr(Tin(t), Tin(t = 1), Towe (t +1),0(t),0(t — 1),my(t),mp(t — 1)) (3.2)

'here again, this simulation software is used as if it is a real building, using a realistic small number of

simulated days. We could also have used collected sensors’ data if available
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Tin, Tout, O, and m represent the indoor temperature, outdoor temperature, occupants,
and fan air flow rate respectively. fr is a multilayer perceptron (a neural network model)
model that consists of 6 hidden layers with 6 neurons in each hidden layer with a logistic
function used for activation. The fact that two previous values of some inputs are fed to
the prediction model goes back to the inertia in the zone where some time is required to
see the effect of an action on the state of the zone. Figure 3.3 shows the prediction of the

indoor temperature over one day vs the simulated indoor temperature in EnergyPlus.
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Figure 3.3: Indoor temperature predictive model.
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Figure 3.4: Indoor CO2 concentration predictive model
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3.4.3 CO2 Concentration Model:

The indoor CO2 concentration is modeled as follows:
Cin(t+1) = fc(Cin(t),Cin(t —1),0(t),0(t — 1),my(1)) (3.3)

Cin represents the indoor CO2 concentration. f¢ is a multilayer perceptron that consists
of 5 hidden layers with 4 neurons in each layer with a logistic function used for activation.
Figure 3.4 shows the results obtained by the CO2 predictive model vs the CO2 simulated
data in EnergyPlus. It is clear that there is a high error between the CO2 predicted and
the CO2 simulated at the beginning of the day. This error is due to error propagation and

in this case, it could have been smoothed to 400 ppm since there are no occupants.

3.4.4 Fan Energy Consumption Model:

The power consumption of the fan (in Watts) is linearly dependent on the fan air flow

rate. It is represented by a linear model as follows:
P(t) = cxmy(t) (3.4)

c is a constant value. Figure 3.5 shows the accuracy of the prediction model over one

day. The energy (E) at time t + 1 equals:

E(t+1) = P(t) xAtime (3.5)

3.5 Optimization Algorithm

The second phase of the MPC controller is the optimizer or controller that decides
what action to take to meet the objective function. The objective function is to opti-
mize the energy consumption of the fan while keeping the indoor temperature and the
CO2 concentration in the optimal range. The optimization equation is considered a
multi-objective function since optimizing one feature can affect reversely the other. For
example, reducing fan energy consumption will reduce the injection of outdoor air in the
zone and thus will affect reversely the CO2 concentration. To cope with this situation,
all outputs are multiplied by an importance weight that can be modified according to the

importance needed. The optimization equation can be formulated as follows:
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Figure 3.5: Power consumption predictive model.
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Figure 3.6: Satisfaction functions of indoor temperature, CO2 concentration, and power

consumption.
t+H
max Y cx (o pr) (3.6)
B k=41

cx =wlxsfr(Tin(k)) + w2 xsfc(Cin(k)) + w3 xsfp(P(k))
wel, k=t ..t+H—1

H represents horizon and sf7, sfc, and sfp are respectively the user satisfaction with
respect to the indoor temperature, the CO2, and the power consumption. In the optimiza-
tion equation, the MPC controller generates H controls (y ... u;1py—1) that maximize
the objective function over the horizon. It relies on the developed predictive models to
look H steps ahead to compute the system’s evolution. However, the MPC takes only the
first control of the generated H controls and then moves one step forward and repeats

the same procedure. The idea of taking one step instead of H steps is to reduce the error
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propagation that can be produced by the predictive models by taking the real measure-
ment obtained by the system. ¢ is the fitness function which represents the quality of
the action taken. It is a weighted sum of thermal satisfaction, air quality satisfaction
represented by CO2, and energy satisfaction (see equation 3.6). The weights, wy...w3,
indicating the importance given to each of the features can be modified according to the

comfort profile of the user. Figure 3.6 illustrates how satisfaction functions are computed.

Genetic algorithm (GA) McCall [2005], inspired by the process of natural selection, is
used as an optimization algorithm. GA has the ability to search for a solution in parallel
from a population of points and thus is less vulnerable to being trapped in a local solution.
In more detail, the steps followed at time t by the genetic algorithm to control the fan air

flow rates are as described as follows:

* Initialize a population of 50 individuals (an individual here is a window of H
controls: m;, (kg/s)): Horizon = 6 steps and every step is over 10 minutes. e.g: [t =
10:00: 0.1, t =10:10: 0.1, t =10:20: 0.1, t = 10:30: 0.1, t = 10:40: 0.1, t = 10:50:
0.1].

* Compute the fitness function of the individuals:
Cc; = F(I) =wi *SfT(Tin(l‘)) +wy *st(Cin(t)) + w3 *Sfp(P(t)) 3.7)

* Take the best-performing individuals (30% of the population) having the highest

fitness to be the parents for the next generation.

* Breed together the parents to repopulate the population to its desired size according
to a crossover operator (e.g., (pl =[0.1, 0.1, 0.1, 0.1, 0.1, 0..1]) X (p2 =[0.2, 0.2,
0.2,0.2,0.2,0.2]) =[0.1, 0.1, 0.1, 0.2, 0.2, 0.2]). In this example, the crossover
occurs in the middle. There are many types of crossover operators, see Soni and
Kumar [2014]. The most common crossover operator, used in the experiments, is
the single-point (called as well one-point) crossover where a random crossover

point is selected to generate the child.

* Merge together the parents and children to constitute the next generation popula-

tion.

* Apply mutation for a small part of the population to increase population diversity:

add small noise €.

* Repeat previous steps n times: n is the number of generations.
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* In the last generation, compute the fittest individual that defines the best controls

over the horizon.

The MPC controller takes the first control of the generated controls over a horizon and
moves one step forward. The optimization algorithm depends on the weights in the
fitness function. For example, more priority can be given to air quality by increasing its

weight and thus having a lower CO2 concentration.
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Figure 3.7: Fan air flow rate control.
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Figure 3.8: The results of the fan energy consumption.
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3.5.1 MPC controller first configuration results

The MPC controller is tested over one day in February. It is applied one hour before the
zone is occupied (at 7 am) until the zone is not occupied (9 pm). When the room is not
occupied, the fan air flow rate is set to 0. As mentioned above, the objective function
includes weights for thermal, CO2, and energy satisfaction. These weights can be updated
according to the occupants’ preferences. the first configuration is set with the following
weights: 0.2, 0.4, 0.4 for temperature, CO2, and energy consumption respectively. The

MPC controller results are compared with the reference controls obtained by EnergyPlus.

3.5.1.1 Fan air flow rate and energy consumption results

With the first weights’ configuration, the MPC controller generates the controls in figure

3.7 that leads to 55.31 % energy reduction compared with EnergyPlus, figure 3.8.

3.5.1.2 Indoor CO2 and temperature results

With the controls generated by the MPC controller, the indoor temperature and CO2
concentration inside the zone have the following results illustrated in figures 3.9 and 3.10
respectively. Heating and cooling setpoint temperatures are fixed in EnergyPlus. The
highest thermal satisfaction is considered between 20 °C and 23 °C where good air quality
is represented by CO2 < 1000 ppm (figure 3.6). With the high energy savings obtained,
the CO2 overcomes most of the day 1000 ppm leading to low air quality, figure 3.10.
Concerning thermal comfort, the indoor temperature falls highly outside the comfort level
at the beginning and the end of the day as shown in figure 3.9 b. As a result, the energy
consumption of the fan is highly reduced with respect to EnergyPlus, however, thermal
and air quality comfort are not maintained as in EnergyPlus. To improve the results, the
configuration of the weights is updated where the weight of power is decreased and the

importance of CO2 is increased.

3.5.2 MPC controller second configuration results

The weights are updated as follows: 0.2, 0.5, 0.3 for temperature, CO2, and energy

consumption respectively.
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(a) Indoor temperature control. (b) Average degrees out of comfort per hour.

Figure 3.9: The degrees out of comfort metric computes the number of degrees outside

the comfort level.

3.5.2.1 Fan air flow rate and energy consumption results

With the first weights’ configuration, the MPC controller generates the controls in figure

3.11 that leads to 36.48 % energy reduction compared with EnergyPlus, figure 3.12.

3.5.2.2 Indoor CO2 and temperature results

With the controls generated by the MPC controller, the indoor temperature and CO2
concentration inside the zone have the following results illustrated in figures 3.13 and
3.14 respectively. Increasing the importance of the CO2 concentration, the CO2 achiever
a better level now leading to better air quality. Figure 3.14 b shows that CO2 maintains
a good level all day. Concerning the thermal comfort, it is improved as well where the
indoor temperature falls slightly (~ 1°C) outside the comfort level at the beginning and
the end of the day as shown in figure 3.13 b. As a result, the energy consumption of the
fan is well reduced with respect to EnergyPlus while maintaining good comparable good

air quality and slightly lower thermal comfort.

3.6 Conclusion

In this chapter, MPC controller was able to reduce greatly fan energy consumption while
maintaining good thermal comfort and good air quality with the option of modifying

the importance weights. MPC is built in a generic way where the predictive models
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(a) Indoor CO2 concentration control. (b) Average ppm out of comfort per hour.

Figure 3.10: The ppm out of comfort metric computes how much the CO2 falls outside

the comfort level.

are not given by an expert but developed from data collected. Yet, these predictive
models require considerable work of developing and validating. In addition, they must
be very accurate so that the MPC generates good controls. Hence, in the coming work,
model-free RL that doesn’t require knowledge of the environment’s dynamics is explored.
Yet, reinforcement learning suffers from the huge time required to learn a good controller
and thus our contribution is elaborated in the coming chapters, which illustrates the

approaches developed to speed the convergence of reinforcement learning.
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Figure 3.11: Fan air flow rate control.
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EnergyPlus vs MPC_Controller
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Figure 3.12: The results of the fan energy consumption.
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Figure 3.13: The degrees out of comfort metric computes the number of degrees outside
the comfort level.
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Chapter 4

Deep Q-Network Boosted with
External Knowledge for HVAC
Control

This Chapter is an updated version of the published article in Jneid et al. [2021]. Tra-
ditional techniques such as rule-based control (RBC) fail to control HVAC systems
optimally. As shown in previous chapters, MPC has been widely explored in literature
but it doesn’t represent a practical solution due to the complexity of buildings’ dynamics
that it relies on. Hence, another type of control called model-free deep reinforcement
learning (DRL) that doesn’t require initial knowledge of the environment has been well
explored during the thesis for the objective of optimizing HVAC energy consumption
while maintaining thermal comfort and good indoor air quality. However, DRL requires
a lot of data and time to converge, see section 1.2.3.4, and thus the goal is to come up
with a way to boost the convergence of DRL. In this chapter, two main DRL approaches,
which belong to deep-Q network (DQN) Mnih et al. [2013], have been explored. The
first approach, the basic approach, represents a DQN agent with no initial knowledge of
the environment and the second approach represents a DQN agent with initial knowledge:
A hybrid approach DQN+RBC. The idea behind combining RBC with DQN is to guide
the DQN agent at the beginning by exploiting the knowledge of RBC rules, which speeds
the convergence. We evaluate the performance of these two approaches against an RBC
approach in a simulated office, equipped with a heating radiator, during the heating

period.
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4.1 Study Case Formulation

An office located in Grenoble-INP building has been simulated and validated against real
data to be used in the experiments. The office has a door and window and is equipped
with a heating radiator. The office simulator contains models for estimating the output
variables: indoor temperature, CO2 concentration, and power consumption using control-
lable, uncontrollable contextual variables. Controllable variables represent the variables
that can be controlled: radiator heating setpoint temperature, window control, and door
control. Uncontrollable variables represent variables that affect the output variables but
can’t be controlled such as outdoor temperature, solar radiation, CO2 concentration in the
corridor next to the office, corridor temperature, and the number of occupants inside the
office. The output variables at the next time step depend on the current state of the office
and the current controls. As a result, the office optimization problem can be formulated
as a Markov decision process (MDP) and solved using reinforcement learning as follows:
Control actions: The office consists of three main controls: radiator temperature
setpoint with discrete levels [13°C, 19°C, 21°C, 23°C, 25°C], door control and window
control with discrete values [0 for closed, 1 for open]. The window allows the injection
of outdoor air in the office while the door enables the flow of the corridor air.

System States: The office state at time t consists of different observations or features:
current indoor temperature, current indoor CO, concentration, number of occupants,
outdoor temperature, solar radiation, corridor temperature, corridor CO, concentration,
and outdoor temperature at next time step (forecast feature). The optimal controls are
computed w.r.t the current state of the office under the objective of maintaining good in-
door temperature and good indoor CO; concentration while saving energy consumption.
Reward function: The objective of the DRL algorithm is to find the optimal policy
(controlling the radiator temperature setpoint, door control, and window control) leading
to the sequence of (states, actions) s1,da1,52,d2, ...,Sm,a, With the highest cumulative
reward G, = ¥, V;R(s;,a;). m represents the length of the episode: 1 day in our study
case and the length of timestep is 1 hour. 7y is the discount rate specifying how much
importance should be given to future rewards over immediate rewards. The optimal
controls are computed at each timestep by the optimal policy. After taking an action a; at

timestep t, the agent receives an immediate reward (Figure 4.1) as follows:
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Figure 4.1: Reward received by the agent after taking an action and moving to the next
state: The reward in the plot takes into consideration the thermal comfort and the air
quality assuming the power consumption equals zero. The power consumption will shift

the complete plot downward.
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(4.2)
Re() = min(0, (500 — C) /(1500 — 500) 4.3)
Rp(t) = —P(t) # cost (kwh) (4.4)

A1, A2, and A3 specify the importance given to each feature during the training. In the
experiments, they are all set to one. To increase the importance of a feature, its lambda
can be increased. T, C, and P represent indoor temperature, indoor CO, concentration,
and power consumption of the radiator respectively. [T, fOF,,Tcom for) Tepresents the
comfort range of the temperature where it is in the range of [21°C, 23°C] during the
occupied time from 8 am until 6 pm and in the range of [13°C, 30°C] otherwise. Figure
4.2 shows the reward for every indoor temperature, indoor CO2, and power consumption
respectively. The training of DRL algorithm starts every day one hour before the

occupied time and ends at 6 pm to allow the algorithm to preheat if needed so that the
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Figure 4.2: Reward functions considered in the training of RL algorithms.

office reaches the thermal comfort range during the occupied time, otherwise, the heating

setpoint temperature is set at 13°C and the window/door are closed.

4.2 Rule Based Control vs DRL Control

4.2.1 Rule-based control (RBC) approach

RBC, a model-free approach, is mostly used in industry and thus is used for comparison
with the DQN approaches. RBC is a simple approach containing predefined rules that
specify the HVAC operation. Algorithm 3 illustrates the rules used to control the radiator

heating setpoint, the window, and the door in the simulated office.

4.2.2 Model Free DRL approaches

4.2.2.1 DQN without Knowledge

DQN Mnih et al. [2013] uses a neural network that works as a function approximator
where it takes as input a continuous state vector and outputs the Q values with every
possible action in a single forward pass as shown in figure 4.3. We have five possible
values for the radiator heating setpoint, and 2 possible values (0/1) for the window and
the door. Thus, the final layer outputs the Q values of 20 possible combinations of
actions. Q value represents the expected future discounted reward for taking an action
a at a specific state. During the training of the DQN, the weights 0 of the Q network
are updated by applying a mini-batch gradient descent step on the loss function L with

respect to 0:
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Algorithm 3 RBC Approach

Require: time, day, office_temperature, corridor_temperature, outdoor_temperature,
indoor_CO», office_CO»

window, door, temperature setpoint = 0, 0, 21

if time not in [7 am, 8 pm] or day is weekend then
temperature setpoint = 13
else {time in [7 am, 8 pm] and working day }
if office_CO, > 1000 then {This approach gives more priority to CO, comfort than
temperature comfort}
window = 1
if corridor_CO?2 < office_CO, then
door =1
if office_temperature < 21 then
temperature setpoint = 23
if office_temperature > 23 then
temperature setpoint = 19
else {office_CO; < 1000}
if office_temperature < 21 then
if outdoor_temperature > office_temperature then
window = 1 {To heat}
if corridor_temperature > office_temperature then
door =1 {To heat}
if office_temperature > 23 then
if outdoor_temperature < office_temperature then
window = 1 {To cool}
if corridor_temperature < office_temperature then
door =1 {To cool}
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L=1/2nY [O(s;,d}) — Q(s;,al)]? (4.5)

1

Q(Sz,az) =R +yr‘111af(QA(s,+1,at+1) (4.6)
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=

Algorithm 4 DQN with target network and experience replay

Initialize replay memory D to capacity N

Initialize action-value function Q with random weights 6

Initialize target action-value function Q with weights 8~ =0

for episode 1, M do

for t=1,m do
Observe state s;
) ) ) random action with probability €
following €-greedy policy, action a; =
argmax, Q(s;,a;;0) otherwise

Execute action a; in the simulator and observe reward R; and state s; |
Store experience (s;,d;,R;,s:+1) in D
Sample random minibatch of experiences (s;,a;,R;,s+1) from D

R; if episode terminates at step j + 1
SET yj = .
Rj+ymax) Q(sj+1,a;07) otherwise
Perform a minibatch gradient descent step on the loss function L with respect to
the weights 6
Every C steps reset O = Q
end for

end for

state hidden hidden output
vector: 8¢ Jayer(RelLU) layer(ReLU) layer(Linear)

E{% Qis,a)  a®=(13,0,0)

Qsy a'?) a'9=(251, 1
(st t(_) av=(251,1)

Tout

Figure 4.3: The structure of the Q network used to approximate the Q values.
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Another Q network called the target network is used during the update to stabilize the
learning process. In addition, a minibatch is randomly sampled from an experience
replay buffer to break the correlation between consecutive samples. The policy used
during the training is called €-greedy policy. € is used to control the trade-off between
exploration and exploitation. A random action is proposed with probability €, otherwise

the action proposed with probability (1 —¢€) is:
a; = argmax Q(s;,a,) 4.7
a

This approach is called DQN without knowledge (Algorithm 4) because it doesn’t use
any knowledge of the environment and learns the optimal policy by interacting only with

it (model-free).

expert ———3 Rule-based controller

knowledge
A
Y
> Agent
Tt

state s; action
reward ry at

Environment <

Figure 4.4: The structure of DQN with knowledge approach is used to exploit the RBC

rules to boost the convergence and learn a better policy faster.

4.2.2.2 DQN with knowledge: DQN + RBC

DQN with knowledge, which represents the contribution made in this chapter, is a hybrid
approach that relies on both approaches: RBC and DQN (Figure 4.4). The idea of
DQN with knowledge is to guide the policy at the beginning using RBC rules instead
of complete random exploration. The rules don’t need to be perfect and they will help
in guiding the policy at the beginning. After some time, the agent has gained some
knowledge aiming at learning a better policy than the initial one and thus the external

knowledge is not needed anymore. Policy guidance is added by updating the e-greedy
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Figure 4.5: DQN+RBC starts with a high percentage of exploitation of RBC rules at the
beginning since there is no knowledge of the environment. Then with time, the agent

relies completely on DQN to control the system.

policy where the new policy contains another parameter 7T that specifies how much to

exploit the RBC rules, which represent the external knowledge, as shown in figure 4.5.

Algorithm S DQN+RBC policy
Require: state, T

if random.uniform() <t then
action = RBC(state)

else:
action = e-greedy policy(state)

4.3 Training

The hybrid approach DQN+RBC is trained against the RBC controller and DQN con-
troller in the heating period, [February, March, April, October, November, and December]
since the office is equipped with a heating system. The approaches are tested using
a simulator of the office to perform more experiments and to be able to compare the
different approaches. The simulator is used as a real environment and then training is

done in online way where an episode starts at 7 am and ends at 6 pm. The goal is to find
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Figure 4.6: Figure (a) shows that the loss function of DQN starts with much higher
value than the loss function of DQN+RBC because of the high initial exploration of the

environment using the DQN controller as shown in figure (b).

how many days are required in a real environment for a model-free DRL approach to

converge to a good policy better than the RBC controller.

4.3.1 Loss, Exploration

The squared error between the target O value and the Q value, figure 4.6 a, is used to
train the DRL approaches: DQN+RBC and DQN. The loss function converges faster in
the hybrid approach than the DQN approach that has high exploration at the beginning
(figure 4.6 (b)) unlike the hybrid approach that relies more on the exploitation of the
external knowledge introduced by the RBC controller at the beginning (figure 4.5).

DQN doesn’t benefit from any initial knowledge and relies only on interacting with the
environment to learn a good policy. Thus, it tries more different actions and explores more
states at the beginning than the DQN+RBC approach. This functionality is visualized
in Figure 4.7 where more states have been visited after 10 days in DQN compared to
DQN-+RBC which tries to exploit the RBC rules. Then with time, DQN+RBC relies less
on RBC and explores more to visit new states, illustrated in Figure 4.7 as well after 30
days. After some time, DQN and DQN+RBC have gained some knowledge and thus
they exploit what they have learned with a very small percentage of exploration (1% in

the experiments).
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10 and 30 days of execution.
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Figure 4.8: Reward value averaged over one month during the heating period.

4.3.2 Metric Performance

To analyze the performance of the hybrid approach, the comparison is made according to
the reward value (figure 4.1) used during the training that reflects the quality of the action
concerning thermal comfort, air quality, and energy consumption. Figure 4.8 shows the
reward value during the training. The DQN+RBC takes good advantage of the RBC rules
at the beginning to have nearly performance to RBC while DQN has very far and bad
performance from the others.

The training is done day by day and the policy obtained at the end of the day is used at
the beginning of the next day. It is difficult to visualize the reward performance over days
thus the reward is averaged over one month and visualized month by month in figure 4.8.
Even though the DQN+RBC approach benefits from the guidance of RBC rules at the
beginning of the training, it is taking 4 months of training to reach the performance of a
simple RBC approach and more than 5 months to outperform it.

4.4 Testing the policies

The three policies are tested in three different scenarios to show the functionality of the
controls: door opening, window opening, and temperature setpoint temperature. For

the DRL approaches, the policy obtained at the end of the heating period (December) is
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saved and used for testing and comparing the controls’ outputs against the RBC outputs

in different situations.

4.4.1 Door control

The office has a door next to a corridor and then the CO2 in the corridor has some
effect on the CO2 inside the office. To test the door control obtained by the different
approaches, two vectors of CO2 office and CO2 corridor are fed to the approaches with

fixed values for the other state features.

* RBC approach (figure 4.9 a): The door is closed when the CO2 office is less than
1000 ppm regardless of the CO2 in the corridor. When the CO2 in the office starts
to increase above 1000 ppm, the door is open whenever the CO2 in the corridor is
less than the CO2 in the office.

* DQN approach (figure 4.9 c): The door is open whenever the CO2 in the corridor
has a low range where its value is not greater than 1100 ppm. When CO2 in the

corridor overcomes 1100 ppm, the door is always closed.

* DQN+RBC approach (figure 4.9 e): When the CO2 in the office is very low, less
than 800 ppm, the door is closed. The door is open when the CO2 in the office
increases above 800 ppm and the CO2 value in the corridor is less than 1600 ppm
and less than the CO2 in the office. After the CO2 in the corridor reaches a value
above 1600 ppm, the door is kept closed even if it has a value less than the CO2 in
the office.

4.4.2 Window control

The window has a direct effect on the indoor temperature of the office. Two vectors of
the indoor temperature of the office and outdoor temperature are injected in the control

approaches to test the control functionality of the window.

* RBC approach (figure 4.9 b): The window is closed when the indoor temperature
is in the comfort range [21 °C, 23 °C] regardless of the outdoor temperature. When
the indoor temperature reaches a value greater than 23 °C, the window is open if
the outdoor temperature has a lower value than the indoor temperature in order

for the office to cool down. When the indoor temperature goes below 21 °C, the
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window is opened if the outdoor temperature has a greater value than the indoor
one to allow for outdoor air injection in the office and then heating the office;

otherwise, it is closed.

* DQN approach (figure 4.9 d): The window is closed when the indoor temperature
is above 21 °C and the outdoor temperature is between 12 °C and 17 °C, otherwise,
it is open. The window control obtained by the DQN approach doesn’t reflect a

good control strategy and seems that it hasn’t converged towards a good policy yet.

* DQN+RBC approach (figure 4.9 f): The window is open when the indoor tem-
perature is low and the outdoor temperature has a greater value which allows for
heating up the office. When the outdoor temperature has a very low value, the
window is kept closed to prevent a cold indoor temperature. The window is open
as well even if the indoor temperature is in the comfort range and the outdoor
temperature is not sharply cold to prevent a high increase in indoor CO2. The
policy obtained cannot generate good control when the indoor temperature is in the
comfort range ([21 °C, 23 °C]) and the outdoor temperature is very high (>= 25
°C). A good control policy should keep the window closed in such a case but since
the training is done in the winter season, there are not enough samples that are
close to this situation during the training to learn this reaction, see figure 4.10. To
resolve this issue, the hybrid approach, DQN+RBC, could be updated to include
an exploitation parameter for every rule in the RBC rules that has been triggered
to keep track of the rules visited, rule by rule. Then, every rule’s exploitation
parameter declines every time its rule is visited. Thus, if the rule is not visited
at all, it will be kept and used by the policy to ensure a good initial control if

encountered later instead of a random control.

4.4.3 Temperature setpoint control

The office is equipped with a heating radiator to heat up the indoor temperature. The
heating radiator is considered to have a set of five discrete setpoints temperatures [13
°C, 19 °C, 21 °C, 23 °C, 25 °C]. The setpoint temperature operating is visualized with
respect to indoor temperature and CO2 of the office for the three different approaches:
RBC, DQN, and DQN+RBC.

* RBC approach (figure 4.11 a): The temperature setpoint is 19 °C when the indoor

temperature is greater than the upper temperature of the comfort range, i.e 23 °C
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and the air quality inside the office starts to drop, i.e CO2 office > 1000 ppm. In
this case, the office is highly occupied and tools that consume power and generate
heat are used which both lead to increasing the indoor temperature and thus
temperature setpoint control could be lowered under 21 °C to take advantage of
the heat generated and reduce power consumption of the radiator. When the indoor
temperature is in the comfort range, the temperature setpoint is 21 °C regardless of
the CO2 office. The temperature setpoint is kept at 21 °C when indoor temperature
is lower than 21 °C and CO2 office is lower than 1000 ppm while it is increased to
23 °C when the indoor temperature is low as well but the CO2 office is higher than
1000 ppm. This rule doesn’t look good and should be the opposite but it is used
intentionally to check if the DQN+RBC will be able to modify it to a good one.

DQN approach (figure 4.11 b): The DQN hasn’t converged yet to a good control

policy. The setpoint temperature is always 21 °C.

DQN+RBC approach (figure 4.11 c¢): When indoor temperature increases above
21 °C and CO2 office above 1100 ppm, the temperature setpoint generated by
the policy equals to 13 °C. When indoor temperature is above 21 °C but the CO2
inside the office is low (< 1100 ppm), the temperature setpoint equals to 21 °C.
In the RBC approach, there is a bad rule that generates, in the case of low indoor
temperature and high CO2 office, a higher setpoint temperature than the case of
low indoor temperature and low CO2 office. In this case, this rule is updated by
DQN+RBC to a better one that generates in the case of low indoor temperature and
high CO2 office a lower temperature setpoint (19 °C) than in the case of low indoor

temperature and low CO?2 office (temperature setpoint 21 °C). Some samples in
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Figure 4.11: temperature setpoint control obtained by the three approaches.

the graph also show that the temperature setpoint is set to a high value (23 °C)
when the indoor temperature is less than 16 °C.

4.5 Conclusion

Guiding the DQN approach using RBC rules has a positive effect on the control policy
obtained and improves the convergence towards better control faster than DQN used alone.
Yet, this hybrid approach, DQN+RBC, takes a lot of time (Figure 4.8) to outperform
the simple RBC approach. Moreover, during the training, some of the rules are not well
visited and thus are not taken advantage of. These rules with time passing will have a
low probability to be used since the parameter T that specifies how much to exploit RBC

rules will converge to zero. This problem can be solved by keeping a T parameter for
every rule and thus maintaining the rules that are not visited yet to be used for guiding

the control policy in the future. This work can be investigated in future research. Overall,

the hybrid approach doesn’t represent an applicable control approach since it is taking a
long period to outperform a simple approach such as RBC in a simple system. Hence,

the investigation for an applicable control approach continues in Chapter 5.



Chapter 5

Adaptive-Network-Based Fuzzy
Inference System (ANFIS) for
HVAC Control

This chapter represents a continuity of Chapter 4 where the goal in this Chapter is
to inject some knowledge, represented by human-interpretable rules, directly into the
control policy instead of starting with a random one in order to obtain an applicable
control approach. In this chapter, an adaptive-network-based fuzzy inference system
called ANFIS is used as the initial policy that allows the use of human-interpretable rules
at the beginning instead of starting with no knowledge. These rules correspond to the
intuitive idea that a human operator may have on how to control the system. As these
rules will be far from optimal and may be in some cases incorrect, a policy gradient
reinforcement learning algorithm is used to train ANFIS policy to fine-tune these rules

or find new ones.

This chapter starts by illustrating the definition and basic concepts of fuzzy logic. In the
second part, the Mamdani fuzzy inference system with a use case scenario is presented,
and then the Takagi, Sugeno, and Kang (TSK) model is introduced. In the third part, the
neuro-fuzzy approach with the extension layer proposed is presented. In the final part,
the office use case is presented.
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Figure 5.1: Fuzzy inference system

5.1 Fuzzy logic

The history of fuzzy logic started with the concept of fuzzy sets introduced by Zadeh
[1965]. Fuzzy logic main objective is the ability to represent uncertainty and vagueness in
natural language. Fuzzy logic is close to the way humans interpret things, i.e temperature
is cold, warm, hot. In fuzzy logic, the truth of a statement is a degree of truth between 0
and 1 rather than a binary value O or 1 as in classical crisp logic. Fuzzy logic relies on
a fuzzy inference system that uses human-interpretable rules to map a set of inputs to
outputs. Fuzzy logic is used in control applications where reference and measurements
are fed in the fuzzy inference system to generate an actuating signal as shown in figure
5.1. It can be used as well in any decision-making process such as in a banking system
that decides the risk of loaning money to a person based on personal and financial

information.

5.2 Basic concepts of Fuzzy Logic

5.2.1 Fuzzy Sets

A fuzzy set is an extension of classical crisp set. In classical crisp set, an element either
belongs to a universe of discourse or doesn’t belong. The membership of an element x,

represented by f4(x) in a crisp set A is represented as follows:

1 ifxeA
falx) = (5.1)

0 ifxgA
On the other hand, a fuzzy set is associated with a membership function that allows
for partial membership in the interval [0, 1]. For example, in classical set, answering a

question like Is this guy young will be either yes or no. However, words like young, tall,
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and good are fuzzy and there doesn’t exist a crisp/exact value for defining such terms.
For some, age 25 is young and for others age 35 is young, and for others age 35 is adult.
Hence, the word young is better to be represented as a fuzzy set that allows for partial

membership and the possibility to belong to more than one fuzzy set.

5.2.2 Membership Functions

A fuzzy set is associated with a membership function MF that assigns to an element
its degree of membership. There exist many shapes of membership functions such as
trapezoid MF, triangular MF, gaussian MF, and bell MF.

Trapezoidal membership function is defined according to four scalar parameters a, b, c,

and d as follows:

0 x<aorx>d
_ ﬁ a<x<b
trapezoid(x;a,b,c,d) = { (5.2)
1 b<x<c
\ g%’é c<x<d
Triangular MF is defined with three parameters a, b, and c as follows:
0 x<aorx>c
triangular(x;a,b,c,d) = =4 g<x<b (5.3)
E:Z b<x<c

Bell-shaped MF has the form of a bell. It is determined by three parameters: a that
specifies the width of the bell, ¢ that specifies the center of the bell, and b that specifies

with c the slope of the curve.

bell(x;a,b,c) = (5.4)

1
x—c|2b
T+ [
Gaussian MF has a smooth curve computed by two parameters: ¢ for determining the

center and ¢ for determining the width of the curve.

gaussian(x;c,0) = e 35 (5.5)
Figure 5.2 illustrates the different membership functions that can be used with fuzzy sets.
Figure 5.3 shows an example of age that can be represented using three different fuzzy
sets: young, middle, and old where each is associated with a membership function. As
clarified previously, fuzzy sets allow for partial membership which can be seen in the
age example where 28 has the following membership value: [0.47, 0.53, 0] meaning it is

47% young-age, 53% middle-age, and 0% old-age.
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Figure 5.3: Age represented in fuzzy sets.
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5.2.3 If-Then Rules

If-then rules, called fuzzy rules, specify the inference mechanism that projects the input

variables into the output space. A fuzzy rule has a simple form:
Ifxis A, thenyis B (5.6)

where x is the input variable and y is the output variable. "If x is A" is called the
antecedent or premise. "Then y is B" is called the consequent or conclusion. A and B
are fuzzy sets, called as well linguistic values, represented by membership functions.
According to membership functions, this rule will fire at a specific strength to give a
crisp output. Hence, fuzzy logic allows to reason about the problem the way humans do

and can show which rules are affecting the output.

5.2.4 Fuzzy Operators

Sometimes, the premise part of the rule contains many fuzzy sets combined with a fuzzy
operator such as:
if x; isA; AND x; is Ay, theny is B (5.7)

Here there are two fuzzy sets in the premise part of the rule with two input variables x|
and x; associated with two membership functions A; and A; respectively. AND is called

a fuzzy operator and is translated as follows:

fA, AND A, (x) = min(fa, (x), fa, (x)) (5.8)

Another common fuzzy operator is OR and is translated as follows:

fAl ORAZ('X) :max(fAl (X),fAZ(X)) (59)

5.3 Mamdani Fuzzy Inference System

Fuzzy inference system has different names: a fuzzy associative memory, a fuzzy rule-
based system (FRBS), a fuzzy model, and a fuzzy controller if used for control. It is
firstly introduced by Mamdani Mamdani and Assilian [1975] to control a steam engine
and boiler combination using a set of linguistic control rules obtained from experts.

Mamdani fuzzy inference system (MFIS) consists of four stages:

* Fuzzification of the input variables: The first stage takes the crip inputs and projects

them into fuzzified inputs according to membership functions.
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Figure 5.4: Fuzzy inference system.

* Rule evaluation: The second stage consists of taking the fuzzified inputs and
applying them to the antecedents of the fuzzy rules. If a fuzzy rule has more than
one antecedent, the fuzzy operator is used to obtain a single number that represents
the result of the antecedent evaluation. This number is then used with the output

membership functions to compute the consequent rule’s output.

» Aggregation of the rules’ outputs: This stage aggregates all the outputs of the

previous stage and combines them into a single fuzzy set.

» Defuzzification: The last stage evaluates the rules into a crisp output.

5.3.1 A simple example to illustrate MFIS

To illustrate briefly the different stages of MFIS, a simple example (Mumolo) related
to risk assessment analysis is used, which computes the risk according to the project

finance and the project costs (selecting, recruiting and training). There are 3 given rules:

* Rule 1: If the project finance is enough or project costs are small then risk is low.

* Rule 2: If the project finance is medium and project costs are high then risk is

normal.

* Rule 3: If the project finance is low then risk is high.

Assuming a project with finance x1 and costs y1, the four stages will be used to compute

the risk associated with this project.

5.3.1.1 Step 1: Fuzzification

The first step is to fuzzify the crisp inputs (x1, yl) and compute their membership

degrees to the corresponding fuzzy sets. To do so, inputs and output fuzzy sets should be
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Figure 5.5: Input and output fuzzy sets associated with membership functions.

determined first. There are three input fuzzy sets for project finance: low, medium, and
enough. There are two input fuzzy sets for project costs: small, and high. For the output
risk, there are three fuzzy sets: low, normal, and high. Input and output fuzzy sets are

shown in figure 5.5. The membership degree of x1 in [low, medium, enough] equals:

Jxt=tow) = 0.5 (5.10)
f(xlzmedium) =0.2 (5.11)
f(xl =enough) — 0. (5.12)

The membership degree of y1 in [small, high] equals:

f(ylzsmall) =0.1 (5.13)
f(yIZhigh) - 07 (514)

5.3.1.2 Rule Evaluation

The fuzzified inputs are used with the fuzzy operator to evaluate the antecedent of the
rule.

Rule number 1 evaluation:

fenough OR small(xhyl) = max(fenough(xnaﬁvmall(yl)) = max(070~1) =0.1 (5.15)
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Figure 5.6: Rules evaluation, rules aggregation, and defuzzification stages.

Rule number 2 evaluation:

fmedium AND high(xlayl) = min(fmedium(XI)afhigh(yl)) = I’l’lll’l(02,07) =02 (516)

Rule number 3 evaluation:
Siow(x1) =0.5 (5.17)

These evaluations represent the corresponding firing strengths of the rules. Thus, the
output (consequent part) in rule 1 will fire with a value of 0.1, and so on. The procedure

is visualized in figure 5.6.

5.3.1.3 Rules’ Outputs Aggregation

The decision at the end depends on all the firing strengths of the rules, obtained in the
previous step and which must be combined together. Aggregation is the procedure to
combine and aggregate all the firing strengths of the rules into a single fuzzy set as shown

in 5.6. The Max operator is used to unify the firing strengths of rules.
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5.3.1.4 Defuzzification

The last stage in MFIS is defuzzification which takes as input the aggregate fuzzy set
and outputs a crisp number that represents here the risk value. Centroid defuzzification,
one of the defuzzification methods, is being used to obtain the risk value given the fuzzy
set ( a two-dimensional shape). Centroid defuzzification outputs the center of gravity
(COQG) of the fuzzy set along the x-axis. The defuzzified value equals the x-coordinate of

the centroid which is computed mathematically as follows:

J.f(@)*z

defuzzified value = xCentroid = =~=——— (5.18)

J. 1)

where f represents the membership function of the aggregated set. An estimate of the

defuzzified value can be obtained by discretization using different sample points:

defuzzified value = xCentroid = m (5.19)
Yif(z)

In this example, the defuzzified value of risk is as follows:

(0+10+20) % 0.1+ (30 +40 + 504 60) 0.2 + (70 4 80 + 90+ 100) % 0.5
0.1%3+0.1%4+0.5%4

=674
(5.20)

risk =

5.3.1.5 Drawbacks of MFIS

MFIS requires to integrate across a varying function to find the centroid of a two-
dimensional fuzzy set. Hence, it is computationally expensive. Takagi and Sugeno
[1983] introduces better rules to overcome this problem by updating the consequent part
and enabling the system to learn the rule if needed. The rule in Takagi, Sugeno, and
Kang (TSK) model has the following form:

if X is small and Y is large then z=ax + by + ¢

where X and Y are the fuzzy variables with small and large being their corresponding
fuzzy sets (linguistic variables). x and y are the inputs’ values associated with X and Y
respectively. a, b, and c are either random parameters or initial ones set by experts. These
parameters can be learned using linear regression Takagi and Sugeno [1983]. The output
is polynomial with respect to x and y. The output is called a fuzzy singleton since it has
a complete membership degree at a particular point. The equation can be of zero-degree

order:

if X is small and Y is large then z = ¢
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Figure 5.7: TSK fuzzy inference system.

The final output in TSK fuzzy model is computed using the weighted average:

L iWikz
Yiwi

where w;, called the firing strength of the rule, is the value obtained in the antecedent

(5.21)

evaluation of the rule and z; is obtained using the consequent part of the rule. TSK

procedure flow to compute the final output is illustrated in figure 5.7.

5.4 Neuro-fuzzy Approach

Adaptive-network-based fuzzy inference system, ANFIS Jang [1993], combines the
power of fuzzy logic and neural networks. It is a neuro-fuzzy approach that architects
the fuzzy inference system as a neural network and thus takes advantage of the learning
power of neural nets. ANFIS is a comprehensive neural network model unlike original
neural networks that are seen as black box models. It has the ability to explain the output
thanks to the rules’ firing strengths. Fuzzy rules used in ANFIS follow TSK fuzzy rules.
ANFIS architecture consists of five layers, illustrated in figure 5.8. Square nodes contain
parameters that can be tuned and thus they are adaptive nodes while circle nodes have no
parameters and thus they are fixed nodes. Suppose an example with two TSK fuzzy rules

of the form:
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Figure 5.8: ANFIS architecture.

* Rule 1: if Xis A; and Y is Bj then f; = pix+q1y+r

* Rule 2: If X is Ay and Y is B then fo = pox+qay+ 12

where f; represents the output of the rules. y; will be used to represent the membership
function to be consistent with the notations in the paper Jang [1993]. Considering a crip

input (X, y), the layers will function as below

5.4.1 Layer1

The nodes in this layer are adaptive and thus can be tuned during the training. The output
of this layer represents the membership degree of the input with respect to the fuzzy sets
used (linguistic variables: low, medium, enough). The membership function used can be

bell-shaped, gaussian shaped, or any function of the ones presented previously.

fori=1,2 (5.22)
fori=3,4 (5.23)

I
§ £
I —
S
— N—
=

~

These membership functions contain some parameters that represent "premise parame-

ters" and can be updated during the training.
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5.4.2 Layer?2

This layer evaluates the premise of the rule using the product (and) operator. The output

specifies the firing strength of the rule and is computed as follows:
wi = pa; (x) xup, (y) ,i=1,2 (5.24)

During the forward propagation, specific rules will fire according to the inputs’ values
and then will participate in the value of output. This procedure allows to understand
which rules are used for the output evaluation and thus gives an understanding of the

final control unlike neural networks which is considered as a black box model.

5.4.3 Layer3
This layer normalizes the incoming signal with respect to the sum of all rules’ firing
strengths:
Wi = =t (5.25)
CLiwi

The output is called normalized firing strength.

544 Layer4

This layer evaluates the consequent part of the rule. The nodes in this layer are adaptive
since they contain parameters that are learned during training. The output of node i in

this layer is computed as follows:
O} =Wif; =Wi(pix+qiy+ ;) (5.26)

The parameter set { Disqi, r,-} represents the consequent parameters.

5.4.5 Layer5

This layer computes the final output of the network as a sum of all incoming signals:

Y iwi

5.5 Environment formulation using ANFIS policy

ANFIS is used as an initial control policy that takes advantage of existing knowledge

encoded as fuzzy rules to start with a meaningful control policy instead of starting
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Figure 5.9: ANFIS-Environment interaction.

with a random one. The environment is formulated as a Markov decision process
where the objective is to find the optimal policy that results in the highest discounted
cumulative reward G, = Y, V;R(s;,a,). The ANFIS is used in the framework of model-free
reinforcement learning where it represents the agent/decision-maker in the environment-
agent interaction system, illustrated in figure 5.9. At every time step t, the agent (ANFIS
policy) observes the state S; that includes the reward R; and decides what action A; to

take. The environment (office) moves then to state Sy and receives a reward R, 1.

5.5.1 Learning algorithm

Since an initial policy in the form of ANFIS is provided, policy gradient is used to update
the initial policy towards a better one that maximizes the discounted cumulative reward.
Policy gradient is a model-free reinforcement learning algorithm that attempts to learn
directly the policy without the need to learn a value function as it is the case in value-
based methods. Value-based methods cannot be used since there is no information of
the value of the initial policy that requires more time and data to be obtained. Reinforce
is the basic policy gradient algorithm which is presented in section 2.5.2. An update is
added to Reinforce where ANFIS policy is used as the initial policy instead of learning

completely a random policy. The corresponding algorithm is as follows:
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Algorithm 6 Reinforce

Input: a differentiable policy parameterization m(als,0): ANFIS policy with TSK
fuzzy rules
Execute one episode So,Ao,R1,....,S7—1,Ar—1,R7 following the policy g
foreach stept=0, 1, ..., T-1 do
G=Yi V7R
0 =0+ ayGVlogmgy(A;|S;)
end

Where a is the learning rate and 7y is the discount factor. 0 represents the consequent
parameters and the antecedent parameters used in the TSK fuzzy rules. If the TSK fuzzy
rules are of first-order and the membership functions used in the premise part of the rules
are Gaussian then 0 represent p;,g;, r; and ¢;,6;. Most commonly used TSK rules are
of zero-order and then only r; is learned in the consequent part. In addition, r; could be
initialized with a good value according to the expert knowledge. As a result, instead of
starting from somewhere very random and bad in the control space, the starting point is
somewhere near the optimal control policy which leads to faster convergence. Even if
the first-order TSK rules are used with completely random parameters, the ANFIS agent
will continue to be better than a pure neural network agent since, after being trained, it

includes the comprehension feature that allows to explain the result much better.

5.5.1.1 Catastrophic forgetting

The original version of Reinforce uses a classical perceptron like neural network as input
instead of the ANFIS neural policy. With the policy gradient that tries to learn online
and doesn’t use historical data, the policy gradient is prone to catastrophic forgetting
of the neural network parameters especially with limited data or time. The learning is
continual and occurs day by day meaning that the data of a specific day are used to update
the policy at the end of the day without any use of historical data of other days. As a
result, when finishing the learning during the winter season and moving to the summer
season, the policy gradient will deal with contextual data related to summer only and
after some time it will forget what has been learned during the winter. However, with
the updated version of reinforce, the policy is an ANFIS model. During training, only a
small part of the rules will fire at some strengths and others will not be activated at all.
Hence, the update of the ANFIS model is local at some rules which is much less prone

to catastrophic forgetting. To elaborate, the rules that will be fired during the winter are
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different than the ones that will be fired during the summer and thus the learning during

the summer will not affect catastrophically what has been learned during the winter.

5.5.2 Extension Layer

The example illustrated with ANFIS contains only two fuzzy rules. Considering zero-

order TSK fuzzy rules initialized by the expert, the rules have the following form:
* Rule 1: if xis Ay and y is Bj then f; =1

e Rule 2: If xis Ay and y is By then f, =r;

Zero-order rules are considered because they are easier to be given by the expert and to
interpret than the first-order rules where the consequent part is a linear combination of
the inputs. Thus, the policy gradient will finally tune the consequent parameters for these
two rules only 1 and r». Most problems consist of a high number of inputs associated
with many membership functions and thus the number of rules provided by the expert
will be very small which limits the solution space. Here comes the importance of the
extension layer that we propose that can generate additional rules that represent all the
possible combinations of the premise parts with default values for the consequent parts

as illustrated in figure 5.10.

Layer 4
Extension l
Layer 1 Layer Layer 2 Layer 3 «y Layer 5
> Al >
J fi : provided
//)
X
Lol A2 C > wifi
’—b B1 g SR
y / fi s default
<|—> B2 —

Figure 5.10: ANFIS with extension layer: the rules with red color are generated by the

extension layer.
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In addition, the initial form of TSK fuzzy rules requires writing all the inputs in the
premise part which turns into a complex rule to be provided by the expert when the
number of inputs increases. Therefore, an expert should be able to provide easier rules
that include in the premise part the relations between some of the input variables and not
all of them especially when there are many input variables. Such fuzzy rules can have a

general form as the following:
* Rule 1: if xis Ay then f =r

The extension layer will then extend this type of fuzzy rules to include all the input

variables in the premise part and thus extend it to two fuzzy rules:
* Rule l:ifxisAjandyis By then fi =r; =r
* Rule2: IfxisAjandyis By then fp, =rp =r

In some problems, there can be more than one output where the rules can have the

following the form
* Rule 1: if xisAj then f =rl and g =l
* Rule 2: if yis By then f =r2 and g = c2

With the extension layer, these rules will be converted to the following fuzzy rules:

Rule 1: if xis Aj and y is By then f =rl and g = cl

Rule 2: if xis Aj and y is B then f =rl and g = cl

Rule 3: if xis Aj and y is By then f =r2 and g = 2

Rule 4: if x is Ay and y is By then f =r2 and g = 2

Note that there is a collision after extending the initial rules between R1 and R3 since
they have the same premise part. Thus, one rule can only exist and the choice of choosing
R3 is preferred over R1 depending on the last rule generated. Another feature called

"neutral" can be added to the rule to:
» Specify what values not to modify during a collision.

For example, in the previous example, rule 3 can have the following form:
* Rule 3: if xis Ay and y is B; then f = r2 and g = neutral

which means to override the value of f in Rule 1 and keep the same value of g as in R1.
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5.6 Study Case

The office formulation is well elaborated in section 4.1 but it will be presented again to
remind of the objective to be solved and the modification with the previous formulation.
The office optimization problem is formulated as a Markov decision process as illustrated
in figure 5.9 with the extended ANFIS policy (figure 5.10). At each timestep t and after
taking an action «,, the agent represented by the extended ANFIS policy will receive an

immediate reward R;: s as follows:

RZZKI*RT(I)—I—kz*Rc(t)—l—}\g *RP(Z‘) (5.28)

~(T=T comfor)* i
e~ (T=Leonson) _[Tt_Zcomfort]-i- 1th<Zcomfort

_ 5 o . o
Rt (t) = ei(TtiTwmfm) - [T} - Tcomfort]-i— if 7; > Tcomfort

1 if 7; is between [T ¢ rors T comfort]
(5.29)
Rc(t) = min(0, (500 — C) /(1500 — 500) (5.30)
Rp(t) = —P(t) % cost (kwh) (5.31)

A1, A2, and A3 specify the importance given to each feature during the training. , C and P
represent indoor temperature, indoor CO; concentration, and power consumption of the
radiator respectively. [T, fm,Tcom for) Tepresents the comfort range of the temperature
where it is in the range of [21°C, 23°C] during the occupied time from 8 am until 6 pm
and in the range of [13°C, 30°C] otherwise. The objective is to maximize the cumulative
reward in the long term with G; = Y, V;R(s;,a;) where the episode represents one day.
The cumulative reward represents minimizing energy consumption while maintaining
thermal comfort and good indoor CO2 concentration in the long term. The extended
ANFIS policy will be updated using the policy gradient algorithm, check Reinforce

algorithm 6.

5.6.1 Fuzzy Rules

There are 13 rules provided which are the following:

* Rule 1: If the CO2 is high, then window is open, door is neutral, and temperature

setpoint is neutral.
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* Rule 2: If the indoor temperature is cold and the corridor temperature is normal,
then window is neutral, door is open, and temperature setpoint is comfort setpoint

temperature.

* Rule 3: If the indoor temperature is cold and the corridor temperature is hot, then
window 1is neutral, door is open, and temperature setpoint is comfort setpoint

temperature.

* Rule 4: If the indoor temperature is hot and the corridor temperature is normal,

then window is neutral, door is open, and temperature setpoint is neutral.

* Rule 5: If the indoor temperature is hot and the corridor temperature is cold, then

window is neutral, door is open, and temperature setpoint is neutral.

* Rule 6: If the indoor temperature is cold and the outdoor temperature is normal,
then window is open, door is neutral, and temperature setpoint is comfort setpoint

temperature.

* Rule 7: If the indoor temperature is cold and the outdoor temperature is hot, then

window is open, door is neutral, and temperature is comfort setpoint temperature.

* Rule 8: If the indoor temperature is hot and the outdoor temperature is normal,

then window is open, door is neutral, and temperature setpoint is neutral.

* Rule 9: If indoor temperature is hot and outdoor temperature is cold, then window

is open, door is neutral, and temperature setpoint is neutral.

e Rule 10: If the outdoor temperature is cold, the indoor CO2 concentration is high,
and the corridor CO2 concentration is low, then window is open , door is open,

and temperature setpoint is neutral. (window should be closed)

e Rule 11: If the day is not a working day, then window is closed, door is closed,

and temperature setpoint is at lowest.

e Rule 12: If it is early morning, then window is closed, door is closed, and tempera-

ture setpoint is at lowest.

* Rule 13: If it is late evening, then window is closed, door is closed, and temperature

setpoint is at lowest.

Lowest and comfort setpoint temperatures correspond to 13 and 21 °C respectively. 0

represents closed and 1 represents open. These rules are encoded into zero-order TSK
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Figure 5.11: Membership functions associated with every state feature.

fuzzy rules using fuzzy sets (Linguistic variables) associated with membership functions.

There are eight features used in the system state:

* indoor temperature (Tin: x1): cold (A1), normal (A2), hot(A3).

* office CO2 concentration (CO2_office: x2): low (B1), high (B2).
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¢ outdoor temperature (Tout: x3); cold (C1), normal (C2), hot (C3)

* number of occupants (Nb ocupants: x4): none (D1), medium (D2), high (D3).
* corridor temperature (Tcorridor: x5): cold (E1), normal (E2), hot (E3).

* corridor CO2 concentration ((CO2_corridor: x6): low (F1), high (F2).

» working_day (x7): working day (G1), weekend day (G2).

* day_time (x8): early morning (H1), working_time (H2), late evening (H3).

Membership functions associated with every feature are illustrated in figure 5.11. zero-
order TSK fuzzy rules are used in the ANFIS policy and thus the consequent part is a

constant number. The TSK fuzzy rules associated with the above rules will be as follow:

Rule 1: If x2 is B2 then z = [1, neutral, neutral]'.

Rule 2: If x1 is A1 and x5 is E2 then z = [neutral, 1, comfort_setpoint].

Rule 12: if x8 is H1, then z = [0, 0, lowest_setpoint].

Rule 13: if x8 is H3, then z = [0, 0, lowest_setpoint].

These fuzzy rules are injected into the ANFIS policy that is used as an initial controller.
The consequent part has the form [c;1, ¢j2, ¢;3] that corresponds to the constants window,
door, and temperature setpoint respectively of rule number i. The learning algorithm
(Reinforce algorithm 6) is trying to learn the consequent parameters (constants) of all

rules in the policy.

5.6.2 Rules’ Generation

With the extension layer added to the ANFIS architecture, there will be 1944 fuzzy rules
that represent all possible combinations of premise parts. The generated fuzzy rules that
don’t rely on any information from the provided rules will have default actions which are
[0.5 for window, 0.5 for door, 19 °C for temperature setpoint] where 0.5 means half-time

(of one hour) open.

'Output is window, door and temperature setpoint
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5.6.3 Initial vs Trained ANFIS Controller visualization

ANFIS policy is used as the initial control policy with the given fuzzy rules that are used
to generate other rules. ANFIS policy is then trained for 15 days and compared with the

initial control policy with respect to the different controls and in different observations:

5.6.3.1 Door Control

* Office occupied: Door control is affected greatly by the CO2 inside the office and
the CO2 in the corridor. Note that the other state’s values affect as well the value
of the door control especially the number of occupants and corridor temperature.
Taking the following observation: [indoor temperature: 20 °C, outdoor temperature:
10 °C, number of occupants: 1, corridor temperature: 20 °C, working day 1, time:
10 am], the door control is visualized with different values of CO2 office and CO2
corridor.

The initial policy opens completely the door when the CO?2 in the office is high
and the CO?2 in the corridor is low. Otherwise, the door is 60 % of the time open.
The ANFIS policy tends to open completely the door after 15 days (figure 5.12
b) whenever the CO2 in the corridor has a low range which prevents the CO2
inside the office to increase (there is one occupant in the office). The initial surface
that represents the door results with high corridor CO2 concentration didn’t even

change with the trained policy and this goes back to the reason that observations
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(a) Initial policy. (b) Trained policy.

Figure 5.12: The door control obtained by the initial ANFIS policy (figure a) and the
trained policy (figure b) given that the office is occupied.
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Figure 5.13: The door control obtained by the initial ANFIS policy (figure a) and the
trained policy (figure b) given that the office is unoccupied.

with high corridor CO2 concentration weren’t met during the training time.

* Office unoccupied: Changing only the number of occupants in the observation
from 1 to O (figure 5.13) will lead to another control policy. The trained policy
tends to close the door when the CO2 inside the office is low even if the CO2 in
the corridor is low since the CO2 office will not increase if there are no occupants
inside the office.

5.6.3.2 Window control

* Low CO2 concentration: Considering the following state vector [office CO2: 400
ppm, number of occupants: 1, corridor temperature: 10 °C, corridor CO2: 400
ppm, working day: 1, time: 10 am], the window control with respect to indoor
and outdoor temperature is illustrated in figure 5.14. To elaborate, the window
initially is completely open when the indoor temperature is low and the outdoor
temperature is high in order to heat the room. It is as well open when the indoor
temperature is high and the outdoor temperature is low in order to cool the room.
Otherwise, the window is initialized to be open half of the time. With the trained
policy, the modification is made when the indoor temperature is low and the
outdoor temperature is low where the window is almost closed in order to prevent
the office temperature from decreasing. The surface that represents the window

results with high indoor and outdoor temperatures stayed intact since observations
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with high indoor and outdoor temperatures were not met during training time (no
catastrophic forgetting).

* High CO2 concentration: Increasing the CO2 concentration in the office and corri-
dor until 1200 ppm will lead to completely different results. The initial and trained
policy will tend to completely open the window (figure 5.15 regardless of the

indoor and outdoor temperature in order to decrease the indoor CO2 concentration.

=
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(a) Initial policy.

(b) Trained policy.
Figure 5.14: The window control obtained by the initial ANFIS policy (figure a) and the
trained policy (figure b).
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Figure 5.15: The window control obtained by the initial ANFIS policy (figure a) and the
trained policy (figure b) with high CO2 concentration in the office and the corridor.
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Figure 5.16: The temperature setpoint control obtained by the initial ANFIS policy
(figure a) and the trained policy (figure b).

5.6.3.3 Temperature setpoint control

* Working Time: Considering the following observation [outdoor temperature: 10
°C, number of occupants: 1, corridor temperature: 20 °C, corridor CO2: 400
ppm, working day: 1, time: 10 am], the initial control policy, figure 5.16 a, sets
the temperature setpoint at lowest (13 °C) when the indoor temperature is high.
Otherwise, the temperature setpoint is initialized around 20.6 °C. With the trained
policy, figure 5.16 b, the temperature setpoint stayed almost the same when the

indoor temperature is high. However, when the indoor temperature is low and the

CO2 office is low, the temperature setpoint is set at maximum (25 °C) greater than

the case with the initial control policy in order to achieve the comfort temperature

rapidly. When the indoor temperature is low and the CO2 office is high, the
setpoint temperature is increased up to 21.4 °C.

* Early morning (includes the time from 12 midnight until 7 am): Considering the
previous observation but with time equals 7 am which is 1 hour before the office
is occupied and thus the number of occupants equals zero. The initial control
policy, figure 5.17 a, sets the temperature setpoint around 16 °C where the indoor

temperature is cold. With the trained control policy, figure 5.17 b, the temperature
setpoint is increased until around 21.5 °C when the indoor temperature is cold and
the CO2 office is low. This functionality will allow preheating the office in the

morning a while before the occupants arrive. The other surfaces that stayed almost
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Figure 5.17: The temperature setpoint control obtained by the initial ANFIS policy
(figure a) and the trained policy (figure b) 1 hour before occupation.

intact are not visited during the training.

5.7 Analysis of Rules before and after training

The results presented before used a trained policy for 15 days and they were able to show
that good control has been learned in a short interval of time. In this and the coming
sections, the trained policy benefits from one month of training to gather more data and
obtain a better control policy. The advantage of ANFIS policy is in the ability to clearly
explain the result and thus can be called a comprehensive neural network. Every output
can be explained and traced back to the activation of the premise and consequent parts
of the rules. The ANFIS policy trained in the study case consists of 1944 rules which

represent all possible combinations of the membership functions of the state features.

5.7.1 Rules frequency versus activation

It is important to keep track of the rules met during the training and how much every
rule is activated. This allows explaining why some rules have or haven’t changed. To do
so, every rule has a frequency and an activation. The frequency represents how much

a rule is visited and the activation represents how much a rule is activated on average
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Figure 5.18: The frequency and activation of rules after training of 1 month.

during the training. If a rule has a frequency and activation equal to zero, it means that

no observations which allow this rule to fire (activate) have been met during the training.

5.7.2 Rules’ consequent coefficients

Every rule has an antecedent part and a consequent part. The consequent part consists of
the coefficients that represent the window, door, and temperature setpoint controls. These
coefficients are the parameters of every rule that the training algorithm is trying to learn.
In this section, the coefficients of every control will be presented to show how rules
are updated with the trained policy. Figures 5.19, 5.20, and 5.21 show the coefficients

of window, door, and temperature setpoint controls respectively obtained by the initial
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(a) The initial consequent coefficients of the window. (b) The trained consequent coefficients of the window

Figure 5.19: The window coefficients of every rule obtained by the initial ANFIS policy
(a) and the ANFIS trained policy (b).
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Figure 5.20: The door coefficients of every rule obtained by the initial ANFIS policy (a)
and the ANFIS trained policy (b).

nt

Temperature setpoint coefficient

Temperature setpoint coefficie

0 500 Loo0 1500 2000 0 500 1000 1500 2000

Rule number Rule number

(a) The initial consequent coefficients of the temperature (b) The trained consequent coefficients of the temperature

setpoint. setpoint.

Figure 5.21: The temperature septoint coefficients of every rule obtained by the initial
ANFIS policy (a) and the ANFIS trained policy (b).

ANFIS policy and the trained ANFIS policy. Some rules have stayed with the same
coefficients for all the controls and this is because of 2 reasons: First reason is that
observations that activate these rules weren’t met during the training and thus consequent
coefficients of these rules were not updated (figure 5.18). The second reason is that the

trained policy has reached the same result as the initial policy concerning these rules.

Rule number 52 in the initial policy can be written as follows (the policy is called every
hour):
IF Tin is cold and CO2_office is low and Tout is cold and Nb occupants is medium

and Tcorridor is normal and CO2_corridor is low and working_day is working day and
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Figure 5.22: The reward obtained by the initial ANFIS policy vs the trained one.

day_time is working time THEN [window: 0.0, door: 1.0, temperature setpoint: 0.333].
The actions here are scaled. After rescaling to the real values, window is 0.5 (half-time
open), window: 1 (open all the hour), temperature setpoint: 21 °C.

Rule number 52 in the trained policy has been updated to the following:

IF Tin is cold and CO2_office is low and Tout is cold and Nb occupants is medium
and Tcorridor is normal and CO2_corridor is low and working_day is working day and
day_time is working time THEN [window: - 1.0, door: 1.0, temperature setpoint: 1.0].
The actions here are scaled. After rescaling to the real values, window is O (closed),
window: 1 (open), temperature setpoint: 25 °C.

The trained policy has learned with the state of rule number 52 to close the window and
set the temperature setpoint at maximum in order to reach thermal comfort faster inside

the office. The result can be well explained and thus the policy is comprehensive.

5.7.3 Metric performance

The performance is measured by the reward that represents a weighted sum of thermal
reward, air quality reward, and power reward. The policies are tested in the first week
of March. Figure 5.22 shows that the trained ANFIS policy outperforms the initial
policy most of the time. To understand more about the performance of the ANFIS policy,

detailed results are shown in the following section.



m Adaptive-Network-Based Fuzzy Inference System (ANFIS) for HVAC Control

—initial temperature setpoint
—— trained temperature setpoint
— comfort upper

— comfort lower

3009 ————— — initial indoor temperature 300 ————— —
—— trained indoor temperature

275 1 — comfort upper 775

—— comfort lower

5.0 1 5.0

254 251

2.0 20.0 |

=] L

17.5 4 175 4

1501 t 15.0 1
125 | — - — I L 1L
1251

2015-03-01 2015-03-02 2015-03-03 2015-03-04 2015-03-05 2015-03-06 2015-03-07

= 7 ] [

2015-b3-01 2015-b3-02 2015-‘03-03 2015-b3-04 2015-b3-05 2015-‘03-06 2015-b3-07
(a) Temperature results. (b) Temperature setpoint results.

Figure 5.23: Temperature (left) and temperature setpoint results (b) obtained after testing
the initial and the trained ANFIS policies over the first week of March.

5.7.4 Temperature, CO2 and power results

Figure 5.23 shows that the trained ANFIS policy has improved thermal comfort. It
activates highly the temperature setpoint (23 °C) in advance during the morning in order
to reach thermal comfort faster. However, it overshoots the comfort range sometimes.
Concerning the CO2 concentration inside the office, the performance of the trained
ANFIS policy is very close to the initial ANFIS policy (Figure 5.24 a). To understand
more about the CO2 results, the door and window controls are illustrated in figures 5.24
(a) and 5.25 (a) as well. At 8 am, the updated policy (trained) keeps the door and window
near zero in order to allow the office to reach thermal comfort faster in the morning. In
addition, it tends to open more the door in order to maintain good thermal comfort since
the corridor temperature has a better effect on the office temperature than the outdoor
temperature (figure 5.25 b). The fact that the door is opened more with the updated
policy than the initial policy should improve the CO2 quality inside the office since the
CO2 concentration in the corridor is very low; however, the updated policy decreases
at the same time the opening of the window which leads to a neutral effect on the CO2
concentration inside the office. As a result, the trained ANFIS policy in this scenario
shows better improvements in thermal comfort but a neutral effect on the air quality.
Concerning power consumption, the trained policy consumes more than the initial policy
since it activates more the radiator in order to reach thermal comfort. In the case of the
initial policy, the radiator consumes nearly 20 KWh over one week whereas it consumes
25 KWh in the case of the trained policy.
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Figure 5.24: On the left, CO2 office obtained by the initial and the trained ANFIS policies
on the first week of March. On the right, the door control is computed by the two policies:
initial and trained ANFIS.
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Figure 5.25: On the left, the window control is computed by the two policies: initial and
trained ANFIS. On the right, the temperatures of the corridor and outdoor are shown to

understand the functionality of the updated policy.

5.7.5 Conclusion

In this chapter, an advanced approach that combines the power of the neural network and
fuzzy logic, ANFIS with the extension layer added, has been developed and studied to
optimize energy consumption while maintaining thermal comfort and good air quality

inside the office. This approach has been trained using policy gradient algorithm and



Adaptive-Network-Based Fuzzy Inference System (ANFIS) for HVAC Control

has shown good results in a short interval of training for 15 days. The ANFIS approach
trained using policy gradient represents an applicable control approach for the office’s
system while maintaining thermal comfort and good indoor air quality inside the office.
Using ANFIS, a policy with initial fuzzy rules injected is used at the beginning unlike
the DQN+RBC presented in Chapter 4 which starts with a random policy and relies on
the guidance given by the exploiting of RBC rules during the training to converge faster.
The ANFIS approach is much preferred over the DQN+RBC approach for four main
reasons: a good policy that can be used from the beginning, the comprehension power
that gives the ability to explain the results at the end, the local firing of rules which limits
the problem of catastrophic forgetting, and the fast convergence towards a better policy
which makes it realistic to be used in a real environment. The last reason is led by the
fact of using a good policy that incorporates human knowledge into the initial policy.
The human knowledge provided by the expert doesn’t necessitate to be optimal but to
be meaningful and then with time, this knowledge will be updated and improved during
training. Many improvements can be added to the ANFIS approach to improve its results:
first, increase the fuzzy rules, secondly, increase the membership functions, and thirdly,
increase the time of training. Last but not least, the ANFIS policy can be upgraded to
handle additional knowledge easily, if provided and required by the expert, without the

need to retrain everything.



Chapter 6

Conclusion and Future Research

6.1 Summary

HVAC systems, with the goal of maintaining occupants’ comfort inside buildings, ac-
count for high energy consumption in buildings. These systems rely on conventional
controllers such as RBC approach which depends on rules provided by an external
expert. These rules are static and limited by the expert’s knowledge and thus are far
from optimal and require continuous monitoring. Hence, this work investigates different
control approaches with the objective of optimizing HVAC energy consumption while
maintaining thermal comfort and good air quality represented by CO2 concentration.
The approach must abide by two main features: generic (can be applied to any building)

and second it should converge in a short time.

First, Model-Predictive control (MPC), well explored in literature, has been developed to
achieve this approach. In the experiments done in Chapter 3, MPC shows good results,
however, they rely on the predictive models that require representative data and consider-
able work of validation which can affect tremendously the MPC results. Hence, another
feature is added to the control approach which is model-free which implies having a
control approach without the need to develop models of the environment. For this reason,
it was important to tackle model-free approaches like model-free RL. Yet, model-free
RL faces a big issue which is the long time and the huge data needed to have a good
control policy. Thus, Chapter 4 and Chapter 5 suggest two main contributions that rely

on model-free RL with some improvements to solve this issue.
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In Chapter 4, model-free RL, specifically deep-Q network (DQN), is combined with
rule-based control (RBC) to guide the DQN policy during training. This technique, called
DQN+RBC, exploits the RBC rules at the beginning to guide the policy. The results show
better performance for DQN+RBC over DQN at the beginning. However, DQN+RBC

takes a very long time to outperform RBC, which makes it not an applicable approach.

While in Chapter 5, an ANFIS policy with an extension layer added has been proposed
as the initial RL policy. Fuzzy rules which represent the expert’s knowledge are extended
by the extension layer and injected into the RL policy represented by the ANFIS policy.
Then, the updated version of Reinforce, a policy gradient algorithm, is used to improve
directly the ANFIS policy. Experiments done in Chapter 5 show that the ANFIS approach
trained by the policy gradient algorithm represents an applicable approach since it

generates good control in a short time.

6.2 Future Research

This work represents an exploring study in the field of optimizing the energy consumption
of HVAC systems. This section tackles different aspects that are worth exploring in

future research:

* First, there are many hyperparameters that can affect the results such as the
learning rate, discount factor, neural network architecture (number of hidden
layers, activation function, number of neurons per layer), and epsilon (in Chapter
4) which affects the exploration-exploitation of the RL agent. The length of history
in the state, the number of membership functions (chapter 5), and the width of the
membership functions as well affect the results. These hyperparameters are not
well-tuned and require deep tuning to improve the performance of the algorithms

developed and then may generate a better control.

* Second, multi-objective optimization: This work represents a multi-objective opti-
mization with multiple and conflicting objectives: minimizing energy consumption,
maintaining good thermal comfort, and maintaining good air quality. The objective
of maintaining thermal comfort leads to energy consumption and thus the objective
of minimizing energy consumption conflicts with the objective of maintaining
thermal comfort. However, most of the work done in RL so far and in this PhD

assumes a single reward function that represents the weighted sum of all objectives
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together. Hence, reward design to handle multi-objective reinforcement learning is

worthwhile exploring in future research.

 Third, testing on a real system: The approach developed in Chapter 5, an ANFIS
approach with the extension layer added and trained using policy gradient algo-
rithm, represents an applicable control approach with three main aspects: generic,
converges in a short time, and model-free. It is important to deploy and test this
approach on a real HVAC system in the future. More analysis can be conducted
thus on the policy learned which can be explained as mentioned in Chapter 5 since

the policy is comprehensive.

* Fourth, multi-agent reinforcement learning: In the experiments done, we work
on a single zone system and the developed RL approaches consider a single RL
agent. However, real-world HVAC systems are much more complex and consist
of multiple zones. Hence, it is important to consider multi-agent reinforcement
learning algorithm that aims at training different RL agents at the same time and

thus controlling different controls simultaneously and leading to energy efficiency.

* Fifth, testing on different environments: Buildings are very heterogeneous. To
analyze well the approaches developed in this work, specifically, the one developed
in Chapter 5, many HVAC systems in different buildings should be considered
for testing the approach. It is important to conduct some of the experiments in
simulation before deploying directly the approach on a real system. This step is
important at the beginning to make sure that the approach can handle different

environments safely.

* Last, transfer learning: Transfer learning consists of using the knowledge acquired
by a model after training it on a building to be the starting point in another building.
Our work done in RL is tested only on one system in simulation (the office case
study). Thus, the topic of transfer learning has not been investigated in this research.
This topic represents a challenging branch in reinforcement learning and is valuable

to explore in future research.
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