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Abstract

Despite major advances in the Building Automation field, the adoption of automation systems
in small applications such as apartments and small offices is not yet visible. Manufacturers keep
developing Building Automation Systems focused on large applications and the ones available for small
applications are still not corresponding to user expectations, due to low functionality, price, complexity
and performance issues. In an attempt to address the above mentioned issues, this work proposes to
design and evaluate a simple modular automation system based on open-source hardware and cheap
electronics, and focused on small applications. Systems like this will contribute for a higher adoption
and visibility to Home Automation, and this system will serve as basis for the creation and development
of new automation systems with lower costs and rich in functionalities. A prototype is implemented
using open-source hardware, and an API is made available to make the development of applications
for this system possible. It is also implemented a software which demonstrates the capabilities of the
system in terms of addressing, modules discovery and functionalities.
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1. Introduction

As computational systems get more powerful, more
compact and efficient, many new areas of interest
have been opened benefiting quality of live. The two
fields that emerged with this evolution are Home
and Building Automation. Home Automation (HA)
differs from Building Automation (BA) in the fact
that HA uses automation focused more on com-
fort while BA is more focused in economic benefits,
the efficient management of a large building envi-
ronment. Despite being discussed since the 1980s
HA e.g., is still a field under development. Recent
concepts and technologies, such as the Internet-of-
Things (IoT) and the open-source hardware plat-
forms offer new possibilities for a vast variety of
systems. IoT is an integrated part of Future Inter-
net and could be defined as a dynamic global net-
work infrastructure with self configuring capabili-
ties based on standard and interoperable commu-
nication protocols where physical and virtual en-
tities have identities, physical attributes, and vir-
tual personalities and use intelligent interfaces, and
are seamlessly integrated into the information net-
work [5]. In the IoT, these entities are expected
to become active participants in business, informa-
tion and social processes where they are enabled to
interact and communicate among themselves and
with the environment by exchanging data and infor-
mation sensed about the environment, while react-

ing autonomously to the real/physical world events
and influencing it by running processes that trigger
actions and create services with or without direct
human intervention. There are many different so-
lutions for HA. Currently, many big manufacturers
offer complete, functional and reliable automation
systems but usually these are very expensive and
very difficult to install. Thus, these solutions may
not be suitable for small applications, like a small
office or bedroom.

Open-source hardware consists in platforms that
allow easy and fast prototyping and systems devel-
opment. The term ”open” that information related
with Hardware design in addition to the software
that drives the hardware are easily available. Many
projects based on this platforms can be easily found.

There are solutions based on the IoT, where each
device is capable of connecting to some network,
making it possible to create an automation system
based on the connected devices. These solutions
are suitable for small ad hoc applications specially
because the bulk of complexity is factored out to
the cloud.

There are also solutions based on open-source
hardware, which although being cheaper then the
ones stated above, have limited functionality.

The problems of high complexity, expensiveness
and limited functionality are the reason why the
existing systems are yet not widely used and why
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they are not suitable for Home Applications. The
optimal solution, would be a system that combines,
at least, the following qualities:

• Low cost and reliable

• Simple and easy installation

• Rich in features and highly customizable, in
order to fit every kind of environment.

This thesis proposes to investigate the feasibility
of developing a system that is based on the con-
cepts of IoT, Open Hardware and HA, that aims
at overcoming the main limitations of existing sys-
tems. A system of this kind opens a new path in the
development of automation systems, more accessi-
ble to the public that may be purchased, installed
and used by the majority. The main limitation to
the development of such system is the complexity
of concepts and knowledge regarding the field of
Home Automation System (HAS). At the end our
proposed system results in a prototype that in con-
junction with the concepts that cross the fields of
HAS and IoT and benefiting from the costs of open-
source hardware, surpasses main limitations of ex-
isting systems. This system is also evaluated in
terms of reliability and flexibility in order to un-
derstand how will it perform in real world scenarios
as small offices or homes.

2. Home and Building Automation

Building Automation Systems are distributed sys-
tems capable of performing measurement, control
and management in a building environment. Home
and Building Automation Systems architecture typ-
ically follow a layered architecture with three hier-
archical levels [6]. The bottom level is known as the
Field Level, this level consists of Sensors and Ac-
tuators (field devices) which are responsible for the
interaction with the physical environment. Data is
collected by Sensors and transformed into a repre-
sentation suitable for transmission, in the opposite
direction, parameters of the environment are phys-
ically controlled by the Actuators in response to
commands received from the system. The second
level, known as the Automation Level, it con-
sists of Controllers that are responsible for control-
ling the Field Level, comprising tasks like automatic
control and data aggregation, as well as establish-
ing logical connections between the Field devices.
In some cases, functionality such as scheduling also
exists on this layer. Finally, the top level, is the
Management Level, where all system information
and application logic exists. This level, implements
more complex behaviour such as remote access and
control, as well as system alerts. One such layered
architecture is depicted in Fig. 1. Typically, Home

Figure 1: BAS Architecture

Automation Systems do not include the Manage-
ment Level thus, for the purpose of this work the
architecture top layer will be abstracted away.

Controllers are responsible for the extraction of
values and parameters configuration in field devices.
The purpose of Controllers is to orchestrate Field
Device’s interaction through some predefined logic.
This logic is embedded in modules called controller
modules. These modules consist of specific hard-
ware or, sometimes, application’s software present
in a server. Controller modules continually update
device’s state depending on monitored inputs or
commands sent to the controller. Controllers ex-
pose different types of logic objects that can be read
or written, such as, memory registers, timers and
calendars. Depending on the sophistication of the
controller, they may be capable of running more
than one control program, reading and writing on
I/O ports over the fieldbus network or other logic
objects. A common type of control functions used
are Proportional, Integral and Derivative (PID) [1]
controllers. A PID controller consists of a control
loop feedback mechanism that calculates the error
between some measured process value and the de-
sired value (also known as setpoint), and then ac-
tuates in the process’s control inputs in an attempt
to minimize that error. A software controller mod-
ule has its logic in the application’s layer of a BAS
in opposition to a hardware one where the logic
runs in a piece of hardware at the field level layer.
Software controller modules tend to centralize the
system’s control functions in its higher level layers.
The software controller’s logic can take advantage of
more complex decision logic and control several de-
vices simultaneously. Unfortunately such high-level
and centralized control has disadvantages. Software
controllers should not be used to continually control
a process, due to the risk of flooding a network with
update packets separated by very short periods of
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time. For example, if a process requires its con-
troller to update its state every 2 millisecond, the
network would have to handle at least 500 pack-
ets per second directed to that device, and it would
get worse if there were more devices like that in
the system. Hardware controller modules are best
suited for real-time control, because they can take
advantage of their proximity to the devices.

Fieldbus is a digital serial data bus that inter-
connects and enables communication between field
level devices, such as sensors and actuators, and
controllers. The choice of the fieldbus physical com-
munication medium depends if whether an intrusive
structure is applicable, or a high speed connection
is needed, e.g. air, twisted-pair, powerline, etc.. A
fieldbus system is usually associated with commu-
nication protocol that is a set of rules that devices
follow in order to communicate and interoperate.
The fieldbus technology promises to improve qual-
ity, reduce costs and boost efficiency by commu-
nicating with devices digitally, by reducing the re-
quired wiring and installation effort, since analog
signal standards require devices to have their indi-
vidual set of wires. Also, in a fielbus network, is
expected that all devices connected to it have some
computational power, and because of that they are
considered smart devices, that can replace several
analog devices at once, helping to drop even more
the costs of the system [9]. There are many fieldbus
systems on the market and their specifications vary
according to requirements of the applications they
are used in [3]. There have been created several
industrial standards such as BACnet [2], KNX [7],
LON [4] and CAN [10].

3. Solution Overview

Aiming at designing, implementing and evaluating
an automation solution that is low cost, rich in func-
tionalities for the Internet-Of-Things, our proposal
is based on open hardware technologies, in this case,
using the Arduino platform. Arduino is an open
hardware platform which has been frequently used
in order to enable fast prototyping1. The Arduino-
based controller orchestrates all the communication
between the field devices, and same as being the
system’s gateway. At the Field Level, specially de-
signed Device Modules (DMs) are developed using
atiny micro-controllers 2 and other application de-
pendent components, as the field devices for actu-
ation and sensing capabilities. The field bus proto-
col is implemented on top of the ubiquitous Inter-
Integrated Circuit (I2C) bus protocol, the applica-
bility to this kind of systems will be evaluated.

1Arduino’s website, http://www.arduino.cc/
2ATiny’s page, http://www.atmel.com/products/

microcontrollers/avr/tinyavr.aspx

Figure 2: Illustration of I2C connections and
single-master/multiple-slaves topology implement-
ing home automation modules. An Arduino con-
troller acts as a master and the DM as slaves.

3.1. Field-Bus (Physical Layer)

I2C is a simple, bidirectional 2-wire communica-
tion bus, developed by Philips Semiconductors (now
NXP Semiconductors) in 1982, aiming at efficient
inter integrated circuit control [12]. All I2C-bus
compatible devices incorporate an on-chip inter-
face which allows them to communicate directly
with each other via the I2C-bus. Nearly all micro-
controller units are I2C compatible devices thus
simplifying the field bus implementation of the
proposed system. In particular, the AVR micro-
controller used in the Arduino platform.

The I2C bus communication protocol is widely-
used for many applications that require low cost and
simple but reliable implementation. Despite the at-
tractive features of I2C, the bus protocol has limi-
tations, some of these can be circumvented through
the use of additional components [11].

Regarding the architecture communication sub-
system, our solution has the Arduino-based con-
troller as the master, controlling the state of all
devices. DMs work as slaves, responding to the
controller’s commands. This topology (single mas-
ter - multiple slaves) according to I2C specifications
is depicted in Figure 2. To make the wiring and
connection simpler, modular connectors of the type
6P4C (6 plugged, 4 connected) are used.

3.2. Controller

An Arduino is used as Controller, to control the
communication and system’s parameters. The Ar-
duino runs a firmware that will perform real time
control and adjust of the DM parameters, accord-
ing to a control logic defined in the server’s software,
e.g. Finite State Machines (FSM) [8].

The Controller and all the DMs will be provided
with a network interface module to connect these
to the I2C bus.
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3.3. Device Modules
The DMs are responsible for interfacing the system
with the environment. These DMs consist of two
sub-modules: the network interface module and the
hardware device driver module to control sensors
and actuators. The proposed system’s components
architecture is depicted in Figure 3. The software
running on these modules consists of two blocks:
one for the communication protocol and the other
based on the device functionalities, e.g. light con-
trol actuator.

Figure 3: Controller and Device Module, with cor-
responding proposed architecture. The illustration
shows the Controller and the DM connected to the
bus, through their Bus interface. As evidenced by
the lower layers in each device, the Controller’s task
is to interface the system with the Internet or Server
using the Ethernet interface, whereas the DM task
is to interface the system with the environment us-
ing the device driver.

3.4. Functionalities
The level of functionalities is mainly limited by the
effort that is taken when developing the software
that will run on the server. This solution is capable
of having a sophisticated behaviour when the soft-
ware running on the server comprises functionalities
that meet this behaviour.

4. Evaluation
This work has resulted in system that would take
the access to HASs much closer to every person,
providing a fair level of functionalities associated
with low prices, while maintaining a certain level
of responsiveness and effectiveness. The evalua-
tion tries to validate the developed system accord-
ing to this parameters. In order to test commands
effectiveness and responsiveness systematically, a
test bed was developed. Operations to the system
through the bus where performed under different
conditions.

5. Conclusions
The field of automation systems attracts high inter-
est in the industrial segment as well as in the resi-
dential segment, however in the latter, the demand
for such systems is not growing as expected, mainly
due to the high costs and complex installation as-

sociated. Current systems such as X10, WeMo, etc.
that try to overcome these limitations, but they all
fail because they simply lack of one or a few of the
desired aspects that affect the adoption of these sys-
tems for smaller applications. Indeed, since field of
HA is very complex in terms of concepts and the
task of developing a completely new system is diffi-
cult and may not seem a possible path to overcome
the existing limitations. However, HA allied to the
concepts of IoT and Open-source hardware is pos-
sible to create something distinct from the existing
and that overcomes their limitations creating a low-
cost, yet functionally rich and easy to use solution.

This Thesis developed a prototype low cost HAS
that is capable of implementing major HAS tasks
and comprises a modular architecture, that bene-
fits flexibility and easy connections and simplified
installation procedure. The system consists of two
types of modules: Controllers which are responsi-
ble for orchestrating all the information that flows
within the systems communication bus, and the De-
vice Modules, that interface the system with the
physical environment.

To validate this concept, Device Modules where
also developed using a modular structure which the
components responsible for each sensing or actuat-
ing task that are decoupled from the network inter-
face, resulting in lower costs of maintenance, repair
and simplicity. The complex logic that manages
all the system’s functionalities is programmed on a
software that may be running on a local server or in
the cloud. A simple HA software running on a local
server was implemented to demonstrate the basic
functionalities and capabilities of the system.

Finally we have a working system capable of most
Home Automation tasks, tested and with an API
for easier integration and future development.

For future work it is expected to increase the
systems capabilities, in terms of distance between
the modules for greater flexibility which can be
achieved by hardware, as well as creating a more
complex system consisting of multiple subsystems
of this, with multiple Controllers, for greater scala-
bility. We expect that this work opens a new path
for retail automation systems solutions that may
help growing the adoption for HASs in lower seg-
ment. The next step is to work on the prototype in
order to improve its capabilities and functionalities
as the possibilities are endless.
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