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SECTION I.
Introduction

Single chip based embedded systems, smart sensors and
wireless networks are gaining ground in irrigation systems of
large farmlands, greenhouses, pastures and fruit orchards [1]–
[2][3][4][5][6][7][8][9][10][11][12]. A wireless sensor network
that monitors soil humidity and temperature, and solar
radiation was designed [1]. The collected data from these
sensors is transmitted to a web service via a coordinator.
Farmers can access, monitor and manage the system via the
World Wide Web. Another wireless sensor network with
irrigation valve control system was developed [2]; the valve
actuation is based on a single chip microcontroller with an
embedded customized firmware, a power deriver circuit, a
communication protocol and a web interface. The wireless
access range reached 1610 meters under the line-of-sight
condition and 170 meters under obstructed conditions. A
zigbee-based data acquisition was designed for street
forestation trees, bonsai plants and greenhouse [3]. The
weather condition is collected and transmitted to a Java based
control algorithm that makes the makes the irrigation
scheduled based the plant type and predefined scenarios.

A low-cost RFID-based system to monitor the soil moisture
status in crops field and surrounding air temperature was
designed [4]. The system can use up to three soil moisture
sensors and up to four thermocouple temperature to control
the irrigation schedule. A wireless irrigation system consists of
weather station that is equipped with Bluetooth and global
position system (GPS) was designed [5]. The weather station
transmits the status of the soil moisture and temperature and
surrounding air temperature through Bluetooth to a
computerized base station which can be access the internet.
Some has utilized the mobile phone short messaging service
(SMS), GPS and Camera to collect farm fields' photos and
broadcast it for remote inspection [6]–[7][8]. Some of the
reported irrigation systems use soft computing tools such as
fuzzy logic and neural networks to control the irrigation
schedules and better manage the water resources [9]–[10][11]
[12]. It was also reported that some systems may save
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20%-30% of water consumption in comparison to conventional
methods [11]. Utilizing such systems increases crop yield per
square meter and optimizes energy requirement based on
particular timing operation [12].

On the other hand, smart homes are equipped with smart
appliances that are fully automated using wired and/or wireless
embedded controllers. Several standby power reduction and
energy management systems have been reported [13]–[14][15]
[16]. Smart energy meters have also been implemented in
millions of residential premises to better manage and save
power [17]–[18][19][20]. Smart home appliances are
monitored and controlled remotely as well as locally using
wired and wireless stand-alone embedded systems that utilized
single chip microcontrollers [21]–[22][23][24][25].

From the aforementioned studies, one can conclude that smart
homes that are equipped with controllers provide multiple
integrated functions and services but lack irrigation functions
to water garden grass and trees.

This paper proposes an outdoor garden automatic irrigation
system for smart homes. This added service can be a
standalone or integrated within the existing smart home
automation systems as a sub-module. The proposed system is
based on Web Server-Master-Slaves architecture; each slave
consists of a set of sensors, water valve actuators, single chip
microcontroller and wireless transceiver. The master receives
the garden temperature and soil moisture from the slave nodes.
The water valves are operated according to predefined
irrigation modes. The system is interfaced with a PC-server to
enable access through the Internet to manage the irrigation
scenarios remotely.

The rest of the paper is organized as follows: Section II
specifies the system requirements. Section III describes the
proposed system hardware architecture. Section IV details the
embedded software operation scenarios. Implementation and
testing are discussed in section V followed by a conclusion in
section VI.

SECTION II.
The Proposed System Requirements

To design an effective and efficient system, the functional and
non-functional requirements should be specified. The following
requirements must be satisfied for the proposed system:

Made from off-the-shelf complements and Easy to install
and configure.

Easy to operate and switch between manual and
automatic operation modes.

Supports two way wireless communications between
server, master and slave,

Displays periodic and historic sensor array data of each
slave.

Loading web-font TeX/Main/Regular
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Allows operation through the Internet and smart phone.

Should be mobile, cost effective, reliable and secure

To fulfill the above mentioned requirements, the proposed
irrigation system must have hardware and software
architectures. Both architectures are described in the following
sections.

SECTION III.
Proposed System Hardwae
Architecture

To satisfy the hardware architecture requirements, the
proposed system consists of three basic modules: slave, master
and server modules. These modules are developed in a modular
fashion and thus allowing master-slaves or server-master-
slaves to operate as standalone modules.

A. Slave Module

This module consists of several off-the-shelf components
namely; temperature and soil moister sensors, a signal
conditioning circuit, single-chip microcontroller with ZigBee
transceiver [26], driver circuit and a water valve. The
microcontroller has built-in digital input/output ports, analog-
to-digital-converter and programmable memory. Figure 1
shows the slave-module basic building blocks. In this module,
the microcontroller gathers the temperature and soil moister
and operates the water valves based on an embedded irrigation
algorithm that will be described in section IV. The
microcontroller sends the collected data to the master using a
low-power wireless Zigbee network.

B. Master Module

This module consists of several add-on slave-modules and one
master that coordinates with the slave modules as described in
section II-A. The master is a single-chip microcontroller that is
also used in the slave-module integrated with wireless Zigbee
transceiver. Figure 2 shows the master-slaves hardware layout.
Through wireless transceiver, the master module gathers the
sensors array data from each slave node and commands the
water valve of each slave-module based on embedded irrigation
algorithms that will be described in section IV.

C. Server Module

This module integrates the master and slave modules described
earlier with a home web server. The server is a high-end
personal computer that is equipped with wireless interface for
communicating with the master-module. Adding the server
allows web access for a remote operation. Figure 3 depicts the
system slave-master-server hardware building blocks.
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Fig. 1.
Building blocks for the slave-node

Fig. 2.
Master-slaves hardware layout

Fig. 3.
Proposed system overall hardware building blocks

SECTION IV.
System Software Architecture

To satisfy the system software requirements, the irrigation
system algorithm is divided into two modes of operation;
manual and fuzzy operation modes:

A. Manual Operation Mode
Loading web-font TeX/Main/Regular
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In this mode, two slaves are used. One monitors and irrigates
the garden trees through one valve while the other monitors
and irrigates the garden grass through another valve. The
system is scalable. Additional slave nodes can be added as
desired. Each slave is essentially stand-alone. The
microcontroller in the slave reads the temperature and
moisture sensors and water the trees and grass manually.
Home owner turns ON/OFF the watering valve manually
whenever required.

B. Fuzzy Operation Mode

In this mode, the master node communicates with slave nodes
using the Zigbee protocol to form a wireless sensor network
[26]. The operation of slave nodes is automatically coordinated
via the master node. The master receives each slave sensor's
readings and coordinates the watering process based on a fuzzy
logic algorithm. For each slave, the fuzzy logic algorithm has
two attributes for the inputs and one attribute for the output.
The input attributes are the temperature (Temp) and soil
moisture (S-Moist), and the output attribute is the water valve
(W-Valve).

There are three steps that are involved in the fuzzy logic
algorithm namely; fuzzification, rules-based inference engine
and defuzzification:

Fuzzification The fuzzification process converts the crisp
input variable values into linguistics terms and maps
them with a set of membership functions. Each slave-
node has two crisp input values namely; temperature and
soil moisture. It is assumed that the temperature
linguistic terms are cold, warm and hot. The soil
moisture linguistic terms are dry, normal and wet. Figure
4 and 5 show the proposed membership functions along
with their ranges.

Rules-Based Inference Engine A set of fuzzy rules is
assembled using: “If < premises> Then < conclusion >”
structure The number of rules is obtained using the
following formula [28]: N= P1 ×P2 ××PN.

Where: N is the total number of possible rules for the
fuzzy system and PN is the number of linguistic terms for
the input linguistic variables N.

Since there are three membership functions for the
temperature and three membership functions for the soil
moisture, the total number of rules is: N = 3 * 3 = 9.
Table I shows the rules and weight calculations.

Defuzzification: The defuzzification process is the
method of converting the rule-based engine decision into
a single quantifiable output. The water valve for each
slave node has two linguistic terms namely; ON and OFF.
Table I shows output membership functions for the water
valve. Once a rule is decided based on the inputs from the
fuzzifier, the output valve is turned ON or OFF
accordingly. The root-sum-square (RSS) and fuzzy
centroid algorithm methods are used to calculate the
crisp value for the valve status [27]. For example, the
temperature was set at 13°C and soil moisture was set at
37%. The corresponding weights for the 13°C

Loading web-font TeX/Main/Regular
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temperature are; Cold=R1=0.4, Warm=0.6 and Hot=0.0
and for 37% soil moisture are; Dry=0.8, Normal=0.2,
Wet=0.0). For this case, four rules attributes to the “ON”
status (R1, R4, R7 and R8) and five rules attributes for
the OFF status. (R2, R3, R5, R6 and R9). Using the RSS
method, the output valve status is calculated as shown in
the equations 7–8. Equation 9 combines both “ON” and
“OFF” weights to calculate the actual valve weight.

\begin{align*} Temperatur_{cold}(x)&=\begin{cases} \ \
\ \ \ 1 & x\leq 10\\ \frac{15-x}{5} & 10< x <15
\end{cases}{\tag{1}}\\ Temperatur_{warm}
(x)&=\begin{cases} \frac{15-x}{5} & 10< x \leq 15\\ \ \ \
\ \ \ 1 & 15< x< 20\\ \frac{15-x}{5} & 20\leq x <15
\end{cases}{\tag{2}} \end{align*}

Fig. 4.
Temperature membership functions

Fig. 5.
Soil moisture membership functions

Table I. Fuzzy rules
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\begin{gather*} Temperatur_{Hot}(x)=\begin{cases}
\frac{x-20}{5} & 20\leq x <25\\ \ \ \ \ \ 1 & \ \ \ \ \ \
x\geq 25\\ \end{cases}\qquad\qquad\qquad{\tag{3}}\\
SiolMoisture_{Dry}(x)=\begin{cases} \ \ \ \ \ \ 1 & \ \ \
\ \ x\leq 35\\ \frac{45-x}{10} & 35< x \leq 15
\end{cases}\qquad\qquad\quad{\tag{4}}\\
SiolMoisture_{Normal}(x)=\begin{cases} \frac{x-35}
{10} & 35< x \leq 45\\ \ \ \ \ \ \ 1 & 45< x< 55\\
\frac{60-x}{5} & 55\leq x<60\\
\end{cases}\qquad\qquad{\tag{5}}\\
SiolMoisture_{Wet}(x)=\begin{cases} \frac{x-55}{5} &
55\leq x \leq 10\\ \ \ \ \ \ \ 1 & \ \ \ \ \ x\geq 60\\
\end{cases}\qquad\qquad\qquad{\tag{6}}\\
ON=\sqrt{R1^{2}+R4^{2}+R7^{2}+R8^{2}}
{\tag{7}}\qquad\qquad\qquad\qquad\qquad\qquad\\
ON=\sqrt{0.4^{2}+0.6^{2}+0^{2}+0^{2}}=0.721\qquad\qquad
OFF=\sqrt{R2^{2}+R3^{2}+R5^{2}+R6^{2}+R8^{2}}\qquad\q
OFF=\sqrt{0.2^{2}+0^{2}+0.2^{2}+0^{2}+0^{2}}=0.721\qqua
Water_{value}=\sum\nolimits_{n=1}^{n}
(center_{i}\ast
Strength_{i})\sum\nolimits_{n=1}^{n}Strength_{i}
{\tag{9}}\\ Water_{value}=(0.283\ast
0.25)+\frac{0.721\ast 0.75}
{0.283+0.721}=0.609\qquad\quad \end{gather*}

View Source

SECTION V.
Simulation, Implementation and
Testing

To verify the proposed software, the fuzzy logic algorithm was
simulated using the MATLAB fuzzy logic toolbox. Nine
different inputs were used to trigger nine rules. As shown in
Figure 6. For an input temperature of 13° C and input soil
moisture of 37%, the simulation gave water valve weight of 0.6,
which turned the water valve ON. This simulation result
outputs a weight of 0.60 matches and conforms to the
calculated weight of 0.609 (see section V) with a small error of
0.6–0.609 = 0.009. Figure 7 shows another case where the
simulated inputs values turn OFF the water valve.

A hardware prototype of the proposed system was built using
an off-the-shelf microcontroller [26]. Figure 8 shows the
hardware experimental setup for one slave node. The simulated
fuzzy logic algorithm is implemented using the microcontroller
fuzzy logic library based on C program [27].

Fifteen different input sets are selected to test the nine rules. As
shown in table II, the experimental results conform to the
simulation results. However the little water valve output weight
differences between the experimental and simulations do not
change any of the water value status (ON to OFF or vice-verse).

Home owners can access the system using the World Wide Web
to monitor and turn on the fuzzy logic control system.Loading web-font TeX/Main/Regular
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The details of the web server, database and user privileges
software development are not reported because it is standard
which do not add any new idea rather than it is common and
easy to develop. Similar web access arrangements were
reported by the first author [28].

Fig. 6.
Simulation example “water valve ON”

Fig. 7.
Simulation example “water valve OFF
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Fig. 8.
Prototype experimental setup

Table II Simulation and experimental results

SECTION VI.
Conclusion

An automatic fuzzy logic based smart home irrigation system
was proposed, developed, simulated and tested. The system
used off-the-shelf components. Home owners can irrigate their
garden grass and trees manually or automatically via local
control or remote control using the Internet. The system was
tested using software simulation tools and an experimental
hardware system. The simulation results and the experimental
setup performance were as expected and satisfactory. The
system can be integrated with other home automation systems
with little modifications.
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