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Abstract

Acknowledging residential irrigation as a significant contributor to unnecessary wastewater, the
Intuitive Auto-Irrigation team devised a water-efficient automatic irrigation system that uses
an array of sensors and weather forecasting data to determine when to efficiently water plants
and minimize water consumption. Through wireless communication, the sensor arrays relay
information to a central hub that collects the data and triggers water delivery when the soil
is deemed dry and conditions are optimal for irrigation. The goal of the automatic irrigation
system is to reduce unnecessary water consumption without sacrificing plant health, effectively
leading to a more sustainable method of residential landscaping and gardening practices.
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1 Introduction to Sensor-based Automatic Irrigation

1.1 Solving the Irrigation Wastewater Problem

Wastewater from irrigation is a significant problem threatening municipal water reserves and natu-
ral conservancy efforts alike. According to the US Geological Survey (USGS), the Western United
States’ has a high per capita water consumption, which is heavily impacted by residential landscape
irrigation [21]. Also, according to a later study performed by the Environmental Protection Agency
(EPA), “Outdoor water use accounts for 30 percent of household use, yet can be much higher in
drier parts of the country and in more water-intensive landscapes” [2]. Later in this study, the
EPA states, “The arid West has some of the highest per capita residential water use because of
landscape irrigation” [2]. This problem worsens due to the excess wastewater produced from timer-
based automatic irrigation systems. The days of irrigation systems filling gutters with unused fresh
water needs to come to an end; it is about time residential irrigation systems get updated to the
21st century.

Problems With Automatic Irrigation

® EPA: “The West has the some of the e Residential Irrigation = 32%
highest per capita residential water use of total freshwater withdrawals
because of landscape irrigation.” o 75% in the West

Irrigation Wastewater Is A Serious Problem

Figure 1: Outlining the problem caused by mismanaged residential irrigation, the EPA and USGS
provide useful data that support the design of our improved automatic irrigation system. !

Presently, the only available options for auto-irrigation systems are timer-based, meaning they op-
erate based on clock cycles and turn on whenever that cycle elapses, regardless of the conditions
outside. A simple search on Amazon reveals that most of the systems use a central hub that costs
anywhere from $80 to $150; these hubs simply connect to a hose and open the valves to each hose
when specified by the timers. Not only are these options inefficient at water management, they are
surprisingly expensive for just a simple central hub, without many (if any) high-tech features like
wireless compatibility or a configurable user interface. And on top of that, unless you are paying at

'Figure courtesy of City of Santa Barbara. [17]



the very end of that $150 price range, these systems only work on a single hose. So if you wanted

to have multiple system lines for different plants, you would need to buy even more of these system
hubs.

Researchers previously noted the water-saving benefits of utilizing sensors to control crop irrigation.
Engineers at the Centro de Investigaciones Biologicas del Noroeste designed a system comprised
of a wireless sensor network and a general packet radio service (GPRS) module to control crop
irrigation [7]. Their design used commercial moisture and temperature sensors located at the site
of irrigation to detect soil parameters and determine water necessity. The system was set in a
sage crop field that was watered for approximately 140 days; the data showed water reductions of
up to 90% compared to traditional irrigation practices . Similar designs, including the one made
by researchers at the U.S. department of agriculture, have also proven the efficacy of real-time
soil-moisture monitoring and site-specific watering for large-scale farm applications [8]. It is clear
that these wireless sensor networks, which precisely control crop irrigation, can reduce water waste,
however buying one is not always an option considering that these systems routinely cost in excess
of $2000. There have not been any attempts to provide affordable versions of these products to
household consumers and smaller-scale gardens, so our team looks to solve this issue by creating a
cost-efficient alternative to automatic irrigation systems that still provide the wireless and sensor-
based functionalities that these more expensive models offer.

Introducing Intuitive Auto-Irrigation, an intelligent way to go about everyday irrigation benefitting
both water reserves and plant health. The system takes advantage of real-time sensor data and
forecast predictions to only trigger water delivery when necessary, actively reducing the quantity
of wastewater produced through automatic irrigation. All while offering it at a cost that is kind to
the consumer.

1.2 Stakeholder Goals - Kresge Co-Operative Garden

After looking at many communities that could potentially benefit from the Intuitive Auto-Irrigation
project, we concluded that stakeholders benefitting the most from our system would be local gar-
deners, since they tend to find difficulty in managing the precise details required to optimally water
their plants. With an automatic system in place to handle this operation, gardeners can spend the
extra time attending to other tasks, increasing their everyday efficiency and available time. Varying
sizing of lawns or gardens implicates the need for a system that could be easily modified for a wide
array of irrigation usages. Therefore, it is our team’s priority to design a modular system that
focuses on small-scale versions of the complex commercial automatic irrigation systems that also
has the capability of scaling-up to larger gardening or farming operations.

To demonstrate the effective use and benefits our automatic irrigation system brings to both ca-
sual and more experienced gardeners alike, we sought the opinions of local gardening groups to
obtain useful feedback and to optimize our system around their needs. With regards to contacting
gardening enthusiasts on campus, we were lucky enough to come across members of the Kresge Co-
Operative Garden, who tend the most extensive student-run garden at the University of California,
Santa Cruz (UCSC) campus. The members of the Kresge Garden Co-Op were more than happy to
tell us about their gardening strategies and operations. They were willing to work with us to cre-
ate a system that not only benefits them, but the other gardeners and farmers that come after them.

Introducing us into the Kresge garden, the Co-Op members discussed specifics about the gar-



den, informing us about the types of plants and trees that they grow, the quality of their soil, the
typical periods of growth, and other critical aspects of managing a garden. The Kresge garden
grows a multitude of different plants and vegetables ranging from fruit trees to radishes and green
onions. Their reputation of growing the largest student run garden on campus has a lot to due with
how they sustain the quality of their soil. To accomplish this, they evenly distribute flax seeds,
legumes and soybeans within their naturally soft soil to provide necessary nutrients and allow for
a layer of pre-crop to grow. This pre-crop provides a healthy base that the plants can grow in
while preventing the need for artificial fertilizers. In order to ensure proper growth occurs, it is
imperative that water is sufficiently supplied to the plants especially during periods of extremely
dry weather. The garden members have previously found that this dry period mostly encompasses
the months of April to August but it does happen to vary substantially and subsequently has to
be monitored to ensure proper garden care.

An important feature we specifically asked about was their watering strategy. Their current system
was a central spigot system, having four separate hoses that each distribute water to a network of
soaker hoses. Therefore, the process of watering their plants revolves around manually turning on
the desired hose and waiting until the soil is sufficiently wet. Although this task is not considered
challenging by traditional means, the challenge comes with determining when the water needs to
be turned on and off. Automating this process would remove the human error of having to esti-
mate the soil moisture content, drastically reducing the amount of water used for irrigation while
simultaneously protecting plants from over-watering. Subsequently, the Intuitive Auto-Irrigation
system would reduce irrigation costs and give the gardeners one less thing to worry about.

In terms of design considerations, we asked the members initial questions regarding practical fea-
tures that would be helpful within an ideal auto-irrigation system. The Kresge Co-Op gardeners
determined they would allow our system to monitor and control the irrigation of their plants if and
only if there would be no risk in water leakage from the central spigot. This indicated the need
for flow meters to monitor the water consumption at the central hub. They also found that if our
system is sensor-based, it would be handy to be able to access or monitor the state of the plants
from the central hub. This drove the design of a user interface used to control the system from a
central location. As for suitable sensors, they seemed most interested in the soil moisture, light,
and temperature sensors, confirming the first two as critical factors for optimized irrigation.

One downside to the location of the Kresge Garden is the lack of 120V AC wall power within
a 500-foot radius from the central spigot. This adds a major constraint onto our design and final
implementation in the Kresge Garden. When discussing this issue with the Co-Op members, they
understood our dilemma and we reached a point of consensus. They agreed with us that due to
the difficulty of controlling the water distribution with no wall outlet and to avoid water leakages
on campus property, we would instead focus on the goal of monitoring the soil of their crops and
relaying useful information back to them in a way that is visually clear and descriptive. Therefore,
in order to tend to these goals, we will be working to log the data for each of these sensors and
store the information both within a database as well as on a local SD card in an easily manipulable
data format such as .csv or .txt.

1.3 Criteria of a Successful Project

The Intuitive Auto-Irrigation project was built around the fundamental design considerations put
forth by the caretakers of the Kresge Co-op Garden and the garden’s inherent limitations. There-



fore, as a team we compiled a set of specifications upon which the project would be based. These
specifications range widely from quantitative radio frequency (RF) considerations to qualitative
plant health objectives.

The primary objective of the Intuitive Auto-Irrigation project, from an environmental viewpoint, is
to reduce the amount of wastewater from irrigation. The goal is to use less water than timer-based
automatic irrigation systems; if we can prove that a prototype sensor-based automatic irrigation
system can outperform a timer-based system, then we know there is sufficient justification to
warrant further product development. With that in mind, we plan to compare water consumption
on a monthly basis using a flow meter to record flow rate. Success for this section of the project
would have a lower water consumption, by any margin, than an automatic system. Table 1 outlines
the criteria we wish to meet in order to validate the effective water-saving capabilities of the system.

Table 1: Water Delivery Success Criteria

Criteria Indicator Client Goal Measurement Strategy
Lower water con- | Monthly Water | Consume equivalent or | Use flow meters to track
sumption vs stan- | Consumption is | lower amounts of water | water consumption of the

dard automatic irri-
gation systems

lower than manual
or timer based
alternatives

for irrigation during test-
ing.

water delivery and com-
pare to projected water us-
age from daily irrigation.

Accurate monitor-
ing of system’s wa-
ter consumption

Flow meters
record the water
flow through the
system with mini-
mal error.

can

Achieve maximum of 5%
error within water mea-
surements after flow sen-
sor calibration.

Conduct trials where set
amounts of water are
passed through the flow
meted and compare the re-
sulting water measurement
to the actual amount of
water

Electrical control of
multiple sources of
water delivery for
plant irrigation

Control of latching
solenoid valves to
distribute water de-
livery for irrigation.

Individual control of
three latching solenoid
valves for seperate water
delivery actuation.

Test actuation of seper-
ate latching valves and
check if irrigation can be
initiated and stopped.

The next set of considerations, shown in Table 2, outlines plant health guidelines from a qualitative
perspective. Since the goal of the Intuitive Auto-Irrigation project is grounded on the notion of
reducing excess irrigation wastewater, simply letting the plants die off is not an option either. This
criteria for success is geared at verifying that plants subjected to Intuitive Auto-Irrigation control
are at least as healthy as their timer-based counterparts. This verification is best performed through
objective surveys of visual plant health. It is time-consuming and expensive to perform quantitative
analyses on plant health when the option exists to survey qualified random samples, questioning
them on their objective opinion of the in-questioned plant’s health.



Table 2: Plant Health Success Criteria

Criteria

Indicator

Client Goal

Measurement Strategy

Retain or improve

plant health

Qualitative features
of plant. (Color,
leaf texture, rela-
tive growth )

Prevent death of plants un-
der testing through irriga-
tion and obtain an average
rating of 6 or better from
surveys.

Survey users to subjec-
tively grade plant health.
Provide wusers images of
two different plants: one
manually watered and one

equipped with the IAI sys-
tem, and have them rate
each plant from 1-10 .

In order to implement a successful sensor-based irrigation system, there needs to be a way for the
sensors to talk with the system’s water delivery control. Instead of stringing together long wires
from sensor to a central location, it is more practical and efficient to install wireless communication.
Therefore, regardless of where the sensors are located, assuming they are within range, they will be
able to communicate with the central control hub. With this protocol in mind, there are a couple
of factors that are important to a working system, namely the range of the wireless communication
and its reliability. The range is pretty self-explanatory; a longer-range system is preferred in order
to maximize the potential sensor coverage. The reliability, however, is measured by the number of
messages lost. For this context, messages are the medium through which data is shared over wireless
channels. These two measurements, range and reliability, are inversely proportional because as the
range increases, the number of messages lost (and therefore reliability) decreases. Increasing this
range while still providing reliable communication is desired for maximizing the efficiency of the
wireless communication system. Table 3 describes the criteria which will be met as well as the
method that will be used to validate the system’s long-range and reliable wireless communication.

Table 3: Wireless Communication Success Criteria

Criteria Indicator Client Goal Measurement Strategy
Long-range Messages can be sent be- | Successful wireless com- | Measure distance between
transmission tween sensor nodes and | munication over 400 feet | sensor nodes and central

of sensor data

central hub over given
distance

distance between sensor
nodes and central hub

hub and test that 5 consec-
utive messages can be sent
and received.

Reliable wire-
less communi-
cation

Sensor data packets are
not lost when within
specified range of central
hub.

Zero data packets lost dur-
ing testing if the sensor
nodes are within the speci-
fied range.

Check time stamps dur-
ing testing and ensure that
there are no cases where
sensor data packets are not
received by the central hub.

After figuring out a baseline for our project in terms of its environmental impact (from water
consumption) without sacrificing the performance of automatic irrigation systems (plant health)
and how we would actually implement this design (RF), we looked toward the user for our final
User’s need a way to customize the system’s configuration through a simple
user interface (UI). This provides the capability of mapping each sensor to a specific hose to set
up automatic irrigation. The main purpose of the Ul is therefore to provide users the ability
to configure system settings as well as interact with information acquired from the sensor nodes.

success criteria.



Providing these capabilities to the user in a easy and presentable manner would deem this subsystem

successful.

1.4 Introduction to the System Design

The Intuitive Auto-Irrigation system uses C++ programming to implement control of an ad-hoc
one-hop network comprised of a single master node (ie. Central Hub) and an army of sensor nodes
to monitor real-time conditions and determine when water is needed. The purpose of this system
is to control when to water; instead of watering everyday at a specific time, our intuitive auto-
irrigation system determines when to water based on sensor data from each of the sensor nodes.
Individual sensor nodes numbered from 1 to n connect to the central hub microcontroller, where
n < 126. They then record data from the sensors and transmit that data to the central hub. The
central hub records the sensor data onto an SD card, uploads it to a database, and drives the
latching solenoid valves, Organic-LED (OLED) UI display and flow meters. When it is determined
(based on sensor data) that water should be delivered, the central hub triggers a latching solenoid
valve, which opens to allow water to flow to all the plants connected on that hose. Encapsulating
the full, high-level system design, the intuitive auto-irrigation system is shown in the block diagram,
Figure 2. The system block diagram outlines how sub-components interact and communicate to
form the full system. This is a high-level overview of the system from a technical standpoint; for a

schematic of all electronic components, refer to Section 6.1.
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Figure 2: System Block Diagram.



The wireless subsystem is designed around low-power radio-frequency (RF) wireless radio trans-
mitters. These transmitters, the nRF24L01+ modules (covered in detail in Section 2.2), allow for
long-range wireless communication between sensor nodes and a central control hub to determine
if water delivery needs to be triggered or not. The RF radio transceivers on the sensor nodes are
controlled via Arduino Nano microcontrollers powered by rechargeable lithium-polymer batteries.
These microcontrollers allow the RF modules to interface with a low-power microprocessor, the
ATMega328P in order to both read sensor data and report back to the central control hub regard-
ing location-based water requirements. Since the sensor nodes should be able to transmit data
about a plant that is geographically far from the central hub, the sensor nodes need to be able to
communicate wirelessly. For that reason, we implemented a one-hop network to relay information
between nodes, see Figure 3 for a visualization of the sensor node network implementation.

i Primary Node i i i

Soil Moisture ((_ v Soil Moisture [ Primary Node Primary Node L Soil Moisture

Pressure Pressure Pressure

Light Light Light
Temperature ’ emperature 8 g Temperature
. Outer Node ﬁuter Node
Outer Node
OQuter Node 2 Outer Node 2 " Quter Node "
{\ Light Soil Mmsture ﬁ Light Soil Mmsture {\ Light Soil Moisture
Light Soil Moisture Light Soil Moisture Light Soil Moisture

Figure 3: Network Diagram depicting the one-hop network, complete with equipped sensors. 3

Each Arduino-RF module pair constitutes a sensor node; however, no sensor node is complete
without the actual sensors themselves. Sensor nodes come armed with an array of sensors to ac-
tively monitor soil moisture content and light level while some also include temperature and and
barometric pressure sensors. For specifics regarding the sensor array, refer to Section 2.6. The data
from these sensors allow the Intuitive Auto-Irrigation system to control water delivery at a level
that humans could never do. Of course, there needs to be some amount of customization in order
to configure according to the user’s design; user customization is the reason the system includes a
user interface (see Section 2.8).

Each sensor node operates on a timer, where most of its time is spent sleeping to conserve battery
life. Periodically the sensor nodes awaken on a watchdog interrupt to record sensor data and trans-
mit information to the master node. The master node keeps track of all the sensor information and
triggers up to four separate hoses if the configuration networks indicate water is required. While

>This figure was made with Draw.io. [4]
3This figure was made with Draw.io. [4]
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this method appears somewhat like a black box, the algorithm used to determine when to trigger
water delivery acts primarily off the moisture sensor while using the other sensors to further opti-
mize efficiency (see Section 2.2.3 for a detailed analysis of the watering algorithms).

On the central hub, the RF transceivers instead interface with a commercial Raspberry Pi Zero
W SBC (single board computer) powered via 120V 4 wall power that is converted to a usable 5V
rail. This SBC has many useful features that allow for additional system functionality; more on
the Raspberry Pi can be found in Section 2.1.
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consider the project

2 Technical Discussion of the Automatic Irrigation System Design

2.1 Microcontrollers - Raspberry Pi and Arduino Nano

As a way to initiate wireless communication and interface with sensors, microcontrollers are used
at the central location where the main system is found as well as remote areas where the sensors
will be placed. Microcontrollers allow us to write software that can autonomously control the irri-
gation system. However, due to differing design constraints, the system needs two different types
of microcontrollers - one that controls the central hub and another used on the sensor nodes. The
parameters that were taken into consideration when choosing microcontrollers for the central hub
and sensor nodes are discussed throughout this subsection.

In the process of selecting a microcontroller for the sensor node, we took into account the expected
functions of this subsystem. The sensor node’s role is to:

1. Periodically wake on an interrupt-driven timer

2. Read the sensors

3. Analyze the data to see if water is needed

4. Send the raw data and data analysis to the central hub
5. Then go back to sleep

Since the sensor nodes are operated using battery power to allow for remote application, it is critical
that they are only operated for short periods of time so that battery life is conserved. For these
microcontrollers, we are willing to sacrifice high core clock speeds (which allows for fast compu-
tation) and more extensive memory storage in exchange for lower power consumption. Typically,
higher core clock speeds and more memory are preferred, but here we have other priorities in our
design that contrast with those properties. Cost is also an important factor since we ideally, we
want many sensors, so the cost increases quickly with expensive models.

The last important parameter when choosing a sensor node microcontroller is the size. The micro-
controllers need to be relatively small to minimize the space they consume in gardens. We used
a Pugh Chart to help with the decision-making process by laying out all of our specifications in
columns and assigning weights to the specifications based on their importance in the design. We
then assigned each of the possible component choices (in the rows) different values based on their
specs and tallied up all the columns to determine the best choice for our microcontroller. Figure 4
shows this process of using weighted considerations to conclude which device was selected.

We followed a similar process for determining the central hub microcontroller. The master hub’s
priorities differ: the specifications stay the same, but the weights for the individual specifications
are different. For the master hub, the most important considerations are the amount of available
memory, additional features, and price. To reflect these priorities, the weightings in the Pugh Chart
shown in Figure 5 change accordingly. We prioritize more features on the master node microcon-
troller, like built-in WiFi and SD card memory, to simplify the central hub design. Additional
built-in features make the central hub design less complicated; with many of the standard features

12



Feature Cost Size Addressibility Memory Features Power Consumption Computing Power

Weighting 2x 2x 1x 1x 1X 3x 1x
PIC/Uno32 == - ++ ++ 0 0 +
Arduino Nano ++ + - - 0 ++ _
Arduino Uno + 0 - - 0 + 0
Arduino Mega - 0 + 0 + 0
Raspberry Pi Zero W |0 + + ++ _ o
Raspberry Pi 3 -- 0 + ++ ++ - ++

Figure 4: Sensor Node Microcontroller Pugh Chart showing the criteria resulting in selection of the
Arduino Nano.

already included, we can spend more time on the actual design of the auto-irrigation system. The
master hub also requires more memory than the sensor nodes because of larger program file sizes
and the need to write sensor data to system memory.

Furthermore, the price is significant as well. While we are only buying a single central hub, the
more powerful microcontrollers fit for the central hub are significantly more expensive than the
microcontrollers used for the sensor nodes. Therefore, while the justification for cost consideration
is different from the sensor nodes to the central hub, the result for the weighting stays the same.
Therefore, while the justification for cost consideration is different from the sensor nodes to the
master hub, the result for the weighting stays the same. The result of our weighted decision-making
process is shown below in Figure 5:

Feature Cost Size Addressibility Memory Features Power Consumption Computing Power
Weighting 2x 1X 1Xx 2x 2X 1x 1x

PIC/Uno32 -- - ++ ++ 0 0 +

Arduino Nano s > -- -- 0 ++ -

Arduino Uno o 0 - -- 0 i 0

Arduino Mega - 0 + 0 + 0

Raspberry Pi Zero W |0 + + ++ - +

Raspberry Pi 3 -- 0 + ++ ++ - ++

Figure 5: Central Hub Microcontroller Pugh Chart showing the criteria resulting in selection of the
Raspberry Pi Zero W.

As shown in these two Pugh Charts, we settled on the Arduino Nano microcontroller for the
sensor nodes and the Raspberry Pi Zero W single-board computer (SBC) for the master node. For
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the sensor nodes, this means we implemented a low-power, small microcontroller to read sensors,
perform calculations, and operate the RF module. Moreover, regarding the central hub, we get
access to many features, like data logging with the SD card, on-board WiFi to get API forecast
data, and more memory to sustain larger program files. The rest of the project utilizes these
microcontrollers involving the design discussed throughout the rest of this section.

2.2 Wireless Communication Using nRF24L01 Wireless Transceivers

One of the key facets of the Intuitive Auto-Irrigation system is its reliance on wireless communica-
tion to transmit information between sensor nodes and the master node. For our purposes, there
are two different options for wireless communication, unipoint and multipoint protocols. Unipoint
communication is the simplest form of wireless communication where nodes connect directly to talk
to each other. It is very reliable because it limits each node to a single state, only the receiving
(RX) or transmitting (TX) states, at any given time. Unfortunately, this protocol is not a pow-
erful or efficient method of wireless communication, especially for larger systems, because of the
redundancy of having to manually switch between the TX and RX states.

On the other hand, multipoint protocols create a network of interconnected nodes and allow any
node to communicate with any other node in the network. These protocols do not limit nodes to a
TX or RX mode, rather they default to RX and maintain the ability to transmit while in said RX
mode. For small networks, this has little impact on transferring information; for networks of only
two nodes, the change from unipoint to multipoint has almost no impact at all. But as the number
of network nodes increases, the transfer of information becomes exponentially more complicated,
which is especially true for networks with nodes that are spread far apart. Instead of having to
hard code all the necessary network addresses beforehand with unipoint communication, multipoint
communication automatically redirects messages through necessary intermediate nodes in order to
deliver each message to its intended recipient.

This project employs nRF24L01+ wireless radio transceiver modules (see Figure 6), which use the
unipoint RF24 Arduino library made by TMRh20 [24]. However, our project does not directly
utilize functions from the RF24 library. Instead, the unipoint RF24 library simply serves as the
underlying framework for multipoint communication libraries to build off of. In other words, these
other libraries use the RF24 library to efficiently create a better network of sensor nodes. Even
though our specific transceivers were originally designed for unipoint communication, we use a
dynamically-assigned multipoint protocol to create a network of nodes that can communicate over
long distances.

Encapsulating many different protocols, multipoint communication is an umbrella term which can
be used broadly. The Intuitive Auto-Irrigation system implements an ad-hoc one-hop network,
which is a direct network of nodes that dynamically connect to several other nodes within range.
The software for much of this network control is implemented through the framework provided in
the RF24 Network and RF24 Mesh libraries, originally authored by TMRh20 [25][26]. Our one-hop
network consists of a central hub acting as a master node with several primary and subsidiary
nodes in slave configurations, which are used to actively gather sensor information and report back
to the master.

Essentially, multipoint protocols are a more sophisticated form of unipoint communication. Mul-
tipoint protocols revolve around many nodes inter-communicating, allowing for a more efficient

“Figure from Newegg.com [15].
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Figure 6: nRF24L01+ wireless radio transceiver module showing the small PCB, 16 MHz clock
crystal and RF antenna. *

transfer of data. This means that instead of limiting communication to only a single other device
(as with unipoint communication), we can easily talk to all the other nodes on the network. As
stated above, our network follows a one-hop topology, which has a central node that controls the
routing and relaying of information. See Figure 3 for a visual depiction of this ad-hoc network.

The difference between traditional one-hop networks and our system is the use of a hierarchical
network, meaning nodes geographically closer to the master are assigned as parents while further
nodes are assigned as children. The network achieves this type of protocol due to dynamic address
assignment through the master node, which describes how nodes are automatically assigned net-
work addresses as they connect to the network. Dynamic assignment allows the master to monitor
all nodes on the network and assign new nodes addresses that correspond to their geographical
location. The master keeps a record of all addresses, which also describe the parent-child relation-
ships, to control how messages are routed through parent nodes to the child nodes that may be
geographically out-of-range from the master.

For example, when the first node in the network connects to the master, it may be assigned an
address of 4. Since there is only one node in the network besides the master, there is no complexity
in the way that messages need to be routed. However, once a second node connects to the network,
the routing protocol takes into effect. There are two scenarios here, either the node is in range of
the master, or it is not in range of the master but is in range of the node assigned address 1. In the
first scenario, the new node will be assigned a different address, a number 1-6 not including 4. The
reason the address cannot be greater than six lies in the inherent limitation that any node can only
listen to 6 other nodes at a time. Dynamic address assignment also helps here as it tells each node
exactly which other nodes they should be listening to. Moving on to the second scenario, where
the new node is far from the master but close to the other established node, this new node will be
assigned the address 41. For the purpose of routing messages, the 4 indicates the parent node while
the 1 indicates the first child of node with address 4. If another node were to be added close to
the node with address 41, it would likely be assigned address 42. Therefore, the dynamic address
assignment protocol can access any node on the network by simply routing through the parents to
the children.
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There are numerous benefits to our version of a dynamic ad-hoc one-hop network, each offering a
unique aspect of multipoint communication:

e Automatic rerouting through parent-child nodes
e Automatic reconnection if disconnected
e Dynamically assigned addresses based on location

All of these available features are utilized in our system. First, automatic rerouting removes the
process of figuring out where and how to send messages to other nodes trying to find the intended
recipient, making the process many times faster than manual routing. Basically, instead of having
to ping all available nodes for a response to check if they are in range, the transmitting node sends
its message the master node. The master node stores the network topology and all parent-child
relationships and routes the message accordingly. And in the reverse scenario where a specific node
is not sending a message but receiving one, if that specific node is not the intended recipient of the
message, it will re-route the message to its specified parent or child. This is another way how the
one-hop network propagates messages through the network and allows nodes that are geographi-
cally far from each other to maintain communication.

The next benefit is automatic reconnection which is useful for battery-related issues. In the case
where one of the sensor nodes dies and the battery must be recharged, as soon as the node is turned
back on (assuming it is within range of the network), it will automatically reconnect. We can also
force manually reconnection when a sensor node detects it has lost connection to the network.
Assuming no outstanding circumstances, it only takes the node less than a second to reconnect to
the network once it loses connection.

Dynamically assigned addresses, as discussed above, also make the process of routing messages
easy. As long as each node has a unique nodelD identifier, they are assigned a unique network
address as soon as they connect to the network based on their location from the master. After this
occurs, all nodes in the network are quickly notified of the network update and are able to route
messages to and from the new network node.

Wireless communication protocol aside, even though the processes for unipoint and multipoint
communication are quite different, the hardware connections are identical. Each of the wireless
transceivers uses serial peripheral interface (SPI) protocol to communicate with a microcontroller.
This involves the use of Master Out-Slave In (MOSI), Master In-Slave Out (MISO), serial clock
(SCK), chip enable (CE), and chip select (CSN) pins to synchronize and transmit signals between
the transceiver and the microcontroller. The transceivers also run off 3.3V, which is important as
the transceivers have no internal regulator, only a logic-level converter to change the 5V digital
logic from the microcontroller pins to 3.3V logic for the transceiver chips. All together, there are
7 total connections to each transceiver (including the 5 mentioned plus Vce and Gnd). Refer to
Figure 7 and Figure 8 for the pinouts of the transceivers to both microcontrollers used in the system.

16



+33 S
+5Y

ui

Rasph frry Pi-ZeroW .
5
Ao of = go
== = =
a8 & @
5l + +
LA + ot
Sl GPIO_L4,UsRTO_THE e GHD
s
LTS GPI0_15 LeRTo_RNe |
L GRIa 5PI0_18_FCH_CLK %
Hapio 17 R b pi GPin_p3fld
+33 aspberry ri
6077 GRI0_24 {5
. . Fero W .
u 18]
| HRFzaloL GPID 22 s oslE
v (5]
s 2 was | & 19 crio_1o_masi BPIa_A_rFo |t
i Miso
ﬂlf Epy LZ]'GPIQ_‘LMISO
T (= GPIa_T_CE1 2
. e -2 PI_t1_GCLK
S ke e ID_5E_I2C_ID_EEROM (2%
3
ﬂ\ I2C_ID_EEROM
E At apio 1z
e GPio_16[%
GHD Al
e GPIn 2038
236013
L= ELEE —_—
A cpio_ze
s sssaczas
Sss 22322 ¢
565 55565
= =
EEEEEEELR)
GHD

Figure 7: nRf24L01 to Raspberry Pi pinout showing how the wireless transceiver, Ul, is interfaced
to the central hub microcontroller.
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“Figure was made with KiCAD. [14]
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2.2.1 Multipoint Message Protocol

Through the framework provided in the three RF24 libraries (RF24, RF24 Network, RF24 Mesh),
the system sends unique messages to and from other nodes to ultimately deliver sensor data to the
master node. Each message gets an identifier to specify the type of message, allowing nodes to
differentiate their responses to different types of data. The majority of the communication relies
on a ping-out, pong-back protocol to conserve battery life, but the special message types allow
for reconfiguration of the network through varied message responses. For reference, a ping-out,
pong-back protocol involves two communicating nodes where one node sends an initial message
and the recipient node sends a confirmation message back. Each of the different message types are
listed below:

1. ‘D’ Message: ‘D’ messages are how the sensor nodes ping out to the master node. Each ‘D’
message contains a struct of all the sensor information as well as supplementary information
relevant for data logging.

2. ‘S’ Message: ‘S’ messages are one way the master node pong’s back to the sensors. An ‘S’
type message confirms reception of the sensor node’s ‘D’ type message and tells the sensor
node to go back to sleep.

3. ‘C’ Message: ‘C’ messages are alternatives to the ‘S’ type messages. A ‘C’ type message still
confirms reception of the sensor node’s ‘D’ type message and tells the sensor node to go back
to sleep, but it also reconfigures the sensor node’s threshold struct. In essence, it performs
the same functionality as an ‘S’ type message but it also reconfigures the thresholds for the
watering algorithm in Section 2.2.3.

Message types get handled differently as each transmission involves a separate data type requiring
specific set-up. For example, the unique data types for the sensor data and data thresholds are
shown in Figure 9. These structs are sent via wireless communication from node-to-node over a
single message, reducing the total number of messages sent which minimizes network chatter. Each
struct is designed to be smaller than the internal maximum frame size from the RF24 Network
Library. This max frame size is defined as 256 bits, or 32 bytes, minus the size of the network
header. The documentation tells us that the size of a network header is 10 bytes [26], which means
if we want to send the structs as a single message, they need to be smaller than 22 bytes. Looking
at the larger of our two structs, we have 2 uint8_t variables, 4 uint16_t variables, and 1 uint32_t
variable, which gives us a total of 112 bits, or 14 bytes. Therefore, we easily have enough bandwidth
to send each struct as a single message because the size of the largest message struct is 8 bytes
smaller than the maximum.

The process of initializing a one-hop network follows the steps outlined in Figure 10. To first ini-
tialize a one-hop network, there needs to be exactly one master node, indicated by a node ID of
0. This node gets turned on to initialize the network. Then at least one sensor node, with a node
ID between 1 and 125, must be turned on. Assuming the sensor node is in range of the master or
another node on the network, it will automatically request the master node for a network address.
All network addresses are assigned dynamically by node ID (DHCP Protocol; commonly used with
IP networks), meaning they get uniquely assigned to each node as they connect to the network.
Each node’s lease time for the network addresses (the duration the assigned address is valid for) is
indefinite as it gets stored in a .txt file; even if the central hub gets power cycled, the sensor node’s
network addresses remains static.
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Figure 9: Sensor data and threshold data types used for network communication.

Once the master processes the request for a network address and returns that address to the sensor
node, all other nodes can send it a message by including the recipient’s network address in the
network header. Network headers simply contain information pertinent to the sending of the mes-
sage, including the original sender’s address and the intended recipient’s address. If the intended
recipient’s address is unknown, any node can request an address from the master by providing a
node ID. The master stores an array of all connected network nodes with their unique nodelDs and
network addresses. The lookup is straightforward from there, match the supplied nodelD with the
network address and return that to the node that requested it.

Once the one-hop network is running and at least one sensor node is connected, the sensor nodes
will send data to the master node based on interrupts from their own watchdog timers. These
timers allow the sensor nodes to sleep, conserving battery, and wake up when the timer elapses.
When the timer elapses and an interrupt service routine (ISR) is triggered, the node records all
sensor information and maps them to usable integers, with sizes from 8 to 32 bits. The sensor node
then runs an algorithm to determine if water is required or not. All of this data, including the
algorithm output and the sensor node’s node ID are then stored in the data struct (see Figure 9)
and sent to the master. The master then stores all the data into an array and, using the most
recent data from all the sensor nodes configured to that hose, decides whether or not to turn on
the water. This process runs in parallel across all sensor nodes so that they all intermittently send
sensor data to the master node over a user-specified time interval. This parallel protocol is how the
wireless one-hop network records and utilizes sensor data to reduce irrigation water consumption.
For the actual code used to run the full system, see Section 6.4 and Section 6.5 or refer to our
repository on GitHub by using the following link:

https://github.com/GSkid/SkidLess

2.2.2 Multipoint Wireless Range Testing

While the multipoint wireless one-hop network runs consistently and smoothly, it is essential to test
the range of the wireless transceivers. These transceivers have a limited range, and since they use
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Figure 10: Network Initialization Flowchart shows the process for initializing the one-hop network
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PCB-mounted antennas for power consumption, their range is certainly a limiting factor in their
implementation. The Multipoint Wireless Range Testing Standard Operating Procedure (SOP)
defines a set of steps for determining the transceivers’ effectiveness at different ranges and heights
from the ground. This section will look at a brief overview of the SOP itself as well as the results
of our own testing as an example.

The first step in the SOP is to get a working master and sensor node on the same network. This is
pretty simple as once the master and sensor nodes are turned on, they should automatically create
and connect to the one-hop network respectively. Once reliable communication has been established
between the two nodes, we then needed to find an open area to test the range in. As a side note,
reliable communication is defined for our purposes as 5 consecutive, successful packet transmissions
from sensor node to master or master to sensor node. Moving on, once we established a location
with a large open area, we then moved the sensor node away from the master node. There are
three distinctions we need to make here. First, it is important to maintain a direct line-of-sight
throughout the testing procedure. Second is to try to keep the sensor node at the same height from
the ground at all times; this is because the RF signals are affected by proximity to the ground.
Lastly, both RF modules must be positioned so that their antennas are pointed at each other, see
Figure 11 for reference.

As we moved away from the master node, the important thing was to verify reliable communication

®This figure was made with Draw.io. [4]
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Figure 11: Antenna Orientation showing how to orient the antennas to ensure maximum signal
strength.

at specified range intervals. For the range test, the range intervals are as follows:
100ft, 150ft, 200ft, 250ft, 350ft, 400ft, 425ft, 450ft, 475ft, 500ft.

At each of the range intervals, we stopped moving to verify reliable communication was established
before moving on to the next distance interval. If we were unable to verify reliable communication
as defined previously in this section, then the sensor node’s current distance from the master node
is considered the maximum range of that sensor node. For further in-depth testing protocol, see
Section 6.2.

Our measured results when performing the test are shown in Table 4. In this table, the following
are conventions for notation: ‘HoF’ stands for ‘Height off Ground’ and ‘Distance’ is the distance
from master node to sensor node. All distances are measured in feet while all heights from the
ground are measured in cm. The table is then broken down into sets of four based on the distance
between master and sensor node and separated within those groups by the heights from the ground.
The most important metrics in the table are the ones where the mater node and sensor node are
50 cm and 5 cm off the ground respectively because this is the scenario that the system will actually
use. We can see from the results that the total maximum distance achieved was 450ft while the

maximum distance for the ideal scenario is 425ft. These are solid ranges and meet our deliverable
of 400ft.

One of the peculiar results we can get from here is that the 5-5cm testing, where both the master
and sensor nodes are 5cm from the ground, is not very reliable at long distances. One of the main
challenges with this method, especially in implementation, is direct line-of-sight. A direct line-of-
sight is much more difficult to maintain when both sensor nodes are barely above the ground which
is why it is imperative to test on a completely flat surface.
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Distance B/t Nodes | Master HoF | Sensor HoF | Result
100 5 5 Works
100 50 5 Works
100 50 50 Works
100 125 125 Works
150 5 5 Works
150 50 5 Works
150 50 50 Works
150 125 125 Works
200 5 5 Works
200 50 5 Works
200 50 50 Works
200 125 125 Works
250 5 5 Works
250 50 5 Works
250 50 50 Works
250 125 125 Works
300 5 5 Fails
300 50 5 Works
300 50 50 Works
300 125 125 Works
350 5 5 Fails
350 50 5 Works
350 50 50 Works
350 125 125 Works
400 5 5 Fails
400 50 5 Works
400 50 50 Works
400 125 125 Works
425 5 5 Fails
425 50 5 Works
425 50 50 Works
425 125 125 Works
450 5 5 Fails
450 50 5 Fails
450 50 50 Works
450 125 125 Works
475 ) 5 Fails
475 50 5 Fails
475 50 50 Fails
475 125 125 Fails
500 5 5 Fails
500 50 5 Fails
500 50 50 Fails
500 125 125 Fails

Table 4: Expected wireless range testing results at differing heights and distances.
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2.2.3 Sensor Data-to-Watering Algorithm

As mentioned in previous sections, the sensor data-to-watering algorithm is how the sensor nodes
convert raw sensor data into a usable signal for the master node. This sensor data is comprised
of three central components: soil moisture, air temperature, and light level. The algorithm looks
at each of the sensor values and based on static priorities combined with configurable thresholds,
determines if water is needed or not. Refer to Figure 12 to look at the process for determining
if water is required or not. This value then gets stored in the digitalOut value of the data struct
(see Figure 9) and the whole struct is sent to the master. However, simply because a single node
reports that it needs water does not mean that the corresponding hose will actually get turned on.
For that, we use a different algorithm on the central hub.

Critical Soil
Moisture
Threshold

START

Soil Moisture
Threshold

Light Level
Threshold

Legend

Critical Soil Moisture Threshold - Is the soil moisture
level below a configurable critical threshold?

[Time Threshold - Has it been longer than a configurable

- - : Py
time threshold since the last time water was turned on? Temperature

Threshold

Soil Moisture Threshold - Is the soil moisture level
below a configurable threshold?

Light Level Threshold - Is the light level below a
configurable light threshold?

[Temperature Threshold - Is the air temperature below a
lconfigurable threshold?

Y

digitalOut - The output of the algorithm

[Y/N - Yes/No digitalOut = 0 digitalOut = 1 digitalOut = 2

Figure 12: Sensor data analysis algorithm low chart depicting the process of determining if water
is needed or not at the location of the sensor node. ©

2.2.4 Central Hub Water Delivery Algorithm

Once the sensor data reaches the central hub, the central hub needs to transform the data into a
signal that controls the latching solenoid valves for water delivery. This process is done by looking
at each hose individually and tallying up the digitalOut signals from the sensor data-to-watering
algorithm (see Section 2.2.3) and evaluating against a dynamic threshold. The flow chart that
outlines this process is shown in Figure 13. This algorithm is called every minute to evaluate the
changes in the sensor data and to potentially change the output to the latching solenoid valves (see
Section 2.7 for more information on the latching solenoid valves).

5This figure was made with Draw.io. [4]

23



The first task in the water delivery algorithm is to tally up all the digitalOut signals from all the
sensor nodes that are mapped to the pre-specified hose. For this entire process, it is important
to note that each hose gets evaluated individually so this flow chart process is carried out once
per hose per minute minute. In order to tally up the digitalOuts, the program retrieves the most
recent data from an array where all new sensor data is stored and the array where sensor nodes
are mapped to their respective hoses. If the nodelD from the data matches a nodelD in the hose
mapping, then that digitalOut value in the data gets added to the tally.

Once the tally adds up data from all the mapped nodes, the total is compared against a dynamic
threshold. This threshold is determined by:

# of mapped nodes — 1

2
E 2 minut Add digitalOut Y
START very 2 minutes 3 from all Water Level Precip Prob
”1 mapped Threshold Threshold
sensor nodes
Y
Legend
\Water Level Threshold: Is the sum of digitalOut's
from all mapped sensor nodes greater than the Y Y
lwater level threshold? Check Check
Rain Flag Rain Timer
Precip Prob Threshold: Is the probability of
precipitation greater than 30%?
Check Rain Flag: Is the rain flag is set?
Check Rain Timer: Has it been 36 hours since the Set tgi:;ig
rain timer was initially set? 'é‘;ﬁ’n Timer
\ 4
Y VY *
Hose On
Hose Off

Figure 13: Flow chart depicting the process of converting the sensor data information into a hose
output signal.

This formula is selectively chosen to find situations just below a simple majority for the total num-
ber of nodes reporting they need water. This process also requires the tally to be greater than
zero in order to succeed, so having one or two nodes will still require one of them to report a
high digitalOut in order to trigger water delivery. If the digitalOut tally is below the water level
threshold, then the hose remains off. But if the tally is greater than the water level threshold, then
the program fetches the forecast data (see Section 2.5 for more information on the forecast API).
If there is a precipitation probability less than 30%, then the program will turn on the water. This
follows as the most simple approach to the water delivery process. However, it becomes slightly
more complicated when the precipitation probability is greater than 30%.

In the case where we exceed the precipitation probability threshold, the algorithm first checks the
rain flag. The rain flag is unique to each hose and its purpose directly relates to the rain timer.

24



We only want to set the rain timer once, which is the first time that the digitalOut tally exceeds
the water level threshold but the precipitation probability is sufficiently high. Therefore, we need a
way to determine if the rain timer has already been set, which is why we use a rain flag; it simply
informs the system whether the rain timer has already been set. If the rain flag is not set, then
the system sets the rain flag and the rain timer in order to handle the element of chance associated
with precipitation.

If the rain timer is set, then the system checks how long it has been since the rain flag was set. We
specified a threshold of 36 hours since the rain timer was set, but this can be changed in the user
interface. If it has not been 36 hours, then the hose remains off. But if it has been 36 hours, then
the hose will be turned on. It is also important to note that both the rain timer and the rain flag
are reset whenever the hose is turned on. The bottom line is this algorithm handles when to turn
on and off the hose taking into account the sensor data and the forecast data to efficiently control
the irrigation system.

2.3 Data Logging

The goal of the data logging portion of the project is both to allow for smooth and efficient logging
of the measured sensor data into a comma-separated-values (.csv) file and to transfer the most
recent sensor readings into the SQLite database. The user can then quickly move or import the
data into a data analysis program (such as Microsoft Excel) to interpret the data in a more useful
and effective manner.

2.3.1 Logging the Sensor Data into a .csv File

The data logging portion of the project exists solely on the system’s central hub, on the Raspberry
Pi. The program operates alongside the entire wireless network and user interface software included
within the main central hub program.

Data logging works by taking in the extracted sensor data and printing it out to an output file
specified by the user, where it must be in the form of either a .txt file or a .csv file. A .csv file is a
special type of .txt file; the main difference between these two file types is that .csv files are com-
monly used in data analysis software because of its use of a standard delimiter between data values.

Error checking functions initialize the data logging process; these functions ensure the input ar-
guments are valid for the functions that would be used for completing the data logging process.
Explicitly, the first error check guarantees the user calls for an output file. If there is no resultant
output file, the program returns an error to indicate a failure within the data logging portion of
the system. It is crucial for the user to address this error if it arises, otherwise data logging will
not be functional.

The next operation of the data logging program opens the output file with the "append” spec-
ifier, allowing the program to tack on additional content at the end output file. By utilizing the
append feature, the program retains the data from previous sensor measurements, and only up-
dates the file with new readings thereby maintaining a collection of data spanning over an extended
period or trial.

The data logging program uses file print statements to print the sensor data from the sensor nodes
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to the output file in an organized and readable manner. The initial print statement outputs the
header of the data columns in the file; this operation is only performed once during the initializa-
tion of the central hub program. Each consecutive print statement effectively copies over a specific
sensor data element and outputs it into the specified column within the output file. After data
logging for this specific loop iteration has completed, the output file is closed to prevent corruption
of the data. An example of the resulting .csv file output is presented in Figure 14. Within the
output file, line 1 shows the headers of the data columns, each corresponding to one of the different
sensor data measurements. The lines below the header represent individual data samples from all
sensors, where one would be added every time another measurement of sensor data is taken.

Soil _Moisture,Ambient Light,Ambient Temp,Barometric_Pressure,Precip_Prob,Digital output,Node_ID,Battery Level,Hose_L,Hoae_2,Hoae_3

82.654198,111.5276%5,0,0,0.0 1,0,5,25,0,0,0

I 77.154480,111.909081,0,10 0,4,0,0,0,0

Figure 14: Resulting .csv file output from the data logging portion of the central hub program.

2.4 Data Storage

We store sensor data inside an SQLite database on the Raspberry Pi’s SD card. The database acts
as a backup for sensor data in case there is an overall system issue. SQLite is a running library that
implements a self-written SQL database engine, without a server or configuration. We used the
SQLite library because it is a C-language library that implements a self-contained and high-reliable
file-based SQL database engine which is publicly available. Additionally, SQLite reads and writes
regular files directly into memory and the database file format is cross-platform.

2.4.1 Preparation for Sensor Data Transfer to the Database

To keep the database updated, we needed to isolate each 15 minute cycle of sensor data measure-
ments from the entire collection of sensor data. A completely separate .csv file was necessary in
order to collect only the most recent sensor data. While we could have used the main .csv file,
it would have required significantly more processing power, as we would have had to continuously
compare the contents of the database with the contents of the main .csv file. As the contents of
the database and .csv file increases, the required amount of processing would increase, potentially
resulting in timing issues for other functions within the main program. Instead, the separate .csv
file makes the transferring of data to the database significantly smoother and less process-intensive.

This portion of the program begins very much like the main data logging program via error check-
ing functions. These functions are just as essential as before, and the database transfer will not be

functional if these errors are not addressed.

The only difference between the code preparing for the database transfer and the main data log-
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ging code (explained in Section 2.3.1) is the "write” command when opening the output file. It is
important to note that the write command effectively overwrites the entire file, resulting an output
file consisting of only the most recent set of sensor data measurements. Once the program closes
the file, the program is ready for the next iteration of the loop, where it takes in a new set of
updated sensor data measurements.

2.4.2 Accessing the Database

Accessing the database requires the use of the SQLite3 C interface, as there is no other way to
use the necessary library routines outside the SQLite3 environment. The C interface allowed us to
execute SQLite3 API routines from the main program to perform processing on the .csv file as well
as insert data into the database.

2.4.3 Processing the .csv File

Before the .csv file can be processed, the table inside the database needs to be created. After
creating and opening the database, the program creates a table inside the database. Construction
of the table occurs only once during setup, before any sensor data measurements are taken. The
table is where the data is stored and has a header and column for each sensor data measurement.

Processing the .csv file involves opening and reading the created file in order to prepare for the
transferring of data. The first line (consisting of column headers) is bypassed as the headers are
only used for reference within the .csv file. The second line of the .csv file is tokenized and assigned
to a ten-character array. After each sensor data element is assigned, the value is converted to either
an integer or a double depending on the expected output.

2.4.4 Inserting the Data into the Database

The data is inserted into the SQLite database after tokenizing the sensor data and converting it into
the proper data types. Inserting the data into the database involves binding each data variable to a
prepare statement, which is then executed all at once. In this instance, the prepare statement is a
character by character command inserted into the SQLite3 shell which allows the program to insert
multiple data elements into the database simultaneously. As shown in Figure 15, the contents of
the updated database are accessible from the SQLite3 environment running on the Linux terminal.
Each row within the database is assigned an ID in the first column, and each column corresponds to
the type of sensor data measurements from the central hub. Additional rows are added each time
sensor data readings are taken to provide the user with the most updated version of the database.
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Figure 15: Contents of the database after transfer of the sensor data.

2.5 Weather Forecasting API

The purpose of the Weather Forecasting API is to implement predictive weather data and prevent
unnecessary watering. The data from this API is used in the final watering algorithm and provides
the user with additional information depending on their needs and preferences. To implement this,
we used the Dark Sky Forecast API found at:

https://darksky.net/dev.

A weather API is a way for developers to access forecast information provided via radar data for
a vast range of locations worldwide. The Dark Sky API is one of a few available weather API
options; we decided on the Dark Sky API due to its ease of use and the minimal cost for our design.
The Dark Sky API takes radar data from the USA NOAA’s NEXRAD system in order to provide
a accurate data regarding weather conditions.
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2.5.1 Embedding the API Inside the Main System

Ideally, we would prefer to use a C-oriented program to generate forecast data, but our options
were severely limited in this regard. Instead, we decided to implement the forecast API in Python.
However, our local master file (see Section 6.4) is written in C++ which does not have the ability
to embed python code. To get around the issue of conflicting languages, we called the weather API
from the Unix shell in the central hub’s main C++ program by simply opening a python script
where the necessary API code was located.

2.5.2 The Dark Sky API

To determine our location, the Dark Sky API takes in three arguments: an API key, a latitude
value, and a longitude value. The API key requires a simple Dark Sky registration, which is free for
any user and includes a daily call limit of 1,000. Since our system calls for data every 15 minutes,
we will not exceed more than 96 calls per day, which is well below the daily limit. During each
call, the API returns a forecast in the form of a .json map containing all of the weather data using
the three arguments covered above. This forecast object includes multiple classes including daily,
hourly, and current weather forecasts each with over 100 forecast data parameters, most of which
are not required for our watering algorithm. To isolate the measurements we want, we filtered the
parameters one by one out of the .json map object containing all of the forecast data. The process
of filtering involved deciding whether we wanted a daily, hourly, or current forecast measurement, as
categorization of the map object is designed in this manner. We searched for the desired parameter
location in the remaining data after reducing the forecast data by timescale. Once locating the
desired parameter, the next step involves isolating the parameter by printing out the pointer object
inside the specific array element containing the desired parameter.

2.5.3 Extracting the Forecast Data

Once all the measurements we wanted are printed out in the shell, they are read in from the main
program. The main program then assigns these measurements to specific variables to be used for
the system’s watering algorithm (see Section 2.2.3).

2.6 Sensor Array

Located at each sensor node, the Sensor Array consists of three unique sensors that monitor soil
moisture level, time of day, temperature, and barometric pressure. Figure 16 shows the schematic
for the Sensor Array, which consists of a light level sensor, soil moisture sensor, and the Barometric
Pressure Sensor modeled as R_.PHOTO, R_MOISTURE, and J2, respectively. All three of these
sensors are sampled once every 64 seconds by the sensor node’s microcontroller and relayed to the
central hub to make optimal watering decisions.

Each sampling period starts by closing the switch between the 5V rail and Vcc by using a high-side
P-channel MOSFET, the DMP2110UW-7, which is displayed as Q1.[10] Driving this MOSFET’s
gate with a digital low will ensure operation in the deep triode region, where Rpg(on) stays low at
approximately 100 m€2. Once this switch is closed, the microcontroller will wait about 1 ms before
sampling. This will give more than enough time for the MOSFET to turn on (tox of 7.7 ns) and
the sensor signals, Analog Light and Analog_Moisture, to charge (max RC of 10us). It is important
to note that after about 5 RC time constants have passed when charging a capacitor, the voltage
across that capacitor will be at about 99.3% of its steady state DC value. Since the time between
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enabling and sampling is well above 50 us, the sensor readings for moisture and light levels will be
at steady-state values when read by the microcontroller.
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Figure 16: Version 4 of the Sensor Array Schematic. *

The Sensor Array only consumes about 900 yA when sampling. By only enabling this switch for
500 ms during each sampling state, the sensor node can preserve power consumption that would
otherwise be wasted if the sensors were continuously. Using the power equation with the known
current passing through the MOSFET and its characteristic Rpg(on), we see the power it consumes
is very low, shown in Equation 1.

P =I’R = (900 nA)*(100 mQ) = 81 nW (1)

As for the layout and assembly within the sensor node (shown in Figure 17 and Figure 18), we see
the physical design keeps a small footprint, with the surface area dimensions of the PCB at just
1.5 by 1.4 inches.
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Figure 17: Sensor Array Layout. Figure 18: Sensor Array Assembly.

"Figure created using EasyEDA [14].
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2.6.1 Soil Moisture Sensor

Soil moisture sensing in this project works under one fundamental premise: the consistent relation-
ship between a particular soil’s resistivity and its relative moisture content. The moisture content
metric of interest is the gravimetric water content - the ratio between the weight of water in a
soil sample divided by the weight of that soil when completely dry. It is easy to calibrate the soil
moisture sensor for this metric of water content since it only requires a weight scale to determine
the soil’s change in water volume. Measuring resistivity, on the other hand, is not quite as simple.
Equation 2 shows that the resistivity (p) of a medium, in this case the soil of interest, is a function
of the material’s resistance as well as the cross-sectional area (A), and the length of that medium

(L).

AR

p= T (2)
Since measuring the area and length of a soil sample can be imprecise, the sensor instead fixes the
distance and depth at which two probes are placed in the soil and measures the resistance between
them. This maintains the usefulness of the soils’ resistivity and moisture content relationship since
the resistance becomes a fixed multiple of the resistivity, so long as the depth distance between the
probes are constant. Using this relationship, the soil moisture sensor uses two 20D, 4-inch length,
common hot-dipped galvanized steel nails as probes. These nails have an exterior zinc coating
which provides protection against oxidation over the sensor’s lifetime. The area and length of soil
between the probes remains fixed by spacing them precisely 1 inch apart.

Under this configuration, the moisture sensor shows a clear exponential trend between its resis-
tance reading and the gravimetric water content of a particular soil so long as soil compactness
remains constant. To show this trend we conducted six unique trials following the standard operat-
ing procedure in Section 6.3, which measures the sensor’s resistance with increments in gravimetric
water content for a fixed soil sub-sample with evenly distributed moisture and fixed compactness.
These six trials tested the resistance readings and soil moisture content for three soil sub-samples,
all taken outside of UC Santa Cruz’s Baskin Engineering. Following the same sensor design, we
created additional soil moisture sensors and re-tested the same soil sub-samples in order to verify
consistency of the design. The experimental results for these six trials are presented in Figure 19,
where each individual trial is distinguished by color.
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Resistance vs. Gravimetric Water Content: Baskin Engineering Soil Sub-Samples (N = 124)
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Figure 19: Soil moisture sensor performance using two unique sensors three unique soil sub-samples
from the same location just outside Baskin Engineering.

The functional curve that accurately fits the sensor’s resistance follows an exponential relationship,
given by R = ax~® where R is soil resistance, x is the gravimetric water content within the range
of 1% and 100%, and a and b are regression coefficients. Across all six trials, we see the spread

between these curves remains small, so by aggregating this data in Figure 20 we form a single trend
line which maintains a high correlation over the entire data set.
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Resistance vs. Gravimetric Water Content: On Aggregate (N = 124)
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Figure 20: Soil moisture sensor performance and characteristic regression from data on aggregate.

This data of 124 samples nets a functional model of R = 2.622~28* and a coefficient of determina-

tion, R?, of 0.986. This value means that with the data collected, we estimate that 98.6% of the
differences in moisture sensor readings can be explained by changes in gravimetric water content.
However, it is important to note that this coefficient of determination has only been shown under
these known caveats: soil samples outside Baskin Engineering, fixed soil compactness, and homo-
geneous water distribution within the soil. We estimate that a true universal moisture sensor with
this accuracy would need to model or calibrate for soil compactness and the specific soil sample it is
measuring. Additionally, there is no simple solution to ensure homogeneous moisture distribution
in the soil. But in general, the results found thus far show the usefulness of the soil moisture sensor
for finding gravimetric water content, so long as these key caveats are met.

While this aggregate model is by no means perfect for soil moisture monitoring, this regression
model is ultimately used by the software to map sensor readings to gravimetric water content
within our system. To extrapolate the resistance across the probes, we use a voltage divider be-
tween the probes (represented by R-MOISTURE) and the fixed load resistor R2 shown earlier in
Figure 16. Using a fixed 10 k{2 load resistor under a 5V rail, the sensor node’s microcontroller
simply reads the analog 0V to 5V output at the voltage divider and solves for the unknown re-
sistance. With the resistance known, it then solves R = 2.62272%* for x, effectively mapping the
voltage to the gravimetric moisture content in the soil.

2.6.2 Light Level Sensor

The light level sensor is responsible for measuring the sunlight intensity, measured in lux, which is
used to distinguish between night and day. Accurately recording light intensity allows the watering
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algorithm, explored in Section 2.2.3, to water more frequently during periods of lower light levels,
effectively minimizing water loss due to evaporation. The light intensity is measured using the
WODEYIJIA GM5539 photoresistor. This sensor’s resistance decreases as the effective light inten-
sity increases. The implementation of the light level sensor is shown in Figure 16 where R_PHOTO
is the photoresistor and R1 is the fixed 100k load resistor. The circuit is almost identical to that of
the soil moisture sensor, since both use a voltage divider under a 5V rail with a fixed load resistor
to extrapolate the resistance of their corresponding sensors.

Since specifications for the GM5539 give an upper and lower bound for its resistance at varying
levels of lux, we mapped these resistance values to corresponding ADC voltages using our voltage
divider, shown in Equation 3. For example at 40 lux, the intensity of an overcast sunrise or sunset,
the photoresistor sits between 10 k{2 and 26 k2 which puts the output voltage between 4 and 4.5V
[31].

100£82 100kQ
R_PHOTO ) Vout(min) = 5V (
_ (min) T 100k R_PHOTO (40 + 100k€2

Vout(max) = 5V( ) (3)

Graphing these values gives the plot shown in Figure 21, where blue represents V,,(min) and red
represents Voyi(maz)- As a reference, approximately 1 lux is the brightness of a full moon, while 40
lux is that of an overcast sunrise.

Light Level Sensor Characterization - Lux vs Output Voltage

@® Vout(min) @ Vout(max)
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Figure 21: Light Level Sensor Characterization Graph. The reading tolerances between GM5539
photoresistors nets the following range of output voltages at each light level [31].

In the final model, we implemented an exponential regression on the characteristic curve for
Vout(min), effectively giving software the means to project the maximum lux value observed by
the sensor after reading the analog voltage, shown in Equation 4 where the voltage reading at the



ADC is x. This regression model nets an R? of 0.978.

Light Level (lux) = 0.502¢!14® (4)

In the final algorithm, our system applies this equation to map the raw voltage values into lux.
The default light level threshold (used in Section 2.2.4) was set to 30 lux based on empirical data
in order to differentiate between night and day. This threshold, however, can be changed by the
user through the user interface. We chose the 100 k€2 load resistor since it provided the best
resolution at and around the two most important light levels, sunrise and sunset (approximately 40
lux). Being able to identify these two light intensities is critical since the system aims to minimize
watering loses due to evaporation. Sunrise is arguably that most ineffective period to water since
any recently-supplied water will experience prolonged exposure to daylight, while sunset is an ideal
time to water since it represents a prolonged period of no sunlight, and subsequently minimal
evaporation. Using the light level sensor, the system is able to recognize periods of low sunlight
intensity and time our water distribution such that losses due to evaporation are minimized.

2.6.3 Barometric Pressure and Temperature Sensor

The barometric pressure and temperature sensing at the node level is implemented by the BMP180
board from Adafruit shown in Figure 22. The BMP180 board is simple, compact and offers dedi-
cated libraries for its [2C communication protocol. This sensor allows the system to take in real-time
data for barometric pressure and temperature, and look for substantial deviations in weather and
subsequently change its watering patterns. These events include reduced watering when rain is im-
minent to prevent over-watering along with prolonged watering during freezing weather to insulate
and protect plants from cold shock.

The specific values for which the barometric pressure readings predict storms still requires ad-
ditional research, but in general when the barometric pressure acutely decreases, this indicates to
the system that there is a high probability of a looming storm. As for preventing damage due to
freezing, the goal is to keep the plants well above 0°C. This means at and near freezing tempera-
tures, the system will automatically start watering to prevent the plants’ roots from freezing. Water
provides insulation which improves the odds of the plant surviving. Using data reported from the
BMP180 in tandem with the weather forecasting API (outlined in Sub Section 2.5), the system
can accurately determine the climate that the garden is experiencing and optimize its watering
algorithm accordingly.
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Figure 22: Adafruit BMP180. This breakout board allows the system to read temperature and
pressure to determine weather deviations and change watering accordingly

2.7 Automated Water Delivery

In order to precisely and autonomously control the water delivery, we have designed circuits for the
central hub system to convert low-powered electrical signals from the microcontroller to actuate a
latching solenoid valve (LSV). Since our system aims to support large irrigation setups with mul-
tiple hoses, we devised a method to provide electromechanical control for up to four LSVs. With
this functionality, users can configure the water delivery system for a wide range of applications.

Along with actuating the solenoid valves, it is important to monitor the amount of water that
is dispensed from our irrigation system. This is accomplished through the Digiten FL-608 flow sen-
sors which are added in series with each LSV. The signal for each flow sensor is read through the
digital pins of the central hub SBC, where the corresponding tachometer (tach) frequency from the
flow sensor can be mapped to flow rate and subsequently total water output. Using these sensors,
the central hub tracks the total water consumption at each hose allowing the system to check for
faults in the water delivery and relay water usage information back to the user.

The design elements of these sub-components, which together make up the full water delivery
system, are discussed in further detail throughout this section.

2.7.1 Electronic Control of Valve Actuators

Electronic valve actuators provide the ability to convert electrical signals into physical actuation
(opening/closing) of a valve so that water flow can be either blocked or permitted. For the actua-
tor components, latching solenoid valves, or LSVs (displayed in Figure 23), were chosen since they
operate with quick pulses of electrical current, causing an internal piston to magnetically latch in
either the open or closed position [23]. Control over the valve’s position is determined through the
polarity of the pulse used to actuate it, where a 45V pulse of at least 50 milliseconds across the LSV
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opens the valve, and a -5V pulse closes it. This driving method results in significant reductions in
energy consumption over long periods of operation when compared to continuous solenoid valves
which need to be constantly driven to trigger water flow.

2@
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Figure 23: Latching solenoid valve used to control the flow of water for the system.

A major constraint with driving these actuators from our central hub is the limited 53 mW power
output from the SBC GPIO (general-purpose input/output) pins. The GPIO pins allow for a max-
imum current output of 16 mA for digital 3.3 V signals which is not enough to drive the LSVs since
they require a +5V pulse with at least 289 mA. As a way to get around this issue, we designed
an H-Bridge driver to convert low-powered 0-5V digital signals into 5V electrical pulses drawn
from the 5V power rail. Using the power rail to drive the LSV instead of the GPIO pins directly
provides a higher current limit of 1 A which is more than enough to drive a single LSV.

Now with enough current to simultaneously drive 4 LSVs, the central hub runs into another problem
with its excessive usage of GPIO pins. In order to drive multiple LSVs from the single central hub
while reducing the number of the utilized GPIO pins, we designed a circuit which would level-shift
and demultiplex the 3.3V digital signals so that multiple LSVs could be controlled using the same
four GPIO pins. The block diagram outlining the set up for electrically controlling multiple LSVs
is shown in Figure 24. The circuit design for both the H-Bridge Driver and the Level-Shifting is
discussed more thoroughly within Section 2.7.2 and Section 2.7.3 respectively.
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Figure 24: Block diagram outlining electrical signals used to actuate the LSVs. &

"This figure was made with Draw.io. [4]
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2.7.2 H-Bridge Circuit Design

The purpose of the H-Bridge Driver circuit is to provide sufficient power and precise control over
the actuation of a single latching solenoid valve. Since these valves operate in response to a +5V
pulse, four MOSFETSs (metal-oxide—semiconductor field-effect transistors) are driven with individ-
ual voltage signals at their gates to connect either 0V or +5V to the LSV terminals. Depending on
which LSV terminal is applied with +5V, the LSV will either open (+5V across the LSV) or close
(-5 'V across the LSV ). By choosing which set of transistors are turned on, this method allows the
central hub to control the duration and polarity of the actuating pulses. The schematic of the fully
designed H-bridge driver circuit V8 which allows for electrical control of a single LSV is shown in
Figure 25.
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Figure 25: Schematic of H-bridge Driver circuit V8 responsible for actuating the LSVs.

This H-Bridge circuit consists of four MOSFET transistors with Schottky fly-back diodes and pull
up/down resistors at the gates to ensure the transistors are turned off when the inputs at the
gates are floating. For the transistor components, we chose to utilize the SSM3J332R P-Channel
Field Effect Transistor [28] and the SSM3K333R N-Channel Field Effect Transistor [27] for their fast
switching times, 4.5V drive capabilities, and low-on resistances of 50 m{2 and 42 m¢) respectively.
The fast switching capability of these transistors is important for precise control of the pulse used
to drive the LSV.

To determine the actual switching times of the PFET and NFET experimentally, we wired the
transistors according to the testing schematics shown in Figure 26. During this test, the gate of
each transistor was driven with a 45V 1 MHz square wave and the voltage at the drain was scoped
using the Analog Discovery 2 (AD2) oscilloscope. The delay observed when transitioning between
high and low output signals was then recorded.

8Figures were created using KiCad EDA. [14].
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Figure 26: Schematics for the two testing configurations used to determine switch times for the
individual MOSFET transistors where the gates are both driven with a 5V 1 MHz square wave. °

From the test, we found that the SSM3J332R PFET had an operating switch-on time of 3.78 us
and switch-off time of 9.83 us. Similarly, the SSM3K333R NFET exhibited a switch-on time of
7.88 us and a switch off-time of 3.25 us. The resulting oscilloscope traces taken from an Analog
Discovery 2 (AD2), shown in Figure 27, demonstrate the quick switching time of these MOSFETSs
where they were all found to operate under 10 us. Since the central hub SBC is able to precisely
control GPIO outputs down to a minimum of 1 millisecond, there will always be sufficient time to
allow for the MOSFET transistors to properly switch on or off accordingly.

9Figures were created using KiCad EDA. [14].

39



PFET Drain Voltage During Switch-On State PFET Drain Voltage During Switch-Off State

PMOS Drain voltage

4.9999 ms PMOY Drain voltage

2.63 s

Switch Off
3 9.83 uS

vl

Voltage [V]
Voltage

Switch On
1 3.78 S 1

-1.08 ps 5.00983 ms
0 0

-ax10° -3x10° -2x10° -1x10°° ) 1x10°  2x10°  3x10° 4x10° 5x10° 6x10 0.00500 0.00500 0.00500 0.00501 0.005¢
Time [s] Time [s]

(a) PFET switch-on transition (b) PFET switch-off transition
NFET Drain Voltage During Switch-On State NFET Drain Voltage During Switch-Off State
NMOS Drain voltage NMOS Drain voltage
’ s3zms | ° 499990 ms |
4 4
s 3 s 3
2 7 Switch Off
3.25 S
Switch On
1 7.88 pS 1
256 ps 4.99578 mS
L 0
-6x10° -4x10° -2x10°° 0 2x10° 4x107° 6x10° 8x10° 0.004994 0.004995 0.004996 0.004997 0.004998 0.004999 0.005000 0.005001 0.0050
Time [s] Time [s]
(¢) NFET switch-on transition (d) NFET switch-off transition

Figure 27: Drain voltages of the MOSFETSs scoped using an Analog Discovery 2 to determine
relative switching times.

Another vital consideration we took into account when driving the H-bridge circuit is the preven-
tion of shoot-through current. Shoot-through current is experienced when both the NFET and
PFET transistors along the same side of the H-bridge are turned on at the same time and a low-
resistance path is thus created between power and ground. This effectively shorts our power supply,
and wastes additional power, which could cause excessive amounts of heat to dissipate from the
transistors and result in damaging the circuit components themselves. The most secure way of
preventing shoot-through current is to ensure that only one transistor is turned on at a time on
each side of the H-bridge. To accomplish this, we used software running on the central hub to drive
each of the four gates on the H-Bridge individually and manually control the timing. We took
into account the observed switch-on and switch-off times for the transistors, and found that all
components responded within less than 100 ns. Using these measured switch times, we determined
that a delay between gate driver signals of at least 1 ms would be sufficient to ensure that there is
no point where two of the FETs are transitioning at the same time.

The timing diagram, shown in Figure 28, specifies the sequence of required driver signals in order
to obtain the desired pulse of either +5V or -5V at the input of the H-Bridge. The gate driver
signals are changed no less than 1ms apart from each other to ensure no shoot-through current
is experienced by the transistors. Software is used to keep track of the current valve position and
control the timing of the driver signals depending on which actuation is desired. Figure 29 shows
the experimental H-Bridge output with no load when driven to produce 100 ms pulses.
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Figure 28: Timing diagram for the gate driver signals into the H-Bridge module corresponding to

the cycle of opening and closing the latching solenoid valve.
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Figure 29: Analog Discovery 2 oscilloscope trace of the voltage across the H-Bridge output with no
load when programmed to trigger 100 ms pulses.

Due to the sharp change of current experienced when a pulse is applied or reset, the internal coil
within the LSV will induce a magnetic flux in the opposite direction of our coil, resulting in a large
inductive voltage spike to compensate for the rapid change in current. If large enough, these voltage
spikes can damage the SBC or other components in the circuit. To clamp the voltage and reduce
these inductive spikes, the 1N5817 Schottky diodes [18] are used as fly-back diodes by connecting
them in parallel with the LSV. When their low forward voltage of 450 mV is exceeded, the diodes

'%This figure was made with Draw.io. [4]
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begin conducting to allow for a current path back to the power supply thereby significantly reduc-
ing the large inductive spikes. When scoping the voltage across the latching solenoid valve during
actuation, the observed trace shown in Figure 30 demonstrated the fly-back diode’s snubbing effect
on the inductive spike which was measured to be around 492 mV. The reduced inductive spikes did
not present issues with utilizing other components on the central hub and the resulting +5V pulses
were able to actuate a LSV consistently, thus proving the success of the H-Bridge V8 circuit.

Voltage across LSV during actuation, Scoped with AD2
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Figure 30: Analog Discovery 2 oscilloscope trace of the voltage across the latching solenoid valve

terminals when driven with 100 mS £5V pulses.

2.7.3 Level-Shifting Multi-Driver Circuit Design

Being able to trigger different paths of water flow is beneficial for users looking to irrigate larger
gardens or plants requiring different amounts of soil moisture. The H-Bridge module can safely
handle the actuation of a single LSV, however, there are a few complications we encounter when
driving multiple H-Bridge modules directly from the SBC GPIO pins.

The first issue is that the Raspberry Pi Zero W has a limit of usable GPIO pins and each H-Bridge
module requires four digital pins in order to control the timing of the gate signals. Since many of
these pins are used for additional system components, we must limit the number of inputs required
to drive multiple H-Bridge modules. Secondly, the Raspberry Pi Zero W is only able to output
3.3V digital signals, yet the H-Bridge drivers require 5V digital signals for proper actuation. Thus,
to securely actuate multiple LSVs, we needed a solution that could modulate these signals. Mod-
ulation of these signals would thus be needed in order to securely actuate multiple LSVs.

Our approach to solving both of these issues came in the form of the Level-Shifting Multi-Driver
circuit, the schematic for which is shown in Figure 31. This circuit would be responsible for both
converting the 3.3 V signals from the SBC to usable 5V signals and decoding between four separate
sets of H-Bridge inputs. Through this method, up to four H-Bridge modules, each driving a single
LSV, can be controlled individually using only 6 GPIO pins from the SBC. Determining which
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H-Bridge module to drive is accomplished by switching the select line inputs for the demultiplexer.
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Figure 31: Level Shifting Multi-Driver Schematic V3 used to drive four H-Bridge modules with
3.3V logic-level inputs. !

This circuit utilizes the LM339 comparator powered at 5V to rail the output voltage when the
positive input of the component surpasses a the voltage fed into the negative terminal [12]. Con-
versely, the output is grounded once the positive input becomes lower than the negative input by
at least . This comparator was chosen due to its availability and quick response time of 1.3 us,
which is well within the minimum 1 ms timing delay between the MOSFET enable signals.

Since the expected voltage levels at the input of these comparators range from 0V to a maximum

"Figures were created using KiCad EDA. [14].
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of 3.329V, we implemented positive feedback in the circuit to set hysteresis bounds so that noise
in the input signal would not cause a change in the output signal. Each comparator in the circuit
utilizes a high voltage threshold of 2.19V and a low voltage threshold of 1.07V to provide roughly
1.12V of noise immunity for each comparator output signal.

The voltage thresholds for these comparators are set so that the 1.12V of noise immunity pro-
vides sufficient headroom from either power supply. Therefore, a logic-level high input signal is
comfortably above the high comparator threshold and a logic-level low input signal is below the
low comparator threshold. The resistive elements used to set the thresholds were determined using
Kirchoff’s Voltage Law analysis. Following the comparator, labeled U3C within the circuit( see
Figure 32), the voltage thresholds were computed in relation to the reference voltage, V;.r, and
resistors, Ri, Ro, Ri3 and Ry4.

SO_GPIO_20
27k
11
+5V VVVe
R13
C1
10nF R13
27k
GND
T | 120k

Figure 32: Close-up view of single comparator within the Level-Shifting Multi-Driver V3.. 12

To provide a reference voltage close to the center of our expected input signal, we set our V.. as

Ry )= ( 150 £
Ri+ Ry’ 150 Q2 + 270 £Q
The comparator’s upper limit hysteresis threshold, Vyr, was set using Ri3 = 120k and Ry =
27 kQ resulting in a voltage threshold of
Ri3+ Ry 27k 4 120k2
—— ) =119V (————————
Ry ) ( 120k

Using the same method, we computed the lower voltage threshold, Vi , for the comparator to be

Vier = Vee( ) =179V (5)

Vir = Vies( ) =210V (6)

Vier(Ris + Ria) — Vee(R L79V (27 kQ + 120kQ) — 5V (27 kQ
#(Ris + Rua) ( 13)): TOV(2TRQ +120k0) —5V(27EQY) | (o0 (7)
Rus 120 Q)

Vir =

The hysteresis voltage, Vi ,is defined as the difference between these two thresholds which is
determined as

Vg =Vyr = Ver =219V -1.06V =113V (8)

2Figures were created using KiCad EDA. [14].
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Utilizing this hysteresis voltage of 1.13V would prevent erratic switching of the output signal
in response to slight changes in the input signal. Figure 33 demonstrates proper level shifting
functionality from the comparators within the Level-Shifting Multi-Driver V3 circuit where the
digital input signal is converted from 3.3V to 5V.

Level Shifting Gate Signals
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Figure 33: AD2 oscilloscope trace of input and output voltage of the LS Multi-Driver V3 circuit
fed with a 100 Hz 0-3.3 V square wave as the enables.

Since the LM339 is an open-collector device, 10 k2 pull-up resistors are used so sink current from
the power supply when the output of the comparator goes high, effectively grounding the signal.
The output into the active low enables of the demultiplexer remains at 5V until the open-collector
digital output goes high and causes the output to become grounded. Figure 34 displays the voltage
across two separate LSVs during separate actuation events, where both valves are driven from
individual H-Bridge modules and are connected to the same level-shifting demultiplexer circuit.
Through the use of this circuit, the central hub consistently triggers multiple latching solenoid
valves allowing for more extensive and customizable water delivery setups.
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Multiplexed H-Bridge Output Signals
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Figure 34: AD2 oscilloscope traces across two separate LSVs when actuated from the Level-Shifting

Multi-Driver V3.

2.7.4 Monitoring Water Usage

In order to monitor water output and report this back to the user, we use the Digiten FL-608
(shown in in Figure 35) in series with the latching solenoid valves. This flow sensor has 3 pins,
power, ground and tach. The tach signal, which is used to measure water output, sends a 50%
positive duty-cycle signal whose frequency is proportional to the flow rate passing through the

sensor in liters per second.

Figure 35: FL-608 flow sensor used to measure the total amount of water that is distributed through

the water delivery network.

0
Time(s)
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The FL-608 claims to have a a tach with a 330 pulses per liter conversion for flow rates between 1
and 60 L/min, but under our test this conversion factor did not hold, shown in Figure 36. This test
puts the flow meter through various watering periods, counts tach pulses and measures the water
output in liters. When sorting the data by rising edges tallied, however, we see a much stronger

trend, shown in Figure 37. The trend is roughly logarithmic, where after about 6500 pulses the
pulses per liter conversion settles to about 400.

Pulses per L vs. Flow rate (L/min) Pulses per L vs. Rising Edges Tallied
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Figure 36: Experimental pulses per liter in Figure 37: Experimental pulses per liter in
FL-608 across average flow rates. FL-608 across tallied rising edges.

To model this varying pulses per liter conversion to an accurate functional curve, we implemented
piecewise model, where a natural log regression models pulse per liter conversion for under 6500
pulses, shown in Figure 38, as 46.2 4+ 40.8In(x) . This curve shows a relatively strong correlation
with an R? value of 0.928. When monitoring outputs larger than 6500 pulses, on the other hand,
the system will simply use a constant 404 pulses per liter conversion.

Pulses per L vs. Rising Edges: Under 6500 Pulses

® Pulses perL 46.2 +40.8InxR?=0.928

400
. [ ] [}
o o o ® °
° °
L [
°
1 350 e
o) °
Q °
[ ]
@ °
0
g %00 o,
[ ]
250
1000 2000 3000 4000 5000 6000
Rising Edges

Figure 38: Pulses per liter data and functional curve for under 6500 pulses.
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In order to tally water output for the user, the Central Hub software will simply record pulses and
store this as a variable, x, then solve the piecewise function shown in Equation 9.

Output (L) 9)

~ Pulses per L

Pulses Output (L) = W.Sln(x) <0
(:)lltI)llt (IJ) = Z%ii X ;z (353()()

To confirm the accuracy of this piecewise model, we back-tested our data against the functional
curve’s projections and used a unique trial, which implements this function to display projected
water output in liters. By measuring the percent error between the model’s projected and actual
output in liters, we see the error stays mostly below 5%, as shown in Figure 39 which has back-tested
data in blue and the unique trial in red.
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Figure 39: Flow sensor error distribution with back-tested data in blue and the unique trial in red

One issue with this data arises in small total water outputs, where the error term can be high when
the sum of total water output passed through the flow meter is under 2.5 liters. This is likely due
to the scale’s measurement tolerance, 0.1 liters. This means outputs as small as 1 total liter can see
error terms as large as 10%. For this reason, we can only expect very accurate water monitoring
(under 5% tolerance) once 2.5 liters of water have passed through the flow meter, which is where the
majority of watering periods will fall under. Additionally, this inaccuracy only affects the accuracy
of water usage reported to the user and will not hurt the performance of the watering algorithm.

2.7.5 Waterproofing Electronics

Considering that water and electronics do not mix well and our irrigation system must operate
in wet conditions, we want to be sure that there is clear isolation between the two in order to
prevent injuries to the user as well as water-damage or shorting to our electrical components. The
mechanical enclosures of the central hub and the sensor nodes, which will house several electronics
including the Raspberry Pi microcomputer and Arduino Nano micro-controller, will be designed
to act as semi-permeable barriers that will block direct contact with water while also allowing for
small amounts of moisture to naturally escape through evaporation. Also, as an added measure
of safety, we will be coating our PCBs in a transparent varnish that will protect them from short
circuits and corrosion. This section will further describe the waterproofing techniques we plan to
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implement in our system as well as the material considerations that went into the mechanical design.

To provide a physical barrier between moisture and our electronic components, we plan to design
a housing unit for the central hub as well as the individual sensor nodes and 3D print them using
material that is suitable for wet environments. This can be quite a challenge considering that 3D
printed components can appear to be air-tight, yet the extrusion process can often lead to a porous
enclosure with small gaps between the printed layers. Some materials can also degrade due to con-
stant contact with water, which is not ideal for our design since we plan for our system to be placed
in a wet environment. For example, PLA (polylactic acid) filament is a usually great for initial
prototypes since it provides a quickly made impact resistant mold with superior printing detail,
but it tends to attract moisture which can cause the structure to soften and eventually dissolve [20].

As an alternative to these less water-resistant 3D printing filaments, we are looking to use PETT
(PolyEthylene Trimethylene Terephthalate) filament for both our central housing [11]. This strong
material does not absorb water moisture well and is safe to biological organisms which are both
key aspects needed for our design. The major constraint we see within using this type of filament
is its need for specialized equipment which is costly and difficult to work with.

Physical protection is not always the most secure method for water-proof design considering that
unexpected leakages can occur. Our printed circuit boards are essential to the functionality of our
system and their electrical components require secure protection from moisture artifact. We plan
to apply a protective water-resistant layer onto our PCBs as an added measure of water-protection.
Although, we plan to extensively test our circuits beforehand, it is desired that the coating allows for
modifications to be made to our circuit after application in the event that fault behavior does occur.

We found several options for PCB protection, including a selection of conformal coatings that
vary in terms of cost, ease-of-removal, and protective performance. For a robust water-resistance
layer, silicone resin is commonly used in high humidity environments as it presents a solid barrier
preventing moisture from coming in direct contact with the PCB [19]. This of course is at the cost
of a concrete-type enclosure that is difficult to remove if repair is required. Previous research has
also noted the effectiveness of cheap nail polishes in PCB water security due to the film-forming
nitrocellulose polymers [30]. Similar to the silicone resin, a concrete-like effect is attained which is
not entirely desired for a system prototype. Other substances, such as acrylic conformal coating,
provide less water-protection but allow for easy removal. These less water-resistant options could
be appropriate considering that our PCBs will also be protected by a physical enclosure. Since the
physical fabrication of the project was put on hold, a future plan to determine the coating that best
protects against water damage, consists of testing the waterproofing capabilities of a nail-polish
application, an acrylic conformal coating, and a commercial PCB varnish. Once tested, the most
protective coating along with the most suitable 3D printing material would then be used to create
a secure waterproof housing for subsequent versions of the system.

2.8 User Interface for Central Hub

The goal for the user interface (UI) is to allow the user to designate sensor nodes to hose outputs,
control the irrigation system’s settings, and observe the sensor data all through a visually pleasing
display that is easy to work with. The menu-controlled interface provides users with the ability to
configure the one-hop network, actuate water delivery, monitor sensor data, and adjust the mois-
ture threshold levels as desired.
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2.8.1 Outline of User Menu

An overview of the user menu directory is shown in Figure 40. Within this flow chart, the general
page layout is illustrated, where the home menu presents three available menu pages: Sensor Data,
Hose Configuration and Options. Within the Sensor Data menu, the user is provided with four
options for real-time sensor data. The Ul can either relay individual sensor node data points or
provide a recent log of a specific type of measurement from all sensors. Having direct access to the
current sensor readings is convenient for our target audience of casual gardeners and homeowners.
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Any Button

Sensor Data Home Screen Hose Configuration

Plot .
Connected| | Current ; Hose Hose Watering Map
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Figure 40: Flowchart describing a high-level page layout of the user interface. '

Within the Hose Configuration menu, the user is provided options to configure the sensor nodes
to correspond with specific hose outputs. This menu also allows for adjustments to the moisture
sensor thresholds which determine how dry the soil must be before watering. Further research
would allow for the implementation of calibrated preset options within this menu corresponding
to common plant profiles with varying soil moisture requirements. Although the system is set by
default to automatic irrigation, the interface also grants the user manual control of the hoses. This
utility is helpful for situations in which water is needed for other general purposes while the system
is being used to monitor and control irrigation.

The Options menu presents configurable settings more focused on the actual central hub rather
than the irrigation system. It provides an option that can configure and edit the central hub’s sleep

13 This figure was made with Draw.io. [4]
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mode timer. When a button has not been pressed within the set time specified by the sleep timer,
the state machine transitions into sleep mode which turns off the OLED screen in order to conserve
energy. Meanwhile, if the user desires a full system reset to reconfigure the sensor network entirely,
there is a provided Reset option to disengage the connection from the sensor nodes, essentially
resetting all wireless network connections. Therefore, the central hub allows the user to control
everything from changing the water-moisture thresholds to observing sensor data in real-time.

2.8.2 Assembly of User Interface

To provide a low-cost display without sacrificing clarity, we used the 1.54” RGB OLED Module
acquired from WaveShare industries [5]. This module consists of a SSD1351 128 RGB x 128 Dot
Matrix OLED driver which controls a model UG-2828GDEDF11 OEL display. The datasheets
were obtained from the manufacturers Solomon Systech [22] and WiseChip Semiconductor Inc.
[9] respectively. This display provides RGB functionality and a minimum brightness of 70 cd/ m2,
which is clearly visible in most outdoor lighting conditions as seen in Figure 41.

Figure 41: OLED display providing clear visibility of the welcome page in daylight.

Display functionality is controlled through C/C++ programming that will run on the central
hub SBC. In order to access the SSD1351 driver, we used the OLED _Driver, OLED_GFX, and
DEV Config libraries provided by WaveShare industries [6]. Similar to the RF radios, we had to
configure the SPI bus to allow for serial communication between the OLED driver and the central
hub SBC. Using the same methods described in Section 2.2, we used the BCM2835 library to access
to the GPIO pins and SPI functionality within the Raspberry Pi. Connecting the OLED module to
the same SPI bus as the wireless transceiver first requires physically connecting the OLED module’s
MISO input (master-in-slave-out) to GPIO pin 10 and the CLK (system clock) to GPIO pin 11 on
the central hub. For individual control of the OLED module, the additional DC, reset, and chip
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select pins must be connected to GPIO pins 23, 24, and 16 respectively and enabled in software
during initializing of the SPI bus. The OLED module software implementation works by taking in
16-bit unsigned integers which correspond to coordinate inputs and RGB parameters. These values
are then used to update specific pixel locations with desired colors every clock cycle. The provided
GFX library includes an assortment of built-in functions that make visual control of the OLED
easier to work with.

The user menu interaction is accomplished through a state machine design that transitions based on
physical push-button inputs. The schematic used to connect the OLED module and push-buttons
to the Raspberry Pi is shown in Figure 42. The button inputs default to low, but once pressed down,
the GPIO pins detect a 3.3V digital high signal. Maximum current draw for each push-button was
limited to approximately 0.17mA with the inclusion of 20 k€2 pull up resistors in series with the
button input. In order to run the OLED with event-driven programming rather than continuous
sampling, the buttons inputs update the UI state machine (and therefore the OLED display) only
when the input is initially transitions from low (0V) to high (3.3V). Debouncing is performed on
each button signal to ensure that the inputs are stable before triggering a button event.
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Figure 42: Full Central Hub Schematic V2 outlining connections for OLED module.'*

As a way to encase the entire central hub into single unit, we designed a wooden assembly that
can be mounted on a wall for easy installation. Slots were carved to allow for routing of the wires
connected to the central hub. The button interface as well as the OLED module are both mounted
on the front of the housing for user interaction with the system. Figure 43 displays an example of
the mounted central hub assembly as well as the internal connections within the encasing.

"This figure was made with KiCAD [14]
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(b) Internal Circuitry of Central Hub.

(a) User Interface of Central Hub

Figure 43: Complete Central Hub mounted on a wall

2.8.3 Data Plotting Functionality

One of the most important features of the user interface is the ability to observe stored sensor data
from the OLED screen, since it provides useful information regarding plant and soil conditions.
As a way to display many sensor readings in a presentable manner, a plotting function was imple-
mented within the Sensor Data menu pages.

Plotting of the data is accomplished by converting a collection of sensor data points into pixel
locations to be set on the OLED module. Using this method, we are able to traverse through
arrays containing sensor data structs and plot the past 100 readings pertaining to a specific node
ID and data type (soil moisture, sunlight, etc. ). The process of traversing through the data struct
array and plotting relevant sensor data onto the OLED module is outlined in the flowchart shown
in Figure 44.
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Figure 44: Flow chart outlining user interface plotting function.

Within this plotting function, an array of data structs and a desired data type are passed in as
inputs. The array is used to determine which set of data points to print corresponding to a specific
sensor node ID. Stored as an enum, the data type input (either moisture, sunlight, or temperature)
determines which element in the struct to use for plotting. Once the inputs are checked to be valid,
the array index and x-coordinate variable used for printing are both initialized. Since the value of
the OLED y-axis is limited to 120 and the top of the screen represents a y-coordinate value of 0,
the sensor data output is converted into a printable value for the OLED screen. Mapping sensor
data values which range from 0 to 100, is accomplished by subtracted from the y-position value
corresponding to the bottom of the grid where the new mapped value can be defined as

Mapped Y = 120 — (Sensor Data Value) (10)

After plotting the data point at the mapped x and y coordinates, the function iteratively increments
the x coordinate and repeats the process until all data within the array corresponding the desired
data type is plotted. An example of the plotting functionality working on the OLED module to
display water moisture data is shown in Figure 45.

Figure 45: Example of moisture plot displayed on user interface for Sensor Node 2.
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2.9 Central Hub Power Distribution

Our design of the central hub requires its power supply to enable continuous operation of the
Raspberry Pi Zero W single-board computer and all the peripherals simultaneously. It also needs
to supply enough current to control four, parallel latching solenoid valves for the distribution of
water. For this reason, power will be provided through a standard 5V wall adapter with a maximum
current output of 1 A. As determined by the power budget analysis, shown in Table 5, we found
that this standard switching adapter would be sufficient in powering our single-board computer
and supplying enough current to drive all of the desired components through the Raspberry Pi 5V
rail.

Watering - Open one valve, close another

Component: Current (mA) @ 5V: | Supply Voltage (V): | Power (mW):
Raspberry Pi 200 5 1000
4x Pushbuttons 1.03 5 5.15
OLED Display Screen 3.1 5 15.5
NRF24L01 Transceiver 11 3.3 16.5
Solenoid Valve (Opening) 289 5 1445
Solenoid Valve (Closing) 272 5 1360
Total 776.13 5 3842.15
Not Watering
Component: Current (mA) @ 5V: | Supply Voltage (V): | Power (mW):
Raspberry Pi 200 5 1000
4x Pushbuttons 1.03 5 5.15
OLED Display Screen 3.1 5 15.5
NRF24L.01 Transceiver 11 3.3 36.3
Solenoid Valve (Opening) 0 5 0
Solenoid Valve (Closing) 0 5 0
Total 215.13 5 1056.95

Table 5: Central Hub Power Distribution Information. All currents are normalized to 5V.
NRF24L01 Transceiver includes 5V to 3.3V step-down conversion loss.

When evaluating the Central Hub’s power characteristics in Table 5, it is important to note that the
watering algorithm only actuates one solenoid at a time, as explained in Section 2.7.3. Additionally,
once a solenoid is opened or closed, it does not consume any current to stay in its current state. The
latching solenoid is actuated by sending a 100 ms £5 V square wave pulse across the valve where
the polarity determines whether the latch will open or close. Since the opening and closing pulses
consume roughly 289 mA and 272 mA respectively, the adapter can easily supply these current
demands on top of the rest of the system.

2.10 Sensor Node Power Distribution

The sensor nodes’ power demands come from the Arduino Nano microcontroller, the nRF24L01+
radio transceiver, and the sensor array. The load characterization for the sensor nodes is shown in
Table 6, showing all components and their respective power demand under the microcontroller’s
sleep and full power states. Regarding the two sensor states, the first and most common is the sleep
mode, where the sensor nodes draw about 8 mA. But once every 64 seconds, the nodes will transition

95



to their sampling and messaging state, which consumes 33 mA and will stay there for about 500 ms.
This means the sensor nodes spend about 99.2% percent of their time in sleep mode, making their
time-weighted average current demand marginally higher than that of their sleep mode at 8.53 mA.

Sampling and Messaging State
Component: Current (mA) @Q 5V: | Supply Voltage (V): | Power (mW):
Arduino Nano 21 5 105
NRF24L01 Transceiver 11 3.3 55
Sensor Array 0.9 5 4.5
Total 32.9 5 164.5
Sleep Mode State
Component: Current (mA) @ 5V: | Supply Voltage (V): | Power (mW):
Arduino Nano 8 5 40
NRF24L01 Transceiver 0.03 3.3 0.13
Sensor Array 0.01 5 0.05
Total 8.04 5 40.2
Time-Weighted Average
Component: Current (mA) @ 5V: | Supply Voltage (V): | Power (mW):
Total 8.53 5 42.63

Table 6: Sensor Node Power Distribution Information. nRF24L01+4+ Transceiver includes 5V to
3.3V step-down conversion loss.

2.10.1 Battery Considerations

Each Sensor Node runs on a 3.7 V, 10 Ah lithium-ion polymer battery. The first consideration
in battery management is the depth of discharge (DoD), which is the percentage of the capacity
drained from a battery at full charge. The key trade-off in choosing the proper DoD comes down
to balancing battery life and capacity retention. The chart in Figure 46 shows capacity retention
over the battery’s lifetime across different states of charge (SoC) bandwidths, where SoC is the
level of charge of a battery relative to its capacity. Using the average load current from Table 6
in Section 2.10 and the nominal battery voltage of 3.7, a full discharge of this battery nets an
ideal battery life of 36.2 days. This does not factor in supply efficiency or the battery management
characteristics, but will be used to estimate the time between discharge cycles and better interpret
this capacity retention curve in the context of time. To give plenty of headroom, we assume our
battery will be recharged every 10 days, less than a third of that ideal lifetime. Using 10 days as
our average time for a single discharge and recharge cycle, this means 500 discharge cycles occurs
at approximately 5,000 days, or 13.7 years.
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Figure 46: Capacity retention curves for lithium-ion polymer batteries at various SoC Bandwidths

[1].

In general, we see that with smaller discharge bandwidths comes improved capacity retention. This,
of course, comes at the cost of battery life in a single discharge. The 100-25% SoC (or 0-75% DoD)
in black nets about a 93% capacity retention after 500 cycles. A full battery discharge of 100-0%
SoC is not shown in this plot, but nets about an 84% capacity retention under the same conditions
[29]. Note that by cutting to a 100-50% SoC (or 0-50% DoD) shown in blue, we take a significant cut
into battery life with minimal improvements in capacity retention. Using known capacity retention
rates, we chose the 0-75% DoD since it was the best of balance lifetime and capacity retention.

It is important to address that when charging the battery under its full capacity, such as the 85-
25% SoC curve in green, the capacity retention sees a meaningful boost while draining a larger
proportion of the battery’s capacity than the 100-50% SoC in blue. This characteristic needs to
be explored for larger discharge bandwidths, such as our chosen 75% bandwidth, and compare its
capacity retention to that of 0-75% DoD before confirming its benefits and subsequently adding
this to the design. With a 0-75% DoD and a peak C-rate well below 0.2C, we project our battery
voltage to follow the orange curve for a 0.2 C-rate, shown in Figure 47. Under these conditions,
the battery voltage will swing from 4.2 Volts at full charge to 3.6 Volts at 75% DoD.
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Figure 47: Discharge graph dependent on C-rate for lithium-ion polymer batteries[3].

2.10.2 Sensor Node Power Supply

To take our battery output and convert this to a fixed 5 V output, the sensor node power sup-
ply, shown in Figure 48 uses the TPS61222 boost converter, which is designed for low current
applications with lithium-ion polymer batteries. The voltage divider (R1 and R2) allows for the
microcontroller to monitor when the battery voltage goes below 3.6 V to enter deep sleep, and
alert the user to charge the sensor node’s battery. With just 7.5 pA of quiescent current, the boost
converter can reach up to 95% efficiency in ideal conditions [13]. While many power supplies will
taut their high efficiency, the datasheet often will not specify the exact conditions under which this
high efficiency holds. For this reason, it is paramount that high efficiency holds at both the load
current conditions and the battery input voltages.

Vbattery: 4.2V to 3.0V for 100% DoD ut I_load = 33mA or 8mA
Vbattery: 4.2V to 3.6V for 75% DoD L1 P 5V

J1 470 E T 42
) V_Battery . F (- .

1 [ Llvin Vout] _T_
EN 2

1
2 —L c1 c2 3
l‘l Ou FB :L‘I Ou =
R2 c3
1Meg | 100n

GND
GND GND

WM

GND GND

RC =((1Meg||9.1Meg) * 100n) = approx 0.1s
fp = 1/(2pi*RC) = 1.75 Hz

GND TPSB1222

Vbattery= 4.2V (0% DoD): Vsense = 412mV
Vbattery= 3.6V (75% DoD): Vsense = 356mV
Vbattery= 3.0V (100% DoD): Vsense = 297mV

Figure 48: Sensor node power supply schematic version implementing the TPS61222 boost con-

verter. °

To test the boost converter’s efficiency rating at the battery input voltages and load currents, the
power supply’s output was connected to a resistive load corresponding to the sensor node load
currents of 8mA and 33mA (taken from Table 6). Within these load currents, the input voltage to

'5This figure was made with EasyEDA [14]
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the power supply is swept in increments of 100 mV across the battery voltages for a 0-75% depth
of discharge, 4.2 to 3.6 Volts. At each data point, efficiency is calculated using voltage and current
measurements at both the input and output. The results are shown in Table 7, where all conditions
have at least a 90% efficiency.

TPS61222 Efficiency Results

Input Voltage: | Efficiency for 8 mA load current: | Efficiency for 33 mA load current:
4.2 94.0% 92.1%
4.1 93.7% 91.6%
4.0 93.6% 91.3%
3.9 93.6% 90.9%
3.8 92.9% 90.4%
3.7 92.4% 90.3%
3.6 92.1% 90.1%

Table 7: TPS61222 Power Supply Efficiency for sleep mode (8 mA) and Sampling and Messaging
mode (33 mA).

Using the lowest efficiency rating (measured at 3.6 V) and time weighting the 8 mA and 33 mA
load currents based on expected duty cycles discussed in Section 2.10, the power supply’s average
efficiency was measured to be 92%. Taking this average efficiency and a 0-75% depth of discharge,
we project a battery life of over 3 weeks, so long as the battery stays around 20° C, shown in
Equation 11.

Battery Energy

Battery Life ~( )(Supply Efficiency)(Discharge Bandwidth)

Average Power Demand

(11)

(3.6 V) (10000 mAh)
(5V) (8.53mA)

Battery Life ~( ) (92%) (75%) = 582.4 hours = 24.3 days

With a long battery life, this requires minimal maintenance recharging the sensor nodes, only
requiring the user to do so periodically. Additionally, this lifetime holds over several years; by
factoring in our depth of discharge and its affect on capacity retention (Section 2.10.1), this will
put the sensor node’s battery life at about 93% of its original capacity at 500 discharge cycles,
which corresponds to a single 0-75% DoD cycle of 22 days.

As for the power supply layout and assembly (Figure 49a and Figure 49b respectively), we see

this design keeps the footprint small at just 0.6 by 0.8 inches, which is great for a seamless appli-
cation on the sensor nodes.
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(a) Sensor node Power supply layout. (b) Sensor node power supply physical assembly.

Figure 49: The sensor node power supply converts 3.7V to 5V at a minimum of 90% efficiency.

2.11 Parts List and Budget

The purpose of this final sub-section is to list all the parts and give a final estimate for the budget.
The parts list (see Table 8) is broken down by the sub-sections in Section 2 with the components
listed by unit price and quantity needed. Although we focused on an inexpensive design with suit-
able performance, improving this system with higher grade parts is an available option if budgeting
is not a concern.
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Item \ Cost/Ttem \ Quantity \ Total Cost

Microcontrollers
Arduino Nano $4.66 3 $13.98
Raspberry Pi Zero W $24.50 1 $24.50

Wireless Communication
HiLetgo NRF24L01+ | 197 [ 3 [ %5091

Sensor Array

Photoresistor 5 mm $0.15 30 $4.65
BMP180 GY-68 Digital BPS $5.39 3 $16.17
Galvanized Steel Probes $0.09 100 $8.59
DMP22110UW-7 $0.44 3 $1.36
Printed Circuit Boards $2.00 5 $10.00

Water Delivery

Drip Irrigation Kit $14.87 1 $14.87
1/2” Latching Solenoid Valve $17.99 3 $53.97
FL-608 Liquid Flow Sensor $9.95 3 $19.85
Printed Circuit Boards $2.00 5 $10.00
User Interface
1.5inch RGB OLED Module $19.35 1 $19.35
Pushbuttons $0.36 4 $1.44
Power
5Ah rechargable Li-Ion Polymer $14.19 3 $42.57
TPS61222 5V Boost Converter $0.17 25 $4.25
Printed Circuit Boards $2.00 5 $10.00
TOTAL \ \ | $261.46

Table 8: This table outlines the required parts for the project as well as price estimates based on
our purchases.
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3 Testing and Results - Full System

Testing and validation of the Intuitive Auto-Irrigation project was carried out in Spring 2020
through two distinct phases to ensure our system is functional and to resolve any critical errors.
The first testing phase verified that the wireless network accurately reported the sensor data and
stored that data on the master node using an incomplete subset of the full irrigation system. The
second testing phase, on the other hand, implemented the full irrigation system and validated that
all individual component blocks properly worked together. Having multiple phases of incremental
testing allowed us to verify proper functioning of individual system blocks prior to testing the
full integrated system. This made debugging easier and allowed testing to begin earlier while we
continued to improve other components throughout the duration of the testing phases. Specifically
looking at the first testing phase, all tested components had specific failure indicators, making it
easy to test all of these components as an initial prototype system. This first testing phase did not
implement water delivery, instead we took measurements with the sensor nodes and recorded the
data on the central hub. We effectively simulated water delivery by logging indicators variables
to the output text file that clearly showed when water delivery would be triggered. Performing
these sanity checks earlier lowered the chance of undesired consequences arising from water delivery
related malfunctions later on in the second testing phase.

3.1 Testing Phase 1: Prototype Testing

Throughout the initial prototype testing phase, we gathered a great deal of data from the soil
moisture sensor and ambient light sensor - which are the two most important sensors in the array.
The results of the data are plotted in Figure 50, Figure 51, and Figure 52. These tests were
performed at Grant’s house using two potted plants in his backyard. The first test began at 5:30pm
and lasted roughly 3.5 hours (shown in Figure 50). The data shows two trends, one for each sensor
node, showing the logged gravimetric water content and the ambient light level. Regarding the soil
moisture level, we identify a trend that shows the water content slowly drop over the duration of
the test. This is what we expect; without water delivery or rain, there is no way for the soil to
replenish its moisture levels. As for the ambient light level, we see an interesting trend due to the
fact that the test was started when there was full sun and lasted until it was totally dark. The
light sensor was able to distinctly identify between night and day and respond to sharp changes
in light level correlating to sunlight peeking through clouds or trees. Overall, the data shows that
both the soil moisture content sensor and light level sensor can accurately and reliably record soil
moisture content and light level respectively.

Soil Moisture vs Time Since Startup Ambient Light vs Time Since Startup
== Node2 == Node3 == Node2 == Node3

7.00 100.00

6.00 75.00

50.00

25.00

Ambient Light Level (Lx)

0.00

Gravimetric Water Content (%)

2.00 -25.00
50.00 100.00 150.00 200.00 50.00 100.00 150.00 200.00

Time Since Startup (min) Time Since Startup (min)

Figure 50: Soil moisture and light level data from 2 nodes during test 1 of testing phase 1.
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The second test followed the same principles as the first test, but the starting time was changed
to 10:00am (shown in Figure 51). This allowed the test to run throughout the day and resulted in
new data trends. The soil moisture content follows a similar pattern to the first trial but curiously
begins to rise roughly 2.5 hours into the test. While only a minimal change of about 0.15%, this
trend is a bit unusual because it should not be possible for the water level in the soil to increase
without directly adding water into the system. We know this is not an error with the soil moisture
sensor readings because both sensors spike simultaneously even though they reside in separate soil
containers. While not impossible for both sensors to report faulty sensor data at the exact same
time, it is much more likely that the soil moisture content increased due to some other phenomenon.
Initially confused by the data, we performed more tests to obtain a better understanding of the
slight rise in water levels in response to an increase in sunlight.

Soil Moisture vs Time Since Startup Ambient Light vs Time Since Startup

== Node2 == Node3 == Node2 == Node3

Gravimentric Water Content (%)
Ambient Light (Lx)

50 100 150 200 250 300 50 100 150 200 250 300

Time Since Startup (mins) Time Since Startup (mins)

Figure 51: Soil moisture and light level data from 2 nodes during test 2 of testing phase 1.

Regarding the ambient light level data, we see a slowly increasing slope for both sensor nodes
within the first half of the trial and then varied in the second half of data. We believe that sharp
variation had to do with both the formation of the clouds throughout the day as well as shad-
ing (eg. trees, the house) due to the location of the sun relative to the light sensor. Although
both plants were in the same general area, they experienced varying amounts of sunlight through-
out the day. The high sensitivity of the light sensors were able to identify direct sunlight versus
cloud cover and even when drifting in and out of the shade. The proven higher sensitivity allows
us to design a more nuanced algorithm with precise, user-defined thresholds for ambient light levels.

The final test in the first phase of testing lasted from 3:00pm to 11:00am the following day (shown
in Figure 52). Test number three only used a single node because we ran out of 9V batteries and
only had a single Lithium polymer battery at the time. Regardless, the test follows previous trends
for the soil’s water content: descending overnight as water is not added to the system. However, as
morning comes around, we are able to identify the same pattern as seen in the first test, Figure 50.
The soil moisture again rises in the morning when seemingly no water is added to the system. The
data recorded in this test proves that our sensor nodes did not exhibit faulty behavior, rather there
is some other phenomenon occurring that leads to to a rise in soil moisture content in the morning.
Without much to go on, our leading hypothesis at this point was that the elevation of water in the
soil changed with the temperature of soil. This is supported by our light level data because we see
that the soil moisture only begins to rise in the morning and continues to do so throughout the
day. However, without additional data, this hypothesis would remain unproven until later.
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Figure 52: Soil moisture and light level data from 1 node during test 3 of testing phase 1.

The light level data also resembles previous tests, where we see a sharp difference between the day
and night. The data in this test is also much more consistent than previous tests yet still main-
tains a high level of sensitivity (seen as the fluctuating light level at night). Basically, by applying
a digital filter to remove much of this noise, we can make the light sensor a more precise instrument.

The main takeaway from this first testing phase is that the sensor nodes are able to record consistent
sensor data and transmit it to the central hub where that data is logged to a csv file. This successful
process verified that our first testing phase worked as intended, so we moved on to implement the
next phase of testing.

3.2 Testing Phase 2: Validation Testing

Upon completing the first testing phase, we fixed several bugs and implemented all system com-
ponents for phase 2. This meant adding in the user interface and water delivery systems to test a
near-complete version of the product. This second phase of testing was expected to take about two
weeks longer than the first phase due to the added complexity of the system and the extra data we
wanted to capture, but because of weather complications, we had to shorten the test substantially.
While obviously undesirable, the inability to create water-tight enclosures for the sensor nodes (due
to a lack of access to a 3D printer) meant we had to restart the test after a couple days. The rain we
experienced also caused damage to the sensor nodes, stripping two more days of testing in order to
fix the problems stemming from water-related short circuits. By the time we fixed the rain-related
issues, we only had 5 days left to test, which is shorter than we would have liked.

Validating the full integration of all system-level components is essential to the completion of our
project. The primary aspect we were looking to validate was whether the system worked properly
based on visual inspections of the plants and by observation of the data logged from the sensor
nodes. Essentially, we wanted to validate that the system works through data and through quali-
tative analysis. Specifically for the data validation, we looked to record enough data to cross-check
the expected water delivery outputs, based on sensor measurements, with the observed outputs
of the hose signals to verify that the system could accurately trigger water distribution when the
appropriate conditions were met. The bottom line is that we succeeded in meeting that criteria;
the data, discussion, and final visual inspection of the plants in this section will show how we came
to that conclusion.
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The test for phase 2 lasted a total of 5 days; due to limitations in the fabrication process and
battery accessibility, we were limited to two nodes. We were hoping to test more, however, this
still provided plenty of data to help with validating the system. The data for the test is shown in
Figure 53, where the data is plotted over time to show a time-lapse of the entire test. The data for
this test was super-imposed to give a better sense of how the soil moisture content and light level
correlated with each other. For reference, the soil moisture content is plotted on y-axis 1 (on the
left) and the light level is plotted on y-axis 2 (on the right).

Gravimetric Water Content and Ambient Light Level vs. Time Since Startup
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Figure 53: Phase 2 validation testing results shows sensor data from the final stage of testing.

In Figure 53, the solid, vertical black lines indicate when the hose output was triggered while
the blue and green lines represent the soil moisture content of sensor node 4 and sensor node 5
respectively, the yellow and red lines show the light level data again from nodes 4 and 5 respectively.

Looking at when the hose triggered (ie. when watering occurred), we can see that it largely depends
on the soil moisture content. The first time the hose triggered, indicated by the furthest black line
on the left, occurred when both sensor nodes reported a soil moisture level below 65% and the light
level was low. Since we set the soil moisture threshold to 65% based on empirical data from prior
tests, if we refer back to Figure 12, the sensor nodes are supposed to report that they need water
when the soil moisture level is below its standard threshold and when light level is low. Therefore,
this black line shows the sensor nodes sent a digital high signal to the master node indicating they
needed water when soil moisture levels dropped below the preset threshold. As soon as both nodes
reported that they needed water, the central hub triggered water delivery, after verifying that no
rain was predicted in the next 36 hours. This aligned with our expected results as we see that the
soil moisture levels shoot up after the water delivery was triggered. The reason the soil moisture
content rises so fast is because the water pressure in the hose was set too high, this was promptly
lowered for the remainder of the test.
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The test progressed after the initial water delivery as it waited a couple days for the water level to
drop again. The next two times the water delivery process was triggered, we see it happen for a
different reason than the first black line. With the critical soil moisture level threshold set to 45%,
if either of the two nodes has a water level below 45%, the hose will immediately turn on. This is
shown when node 4 dropped below 45% twice in relatively rapid succession. The result is the hose
turned on for short periods of time to ensure that the water-deprived plant got enough water to
prevent dehydration. With the critical soil moisture threshold, this process happens regardless of
the light level which is why we see the water delivery process also trigger during the day for the
last black line.

One specific thing to notice here with regards to the soil moisture levels is how varied the recordings
for the two sensor nodes were. While assumptions may lead to a conclusion that the soil moisture
sensor was inaccurate, the light level data here shows why the two nodes had such different soil
values. During the day, the light level of node 4 (yellow) was almost always higher than that of
node 5 (red) implying that node 4 received more sun than node 5. This further implies that the soil
for node 4 should be drier than the soil for node 5 because increased temperature directly correlates
with higher evaporation rates. The data supports this notion too; we see that soil moisture content
for node 4 dropped much more than node 5 confirming our suspicions. Therefore, the soil moisture
data results are not attributed to variability in the sensors themselves, but rather as a result of the
different environmental conditions each node is exposed to.

Another trend we see in the soil moisture content is the water level rising each morning when the
sun comes out. Each time the light level started to rise, the soil moisture content followed shortly
after. This is the same trend we saw in the prototype testing phase which we attributed to heat
causing the water in the soil to rise and fall throughout the day. Previously we did not have enough
data to reasonably verify this was the case, but now we have enough samples to show a continuous
trend. We can confidently say that the measured soil moisture directly correlates with the light
absorbed by the soil, resulting in the sinusoidal pattern evidently displayed in node 5’s soil moisture
content (the green line).

With data that confirms the working Intuitive Auto-Irrigation system, and the fact that the plants
looked healthy after the completion of the test (see Figure 54 for the end result of the plants),
we effectively completed a prototype design of an active sensor-based automatic irrigation system.
Each phase of testing was integral to this conclusion as each test builds upon the previous one, until
our final test where we verified and validated that the system works as intended to lower water
consumption without sacrificing plant health.
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Figure 54: The final visual inspection of the plants after testing showing that they are indeed, not
dead.
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4 Conclusion

After analyzing all subsystems for the project and integrating them within the full sensor-based
irrigation system prototype, we conclude that our design goals were met; we successfully created
a system which can autonomously monitor and control plant irrigation without sacrificing plant
health. Although there are still ways to improve our system, the wireless functionality, water
delivery actuation, data storage, and user-interface capabilities are all fully functional. Regarding
the wireless network, we surpassed the required distance of 400 feet per network layer by about 50
feet while still being able to maintain reliable communication. As for the sensor array, we verified
our soil moisture readings to be precisely correlated with the soil’s gravimetric water content for a
fixed soil type. The sensor nodes also displayed appropriate levels of energy efficiency as the internal
microcontroller was in a low-power state for more than 99% of the operating time and only switched
on when sampling and transmitting sensor data to the central hub. Over the course of our testing
period, we noticed that the soil parameters, both moisture and ambient light levels, effectively
determine when irrigation is needed and trigger water delivery at the central hub. Therefore, by
adjusting the relevant parameters to specific gardening setups, we believe that our fully autonomous
irrigation system can benefit casual gardeners who are looking to save both time and natural
resources.

4.1 Lessons Learned

Throughout the design process, we came across many situations where our original design malfunc-
tioned or we ran into unexpected issues. These situations forced us to learn from our mistakes and
debug accordingly to ensure we were able to complete our deliverables on time.

The first significant hurdle of our project was the inability to use an Arduino Uno as the central
hub of the system; the amount of memory on the microcontroller was insufficient for the number
of software libraries required. The Arduino Uno was also limited in its built-in utility, requiring
external peripheral and WiFi modules to provide SD card functionality and access to internet con-
nection, both of which were components that had both compatibility and reproducibility issues.
These reasons pushed us to transfer our central hub from the Arduino Uno to a Raspberry Pi SBC.

Another important discovery we made during the implementation process was the inefficiency of
continuous solenoid valves to control water delivery. Because of the importance placed on energy
efficiency, operating multiple continuous solenoid valves would not work because they require sub-
stantial energy when driven for prolonged periods of time. The design change became apparent
alongside the calculation of the power budget which revealed a massive reduction in energy con-
sumption with the application of the significantly more efficient latching solenoid valves.

When working on the project’s software implementation, team members with Apple computers
encountered issues connecting to certain knockoff Arduino modules through the UART bus be-
cause of the lack of backwards compatibility with outdated bootloaders. Newer Arduino Nanos
and Unos had no such issue connecting through USB, highlighting the importance of correct com-
ponent selection.

Throughout the project, we learned the sheer importance of documentation and its service in record-

ing essential engineering information such as circuit schematics, block diagrams, and flowcharts.
After being more meticulous with our system documentation, the amount of time spent debug-
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ging fell considerably. Working on this project ultimately taught us how to properly manage an
extensive system through consistently, well-documented subsystems, which is vital in the field of
engineering where collaboration is expected.

4.2 Future Work

If allotted more time to work on this project, there are several improvements and design alterations
that we would make to the irrigation system. These changes involve either optimizing the system
for a broader application or continuing with the small scale model, which would involve making
improvements and adding further scalability. Within this section, we focused on a few specific ad-
justments to improve this system for residential or small-scale gardens if given a few more months
of prototyping.

Although our sensor nodes communicate effectively, more efficient and compact wireless modules
are readily available which would enhance the wireless communications aspect of our system. The
Particle Argon, for example, is a development board that acts as an all-in-one transceiver with built-
in 2.4 GHz radio transmission, WiFi, and low-power Bluetooth capability [16]. Using the Particle
Argon in place of the Arduino Nanos and nRF24L01+ radio transceivers would eliminate unneces-
sary complexity by removing extra peripherals by integrating the microcontroller and transceiver.
The other added benefit is the additional Bluetooth capabilities that would allow users to connect
to the system through their mobile devices. Interfacing our system with a mobile application would
allow the users to check on the system’s status and easily control it remotely from their cellular
devices.

Throughout our design process, we noted that the battery life of the sensor nodes was a sig-
nificant issue for long term usage of our irrigation system and would need to be improved in future
revisions. The addition of solar cells to the sensor nodes’ power supply as a supplementary energy
source addresses battery life concerns by charging the battery and providing power to the sensor
nodes. This modification would drastically extend the time we operate our sensor nodes if efficient
solar power generation is achieved. The main issue with adding the solar panels is their large
physical footprint relative to the sensor nodes. The large area of the solar cells could affect the
growth of the surrounding plants as well as complicate both the mechanical fabrication and light
sensor implementation. Solving these issues requires careful consideration of the placement of the
sensor nodes since the location and orientation of the solar panel is crucial to its effectiveness. If
implemented correctly, this addition could prove to be beneficial for potential users. Since the
sensor nodes are designed to be left outdoors, the solar panels would generate a constant stream of
energy given adequate exposure to sunlight. Using these solar cells would also align with the goal
of our system being environmentally friendly.

As our project neared conclusion, we noted smaller additions that could be made assuming we
were allotted three more months. With regards to the user interface, this includes a timer-based
irrigation option and customization of all system parameters (sensor thresholds, forecast data,
database control). Revisions to the Level-Shifting Multi-Driver PCB meant fixing the grounding
plane to avoid ground splitting and creating a finalized board that encompasses all relevant central
hub components and peripherals pins. Further soil testing would look to quantify the effects of soil
compactness and composition on the conductive moisture readings. With this testing data, user
calibration could be improved with preset soil profiles that account for different readings in differ-
ent types of soil. This would also need to be accompanied by extensive research on the electrical
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properties of unique soil types.

Although there are many other changes we could make for future iterations of this project, those
mentioned above are the most notable features that can be feasibly applied to our system and
provide substantial benefits to the users.
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6 Appendix

6.1 Full Schematic

Rev:
[e: 78

T T
Vbattery = 4.2V (0% DaD}: Vsense = 412mV
N Vbattery = 4.2V to 3.0V for 100% DaD Vbattery = 3.6V (75% Da): Vsense = 356mV.
Vbattery = 42V to 3.6V for 75% DoD Vbattery = 3.0V (100% DaD): Vsense = 297mV
u s
Goun TPSEL222 I_load = 33mA pr 8mA
=
a0 oo I
RC = ({1M]9.1M) *100n) = approx 0.1s a C (Analog_Light) = R_PHOTO| [R2 *C4 </= 100k *0.1n = 10us
el fp = 1/(2*pi*RC) = 1.75 Hz 5l #p (Analog_Light) = 1/(2*pi*RC) >/= 16 MHz
R o1 B
o LD ?
et FesERE g
“ o1,/ meses 3
13V 02
B dafjee | Ly
o s 05 Ardufno_Nano L0kchm R
H oe u e
= e Noisare
£ wosi| & o ¥
o
(G s o Les o Lo
T B o0 et o T
2 kafi- 013 oo A7) o
& 22 S | oo S RS oo
. i i
GND. e SuA average @5V onrae0 e
< RC (Analog_Moisture) = R_MOISTURE| [R2 *C4 </= 10k *1n = 1lus
N p (Analog_Moisture) = 1/(2*pi*RC) >/= 16 MHz
T
us
H Rasafr-Zerow e
PR s8
PO2SORC T 4, unaro o 8- 6D
[FEELEES GPI0_15.UARTO_RXD
-
2 vt
i crioe Grn_se_pen_cix ot b .
- e '_L g3
aspoerr I (=D} I3 g
e 27 Zpero x srin 24 7] = b
; A
u2 (ultpexer 51— cpi0_22 Gpio2s P2 GPI025 Py Fj}
YF-5201 ‘ ‘ I =0
1 3 ceo 3
@9 cpr0_to wosi cPi0_a ¢
[
H 2
EED—2]cpi0_s s -
=
= CPi0-t1selK 1D_SC_12C ID_EEROM 50,00
z
1o-50.12¢_10_ecram — 37
us 5 ez g
orio H
ve-sa00 . El
| o ariozn ez o
i
¥ Pi2e w0
~ 10 oiplay |ssitsas
o e Gri0_21 0 ey az
G
EEEEEEEE] 8
D =
an an
i
H =
w
e
p s
s B ssi
o o2
o A Boses
2700 Latching Solenoid Valve.
100F 1t
=
o o
nses7 109F NS
@ as @
S st
H wt
24 ko
o
Sheet: /.
Fle: FinalSystem_ Schematic.sch
it
Size: User ] bater
' KiCad EDA eeschema (51.5)-3
T z s 5 5 T 7

Figure 55: This is the full schematic for the Intuitive Auto-Irrigation System.

Y6 This figure was made in KiCAD [14].
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6.2 Wireless Range Testing SOP

Intuitive Auto Irrigation | Wireless Height Test
Wireless Height Test

Last Updated: 29 Feb 2020

Version 1

Purpose

Due to the nature of the RF signals, the Height from the Ground (HfG) to the RF module is
important when considering the maximum range of node-to-node wireless communication. This
test is designed to highlight the differences in the range limitations when the RF modules
are placed at different heights from the ground. In specific terms, this test looks at the
limitations of the exact testing space for different heights of the modules.

Expectations

We expect to see a significantly reduced range from nodes that are placed close to the
ground while nodes located up higher will have much better long-range communication. In
addition to the grounding effect on the RF signals, the line-of-sight also plays a big
role when the ground is not perfectly flat. Below, the expectations are given in the form:

(Distance_Master Node_HfG - Distance_Sensor Node_HfG:
With expected results that usually vary a lot in italics.

100ft_bcm - 100ft_5cm: Works
100£ft_50cm - 100ft_bcm: Works
100£ft_50cm - 100ft_50cm: Works
100ft_125cm - 100ft_125cm: Works
150ft_bcm - 150ft_bcm: Works
150ft_50cm - 150ft_bcm: Works
150ft_50cm - 150ft_50cm: Works
150ft_125cm - 150ft_125cm: Works
200ft_5cm - 200ft_bcm: Works
200ft_50cm - 200ft_bcm: Works
200ft_50cm - 200ft_50cm: Works
200ft_125cm - 200ft_125cm: Works
250ft_5cm - 250ft_b5cm: Fails
250ft_50cm - 250ft_bcm: Works
250ft_50cm - 250ft_50cm: Works
250ft_125cm - 250ft_125cm: Works
300ft_b5cm - 300ft_5cm: Fails
300ft_50cm - 300ft_5cm: Works
300£ft_50cm - 300ft_50cm: Works
300ft_125cm - 300ft_125cm: Works
350ft_bcm - 350ft_bcm: Fails
350ft_50cm - 350ft_bcm: Works
350ft_50cm - 350ft_50cm: Works
350ft_125cm - 350ft_125cm: Works
400ft_b5cm - 400ft_5cm: Fails
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400ft_50cm - 400ft_bcm: Works
400ft_50cm - 400ft_50cm: Works
400ft_125cm - 400ft_125cm: Works
450ft_bcm - 450ft_bcm: Fails
450ft_50cm - 450ft_bcm: Fails
450ft_50cm - 450ft_50cm: Works
450ft_125cm - 450ft_125cm: Works
500ft_5cm - 500ft_b5cm: Fails
500ft_50cm - 500ft_bcm: Fails
500ft_50cm - 500ft_50cm: Fails
500ft_125cm - 500ft_125cm: Fails

Procedure

1.

Set up two nRF24L01 wireless transceivers with complimentary wireless protocols on

different devices

1. Each sensor node should have a unique nodeID

2. Extra nodes can be left on an external power supply if sufficient personnel are
not available

3. Sensor array is not needed

Verify proper connection between devices by ensuring valid communication at short

Move out into an open area where distance between nodes can be measured

Place the master node in a stationary, visible location

Orient each antenna to face the other node

Create distance between the connected nodes by walking away from the stationary node
1. Attempt to keep the moving node at the desired height the entire time

. Walk out to the next distance/range checkpoint, given as a certain number of feet from

the master node, noted in the expectations segment

Once there, cycle through the varying height tests while verifying reliable connection

1. For each range-height test, ensure at least 5 consecutive, successful packets
delivered from the sensor node to the master

2. If reliable connection cannot be established within 1 minute, that test is

3. A direct line-of-sight must be ensured for each test to guarantee accurate

2.
distances between nodes

3.

4.

5.

6.

7

8.
considered ‘Failed’
test results

9

. After cycling through the various height tests at a single distance, move out to the

next distance by returning to step 7
1. Once the last distance checkpoint has been tested, compile all the results
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6.3 Soil Moisture Sensor Testing SOP

Intuitive Auto Irrigation | Soil Moisture Sensor Test
Soil Moisture Sensor Testing
Last Updated: 9 March 2020

Purpose

The IAI moisture sensor uses the moisture-dependent variable resistance of soil to determine when
the soil is dry and when it is wet. Through informal testing of wet and dry soil, the group has
determined that the sensor can tell the difference between subjectively wet and dry soil. But, the
real resolution for small increments of watering has yet to be determined. This experiment aims to
begin to form a characteristic graph for both resistance and subsequent voltage readings for the
moisture sensor under otherwise fixed conditions. The test will compare gravimetric water content
of the soil vs. its resistance.

Expectations

1. Once soil is completely dry, measured resistance has consistently been measured as an
open circuit on the multimeter

2. Data should follow a form of resistance = ax-b where a and b are regression
constants and x is the gravimetric moisture value. The constant a can vary by up to 50%
between separate trials under the same soil sample while b only varies at most 15% under the
same conditions. The constant b has been observed to be more dependent on the soil type than a
Correlation coefficients, fixing for soil specific soil samples, have been observed to be
R2 = 0.97 +/- 0.02

Procedure

1. Extract a sample of soil and specify where the soil is from and when it was extracted. Remove

any non-soil components (grass, leaves, etc.).

2. Dry the soil sample (follows NDSU soil testing lab, but with stricter rules)
1. Lay out newspaper on floor or table
2. Spread the soil layer on the newspaper or paper towels so that the layer is at most 0.25
inch thick. Break up large clods of soil (golf ball size or larger)
3. If possible use a fan to blow on sample
4. Stir sample periodically (every 8 hours)
5. Allow sample at least 48 hours to dry

3. Acquire an appropriate container to allow soil dimensions to be a depth of over 4 inches and
width of over 1.25 inches. This will allow the probes to be fully submerged.

4. Using a scale, measure the container’s weight. This will be the offset value when measuring
gravimetric water content

5. Add the now dry soil to the container with at least the dimensions listed in step 3 and pat
down the soil to keep the compaction fixed. Mark this height with a pen to maintain the
soil compactness.

6. Record the weight of the dry soil and subtract the weight of the empty container

7. Place probes 1" apart in the soil and submerged up to the head of the probe and measure the
resistance of the soil. This will be the first data point for gravimetric water potential
at 0%.

8. Remove the soil and add to to a flat surface

9. With a scale, measure a small portion of water (1-20g). Add this water to the sample and
mix the water into the soil with a spoon or other stirring method. Mix for at least 30 seconds
or until the soil reaches a homogeneous color/appearance. Best results occur when using small
increments early on and increasing them slightly as more water is added. This is because data
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is more scarce early on in a log-log plot.

10. Plot the data in the form of table A below. This will determine the gravimetric water
content at each data point by taking the water content of the soil divided by the dry
soil measurement.

|Water|
|added |

| o | =
I 2 | =
I 4 | =
[ l__

11. Once again place probes 1" apart in the soil at the same compactness and submerged up to the he

Gravimetric
Water
Content (%)

0/dry soil mass
2/dry soil mass
4/dry soil mass

Resistance |
from 1" |

(8) x I
() y I
() z I

Table A: Example data logging

12. Repeat steps 8-10 until the desired data set is reached. 100% gravimetric soil moisture
content has commonly been used as the stopping point but can be passed.
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6.4 Appendix: Local Master Code

#ifndef __cplusplus

#define __cplusplus
#endif

// xkkxkkkkkk INCLUDES  skokkokkskokok sk ok ok
#include <RF24/RF24.h>

#include <RF24Network/RF24Network.h>
#include <RF24Mesh/RF24Mesh.h>
#include <RF24/utility/RPi/bcm2835.h>
#include <iostream>

#include <cstdio>

#include <vector>

#include "OLED_GFX.h"

#include "OLED_Driver.h"

#include <stdio.h>

#include <stdlib.h> //exit ()
#include <signal.h> //signal()
#include <math.h>

#include <time.h>

#include <sqlite3.h>

#include "obj/Debug.h"

/**x*GLOBALS %%/

#define LED RPI_BPLUS_GPI0_J8_07
#define pushButton RPI_BPLUS_GPIO_J8_29
#define SPI_SPEED_2MHZ 2000000
#define TRUE 1

#define FALSE O

#define MAX_ELEMENTS 100

#define MAX_SENSORS 20

#define NUM_HOSES 3

#define MOISTURE O

#define SUNLIGHT 1

#define TEMP 2

// Water Delivery

#define WATER_OFF O

#define WATER_ON 1

#define PMOS_ON O //States for MOS gates
#define PMOS_OFF 1 //1 -> 5V, 0 -> OV
#define NMOS_ON 1

#define NMOS_OFF O

#define DEMUX_OFF 1 //Set to Low Enable
#define DEMUX_ON O

#define LPMOS_Pin 6

#define LNMOS_Pin 13

#define RPMOS_Pin 19

#define RNMOS_Pin 26

// Buttons

#define ENTER_Pin 12
#define BACK_Pin 5
#define DOWN_Pin 20
#tdefine UP_Pin 21

//Flow Sensor Pins

#define FLOW_SENSOR_1_Pin 4
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58 #define FLOW_SENSOR_2_Pin 3
59 #define FLOW_SENSOR_3_Pin 2
60
61 //Select Pins

62 #define SEL_1_Pin 17
63 #define SEL_O_Pin 27
64
65 //Flow Sensor Conversions

66 #define FS_CAL_A 46.2 //Variables used for Characterized FS Regression

67 #define FS_CAL_B 40.8

68 |#define FS_CAL_STEADY 404 //Calibration factor used when FS signal is steady
69 #define LITERS_TO_GAL 0.264172

70
71 // Time

72 #define FORECAST_CALL 1800000
73 #define HOURS_36 129600000

74 #define MIN_10 600000

75 #define MIN_5 300000

76 #define MIN_3 180000

77 #define MIN_2 120000

78 #define MIN_1 60000

79 #define FIVE_SECONDS 5000

80 #define EIGHT_SECONDS 8000

81 #define ONE_SECOND 1000

82 #define PULSE_DURATION 3000
83 #define FET_DELAY 10

84 #define MUX_DELAY 50

85 #define HUNDRED_MILLI 100

86
87 // CSV Files

88 #define CSVFILENAME "Data_Log_to_db.csv"
89
90 // MISC

91 #define DEBUG_ON 1

92 #define DATA_PARAM_SIZE 10
93 #define DATA_PARAM_NUM 11
94
95 /*Avialable Colors

96 #define BLACK 0x0000
97 #define BLUE 0x001F
98 #define RED 0xF800
99 #define GREEN 0x07EOQ
100 #define CYAN 0x07FF
101 #define MAGENTA OxF81F
102 #define YELLOW OxFFEO
103 #define WHITE OxFFFF
104 | */

105
106 | /**x*Configure the Radio ***x/
107 /*Radio Pins:

108 * CE: 22

109 * CSN: 24

110 * MOSI: 19

111 * MISO: 21

112 * CLK: 23 */

113 RF24 radio(RPI_BPLUS_GPIO_J8_22, RPI_BPLUS_GPI0_J8_24, BCM2835_SPI_SPEED_8MHZ);
114 RF24Network network(radio);

115 RF24Mesh mesh(radio, network);

116

79




117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132

134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164

166
167
168

170
171
172
173
174
175

// C_Struct stores relevant thresholds
typedef struct

{
float sM_thresh;
float sM_thresh_00;
float 1L_thresh;
uint16_t tC_thresh;
uintl16_t time_thresh;

¥

C_Struct;

// D_Struct stores the relevant sensor data

typedef struct

{
float soilMoisture;
float lightLevel;
uintl6_t temp_C;
uint8_t digitalOut;
uint8_t nodelD;
uint8_t battLevel;

}

D_Struct;

typedef struct
{
float precipProb;
int temperature;
int humidity;
int pressure;
int windSpeed;
int windBearing;
}

Forecast;

typedef struct

{
uint8_t status;
uint8_t sensors[MAX_SENSORS];
uint8_t waterLevel;
uint8_t tally;
uint8_t flowRate;
uint8_t rainFlag;
uint32_t rainTimer;
uint8_t control;

}

Hoses;

//States for Water Delivery SM

typedef enum

{
HOSE_IDLE,
HOSE_ON_S1,
HOSE_ON_S2,
HOSE_ON_S3,
HOSE_OFF_S1,
HOSE_OFF_S2,
HOSE_OFF_S3,

}

w_State;
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176
177 | //States for OLED SM
178 typedef enum

179 {

180 WELCOME_PAGE,

181 SLEEP,

182 HOME_PAGE,

183 SENSORS_HOME,

184 SENSORS_LIST,

185 SENSORS_CURRENT,
186 SENSORS_PLOT_START,
187 SENSORS_PLOT,

188 HOSES_HOME,

189 HOSES_STATUS,

190 HOSES_CONTROL,
191 HOSES_WATER,

192 HOSES_MAP,

193 HOSES_MAP_SELECT,
194 SETTINGS_HOME,
195 SETTINGS_SLEEP,
196 SETTINGS_CAL,

197 SETTINGS_COLOR,
198 SETTINGS_RESET,
199 }

200 OLED_State;
201
202 | // Enum for hose specification
203 typedef enum

204 | {

205 HOSEO,
206 HOSE1,
207 HOSE2,
208 }

209 HOSE_NUM;
210

211 | // Enum for control types
212 | enum

213 {

214 OFF,

215 0N,

216 AUTOMATIC,
217 };

218

219 // Data Vars

220 D_Struct D_Dat;

221 D_Struct current_Dat_1; //Most recent Sensor Data
222 D_Struct current_Dat_2;

223 D_Struct current_Dat_3;

224 //D_Struct current_Dat_4;

225 //D_Struct current_Dat_5;

226 D_Struct sensor_data[MAX_ELEMENTS];

227 | D_Struct sensorl_data[MAX_ELEMENTS]; //Recent Sensor Data for Plotting
228 D_Struct sensor2_data[MAX_ELEMENTS];

229 D_Struct sensor3_data[MAX_ELEMENTS];

230 //D_Struct sensor4d_data[MAX_ELEMENTS];

231 //D_Struct sensor5_data[MAX_ELEMENTS]

232 uint8_t dFlag = 0;

233 uint8_t dataDat = 1;

234 uint8_t column_flag = O;
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235 int sd_index = -1;

236 int sd_index_1 = -1;
237 int sd_index_2 = -1;
238 int sd_index_3 = -1;

239
240 //Struct Declarations

241 OLED_State oledState = WELCOME_PAGE;

242 OLED_State nextPage = WELCOME_PAGE;

243 static w_State waterState = HOSE_IDLE; //Water Deliver SM state var
244
245 | //Array Declarations

246 | static int mappedSensors[MAX_SENSORS]; //Intialize Mapping Variables

247 | static int unmappedSensors[MAX_SENSORS];

248 //static uint8_t prev_waterLevel[3];

249 | static char timeBuffer[20]; //Buffers used for format Variables into strings
250 static char intBuffer[20];

251 static char semnsorIDBuffer[100];

252 static char hoseBuffer[100];

253 //static char testBuffer2[100];

254 //static char testBuffer3[100];

255 static char currentBuffer1[100]; //Used for printing current sensor readings
256 static char currentBuffer2[100];

257 static char currentBuffer3[100];

258 static char currentBuffer4[100];

259 static char currentBuffer5[100];

260
261 //Variable Declarations

262 | static uint8_t dataType = 0; //Determines type of data to be printed
263 static uintl16_t oledColor;

264

265 | static int oledHour; //Store System Time

266 static int oledMinute;

267 | //static int tempVal = 0;

268 static int wholeVal = O;

269 static int decimalVal = 0;

270 static int hoseO_elements = O;

271 static int hosel_elements = O;
3

//Converting

//keeps track of number of sensors mapped to hose

272 static int hose2_elements =

273 | static int new_Data = FALSE; //Flag set when new data received to update OLED
274 static int selected_Node = O; //Determine which set of Sensor node Data to plot
275 static int nodeUnmapped = TRUE; // Set True if at least one unmapped sensor

276 static int sensorToMap = 0; // Var keeping track of which sensor to map

277

278 | //Flow Sensor Support

279 | static int tach_fs[4]; //Used for individually tracking flow rates

280 static int prevTach_fs[4]; //and Water Output using YF-S201 Flow Sensors
281 static int pulseCount_fs[4];

282 static float water_liters_fs[4];

283 | static float prev_Liters_fs[4];

284 static float water_gal_fs[4];

285 static float moisture_s_thresh[MAX_SENSORS]; //Moisture Thresholds

286 //static float testFloat = 64.757065;

287 static float temp_wholeVal = 0;

288 static float temp_decimalVal = O;

289 static float test_Moisture = 0;

290
291 //Button Event Detection Variables

292 static int prevArrowState, arrowState = O;

293 static int lastUpButtonState, lastDownButtonState, lastBackButtonState, lastEnterButtonState,
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294 upButtonValue, downButtonValue, backButtonValue, enterButtonValue,

295 upButtonValue2, downButtonValue2, backButtonValue2, enterButtonValue2,
296 ENTER_PRESSED, UP_PRESSED, DOWN_PRESSED, BACK_PRESSED = 0;

297
298 // Timers

299 uint32_t forecastTimer = 0;

300 uint32_t waterDeliveryTimer = O;

301 uint32_t wlimer = 0; //Timer used for driving Water Delivery testing

302 uint32_t oledSleepTimer = 0; //Timer used for updating OLED testing

303 uint32_t sleepTime = 0; //Variable to set time to wait for button press until SLEEP
304 uint32_t connectionTimer = 0;

305
306 // RF24 Vars

307 const static uint8_t nodeID = 0; // 0 = master
308 uint8_t num_nodes = 0;
309

310 // Forecast Support
311 Forecast Forecastl;
312 char buffer[10];
313 double datal[6];

314 FILE * fp;

315
316 // Water Delivery Support

317 Hoses HoseO, Hosel, Hose2;

318 Hoses Hose[3];

319 uint8_t hose_statuses = 0;

320 uint8_t prev_hose_statuses = 0;
321
322 | /*x*x*xHelper Fxn Prototypes ***x*/

323 int Timer (uint32_t, uint32_t);

324 | void setup(void);

325 void checkButtons(void);

326 void printHoseStatus(intl6_t x, intl6_t y, uint8_t status);

327 int printGrid(int16_t x0, int16_t x1, intl6_t yO, intl6_t y1, intl6_t xtics,
328 int16_t ytics);

329 int printAxesLabels(int16_t x0, intl16_t yO0);

330 |int plotSampleData(D_Struct datal[], uint8_t dataType, intl6_t size);

331 int WaterDeliverySM(uintS_t status, uint32_t delayP_N, uint32_t pulseTime);
332 void OLED_PrintArrow(int x, int y);

333 void OLED_SM(uint16_t color);

334 void LPMOS_Set(uint8_t status);

335 void RPMOS_Set(uint8_t status);

336 void LNMOS_Set(uint8_t status);

337 void RNMOS_Set(uint8_t status);

338 void recordPulses_FS(int i);

339 float convertPulse_Liters(int pulseCount);

340 float convertLiters_Gals(float liters);

341 int convertFloat_String(float in, char buffer[100]);

342 | void Reset_System(void);

343 void Set_Select(uint8_t hose_selected);

344 |uint8_t WaterDelivery(HOSE_NUM);

345 void insert_into_database(sqlite3 *mDb, double soil_moisture, int light,

346 int temp, double pressure, double precip_prob, int output, int nodelD,
347 double battery_lvl, int hosel, int hose2, int hose3);

348 void processCSV(sqglite3 *db);

349 | int createTable(sqlite3 *db);

350 static int callback(void *NotUsed, int argc, char **argv, char **azColName);
351 void DEBUG_LOG(const charx);

352
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353 /o ko stk ok ok ok stk ok stk sk stk sk stk sk ko sk sk ok sk sk ko sk sk ko sk sk ok sk sk ok sk ok stk ok ok ok /
354 | /*x**Void Setup ****/

355 | void setup(void)

356 {

357 DEBUG_LOG("Starting setup");

358 //DEBUG("Starting setup.\n");

359

360 // Initialize the Hose array

361 Hose[0] = HoseO;

362 Hose[1] = Hosel;

363 Hose[2] = Hose2;

364 Hose[0] .waterLevel = 1;

365 Hose[1] .waterLevel = 1;

366 Hose[2] .waterLevel = 1;

367 Hose[0] .control = AUTOMATIC;

368 Hose[1] .control = OFF;

369 Hose[2] .control = OFF;

370 Hose[0] .status = WATER_ON;

371 Hose[1] .status = WATER_OFF;

372 Hose[2] .status = WATER_OFF;

373

374 // Init the GPIO Library

375 DEBUG_LOG("Initializing the GPIO Library");
376

377 DEV_ModulelInit();

378 Device_Init();

379 bem2835_init () ;

380 bcm2835_spi_begin();

381

382 // Set Pins to Output

383 DEBUG_LOG("Setting GPIO Pin Modes");
384

385 DEV_GPIO_Mode (LPMOS_Pin, 1);

386 DEV_GPIO_Mode (RPMOS_Pin, 1);

387 DEV_GPIO_Mode (LNMOS_Pin, 1);

388 DEV_GPIO_Mode (RNMOS_Pin, 1);

389

390 // Set SELECT Pins to Output

391 DEV_GPIO_Mode(SEL_1_Pin, 1);

392 DEV_GPIO_Mode(SEL_O_Pin, 1);

393

394 // Set Pins to Input

395 DEV_GPIO_Mode (ENTER_Pin, 0);

396 DEV_GPIO_Mode (BACK_Pin, 0);

397 DEV_GPIO_Mode (DOWN_Pin, 0);

398 DEV_GPIO_Mode(UP_Pin, 0);

399

400 // Set Flow Sensor Pins to Input
401 DEV_GPIO_Mode (FLOW_SENSOR_1_Pin, 0);

402 DEV_GPIO_Mode (FLOW_SENSOR_2_Pin, 0);

403 DEV_GPIO_Mode (FLOW_SENSOR_3_Pin, 0);

404

405 // Turn off the H-Bridge

406 LPMOS_Set (PMOS_OFF) ; //Initial States for MOS devices
407 RPMOS_Set (PMOS_OFF) ;

408 LNMOS_Set (NMOS_OFF) ; // Notice the diff b/t PMOS and NMOS states
409 RNMOS_Set (NMOS_OFF) ;

410

411 // Set this node as the master node
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412 mesh.setNodeID(nodelD) ;

413 printf ("Node ID: %d\n", nodelD);

414 radio.setPALevel (RF24_PA_MAX);

415

416 // Initialize the mesh and check for proper chip connection
417 if (mesh.begin())

418 {

419 printf("\nInitialized: %d\n", radio.isChipConnected());
420 }

421 // Print out debugging information

422 radio.printDetails();

423

424 //Initialize OLED variables

425 oledColor = WHITE; //

426 sleepTime = MIN_3; //Set default sleep time to 3 minutes
427 oledSleepTimer = bcm2835_millis(); //Start Oled Sleep Timer
428

429 //Testing Current Struct Plotting

430 current_Dat_1.nodelID = 2;

431 current_Dat_1.soilMoisture = 36.8;

432 current_Dat_1.lightLevel = 90.2;

433 current_Dat_1.temp_C = 85;

434

435 current_Dat_2.nodelD = 5;

436 current_Dat_2.soilMoisture = 67.4;

437 current_Dat_2.lightLevel = 72.6;

438 current_Dat_2.temp_C = 85;

439

440 current_Dat_3.nodelD = 4;

441 current_Dat_3.soilMoisture = 56.5;

442 current_Dat_3.lightLevel = 76.3;

443 current_Dat_3.temp_C = 85;

444 selected_Node = 2;

445

446 moisture_s_thresh[0] = 42;

447 moisture_s_thresh[1] = 32;

448 moisture_s_thresh[2] = 55;

449

450 int i = 0;

451 test_Moisture = 60;

452

453 //Plotting Moisture Testing

454 for (i = 0; i < MAX_ELEMENTS; i++)

455 {

456 sensor2_data[i] .soilMoisture = test_Moisture;

457 if (((1 > 30) && (i < 35)) || ((i > 60) && (i < 65)))
458 {

459 test_Moisture += 3;

460 }

461 else if (((1i > 36) && (4 < 40)) || (4 > 66) && (i < 70)))
162 {

463 test_Moisture -= 0.8;

464 }

465 else

466 {

467 test_Moisture -= 0.3;

468 }

469 }

470
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471 DEBUG_LOG("Setup Complete");

472

473 return;

474 }

475

476 /oK ok ok ok ok o koK Kok ok ok ok ok ok koK ok ok ok ok o ok Kok ok ok ok ok ok ok Kok ok ok ok ok ok kK ok ok ok ok o ok ok Kok ok ok ok ok ok Kok ok ok ok ok kKK ok ok ok /
477 int main(void)

ars | {

479 setup();

480 sqlite3d * db;

481 int rc;

482

483 //Access Local Time from RPi

484 time_t t = time(NULL);

485 struct tm tm = *localtime(&t);

486

487 //Store as variables for comparison

488 oledHour = tm.tm_hour;

489 oledMinute = tm.tm_min;

490

491 //Store Time variables into strings for printing

492 if (oledHour == 0)

493 {

494 //Takes Care of 12:00 AM Error

495 sprintf (timeBuffer, "%02d:%02d AM", (oledHour + 12), oledMinute);
496 }

497 else if (oledHour < 12)

498 {

499 sprintf (timeBuffer, "J02d:%02d AM", oledHour, oledMinute);
500 }

501 else if (oledHour == 12)

502 {

503 //Takes care of prev error w/ 12:00 PM

504 sprintf (timeBuffer, "J02d:%02d PM", oledHour, oledMinute);
505 }

506 else

507 {

508 sprintf (timeBuffer, "J,02d:%02d PM", (oledHour - 12), oledMinute);
509 }

510

511 printf ("now: ’%d-%02d-%02d %02d:%02d:%02d\n", tm.tm_year + 1900, tm.tm_mon
512 + 1, tm.tm_mday, tm.tm_hour, tm.tm_min, tm.tm_sec);
513

514 DEBUG_LOG("Begin Loop");

515 while (1)

516 {

517 // Keep the network updated

518 mesh.update() ;

519

520 // Since this is the master node, we always want to be dynamically assigning
521 // addresses the new nodes

522 mesh.DHCP() ;

523

524 /**xxCheck For Available Network Data **x*x*/

525 DEBUG_LOG("Checking for Available Network Data");
526

527 // Check for incoming data from other nodes

528 if (network.available())

529 {
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// Create a header var to store incoming network header
RF24NetworkHeader header;

// Get the data from the current header
network.peek (header) ;

// First ensure the message is actually addressed to the master
if (header.to_node == 0)

{
// Switch on the header type to sort out different message types
switch (header.type)
{
// Retrieve the data struct for D type messages
case ’'D’:
printf ("Message Received\n");
// Use the data struct to store data messages and print out the result
network.read(header, &D_Dat, sizeof(D_Dat));
// Set the flag that indicates we need to respond to a new message
dFlag = 1;
// Here is where we add the sensor data to the sensor data array
// But first we want to see if the sensor data array is full
if (sd_index >= MAX_ELEMENTS)
{
// checks if the index is at the max # of elements
int i, j = 0;
// Now we transfer the 10 most recent data values to the bottom of
for ((i = MAX_ELEMENTS - 10); i < MAX_ELEMENTS; i++)
{
sensor_data[j] = sensor_datal[il; // j is the bottom, i is tH
jt+;
}
// Reset the sensor data index
sd_index = 10;
}
// Increment the sensor data index for the new value
sd_index++;
// Then place the new data into the array
sensor_datal[sd_index] = D_Dat;
break;
// Do not read the header data, instead print the address inidicated by the
default:
break;
}
}
else
{
// Generally will never get here
// This basically just removes the message from the input buffer
network.read(header, 0, 0);
}

DEBUG_LOG("Checking for Available Network Data Complete");

/**xxUpdate List of Nodes #*¥x*x/

DEBUG_LOG("Updating Node List");

if (Timer (MIN_2, connectionTimer))

{
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connectionTimer = millis();
// Other option is to create a dict after receiving a message
if (num_nodes != mesh.addrListTop)
{
num_nodes = mesh.addrListTop;
printf ("\nConnected nodes: ");
int i = 0;
for (i = 0; i < mesh.addrListTop; i++)
{
// Add sensor nodes to the list of sensors mapped to the hose
Hose[HOSEO] .sensors[i] = mesh.addrList[i] .nodeID;
if (i == (mesh.addrListTop - 1))

{

printf ("%d\n", mesh.addrList[i].nodeID);
¥
else
{

printf("%d, ", mesh.addrList[i] .nodeID);
}

}

// Reset the water level threshold according to the # of sensors
Hose[HOSEO] .waterLevel = i / 2;
printf ("Water Level Threshold: %d\n\n", Hose[HOSEO].waterLevel);

DEBUG_LOG("Finished Updating List of Nodes");

/**x*xData Logging ***x/

if (dFlag)

{

// This should be the last thing that gets done when data is received
dFlag = 0;

/*xxxWrite Data Values to SD Card **xx/
DEBUG_LOG("Begin Logging Data");

/* create/open the file to append to (this is the file that stores
all the sensor data) */
FILE *datalog_fp = fopen("Data_Log.csv", "a");

// prints out main column headers for the data file.
// conditional here: output if first loop, dont afterward, controlled by column_flg
if (column_flag == 0)

{
fprintf (datalog_fp, "Soil_Moisture, Ambient_Light, "
"Ambient_Temp, Barometric_Pressure, Precip_Prob, "
"Digital_Output, Node_ID, Battery_Level, Hose_1, Hose_2, "
"Hose_3\n");
column_flag = 1;
}
// prints out elements of the sensor data struct to the file
fprintf(datalog_fp, "%13f, ", D_Dat.soilMoisture);
fprintf (datalog_fp, "%13f, ", D_Dat.lightLevel);
fprintf (datalog_fp, "%19d, ", D_Dat.temp_C);
fprintf (datalog_fp, "%19d, ", Forecastl.pressure);
fprintf (datalog_fp, "%11f, ", Forecastl.precipProb);
fprintf (datalog_fp, "%14d, ", D_Dat.digitalOut);
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650

670
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680

684

690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706

fprintf(datalog_fp, "%7d, " D_Dat.nodelD);

fprintf(datalog_fp, "%14d, ", D_Dat.battLevel);
fprintf (datalog_fp, "%5d, " Hose[0].status);
fprintf(datalog_fp, "%5d, ", Hose[1].status);

fprintf (dataLog_fp, "%5d\n", Hose[2].status);

// close the file
fclose(datalog_fp);

/* create/open the file to write to (this is the file that stores
only the last dataset, which is then transferred to the database) */
FILE *dataLogToDb_fp = fopen("Data_Log_to_db.csv", "w");

// prints out main column headers for the data file.
fprintf (datalogToDb_fp, "Soil_Moisture, Ambient_Light, "
"Ambient_Temp, Barometric_Pressure, Precip_Prob, "
"Digital_Output, Node_ID, Battery_Level, Hose_1, Hose_2, "
"Hose_3\n");

// prints out elements of the sensor data struct to the file
fprintf (dataLlogToDb_fp, "%13f,", D_Dat.soilMoisture);
fprintf(dataLogToDb_fp, "%13f,", D_Dat.lightLevel);
fprintf (datalogToDb_fp, "%19d,", D_Dat.temp_C);
fprintf (datalogToDb_fp, "%19d,", Forecastl.pressure);
fprintf(datalogToDb_fp, "%11f,", Forecastl.precipProb);
fprintf (datalogToDb_fp, "%14d,", D_Dat.digitalOut);
fprintf (datalogToDb_fp, "%7d,", D_Dat.nodeID);
fprintf(datalogToDb_fp, "%14d,", D_Dat.battLevel);
fprintf (datalogToDb_fp, "%5d,", Hose[0].status);
fprintf (dataLlogToDb_fp, "%5d,", Hose[l].status);
fprintf(datalogToDb_£fp, "%5d\n", Hose[2].status);

// close the file
fclose(dataLogToDb_£p) ;

DEBUG_LOG("Data Logging Completed");
/**x*xxSQLite Database *¥*x/
DEBUG_LOG("Accessing Database");

// creates and opens database
rc = sqlite3_open("sensordata.db", &db);

if (rc)
{
fprintf(stderr, "Can’t open database: %s\n", sqlite3_errmsg(db));
}
else
{
fprintf (stdout, "Opened database successfully\n");
}
// creates the table in the database
createTable(db);

DEBUG_LOG("Updating Database.");

/* takes in the data from the csv file (ignores the first line of
headers), and places the data into the table */
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processCSV(db) ;

/*Close database */
rc = sqlite3_close(db);

DEBUG_LOG("Database Update Complete.");

//Update Struct Variables for Data
if (D_Dat.nodeID == 2)

{
// Update Recent Sensor Node Value
if (sd_index_1 >= MAX_ELEMENTS)
{
// checks if the index is at the max # of elements
int i, j = 0;
// Now we transfer the 10 most recent data values to the bottom of the list
for ((i = MAX_ELEMENTS - 10); i < MAX_ELEMENTS; i++)
{
sensorl_datal[j] = sensorl_datal[i]; // j is the bottom, i is the top
jt+;
¥
// Reset the sensor data index
sd_index_1 = 10;
}
// Increment the sensor data index for the new value
sd_index_1++;
// Then place the new data into the array
sensorl_data[sd_index_1] = D_Dat;
current_Dat_1 = D_Dat;
new_Data = TRUE;
}
else if (D_Dat.nodeID == 5)
{
if (sd_index_2 >= MAX_ELEMENTS)
{
// checks if the index is at the max # of elements
int i, j = 0;
// Now we transfer the 10 most recent data values to the bottom of the list
for ((i = MAX_ELEMENTS - 10); i < MAX_ELEMENTS; i++)
{
sensor2_datal[j] = sensor2_datalil; // j is the bottom, i is the top
jt+;
}
// Reset the sensor data index
sd_index_2 = 10;
}
// Increment the sensor data index for the new value
sd_index_2++;
// Then place the new data into the array
sensor2_datal[sd_index_2] = D_Dat;
current_Dat_2 = D_Dat;
new_Data = TRUE;
}
else if (D_Dat.nodelID == 4)
{

if (sd_index_3 >= MAX_ELEMENTS)
{
// checks if the index is at the max # of elements
int i, j = 0;
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// Now we transfer the 10 most recent data values to the bottom of the list
for ((i = MAX_ELEMENTS - 10); i < MAX_ELEMENTS; i++)
{
sensor3_data[j] = sensor3_datal[i]; // j is the bottom, i is the top
jH+;

// Reset the sensor data index

sd_index_3 = 10;
}
// Increment the sensor data index for the new value
sd_index_3++;
// Then place the new data into the array
sensor3_data[sd_index_3] = D_Dat;
current_Dat_3 = D_Dat;
new_Data = TRUE;

/***%x’3° and ’C’ Type Message Responses ***x/

// Here we condition on if the node should be sent a configure message instead
// Send to the message stored in the fromNode nodeID, message type °’S’
RF24NetworkHeader p_header (mesh.getAddress(D_Dat.nodeID), ’S’);
// Data_Dat is just a 1 telling the node to go to sleep
if (network.write(p_header, &dataDat, sizeof(dataDat)))
{
printf ("Message Returned to %d\n\n", D_Dat.nodeID);

}
/*x*x*xWater Delivery **xx/

if (Timer (MIN_1, waterDeliveryTimer))
{
// reset the timer
waterDeliveryTimer = millis();
printf ("Checking Water Delivery\n");
// Then call WaterDelivery to see if we need to turn on each hose

if (Hose[0].control == AUTOMATIC)
{
hose_statuses = WaterDelivery(HOSEO) ;
}
else if (Hose[O].control == ON)
{
if (Hose[0].status == WATER_OFF)
{
// Call the state machine to open the solenoid valve
Set_Select (HOSEOQ) ;
DEV_Delay_ms (MUX_DELAY) ;
printf("Select to Hose 1\n");
printf ("Hose 1 Turned On\n");
while (!WaterDeliverySM(WATER_ON, FET_DELAY, PULSE_DURATION));
}
Hose[0] .status = WATER_ON;
hose_statuses |= 0x01;
}
else
{

if (Hose[0].status == WATER_ON)
{
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Set_Select (HOSEO) ;

DEV_Delay_ms (MUX_DELAY) ;

printf("Select to Hose 1\n");

printf("Hose 1 Turned 0ff\n");

// Call the state machine to open the solenoid valve

while (!WaterDeliverySM(WATER_OFF, FET_DELAY, PULSE_DURATION));
}
Hose[0] .status = WATER_OFF;
hose_statuses &= OxFE; //Clear Hose Status

}
if (Hose[1].control == AUTOMATIC)
{
hose_statuses = WaterDelivery(HOSE1);
}
else if (Hose[1].control == ON)
{
if (Hose[1].status == WATER_OFF)
{
Set_Select (HOSE1) ;
DEV_Delay_ms (MUX_DELAY) ;
printf("Select to Hose 2\n");
printf("Hose 2 Turned On\n");
// Call the state machine to open the solenoid valve
while (!WaterDeliverySM(WATER_ON, FET_DELAY, PULSE_DURATION));
}
Hose[1] .status = WATER_ON;
hose_statuses |= 0x02;
}
else
{
if (Hose[1].status == WATER_ON)
{
Set_Select (HOSE1) ;
DEV_Delay_ms (MUX_DELAY) ;
printf("Select to Hose 2\n");
printf ("Hose 2 Turned 0ff\n");
// Call the state machine to open the solenoid valve
while (!WaterDeliverySM(WATER_OFF, FET_DELAY, PULSE_DURATION));
}
Hose[1] .status = WATER_OFF;
hose_statuses &= O0xFC; //Clear Hose Status
}
if (Hose[2].control == AUTOMATIC)
{
hose_statuses = WaterDelivery(HOSE2);
}
else if (Hose[2].control == ON)
{
if (Hose[2].status == WATER_OFF)
{
Set_Select (HOSE2) ;
DEV_Delay_ms (MUX_DELAY) ;
printf("Select to Hose 3\n");
printf ("Hose 3 Turned On\n");
// Call the state machine to open the solenoid valve
while (!WaterDeliverySM(WATER_ON, FET_DELAY, PULSE_DURATION));
}
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Hose[2] .status = WATER_ON;

hose_statuses |= 0x04;
}
else
{
if (Hose[2].status == WATER_ON)
{
Set_Select (HOSE2) ;
DEV_Delay_ms (MUX_DELAY) ;
printf("Select to Hose 3\n");
printf("Hose 3 Turned 0ff\n");
// Call the state machine to open the solenoid valve
while (!WaterDeliverySM(WATER_OFF, FET_DELAY, PULSE_DURATION));
}
Hose[2] .status = WATER_OFF;
hose_statuses &= OxFB; //Clear Hose Status
}

}
/***xxForecast Data API Call **xx/

if (Timer (FORECAST_CALL, forecastTimer))
{
DEBUG_LOG("Opening call to forecast API...");
forecastTimer = millis();
// Opens and runs the python script in the terminal
fp = popen("python RFpython_test.py", "r");

// error checking

if (fp == NULL)

{
printf("Failed to run command.\n");
break;

DEBUG_LOG("Call to forecast API success");
int tmp = 0;

// loop that extracts the outputted data from the shell and places it in an array
while (fgets(buffer, sizeof (buffer), fp) != NULL)
{

sscanf (buffer, "/1lf", &data[tmp]l);

++tmp;

// moves the extracted data from the array to the struct
Forecastl.precipProb = datal[0];
printf ("Forecastl.precipProb = %f.\n", Forecastl.precipProb);
Forecastl.temperature = round(datal1]);
printf ("Forecastl.temperature = %d.\n", Forecastl.temperature);
Forecastl.humidity = round(data[2]);
printf ("Forecastl.humidity = %d.\n", Forecastl.humidity);
Forecastl.pressure = round(datal[3]);
printf ("Forecastl.pressure = %d.\n", Forecastl.pressure);
Forecastl.windSpeed = round(datal4]);
printf ("Forecastl.windSpeed = J%d.\n", Forecastl.windSpeed);
Forecastl.windBearing = round(datal[5]);
printf ("Forecastl.windBearing = J%d.\n\n", Forecastl.windBearing) ;
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pclose(fp);

/**Flow Sensor Management *x**x/

int i;

// pulseCount_fs2 = 100; // for testing
for (i = 0; i > 3; i++)

{

recordPulses_FS(i); //Record Flow Sensor Tach Signals
water_liters_fs[i] = convertPulse_Liters(pulseCount_fs[i]);
water_gal_fs[i] = convertliters_Gals(water_liters_fs[i]);
prev_Liters_fs[i] = water_liters_fs[i];

}

/*Testing Current Data Plotting*/
//convertFloat_String(76.5, currentBufferl);
//convertFloat_String(23.75, currentBuffer?2);
//sprintf (currentBuffer3, "J%d", 45);
//sprintf (currentBuffer4, ")d", 2);
//new_Data = TRUE;

/*%*xxUI Menu Control ***x*/

//Continously Update System Time each loop
t = time(NULL);

tm = *localtime(&t);

if (tm.tm_min != oledMinute)
{

//if new minute, update time
oledHour = tm.tm_hour;
oledMinute = tm.tm_min;
if (oledHour == 0)

{
//Takes care of error w/ 12:00AM
sprintf (timeBuffer, "702d:%02d AM", (oledHour + 12), oledMinute);
}
else if (oledHour < 12)
{
sprintf (timeBuffer, "%02d:%02d AM", oledHour, oledMinute);
}
else if (oledHour == 12)
{
//Takes care of prev error w/ 12:00 PM
sprintf (timeBuffer, "702d:%02d PM", oledHour, oledMinute);
}
else
{
sprintf (timeBuffer, "%02d:%02d PM", (oledHour - 12), oledMinute);
}

}

// First check the buttons to inform the oled
checkButtons();

// Then call the oled function to operate the UI
OLED_SM(oledColor);

// Loop

// Should NEVER get here
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}

return (1);

ks ke stk ok stk ook stk sk ok sk ok sk stk sk stk sk sk stk sk sk ko sk sk ok sk sk ok sk sk ok sk ok stk ok ok ok /
/*x%% HELPER FXNS s/
void DEBUG_LOG(const char* msg)

{

if (DEBUG_ON)
{
fprintf (stdout,"%s.\n", msg);

/*@name: Timer

*/

Oparam: delayThresh - timer duration

@param: prevDelay - time in millis() when the timer started
@return: digital high/low depending if timer elapsed or not
This is a non-blocking timer that handles uint32_t overflow,
it works off the internal function millis() as reference

int Timer(uint32_t delayThresh, uint32_t prevDelay)

{

/*

*/

// Checks if the current time is at or beyond the set timer
if ((bcm2835_millis() - prevDelay) >= delayThresh)

{
return 1;
}
else if (millis() < prevDelay)
{
//Checks and responds to overflow of the millis() timer
if (((4294967296 - prevDelay) + bcm2835_millis()) >= delayThresh)
{
return 1;
}
}
return O;

@name: insert_into_database

@desc: This function takes in the tokenized values from .csv file, binds
each one to a prepare statement, and executes every statement.

@param: *mDb - pointer to the sqlite3 database

Oparam: soil_moisture - tokenized soil moisture value from the .csv file

@param: light - tokenized ambient light value from the .csv file

Oparam: temp - tokenized ambient temperature value from the .csv file

Oparam: pressure - tokenized barometric pressure value from the .csv file

@param: precip_prob - tokenized rain probability value from the .csv file

@param: output - tokenized watering algorithm value from the .csv file

Oparam: nodeID - tokenized nodeID value from the .csv file

@param: battery_lvl - tokenized node battery level value from the .csv file

Oparam: hosel - tokenized first hose output value from the .csv file

Oparam: hose2 - tokenized second hose output value from the .csv file

@param: hose3 - tokenized third hose output value from the .csv file

void insert_into_database(sqlite3 *mDb, double soil_moisture, int light,

int temp, double pressure, double precip_prob, int output, int nodelD,
double battery_lvl, int hosel, int hose2, int hose3)
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1061 {

1062 char *errorMessage;

1063 sqlite3_exec(mDb, "BEGIN TRANSACTION", NULL, NULL, &errorMessage);

1064

1065 char buffer[] = "INSERT INTO DATA (Soil_Moisture,Ambient_Light,"

1066 "Ambient_Temp,Barometric_Pressure,Precip_Prob,Digital_Output,Node_ID,"
1067 "Battery_Level,Hose_1,Hose_2,Hose_3) VALUES (71, 72, 73, 74, 7?5, 76, "
1068 "7, 78, 79, 710, 711)";

1069 sqlite3_stmt * stmt;

1070 sqlite3_prepare_v2(mDb, buffer, strlen(buffer), &stmt, NULL);

1071

1072 // binds the values to the prepare statement

1073 sqlite3_bind_double(stmt, 1, soil_moisture);

1074 sqlite3_bind_int(stmt, 2, light);

1075 sqlite3_bind_int(stmt, 3, temp);

1076 sqlite3_bind_double(stmt, 4, pressure);

1077 sqlite3_bind_double(stmt, 5, precip_prob);

1078 sqlite3_bind_int(stmt, 6, output);

1079 sqlite3_bind_int(stmt, 7, nodelD);

1080 sqlite3_bind_double(stmt, 8, battery_lvl);

1081 sqlite3_bind_int(stmt, 9, hosel);

1082 sqlite3_bind_int(stmt, 10, hose2);

1083 sqlite3_bind_int(stmt, 11, hose3);

1084

1085 // error checking to ensure the command was committed to the database
1086 if (sqlite3_step(stmt) != SQLITE_DONE)

1087 {

1088 printf ("Commit Failed!\n");

1089 printf ("Error: %s.\n", sqlite3_errmsg(mDb));

1090 }

1091 else

1092 {

1093 printf ("Commit Successful.\n");

1094 }

1095

1096 sqlite3_reset(stmt);

1097

1098 // execute the prepared statements

1099 sqlite3_exec(mDb, "COMMIT TRANSACTION", NULL, NULL, &errorMessage);

1100 if (errorMessage != NULL)

1101 {

1102 printf ("Error: %s\n", errorMessage);

1103 }

1104 sqlite3_finalize(stmt);

1105 }

1106

1107 | /*

1108 @name: processCSV

1109 Q@desc: This function opens and reads the .csv file, tokenizes the values
1110 from line 2 inside the csv file, changes the datatypes of the values to
1111 their proper type, and calls the insert_into_database function, and
1112 closes the file.

1113 @param: *db - the sqlite3 database where data is inserted into

1114 */

1115 | void processCSV(sqlite3 *db)

1116 {

1117 int result, light, temp, output, nodeID, hosel, hose2, hose3;

1118 double soil_moisture, pressure, precip_prob, battery_lvl;

1119 char data_paraml [DATA_PARAM_SIZE], data_param2[DATA_PARAM_SIZE],
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/*

data_param3[DATA_PARAM_SIZE], data_param4[DATA_PARAM_SIZE],
data_paramb [DATA_PARAM_SIZE], data_param6[DATA_PARAM_SIZE],
data_param7 [DATA_PARAM_SIZE], data_param8[DATA_PARAM_SIZE],
data_param9 [DATA_PARAM_SIZE], data_param1O[DATA_PARAM_SIZE],
data_param11 [DATA_PARAM_SIZE];

char line[256];
FILE * fp;
fp = fopen(CSVFILENAME, "r);

if (fp == NULL)

{

fprintf (stderr, "File not found.\n");

// bypasses the first line of headers

fgets(line, sizeof(line) - 1, fp);
while (fgets(line, sizeof(line) - 1, fp) != NULL)

{

result = sscanf(line, "%[~’,’1,%["’,’1,%0(~>,’1,%(",°1,%(",°1,%(~>,’1,"
/2 RV I Rab L IO A ekl 4 R I /4 IVl I
data_paraml, data_param2, data_param3, data_param4, data_param5,
data_param6, data_param7, data_param8, data_param9, data_paramlO,
data_paramil);

if (DEBUG_ON)
{

fprintf (stdout, "Result: %d.\n", result);
}

if (result == DATA_PARAM_NUM)
{
fprintf(stdout, "Line correctly read from csv.\n");
}
else
{
fprintf (stderr, "Error: Incorrect number of values read from csv.\n");

}

soil_moisture = atof(data_paraml);

light = atoi(data_param?2);

temp = atoi(data_param3);

pressure = atof (data_param4) ;

precip_prob = atof(data_param5);

output = atoi(data_param6);

nodeID = atoi(data_param?);

battery_lvl = atof(data_param8);

hosel = atoi(data_param9);

hose2 atoi(data_paraml0);

hose3 = atoi(data_paramill);

//printf ("%d\n %d\n %d\n %d\n %d\n %d\n %d\n", i, j, k, 1, m, n, o);
insert_into_database(db, soil_moisture, light, temp, pressure, precip_prob, output, nodeID

fclose(fp);

Oname: createTable
@desc: Creates the table in the database in which the data will be stored
Oparam: *db - the database where the table is created
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*/
int createTable(sqlite3 *db)
{

int rc;

char *zErrMsg = 0;

/*Create SQL statement */

const char *sql = "CREATE TABLE DATA("
"ID INTEGER PRIMARY KEY AUTOINCREMENT,"
"SOIL_MOISTURE REAL,"

"AMBIENT_LIGHT REAL,"

"AMBIENT_TEMP REAL,"
"BAROMETRIC_PRESSURE REAL,"
"PRECIP_PROB REAL,"

"DIGITAL_OUTPUT INT,"

"Node_ID INT,"

"Battery_Level REAL,"

"Hose_1 INT,"

"Hose_2 INT,"

"Hose_3 INT);";

//fprintf (stdout,"sql: %s \n",sql);

/*Execute SQL statement */
rc = sqlite3_exec(db, sql, callback, O, &zErrMsg);

// error checking

if (rc != SQLITE_OK)

{
fprintf (stderr, "SQL error: %s\n", zErrMsg);
sqlite3_free(zErrMsg) ;

}

return O;

/*
Oname: callback
Q@desc: calls for each row after returning from execute statement
O@param:
Qreturn:
*/
static int callback(void *NotUsed __attribute__((unused)), int argc,
char **argv, char **azColName)

{
int i;
for (i = 0; i < argc; i++)
{
printf("%s = %s\n", azColName[i], argv[i] ? argv[i] : "NULL");
}
printf ("\n");
return O;
}

/*@name: WaterDelivery

@param: HOSE_NUM - an enum that specifies which hose to evaluate

Oreturn: uint8_t - a bit array of values that indicate which hoses are on/off

This function determines if a hose needs to be turned on or off based on sensor data.

The function also handles the control of the water delivery SM to turn on/off the H-bridge
*/
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1238 | uint8_t WaterDelivery(HOSE_NUM HOSE_IN)

1230 | {

1240 // First reset the hose tally

1241 Hose [HOSE_IN] .tally = O;

1242 int prevstatus = Hose[HOSE_IN].status;

1243

1244 // Then need to tally up the digital outs on the hose

1245 int i, j = 0;

1246 for (i = 0; i <= MAX_SENSORS; i++)

1247 {

1248 // This just shuts down the for loop if the list of sensors is exhausted
1249 if ((Hose[HOSE_IN].sensors[i] <= 0) || (sd_index == -1))

1250 {

1251 break;

1252 }

1253 for (j = sd_index; j >= 0; j--)

1254 {

1255 // Check if the data item is a sensor mapped to the hose
1256 if ((sensor_datalj].nodeID == Hose[HOSE_IN].sensors[i]) && (sensor_datal[j].nodeID))
1257 {

1258 // If it is, increase the tally

1259 Hose[HOSE_IN] .tally += sensor_datal[j].digitalOut;

1260 break;

1261 }

1262 }

1263 }

1264

1265 // Next check if the tally is above the water level threshold
1266 if (Hose[HOSE_IN].tally > Hose[HOSE_IN].waterLevel)

1267 {

1268 // Check the forecast data

1269 if (Forecastl.precipProb <= 0.3)

1270 {

1271 Hose [HOSE_IN] .rainFlag = O;

1272 // Go ahead and turn on the water

1273 Hose[HOSE_IN] .status = WATER_ON;

1274 }

1275 else

1276 {

1277 // Checks if the rain flag is set

1278 // This prevents the rainTimer from being set more than once
1279 if (!Hose[HOSE_IN].rainFlag)

1280 {

1281 // Sets the rain flag

1282 Hose[HOSE_IN] .rainFlag++;

1283 // Then the rain timer

1284 Hose[HOSE_IN] .rainTimer = millis();

1285 // Turns off the hose to wait for the precip prob to take affect
1286 Hose[HOSE_IN].status = WATER_OFF;

1287 }

1288 // If it has been more than 36 hours since the rain timer was set...
1289 else if (Timer (HOURS_36, Hose[HOSE_IN].rainTimer))

1290 {

1291 // ...Go ahead and turn on the water

1292 Hose[HOSE_IN].status = WATER_ON;

1293 // Also resets the rain Flag

1294 Hose [HOSE_IN] .rainFlag = 0;

1295 }

1296 }
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// Turn off the hose if the sensors indicate it is not dry enough to water
else
{

Hose [HOSE_IN] .status = WATER_OFF;
}

printf("Hose ’%d Water Delivery:\nHose Status: %d; Prev State = %d\n\n", HOSE_IN, Hose[HOSE_IN]

// Now we actually turn on or off the Hose
if (prevstatus != Hose[HOSE_IN].status)

{
// If statements to control terminal printing
if (Hose[HOSE_IN].status == WATER_ON)
{
printf ("Turning ON hose...\n");
}
else
{
printf ("Turning OFF hose...\n");
}
// Call the state machine to open the solenoid valve
while (!WaterDeliverySM(Hose[HOSE_IN].status, FET_DELAY, PULSE_DURATION));
// More if statments to control terminal printing
if (Hose[HOSE_IN].status == WATER_ON)
{
printf ("Hose successfully turned ON\n\n");
}
else
{
printf ("Hose successfully turned OFF\n\n");
}
}

// Create a bit array of hose states to return
uint8_t hose_status = Hose[2] .status *4 + Hose[1].status *2 + Hose[0].status;

return hose_status;

}

/*@name: LPMOS_Set
Oparam: status - whether to turn off or on MOSFET
Q@return:void

*/
void LPMOS_Set(uint8_t status)
{
DEV_Digital_Write(LPMOS_Pin, status);
}

/*@name: RPMOS_Set
@param: status - whether to turn off or on MOSFET
Q@return:void

*/

void RPMOS_Set(uint8_t status)

{
DEV_Digital_Write(RPMOS_Pin, status);

}

/*@name: LNMOS_Set
@param: status - whether to turn off or on MOSFET
Q@return:void

*/
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void LNMOS_Set(uint8_t status)
{

DEV_Digital_Write(LNMOS_Pin, status);
}

/*@name: RNMOS_Set
@param: status - whether to turn off or on MOSFET
Q@return:void

*/
void RNMOS_Set(uint8_t status)
{
DEV_Digital_Write (RNMOS_Pin, status);
}

/*@name: recordPulses_FS

*Q@param: i, determines which flow Sensor to Record
*Updates Flow Sensor Pulse Count
O@return: return

*/
void recordPulses_FS(int i)
{
if (1 == 0)
{
tach_fs[i] = DEV_Digital_Read(FLOW_SENSOR_1_Pin);
}
else if (1 == 1)
{
tach_fs[i] = DEV_Digital_Read(FLOW_SENSOR_2_Pin);
}
else if (1 == 2)
{
tach_fs[i] = DEV_Digital_Read(FLOW_SENSOR_3_Pin);
}
else
{
printf ("Error, Improper Flow Sensor Recorded");
}
if (tach_fs[i] != prevTach_fs[i] && tach_fs[i] == 1)
{
pulseCount_£fs[i] += 1;
prevTach_fs[i] = tach_fs[i];
printf(" Pulse Trigger 1 \n ");
}
prevTach_fs[i] = tach_fs[i];
return;
}

/*@name: convertPulse_Liters
@param: pulseCount - var keeping track of fs pulses
O@return: liters - var keeping track of fs liters
*
@return: Liters as a float
*/
float convertPulse_Liters(int pulseCount)
{
float liters = 0;
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1415

1416 if (pulseCount < 6500)

1417 {

1418 // FS_CAL_A = 46.2 FS_CAL_B = 40.8

1419 liters = pulseCount / (FS_CAL_A + (FS_CAL_B* log(pulseCount)));
1420 }

1421 else

1422 {

1423 liters = pulseCount / FS_CAL_STEADY; //FS_CAL_STEADY = 404
1424 }

1425

1426 return liters;

1427 |}

1428

1429 /*Q@name: convertLiters_Gals

1430 Oparam: liters - var keeping track of fs liters

1431 @param: gallons - var keeping track of fs gallons

1432 *

1433 @return: Gallons as a float

1434 x/

1435
1436 float convertLiters_Gals(float liters)

1437 [ {

1438 float gallons = O;

1439

1440 gallons = liters * LITERS_TO_GAL; //LITERS_TO_GAL = 0.264172
1441

1442 return gallons;

1443 |}

1444

1445 /*@name: WaterDeliverSM

1446 @param: status - whether to turn on or off WD

1447 @param: delayP_N - delay time between turning ON/OFF PFET and NFET
1448 Oparam: pulseTime - Time for +/-5V Pulse, Delays time between ON and OFF
1449 @return: 1/0 depending on whether drive was completed

1450 | */

1451 int WaterDeliverySM(uint8_t status, uint32_t delayP_N, uint32_t pulseTime)
1452 {

1453 w_State nextState = waterState; //initialize var to current state
1454 int hoseSet = FALSE; // Set to TRUE(1) once done Driving
1455

1456 switch (waterState)

1457 {

1458 case HOSE_IDLE:

1459 // If the hose is supposed to be turned on
1460 if (status == WATER_ON)

1461 {

1462 nextState = HOSE_ON_S1;

1463 wTimer = bcm2835_millis();

1464 hoseSet = 0;

1465 printf("Leaving Hose Idle: On \n");

1466 }

1467 // 1f the hose is supposed to be turned off
1468 else if (status == WATER_OFF)

1469 {

1470 nextState = HOSE_OFF_S1;

1471 wTimer = bcm2835_millis();

1472 hoseSet = 0;

1473 printf("Leaving Hose Idle: off \n");
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1474 }

1475 break;

1476

1477 // Breaks down the function into two parts

1478 // This first part handles turning on the H-bridge
1479 case HOSE_ON_S1:

1480 LNMOS_Set (NMOS_ON) ;

1481 //LNMOS_Set (DEMUX_ON) ;

1482 // Waits for the P_N delay before moving to the next state
1483 if (Timer(delayP_N, wTimer))

1484 {

1485 wTimer = bcm2835_millis();

1486 nextState = HOSE_ON_S2;

1487 printf ("Leaving Hose On S1 \n");

1488 }

1489 break;

1490

1491 case HOSE_ON_S2:

1492 RPMOS_Set (PMOS_ON) ;

1493 //RPM0OS_Set (DEMUX_ON) ;

1494 // Waits for the pulse delay before moving to the next state
1495 if (Timer(pulseTime, wTimer))

1496 {

1497 wTimer = bcm2835_millis();

1498 nextState = HOSE_ON_S3;

1499 printf ("Leaving Hose On S2 \n");

1500 }

1501 break;

1502

1503 case HOSE_ON_S3:

1504 RPMOS_Set (PMOS_OFF) ;

1505 //RPMOS_Set (DEMUX_OFF) ;

1506 // Waits for the P_N delay before moving to the next state
1507 if (Timer(delayP_N, wTimer))

1508 {

1509 wTimer = bcm2835_millis();

1510 printf("Leaving Hose On S3 \n");

1511 LNMOS_Set (NMOS_OFF) ;

1512 //LNMOS_Set (DEMUX_OFF) ;

1513 nextState = HOSE_IDLE;

1514 hoseSet = 1;

1515 printf("Leaving Hose On S4 \n");

1516 }

1517 break;

1518

1519 // This second part handles turning off the H-bridge
1520 case HOSE_QOFF_S1:

1521 RNMOS_Set (NMOS_ON) ;

1522 //RNMOS_Set (DEMUX_ON) ;

1523 // Waits for the P_N delay before moving to the next state
1524 if (Timer(delayP_N, wTimer))

1525 {

1526 wTimer = bcm2835_millis();

1527 nextState = HOSE_OFF_S2;

1528 printf ("Leaving Hose Off S1 \n");

1529 }

1530 break;

1531

1532 case HOSE_QOFF_S2:
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1533 LPMOS_Set (PMOS_ON) ;

1534 //LPMOS_Set (DEMUX_ON) ;

1535 if (Timer(pulseTime, wTimer))

1536 {

1537 wTimer = bcm2835_millis();

1538 nextState = HOSE_OFF_S3;

1539 printf("Leaving Hose 0ff S2 \n");
1540 }

1541 break;

1542

1543 case HOSE_OFF_S3:

1544 LPMOS_Set (PMOS_OFF) ;

1545 //LPMOS_Set (DEMUX_OFF) ;

1546 // Waits for the P_N delay before moving to the next state
1547 if (Timer(delayP_N, wTimer))

1548 {

1549 wTimer = bcm2835_millis();

1550 printf("Leaving Hose 0ff S3 \n");
1551 RNMOS_Set (NMOS_OFF) ;

1552 //RNMOS_Set (DEMUX_OFF) ;

1553 nextState = HOSE_IDLE;

1554 hoseSet = 1;

1555 printf ("Leaving Hose Off S4 \n");
1556 }

1557 break;

1558 }

1559 waterState = nextState;

1560 return hoseSet; //1 if set, 0 if still in S1-4
1561

1562 }

1563

1564 | /**

1565 @Function LCD_PrintArrow(int state)

1566 @param int x, int y Used to determine x,y position of arrow
1567 Q@return None

1568 @brief This function prints Arrow on OLED at x,y coordinates
1569 OGnote

1570 @author Brian Naranjo, 1/25/20

1571 @editor  */

1572

1573 void OLED_PrintArrow(int x, int y)

1574 {

1575 print_String(x, y, (const uint8_t *)

1576 "<" . FONT_5X8);

1577 }

1578 /*@name: OLED_SM

1579 @param: Color of Page Text

1580 Q@return: void

1581 */

1582

1583 void OLED_SM(uint16_t color)

1584 {

1585 intl6_t temp_x, temp_y = O;

1586 int i, j = 0;

1587 int element_Changed = FALSE;

1588 int arrowOptions = O;

1589

1590 Set_Color(color);

1591
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1592
1593
1594
1595
1596
1597
1598
1599
1600
1601
1602
1603
1604
1605
1606
1607
1608
1609
1610
1611
1612
1613
1614
1615
1616
1617
1618
1619
1620
1621
1622
1623
1624
1625
1626
1627
1628
1629
1630
1631
1632
1633
1634
1635
1636
1637
1638
1639
1640
1641
1642
1643
1644
1645
1646
1647
1648
1649
1650

if (Timer(sleepTime, oledSleepTimer))

{
//1f Sleep Timer Expires, return to SLEEP
arrowState = 0;
nextPage = SLEEP;
Clear_Screen();
oledSleepTimer = bcm2835_millis(); //reset sleep timer after transition to Sleep
}
oledState = nextPage; //Transition to next state
prevArrowState = arrowState; //Save arrow State

//Toggle Arrow
if (DOWN_PRESSED)
{
//if down, increment arrowstate.
if (arrowState >= 3)
{
arrowState = 0;
}
else
{
arrowState++;
}
oledSleepTimer = bcm2835_millis(); //reset sleep timer after each button press
}
else if (UP_PRESSED)
{
if (arrowState <= 0)
{
//otherwise, decrement arrowstate.
arrowState = 3;
}
else
{
arrowState-—;
}
oledSleepTimer = bcm2835_millis(); //reset sleep timer after each button press

switch (oledState)
{
case WELCOME_PAGE:
print_String(24, 25, (const uint8_t *)
"Welcome To ", FONT_8X16); //Print Home Page
print_String(30, 55, (const uint8_t *)
"Intuitive", FONT_8X16);
print_String(8, 85, (const uint8_t *)
"Auto Irrigation", FONT_8X16);

if (Timer (EIGHT_SECONDS, oledSleepTimer) || ENTER_PRESSED)

{

//If Sleep Timer Expires, return to SLEEP

arrowState = 0; //Reset Arrow State

nextPage = HOME_PAGE;

Clear_Screen();

oledSleepTimer = bcm2835_millis(); //reset sleep timer after transition to Sle
}
break;
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1651
1652
1653
1654
1655
1656
1657
1658
1659
1660
1661
1662
1663
1664
1665
1666
1667
1668
1669
1670
1671
1672
1673
1674
1675
1676
1677
1678
1679
1680
1681
1682
1683
1684
1685
1686
1687
1688
1689
1690
1691
1692
1693
1694
1695
1696
1697
1698
1699
1700
1701
1702
1703
1704
1705
1706
1707
1708
1709

case SLEEP:
print_String(35, 55, (const uint8_t *)
"SLEEPING", FONT_8X16);
print_String(35, 85, (const uint8_t *) timeBuffer, FONT_8X16);

if (ENTER_PRESSED)

{

nextPage = HOME_PAGE;

arrowState = 0; //Reset Arrow State

Clear_Screen();

oledSleepTimer = bcm2835_millis(); //reset sleep timer after each button press
}
break;

case HOME_PAGE:
if (prevArrowState != arrowState)
{
//Update Screen if arrowState changes
Clear_Screen();

print_String(0, 0, (const uint8_t *)
"Home Page", FONT_8X16);
print_String(0, 30, (const uint8_t *)
"Sensor Data", FONT_5X8);
print_String(0, 45, (const uint8_t *)
"Hose Configuration", FONT_5X8);
print_String(0, 60, (const uint8_t *)
"Settings", FONT_5X8);
print_String(35, 95, (const uint8_t *) timeBuffer, FONT_8X16);

//Update Oled Printing
if (arrowState == 0)

{

OLED_PrintArrow (70, 30);
}
else if (arrowState == 1)
{

OLED_PrintArrow(113, 45);
}
else
{

OLED_PrintArrow(55, 60);
}

if (ENTER_PRESSED)
{
//Enter Page Corresponding to Arrow State
if (arrowState == 0)
{
nextPage = SENSORS_HOME;
}
else if (arrowState == 1)
{
nextPage = HOSES_HOME;
}
else

{
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1710
1711
1712
1713
1714
1715
1716
1717
1718
1719
1720
1721
1722
1723
1724
1725
1726
1727
1728
1729
1730
1731
1732
1733
1734
1735
1736
1737
1738
1739
1740
1741
1742
1743
1744
1745
1746
1747
1748
1749
1750
1751
1752
1753
1754
1755
1756
1757
1758
1759
1760
1761
1762
1763
1764
1765
1766
1767
1768

nextPage = SETTINGS_HOME;
}
arrowState = 0; //Reset Arrow State
Clear_Screen();

oledSleepTimer = bcm2835_millis(); //reset sleep timer after each button press
}
else if (BACK_PRESSED)
{

nextPage = SLEEP;

arrowState = 0; //Reset Arrow State

Clear_Screen();

oledSleepTimer = bcm2835_millis(); //reset sleep timer after each button press
}
break;

case SENSORS_HOME:
if (prevArrowState != arrowState)
{
//Update Screen if arrowState changes
Clear_Screen();

print_String(0, 0, (const uint8_t *)
"Sensors Home", FONT_8X16);

print_String(0, 30, (const uint8_t *)
"Connected Sensors", FONT_5X8);
print_String(0, 45, (const uint8_t *)
"Current Readings", FONT_5X8);
print_String(0, 60, (const uint8_t *)
"Plot Sensor Data", FONT_5X8);
print_String(35, 95, (const uint8_t *) timeBuffer, FONT_8X16);

if (arrowState == 0)

{

OLED_PrintArrow(110, 30);
}
else if (arrowState == 1)
{

OLED_PrintArrow(110, 45);
}
else
{

OLED_PrintArrow(110, 60);
}

if (ENTER_PRESSED)
{
Clear_Screen();
if (arrowState == 0)

{
nextPage = SENSORS_LIST;
}
else if (arrowState == 1)
{
nextPage = SENSORS_CURRENT;
}
else
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1769
1770
1771
1772
1773
1774
1775
1776
1777
1778
1779
1780
1781
1782
1783
1784
1785
1786
1787
1788
1789
1790
1791
1792
1793
1794
1795
1796
1797
1798
1799
1800
1801
1802
1803
1804
1805
1806
1807
1808
1809
1810
1811
1812
1813
1814
1815
1816
1817
1818
1819
1820
1821
1822
1823
1824
1825
1826
1827

nextPage = SENSORS_PLOT_START;

}

arrowState = 0;

Clear_Screen();

oledSleepTimer = bcm2835_millis();
}
else if (BACK_PRESSED)
{

nextPage = HOME_PAGE;

arrowState = 0;

Clear_Screen();

oledSleepTimer = bcm2835_millis();
}

break;

case SENSORS_LIST:
if (prevArrowState != arrowState)

{

//Update Screen if arrowState changes

Clear_Screen();

print_String(0, 0, (const uint8_t *)
"Sensors List", FONT_8X16);

sprintf (sensorIDBuffer, "Sensor Node %d", mesh.addrList[i] .nodeID);
print_String(temp_x, temp_y, (const uint8_t *) sensorIDBuffer, FONT_5X8);

temp_x = 0;
temp_y = 30;
for (i = 0; i < mesh.addrListTop; i++)
{
//Prints all Connected Sensors
// Add sensor nodes to the list of sensors mapped to the hose
temp_y += 15;
}
if (arrowState == 0)
{
//Update Arrow State
OLED_PrintArrow(110, 30);
}
else
{
OLED_PrintArrow(110, 45);
}
if (ENTER_PRESSED)
{
nextPage = SENSORS_CURRENT;
selected_Node = 2;
arrowState = 0;
Clear_Screen();
oledSleepTimer = bcm2835_millis();
}
else if (BACK_PRESSED)
{
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1828
1829
1830
1831
1832
1833
1834
1835
1836
1837
1838
1839
1840
1841
1842
1843
1844
1845
1846
1847
1848
1849
1850
1851
1852
1853
1854
1855
1856
1857
1858
1859
1860
1861
1862
1863
1864
1865
1866
1867
1868
1869
1870
1871
1872
1873
1874
1875
1876
1877
1878
1879
1880
1881
1882
1883
1884
1885
1886

nextPage = SENSORS_HOME;

Clear_Screen();

oledSleepTimer = bcm2835_millis();
}

break;

case SENSORS_CURRENT:

if (prevArrowState != arrowState)
{
Clear_Screen();
}
if (new_Data)
{
Clear_Screen();
new_Data = FALSE;
}

print_String(0, 0, (const uint8_t *)
"Current Data", FONT_8X16);
print_String(0, 30, (const uint8_t *)
"Node ID:", FONT_5X8);
print_String(0, 45, (const uint8_t *)
"Moisture(%):", FONT_5X8);
print_String(0, 60, (const uint8_t *)
"Light(%):", FONT_5X8);
print_String(0, 75, (const uint8_t *)
"Temp(C):", FONT_5X8);

if (selected_Node == 2)

//reset sleep timer after each button press

{
//Store Struct Variables as Strings
convertFloat_String(current_Dat_l.soilMoisture, currentBufferl);
convertFloat_String(current_Dat_1.lightLevel, currentBuffer2);
sprintf (currentBuffer3, "}d", current_Dat_1.temp_C);
sprintf (currentBuffer4, "Jd", current_Dat_1.nodeID);

}

else if (selected_Node == 5)

{
convertFloat_String(current_Dat_2.soilMoisture, currentBufferl);
convertFloat_String(current_Dat_2.lightLevel, currentBuffer2);
sprintf (currentBuffer3, "Jd", current_Dat_2.temp_C);
sprintf (currentBuffer4, ")d", current_Dat_2.nodeID);

}

else if (selected_Node == 4)

{
convertFloat_String(current_Dat_3.soilMoisture, currentBufferl);
convertFloat_String(current_Dat_3.lightLevel, currentBuffer2);
sprintf (currentBuffer3, ")d", current_Dat_3.temp_C);
sprintf (currentBuffer4, "}d", current_Dat_3.nodelD);

}

//Print Variable Strings
print_String(55, 30, (const uint8_t *)
print_String(72, 45, (const uint8_t *)
print_String(60, 60, (const uint8_t *)
print_String(55, 75, (const uint8_t *)

if (arrowState == 0)

{
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1887
1888
1889
1890
1891
1892
1893
1894
1895
1896
1897
1898
1899
1900
1901
1902
1903
1904
1905
1906
1907
1908
1909
1910
1911
1912
1913
1914
1915
1916
1917
1918
1919
1920
1921
1922
1923
1924
1925
1926
1927
1928
1929
1930
1931
1932
1933
1934
1935
1936
1937
1938
1939
1940
1941
1942
1943
1944
1945

OLED_PrintArrow(65, 30);

}
else if (arrowState == 1)
{
OLED_PrintArrow(115, 45);
}
else if (arrowState == 2)
{
OLED_PrintArrow(110, 60);
}
else
{
OLED_PrintArrow (70, 75);
}
if (ENTER_PRESSED)
{
if (arrowState == 0)
{
if (selected_Node == 2)
{
selected_Node = 5;
}
else if (selected_Node == 5)
{
selected_Node = 4;
¥
else
{
selected_Node = 2;
}
new_Data = TRUE;
}
else if (arrowState == 1)
{
dataType = MOISTURE;
nextPage = SENSORS_PLOT;
}
else if (arrowState == 2)
{
dataType = SUNLIGHT;
nextPage = SENSORS_PLOT;
}
else
{
dataType = TEMP;
nextPage = SENSORS_PLOT;
}
arrowState = 0;
Clear_Screen();
oledSleepTimer = bcm2835_millis();
}
else if (BACK_PRESSED)
{
nextPage = SENSORS_HOME;
Clear_Screen();
oledSleepTimer = bcm2835_millis();
}
break;
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1946
1947
1948
1949
1950
1951
1952
1953
1954
1955
1956
1957
1958
1959
1960
1961
1962
1963
1964
1965
1966
1967
1968
1969
1970
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004

case SENSORS_PLOT_START:

if (prevArrowState != arrowState)

{
Clear_Screen();

}

print_String(0, 0, (const uint8_t *)
"Plot Sensor Data", FONT_8X16);

print_String(0, 30, (const uint8_t *)

"Moisture", FONT_5X8);
print_String(0, 45, (const uint8_t *)
"Sunlight", FONT_5X8) ;

print_String(0, 60, (const uint8_t *)
"Temperature", FONT_5X8);

if (arrowState == 0)

{
OLED_PrintArrow(110, 30);
}
else if (arrowState == 1)
{
OLED_PrintArrow(110, 45);
}
else
{
OLED_PrintArrow(110, 60);
}
if (ENTER_PRESSED)
{
Clear_Screen();
if (arrowState == 2)
{
dataType = TEMP;
}
else if (arrowState == 1)
{
dataType = SUNLIGHT;
}
else
{
dataType = MOISTURE;
}
nextPage = SENSORS_PLOT;
Clear_Screen();
oledSleepTimer = bcm2835_millis();
}
else if (BACK_PRESSED)
{
nextPage = SENSORS_HOME;
Clear_Screen();
oledSleepTimer = bcm2835_millis();
}
break;

case SENSORS_PLOT:

//Set Up Grid for Printing
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2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019
2020
2021
2022
2023
2024
2025
2026
2027
2028
2029
2030
2031
2032
2033
2034
2035
2036
2037
2038
2039
2040
2041
2042
2043
2044
2045
2046
2047
2048
2049
2050
2051
2052
2053
2054
2055
2056
2057
2058
2059
2060
2061
2062
2063

printGrid (20, 120, 20, 120, 10, 10);
printAxesLabels(0, 115);

//Plot Corresponding to Sensor Node
if (selected_Node == 2)

{
plotSampleData(sensorl_data, dataType, MAX_ELEMENTS);
}
else if (selected_Node == 5)
{
plotSampleData(sensor2_data, dataType, MAX_ELEMENTS);
}
else if (selected_Node == 4)
{
plotSampleData(sensor3_data, dataType, MAX_ELEMENTS);
}
else
{
plotSampleData(sensor_data, dataType, MAX_ELEMENTS);
}
if (ENTER_PRESSED)
{
//Update Sensor Struct for Plotting
if (selected_Node == 2)
{
selected_Node = 5;
}
else if (selected_Node == 5)
{
selected_Node = 4;
}
else
{
selected_Node = 2;
}
Clear_Screen();
oledSleepTimer = bcm2835_millis(); //reset sleep timer after each button press
}
else if (BACK_PRESSED)
{
nextPage = SENSORS_PLOT_START;
Clear_Screen();
oledSleepTimer = bcm2835_millis(); //reset sleep timer after each button press
}
break;

case HOSES_HOME:

if (prevArrowState != arrowState)
{

Clear_Screen();

print_String(0, 0, (const uint8_t *)
"Hoses", FONT_8X16);

print_String(0, 30, (const uint8_t *)
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2064
2065
2066
2067
2068
2069
2070
2071
2072
2073
2074
2075
2076
2077
2078
2079
2080
2081
2082
2083
2084
2085
2086
2087
2088
2089
2090
2091
2092
2093
2094
2095
2096
2097
2098
2099
2100
2101
2102
2103
2104
2105
2106
2107
2108
2109
2110
2111
2112
2113
2114
2115
2116
2117
2118
2119
2120
2121
2122

"Current Hose Status", FONT_5X8);
print_String(0, 45, (const uint8_t *)
"Hose Control", FONT_5X8);
print_String(0, 60, (const uint8_t *)
"Watering Log", FONT_5X8);
print_String(0, 75, (const uint8_t *)
"Map Sensors ", FONT_5X8);

print_String(35, 95, (const uint8_t *) timeBuffer, FONT_8X16);

if (arrowState == 0)

{
//Update Arrow
OLED_PrintArrow(115, 30);
}
else if (arrowState == 1)
{
OLED_PrintArrow(80, 45);
}
else if (arrowState == 2)
{
OLED_PrintArrow(80, 60);
}
else
{
OLED_PrintArrow(85, 75);
}
if (ENTER_PRESSED)
{
//Menu traversal based on Arrowstate
if (arrowState == 0)
{
nextPage = HOSES_STATUS;
}
else if (arrowState == 1)
{
nextPage = HOSES_CONTROL;
}
else if (arrowState == 2)
{
nextPage = HOSES_WATER;
}
else
{
nextPage = HOSES_MAP;
}
arrowState = 0;
Clear_Screen();
oledSleepTimer = bcm2835_millis();
}
else if (BACK_PRESSED)
{
nextPage = HOME_PAGE;
Clear_Screen();
oledSleepTimer = bcm2835_millis();
}
break;

case HOSES_STATUS:
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2123
2124
2125
2126
2127
2128
2129
2130
2131
2132
2133
2134
2135
2136
2137
2138
2139
2140
2141
2142
2143
2144
2145
2146
2147
2148
2149
2150
2151
2152
2153
2154
2155
2156
2157
2158
2159
2160
2161
2162
2163
2164
2165
2166
2167
2168
2169
2170
2171
2172
2173
2174
2175
2176
2177
2178
2179
2180
2181

if (prevArrowState != arrowState)

{
Clear_Screen();
}
if (hose_statuses != prev_hose_statuses)
{
Clear_Screen();
}

print_String(0, 0, (const uint8_t *)

"Hoses Status", FONT_8X16);
printHoseStatus(0, 40, hose_statuses); //Print OFF/ON for each hose
prev_hose_statuses = hose_statuses; //Store statuses for OLED updating

// Print Connected Sensors
temp_x = 90;
temp_y = 40;

//Update Hose O Nodes
for (i = 0; i < hoseO_elements; i++)

{
//Iterate and print connected node IDs
sprintf (intBuffer, "%d", Hose[HOSEO].sensors[hoseO_elements]);
print_String(temp_x, temp_y, (const uint8_t *) intBuffer, FONT_5X8);
temp_x += 10;

}

temp_x = 90;

temp_y = 55;

//Update Hose 1 Nodes
for (i = 0; i < hosel_elements; i++)

{
//Iterate and print connected node IDs
sprintf (intBuffer, "%d", Hose[HOSE1].sensors[hosel_elements]);
print_String(temp_x, temp_y, (const uint8_t *) intBuffer, FONT_5X8);
temp_x += 10;

}

temp_x = 90;

temp_y = 70;

//Update Hose 2 Nodes
for (i = 0; i < hose2_elements; i++)

{
//Iterate and print connected node IDs
sprintf (intBuffer, "%d", Hose[HOSE2].sensors[hose2_elements]);
print_String(temp_x, temp_y, (const uint8_t *) intBuffer, FONT_5X8);
temp_x += 10;

}

if (arrowState == 0)

{
OLED_PrintArrow(100, 40);

}

else if (arrowState == 1)

{

OLED_PrintArrow(100, 55);
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2182
2183
2184
2185
2186
2187
2188
2189
2190
2191
2192
2193
2194
2195
2196
2197
2198
2199
2200
2201
2202
2203
2204
2205
2206
2207
2208
2209
2210
2211
2212
2213
2214
2215
2216
2217
2218
2219
2220
2221
2222
2223
2224
2225
2226
2227
2228
2229
2230
2231
2232
2233
2234
2235
2236
2237
2238
2239
2240

}

else
{
OLED_PrintArrow (100, 70);
}
if (ENTER_PRESSED)
{
nextPage = HOSES_CONTROL;
Clear_Screen();
oledSleepTimer = bcm2835_millis()
}
else if (BACK_PRESSED)
{
nextPage = HOSES_HOME;
Clear_Screen();
oledSleepTimer = bcm2835_millis()
}
break;

case HOSES_CONTROL:
if (prevArrowState != arrowState)
{

Clear_Screen();

if (element_Changed == TRUE)
{

//Update screen only once change is made

Clear_Screen();
element_Changed = FALSE;

print_String(0, 0, (const uint8_t *)
"Hose Control", FONT_8X16);

temp_x = 0; //Initialize Starting Print Locations

temp_y = 40;
for (i = 0; i < NUM_HOSES; i++)
{

//Iterate and print hose control status

if (Hose[i].control == AUTOMATIC)

{
sprintf (hoseBuffer, "Hose ’d:
print_String(temp_x, temp_y,
}
else if (Hose[i].control == ON)
{
sprintf (hoseBuffer, "Hose Jd:
print_String(temp_x, temp_y,
}
else
{
sprintf (hoseBuffer, "Hose Jd:
print_String(temp_x, temp_y,
}

H //reset sleep timer after each button press

H //reset sleep timer after each button press

AUTO", (i + 1));
(const uint8_t *) hoseBuffer, FONT_5X8);

ON", (1 + 1));
(const uint8_t *) hoseBuffer, FONT_5X8);

OFF", (i + 1));
(const uint8_t *) hoseBuffer, FONT_5X8);
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2241
2242
2243
2244
2245
2246
2247
2248
2249
2250
2251
2252
2253
2254
2255
2256
2257
2258
2259
2260
2261
2262
2263
2264
2265
2266
2267
2268
2269
2270
2271
2272
2273
2274
2275
2276
2277
2278
2279
2280
2281
2282
2283
2284
2285
2286
2287
2288
2289
2290
2291
2292
2293
2294
2295
2296
2297
2298
2299

temp_y += 15; //Increment 15 to move to next row

}
if (arrowState == 0)
{
OLED_PrintArrow (100, 40);
}
else if (arrowState == 1)
{
OLED_PrintArrow(100, 55);
}
else
{
OLED_PrintArrow (100, 70);
}
i=0; //initialize index variable
if (ENTER_PRESSED)
{
if (arrowState <= 1)
{
i = arrowState;
}
else
{
i=2; //else store as last element
}
if (Hose[i].control == AUTOMATIC)
{
Hose[i] .control = OFF;
}
else if (Hosel[i].control == OFF)
{
Hose[i] .control = ON;
}
else
{
Hose[i] .control = AUTOMATIC;
}
Clear_Screen();
oledSleepTimer = bcm2835_millis(); //reset sleep timer after each button press
}
else if (BACK_PRESSED)
{
nextPage = HOSES_HOME;
arrowState = 0;
Clear_Screen();
oledSleepTimer = bcm2835_millis(); //reset sleep timer after each button press
}
break;

case HOSES_WATER:
if (prevArrowState != arrowState)

{

Clear_Screen();
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2300
2301
2302
2303
2304
2305
2306
2307
2308
2309
2310
2311
2312
2313
2314
2315
2316
2317
2318
2319
2320
2321
2322
2323
2324
2325
2326
2327
2328
2329
2330
2331
2332
2333
2334
2335
2336
2337
2338
2339
2340
2341
2342
2343
2344
2345
2346
2347
2348
2349
2350
2351
2352
2353
2354
2355
2356
2357
2358

for (i = 0; i > 3; i++)

{
//Update Screen if new data received
if (prev_Liters_fs[i] != water_liters_fs[il)
{
Clear_Screen();
}
}

print_String(0, 0, (const uint8_t *)
"Watering Log", FONT_8X16) ;

//Convert Floats containing amount of water in liters into strings
//tempVal = HoseO.waterLevel;
convertFloat_String(water_liters_£fs[0], hoseBuffer);
print_String(0, 40, (const uint8_t *)
"Hose 1:", FONT_5X8);
print_String(50, 40, (const uint8_t *) hoseBuffer, FONT_5X8);
print_String(90, 40, (const uint8_t *)
"L", FONT_5X8);

//tempVal = Hosel.waterLevel;

//tempVal = 3;
convertFloat_String(water_liters_fs[1], hoseBuffer);
print_String(0, 55, (const uint8_t *)

"Hose 2:", FONT_5X8);
print_String(50, 55, (const uint8_t *) hoseBuffer, FONT_5X8);
print_String(90, 55, (const uint8_t *)

"L", FONT_5X8);

//tempVal = 5; //used for testing
// sprintf (hoseBuffer,"%d L", tempVal);

convertFloat_String(water_liters_fs[2], hoseBuffer);
print_String(0, 70, (const uint8_t *)

"Hose 3:", FONT_5X8);
print_String(50, 70, (const uint8_t *) hoseBuffer, FONT_5X8);
print_String(90, 70, (const uint8_t *)

"L", FONT_5X8);

//tempVal = Hose2.waterLevel + Hosel.waterLevel + HoseO.waterLevel;
//tempVal = 8; //used for testing
//sprintf (hoseBuffer,"%d L", tempVal);

convertFloat_String((water_liters_fs[0] + water_liters_fs[1] + water_liters_fs[2]), hos
print_String(0, 85, (const uint8_t *)
"Total:", FONT_5X8);
print_String(50, 85, (const uint8_t *) hoseBuffer, FONT_5X8);
print_String(90, 85, (const uint8_t *)
"L", FONT_5X8);

for (i = 0; i < 3; i++)
{

prev_Liters_fs[i] = water_liters_fs[i]; //Save previous readings

if (arrowState == 0)

{
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2359 //Update Arrow State

2360 OLED_PrintArrow(100, 40);

2361 }

2362 else if (arrowState == 1)

2363 {

2364 OLED_PrintArrow (100, 55);

2365 }

2366 else

2367 {

2368 OLED_PrintArrow (100, 70);

2369 }

2370

2371 if (ENTER_PRESSED)

2372 {

2373 nextPage = SLEEP;

2374 arrowState = 0;

2375 Clear_Screen();

2376 oledSleepTimer = bcm2835_millis(); //reset sleep timer after each button press
2377 }

2378 else if (BACK_PRESSED)

2379 {

2380 nextPage = HOSES_HOME;

2381 arrowState = 0;

2382 Clear_Screen();

2383 oledSleepTimer = bcm2835_millis(); //reset sleep timer after each button press
2384 }

2385 break;

2386

2387 case HOSES_MAP:

2388 if (prevArrowState != arrowState)

2389 {

2390 Clear_Screen();

2391 }

2392

2393 print_String(0, 0, (const uint8_t *)

2394 "Map Sensors", FONT_8X16);

2395

2396 temp_x = 0;

2397 temp_y = 30;

2398

2399 arrowOptions = 0; //Initialize Arrow Optioms

2400 nodeUnmapped = FALSE; //Initialize flag

2401 j = 0; //Initialize Secondary Index

2402

2403 for (i = 0; i < mesh.addrListTop; i++)

2404 {

2405 // Add sensor nodes to the list of sensors mapped to the hose
2406 if (mesh.addrList[i] .nodeID != mappedSensors[i])

2407 {

2408 //Check if mapped

2409 sprintf (sensorIDBuffer, "Sensor Node %d", mesh.addrList[i].nodeID);
2410 print_String(temp_x, temp_y, (const uint8_t *) sensorIDBuffer, FONT_5X8);
2411 unmappedSensors[j] = i; //Save Array Index for Selected Sensor
2412 arrowOptions += 1; // Increment amount of arrow options
2413 nodeUnmapped = TRUE; //Set Flag to true

2414 temp_y += 15; //Increment to new line

2415 j o+=1; //Increment to next element

2416 }

2417 }
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2418
2419 if (!nodeUnmapped)

2420 {

2421 //if no Sensors left to map

2422 print_String(0, 45, (const uint8_t *)

2423 "No Sensors to Map", FONT_5X8);

2424 }

2425

2426 /%

2427 if (nodeMapState == 0){

2428 print_String(0,45, (const uint8_t*)"Sensor Node 2", FONT_5X8);
2429 print_String(0,60, (const uint8_t#*)"Sensor Node 5", FONT_5X8);
2430 print_String(0,75, (const uint8_t*)"Sensor Node 4", FONT_5X8);
2431 } else if (nodeMapState == 1){

2432 print_String(0,45, (const uint8_t*)"Sensor Node 5", FONT_5X8);
2433 print_String(0,60, (const uint8_t*)"Sensor Node 4", FONT_5X8);
2434 } else if (nodeMapState == 2){

2435 print_String(0,45, (const uint8_t*)"Sensor Node 5", FONT_5X8);
2436 } else {

2437 print_String(0,60, (const uint8_t*)"Back", FONT_5X8);

2438 print_String(0,45, (const uint8_t*)"No Sensors to Map", FONT_5X8);
2439 }

2440

2441 */

2442

2443 if (arrowOptions == 4)

2444 {

2445 //Update Arrow State Corresponding to # of connected sensors
2446 if (arrowState == 0)

2447 {

2448 OLED_PrintArrow (90, 45);

2449 }

2450 else if (arrowState == 1)

2451 {

2452 OLED_PrintArrow(90, 60);

2453 }

2454 else if (arrowState == 2)

2455 {

2456 OLED_PrintArrow(90, 75);

2457 }

2458 else

2459 {

2460 OLED_PrintArrow(50, 90);

2461 }

2462 }

2463 else if (arrowOptions == 3)

2464 {

2465 if (arrowState == 0)

2466 {

2467 OLED_PrintArrow(90, 45);

2468 }

2469 else if (arrowState == 1)

2470 {

2471 OLED_PrintArrow (90, 60);

2472 }

2473 else

2474 {

2475 OLED_PrintArrow(50, 75);

2476 }
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2477
2478
2479
2480
2481
2482
2483
2484
2485
2486
2487
2488
2489
2490
2491
2492
2493
2494
2495
2496
2497
2498
2499
2500
2501
2502
2503
2504
2505
2506
2507
2508
2509
2510
2511
2512
2513
2514
2515
2516
2517
2518
2519
2520
2521
2522
2523
2524
2525
2526
2527
2528
2529
2530
2531
2532
2533
2534
2535

}

else if (arrowOptions == 2)
{
if (arrowState == 0)
{
OLED_PrintArrow(90, 45);
}
else if (arrowState == 1)
{
OLED_PrintArrow (90, 60);
}
else
{
OLED_PrintArrow(50, 75);
}
}
else if (arrowOptions == 3)
{
if (arrowState == 0)
{
OLED_PrintArrow (90, 45);
}
else if (arrowState == 1)
{
OLED_PrintArrow (90, 60);
}
else
{
OLED_PrintArrow(50, 75);
}
}
else if (arrowOptions == 3)
{
if (arrowState == || arrowState == 2)
{
OLED_PrintArrow (90, 45);
}
else
{
OLED_PrintArrow (50, 60);
}
}
else if (arrowOptions == 1)
{
OLED_PrintArrow(90, 45);
}
if (ENTER_PRESSED)
{
sensorToMap = unmappedSensors [arrowState]; //Transition to corresponding arroy
nextPage = HOSES_MAP_SELECT; //Transition to Map Select

if (!nodeUnmapped)
{
//1f There are no more nodes to map
nextPage = HOSES_HOME;

arrowState = 0; //reset arrow State
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2536
2537
2538
2539
2540
2541
2542
2543
2544
2545
2546
2547
2548
2549
2550
2551
2552
2553
2554
2555
2556
2557
2558
2559
2560
2561
2562
2563
2564
2565
2566
2567
2568
2569
2570
2571
2572
2573
2574
2575
2576
2577
2578
2579
2580
2581
2582
2583
2584
2585
2586
2587
2588
2589
2590
2591
2592
2593
2594

Clear_Screen();

oledSleepTimer = bcm2835_millis(); //reset sleep timer after each button press
}
else if (BACK_PRESSED)
{

nextPage = SENSORS_HOME;

Clear_Screen();

oledSleepTimer = bcm2835_millis(); //reset sleep timer after each button press
}
break;

case HOSES_MAP_SELECT: //page allowing for selection of hoses to map sensor to

if (prevArrowState != arrowState)
{

Clear_Screen();

print_String(0, 0, (const uint8_t *)
"Select Hose", FONT_8X16);

print_String(0, 45, (const uint8_t *)
"Hose 1", FONT_5X8);

print_String(0, 60, (const uint8_t *)
"Hose 2", FONT_5X8);

print_String(0, 75, (const uint8_t *)
"Hose 3", FONT_5X8);

if (mesh.addrList[sensorToMap].nodeID == 2)

{
print_String(45, 30, (const uint8_t *)
"(Node 2)", FONT_5X8);
}
else if (mesh.addrList[sensorToMap].nodeID == 2)
{
print_String(45, 30, (const uint8_t *)
"(Node 4)", FONT_5X8);
}
else
{
print_String(45, 30, (const uint8_t *)
"(Node 5)", FONT_5X8);
}
if (arrowState == 0)
{
OLED_PrintArrow(50, 45);
}
else if (arrowState == 1)
{
OLED_PrintArrow (50, 60);
}
else
{
OLED_PrintArrow(50, 75);
}

if (ENTER_PRESSED)
{
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2595
2596
2597
2598
2599
2600
2601
2602
2603
2604
2605
2606
2607
2608
2609
2610
2611
2612
2613
2614
2615
2616
2617
2618
2619
2620
2621
2622
2623
2624
2625
2626
2627
2628
2629
2630
2631
2632
2633
2634
2635
2636
2637
2638
2639
2640
2641
2642
2643
2644
2645
2646
2647
2648
2649
2650
2651
2652
2653

//1f Enter Pressed, Save Hose Sensors within Struct

if (arrowState == 0)

{
Hose [HOSEQ] . sensors [hose0O_elements]
hoseO_elements++;

}

else if (arrowState == 1)

{
Hose[HOSE1] .sensors[hosel_elements]
hosel_elements++;

}

else

{
Hose[HOSE2] . sensors[hose2_elements]
hose2_elements++;

}

= mesh.addrList [sensorToMap] .nodeID;

= mesh.addrList [sensorToMap] .nodeID;

= mesh.addrList [sensorToMap] .nodeID;

//Store List of Mapped Sensor Node ID’s corresponding to Mesh Array Index
mappedSensors [sensorToMap] = mesh.addrList[sensorToMap] .nodeID;

arrowState = 0;

nextPage = HOSES_MAP;
Clear_Screen();

oledSleepTimer = bcm2835_millis();

}

else if (BACK_PRESSED)

{
nextPage = HOSES_MAP;
Clear_Screen();
oledSleepTimer = bcm2835_millis();

break;
case SETTINGS_HOME:

if (prevArrowState != arrowState)
{

Clear_Screen();

//Print Settings Menu
print_String(0, 0, (const uint8_t *)
"Settings", FONT_8X16);

print_String(0, 30, (const uint8_t *)
"Adjust Sleep Timer", FONT_5X8);

print_String(0, 45, (const uint8_t *)
"Calibrate Sensors", FONT_5X8);

print_String(0, 60, (const uint8_t *)
"Change Menu Color", FONT_5X8);

print_String(0, 75, (const uint8_t *)
"Reset System", FONT_5X8);

//reset sleep timer after each button press

//reset sleep timer after each button press

print_String(35, 95, (const uint8_t *) timeBuffer, FONT_8X16);

//Update Arrow Print statements depending on arrowState

if (arrowState == 0)

{
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2654
2655
2656
2657
2658
2659
2660
2661
2662
2663
2664
2665
2666
2667
2668
2669
2670
2671
2672
2673
2674
2675
2676
2677
2678
2679
2680
2681
2682
2683
2684
2685
2686
2687
2688
2689
2690
2691
2692
2693
2694
2695
2696
2697
2698
2699
2700
2701
2702
2703
2704
2705
2706
2707
2708
2709
2710
2711
2712

OLED_PrintArrow(112, 30);

}
else if (arrowState == 1)
{
OLED_PrintArrow(105, 45);
}
else if (arrowState == 2)
{
OLED_PrintArrow(112, 60);
}
else
{
OLED_PrintArrow(85, 75);
}
if (ENTER_PRESSED)
{
//Traversal to Page
if (arrowState == 0)
{
nextPage = SETTINGS_SLEEP;
}
else if (arrowState == 1)
{
nextPage = SETTINGS_CAL;
}
else if (arrowState == 2)
{
nextPage = SETTINGS_COLOR;
}
else
{
nextPage = SETTINGS_RESET;
}
arrowState = 0;
Clear_Screen();
oledSleepTimer = bcm2835_millis();
}
else if (BACK_PRESSED)
{
// Return to Home
nextPage = HOME_PAGE;
arrowState = 0;
Clear_Screen();
oledSleepTimer = bcm2835_millis();
}
break;

case SETTINGS_SLEEP:
if (prevArrowState != arrowState)
{

Clear_Screen();

print_String(0, 0, (const uint8_t *)
"Sleep Settings", FONT_8X16) ;

//Print out current Sleep TIme
print_String(0, 30, (const uint8_t *)
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2713 "Current:", FONT_5X8);

2714 if (sleepTime == 1)

2715 {

2716 sprintf (intBuffer, "),d Min", (sleepTime / MIN_1));
2717 }

2718 else

2719 {

2720 sprintf (intBuffer, "%d Mins", (sleepTime / MIN_1));
2721 }

2722

2723 //Sleep Menu Options

2724 print_String(70, 30, (const uint8_t *) intBuffer, FONT_5X8);
2725 print_String(0, 50, (const uint8_t *)
2726 "1 Minute", FONT_5X8);

2727 print_String(0, 65, (const uint8_t *)
2728 "3 Minutes", FONT_5X8);

2729 print_String(0, 80, (const uint8_t *)
2730 "5 Minutes", FONT_5X8);

2731 print_String(0, 95, (const uint8_t *)
2732 "SLEEP", FONT_5X8);

2733

2734 //Update Oled States

2735 if (arrowState == 0)

2736 {

2737 OLED_PrintArrow(65, 50);

2738 }

2739 else if (arrowState == 1)

2740 {

2741 OLED_PrintArrow(65, 65);

2742 }

2743 else if (arrowState == 2)

2744 {

2745 OLED_PrintArrow(65, 80);

2746 }

2747 else

2748 {

2749 OLED_PrintArrow (50, 95);

2750 }

2751

2752 if (ENTER_PRESSED)

2753 {

2754 //Set Timers corresponding to arrowState
2755 if (arrowState == 0)

2756 {

2757 sleepTime = MIN_1;

2758 }

2759 else if (arrowState == 1)

2760 {

2761 sleepTime = MIN_3;

2762 }

2763 else if (arrowState == 2)

2764 {

2765 sleepTime = MIN_5;

2766 }

2767 else

2768 {

2769 nextPage = SLEEP;

2770 arrowState = 0;

2771 }
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2772
2773
2774
2775
2776
2777
2778
2779
2780
2781
2782
2783
2784
2785
2786
2787
2788
2789
2790
2791
2792
2793
2794
2795
2796
2797
2798
2799
2800
2801
2802
2803
2804
2805
2806
2807
2808
2809
2810
2811
2812
2813
2814
2815
2816
2817
2818
2819
2820
2821
2822
2823
2824
2825
2826
2827
2828
2829
2830

Clear_Screen();

oledSleepTimer = bcm2835_millis(); //reset sleep timer after each button press
}
else if (BACK_PRESSED)
{

nextPage = SETTINGS_HOME;

arrowState = 0;

Clear_Screen();

oledSleepTimer = bcm2835_millis(); //reset sleep timer after each button press
}
break;

case SETTINGS_CAL:

if (prevArrowState != arrowState)
{
Clear_Screen();
}
if (new_Data)
{
//Updates each time a message is received
Clear_Screen();
new_Data = FALSE;
}

//Menu Used for Calibration
print_String(0, 0, (const uint8_t *)
"Sensor Recal", FONT_8X16);
print_String(0, 30, (const uint8_t *)
"Node ID:", FONT_8X16);
print_String(0, 50, (const uint8_t *)
"Moisture(%):", FONT_5X8);
print_String(0, 80, (const uint8_t *)
"Prev Threshold(%):", FONT_5X8);
print_String(0, 100, (const uint8_t *)
"Set as ", FONT_5X8);
print_String(0, 110, (const uint8_t *)
"New Threshold ", FONT_5X8);

//Check corresponding node Ids
//Print current soil Moisture reading
if (selected_Node == 2)

{
//Store Struct Variables as Strings
convertFloat_String(current_Dat_1.soilMoisture, currentBufferl);
sprintf (currentBuffer4, ")d", current_Dat_1.nodeID);
convertFloat_String(moisture_s_thresh[0], currentBufferb);

}

else if (selected_Node == 5)

{
convertFloat_String(current_Dat_2.soilMoisture, currentBufferl);
sprintf (currentBuffer4, "}d", current_Dat_2.nodeID);
convertFloat_String(moisture_s_thresh[1], currentBufferb);

}

else if (selected_Node == 4)

{

convertFloat_String(current_Dat_3.soilMoisture, currentBufferl);
sprintf (currentBuffer4, "Jd", current_Dat_3.nodeID);
convertFloat_String(moisture_s_thresh[2], currentBufferb);
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2831
2832
2833
2834
2835
2836
2837
2838
2839
2840
2841
2842
2843
2844
2845
2846
2847
2848
2849
2850
2851
2852
2853
2854
2855
2856
2857
2858
2859
2860
2861
2862
2863
2864
2865
2866
2867
2868
2869
2870
2871
2872
2873
2874
2875
2876
2877
2878
2879
2880
2881
2882
2883
2884
2885
2886
2887
2888
2889

//Print Variable Strings
print_String(70, 30, (const uint8_t *) currentBuffer4, FONT_8X16);
print_String(10, 60, (const uint8_t *) currentBufferl, FONT_5X8);
print_String(10, 90, (const uint8_t *) currentBuffer5, FONT_5X8);

if (arrowState == 0 || arrowState == 2)
{
OLED_PrintArrow(95, 33);
}
else
{
OLED_PrintArrow(85, 110);
}

//Update Selected Node on Enter being pressed
if (ENTER_PRESSED)

{
if (arrowState == || arrowState == 2)
{
if (selected_Node == 2)
{
selected_Node = 5;
}
else if (selected_Node == 5)
{
selected_Node = 4;
}
else
{
selected_Node = 2;
}
new_Data = TRUE;
arrowState = 0;
}
else
{
if (selected_Node == 2)
{
moisture_s_thresh[0] = current_Dat_1.soilMoisture;
}
else if (selected_Node == 5)
{
moisture_s_thresh[1] = current_Dat_2.soilMoisture;
}
else
{
moisture_s_thresh[2] = current_Dat_3.soilMoisture;
}
new_Data = TRUE;
}
Clear_Screen();
oledSleepTimer = bcm2835_millis(); //reset sleep timer after each button press
}
else if (BACK_PRESSED)
{

nextPage = SETTINGS_HOME;
Clear_Screen();
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2890
2891
2892
2893
2894
2895
2896
2897
2898
2899
2900
2901
2902
2903
2904
2905
2906
2907
2908
2909
2910
2911
2912
2913
2914
2915
2916
2917
2918
2919
2920
2921
2922
2923
2924
2925
2926
2927
2928
2929
2930
2931
2932
2933
2934
2935
2936
2937
2938
2939
2940
2941
2942
2943
2944
2945
2946
2947
2948

oledSleepTimer = bcm2835_millis(); //reset sleep timer after each button press

}

break;

case SETTINGS_COLOR:

if (prevArrowState != arrowState)
{

Clear_Screen();

//Present Color Settings with available options
print_String(0, 0, (const uint8_t *)
"Color Settings", FONT_8X16) ;

print_String(0, 30, (const uint8_t *)
"White", FONT_5X8);

print_String(0, 45, (const uint8_t *)
"Blue", FONT_5X8);

print_String(0, 60, (const uint8_t *)
"Green", FONT_5X8);

print_String(0, 75, (const uint8_t *)
"Red", FONT_5X8);

if (arrowState == 0)

{

OLED_PrintArrow (40, 30);
}
else if (arrowState == 1)
{

OLED_PrintArrow (40, 45);
}
else if (arrowState == 2)
{

OLED_PrintArrow(40, 60);
}
else
{

OLED_PrintArrow (40, 75);
}

//Change color corresponding to arrowState on Enter Press
if (ENTER_PRESSED)

{
if (arrowState == 0)
{
oledColor = WHITE;
}
else if (arrowState == 1)
{
oledColor = BLUE;
}
else if (arrowState == 2)
{
oledColor = GREEN;
}
else
{
oledColor = RED;
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2949
2950
2951
2952
2953
2954
2955
2956
2957
2958
2959
2960
2961
2962
2963
2964
2965
2966
2967
2968
2969
2970
2971
2972
2973
2974
2975
2976
2977
2978
2979
2980
2981
2982
2983
2984
2985
2986
2987
2988
2989
2990
2991
2992
2993
2994
2995
2996
2997
2998
2999
3000
3001
3002
3003
3004
3005
3006
3007

}

Clear_Screen();

oledSleepTimer = bcm2835_millis(); //reset sleep timer after each button press
}
else if (BACK_PRESSED)
{

nextPage = SETTINGS_HOME; //Return to Settings Page

arrowState = 0;

Clear_Screen();

oledSleepTimer = bcm2835_millis(); //reset sleep timer after each button press
}
break;

case SETTINGS_RESET:
if (prevArrowState != arrowState)
{

Clear_Screen();

//Print Reset Statement
print_String(0, 0, (const uint8_t *)
"System Reset", FONT_8X16);

print_String(0, 30, (const uint8_t *)
"This will reset all ", FONT_5X8);

print_String(0, 40, (const uint8_t *)
"system settings to ", FONT_5X8);

print_String(0, 50, (const uint8_t *)
"default", FONT_5X8);

print_String(0, 70, (const uint8_t *)
"Are you sure?", FONT_5X8);

print_String(80, 70, (const uint8_t *)
"No", FONT_5X8);

print_String(80, 90, (const uint8_t *)
"Yes", FONT_5X8);

if (arrowState == || arrowState == 2)
{
OLED_PrintArrow (95, 70);
}
else
{
OLED_PrintArrow (100, 90);
}
if (ENTER_PRESSED)
{
if (arrowState == || arrowState == 2)
{
nextPage = SETTINGS_HOME;
}
else
{
Reset_System(); //Resets all global variables of system
nextPage = WELCOME_PAGE;
}

arrowState = 0;
Clear_Screen();
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3008
3009
3010
3011
3012
3013
3014
3015
3016
3017
3018
3019
3020
3021
3022
3023
3024
3025
3026
3027
3028
3029
3030
3031
3032
3033
3034
3035
3036
3037
3038
3039
3040
3041
3042
3043
3044
3045
3046
3047
3048
3049
3050
3051
3052
3053
3054
3055
3056
3057
3058
3059
3060
3061
3062
3063
3064
3065
3066

oledSleepTimer = bcm2835_millis(); //reset sleep timer after each button press

oledSleepTimer = bcm2835_millis(); //reset sleep timer after each button press

}
else if (BACK_PRESSED)
{
nextPage = SETTINGS_HOME;
arrowState = 0;
Clear_Screen();
}
break;
}
//prevArrowState = arrowState;
//oledState = nextPage;
return;
}
/*x%

@Function checkButtons(void)

O@param None

@return None

@brief This function checksButtons and sets appropriate flag
@Gnote

Q@author Brian Naranjo, 1/25/20

Qeditor  */

void checkButtons(void)

{
ENTER_PRESSED = FALSE;
BACK_PRESSED = FALSE;
DOWN_PRESSED FALSE;
UP_PRESSED = FALSE;

enterButtonValue = DEV_Digital_Read(ENTER_Pin);
downButtonValue = DEV_Digital_Read(DOWN_Pin) ;
backButtonValue = DEV_Digital_Read(BACK_Pin);
upButtonValue = DEV_Digital_Read(UP_Pin);

DEV_Delay_ms(5) ;

enterButtonValue2 = DEV_Digital_Read (ENTER_Pin);
downButtonValue2 = DEV_Digital_Read(DOWN_Pin);
backButtonValue2 = DEV_Digital_Read(BACK_Pin);
upButtonValue2 = DEV_Digital_Read(UP_Pin);

if (enterButtonValue == enterButtonValue2)
{
//Change in State
if (enterButtonValue != lastEnterButtonState)
{
//Flipped, Low is pressed
if (enterButtonValue == LOW)

{
ENTER_PRESSED = TRUE; //set flag TRUE
printf ("Enter Pressed \r \n ");

}

else

{
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3067
3068
3069
3070
3071
3072
3073
3074
3075
3076
3077
3078
3079
3080
3081
3082
3083
3084
3085
3086
3087
3088
3089
3090
3091
3092
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3094
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3097
3098
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3105
3106
3107
3108
3109
3110
3111
3112
3113
3114
3115
3116
3117
3118
3119
3120
3121
3122
3123
3124
3125

ENTER_PRESSED = FALSE; //set flag FALSE
}
lastEnterButtonState = enterButtonValue;
}
}
if (downButtonValue == downButtonValue2)
{
//Change in State
if (downButtonValue != lastDownButtonState)
{
//Flipped, Low is pressed
if (downButtonValue == LOW)
{
DOWN_PRESSED = TRUE; //set flag TRUE
printf ("Down Pressed \r \n ");
}
else
{
DOWN_PRESSED = FALSE; //set flag FALSE
}
lastDownButtonState = downButtonValue;
}
}
if (upButtonValue == upButtonValue2)
{
//Change in State
if (upButtonValue != lastUpButtonState)
{
//Flipped, Low is pressed
if (upButtonValue == LOW)
{
UP_PRESSED = TRUE; //set flag TRUE
printf ("Up Pressed \r \n ");
}
else
{
UP_PRESSED = FALSE; //set flag FALSE
}
lastUpButtonState = upButtonValue;

}
if (upButtonValue == upButtonValue2)
{
//Change in State
if (backButtonValue != lastBackButtonState)
{
//Flipped, Low is pressed
if (backButtonValue == LOW)
{
BACK_PRESSED = TRUE; //set flag TRUE
printf ("Back Pressed \r \n ");
}
else
{
BACK_PRESSED = FALSE; //set flag FALSE
}
lastBackButtonState = backButtonValue;
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3126 |}

3127

3128 /*@name : convertFloat_String

3129 @param: in - float to be converted to String

3130 @param: buffer - char variable used to store float string output
3131 Q@return: O

3132 */

3133

3134 int convertFloat_String(float in, char buffer[100])

3135 | {

3136 temp_wholeVal = in ; //Store float into temporary float variable
3137

3138 if (in < 0)

3139 {

3140 temp_wholeVal = - in ; //Store positive value if negative
3141 } //Minus sign taken care of in print statement

3142

3143 wholeVal = temp_wholeVal; //Store Whole Integer Value

3144

3145 temp_decimalVal = temp_wholeVal - wholeVal; //Obtain remainder as float
3146

3147 decimalVal = trunc(temp_decimalVal *10000); //Store decimal value as whole int
3148

3149 //Store Int Values into string to format as a float value
3150 if (in < 0)

3151 {

3152 sprintf (buffer, "-%d.%01d", wholeVal, decimalVal);

3153 }

3154 else

3155 {

3156 sprintf (buffer, "%d.%01d", wholeVal, decimalVal);

3157 }

3158

3159 return O;

3160 |}

3161

3162 | /*@name: printGrid

3163 @param: x0 - initial x position for grid

3164 Oparam: x1 - final x position for grid

3165 @param: yO - initial y position for grid

3166 @param: yl - final y position for grid

3167 Oparam: xtics - # of lines on x line

3168 @param: ytics - # of lines on y line

3169 @return: TRUE/FALSE depending if grid was successfully printed
3170 | */

3171

3172 int printGrid(int16_t x0, int16_t x1, intl16_t yO, intl6_t y1, intl16_t xtics, intl6_t ytics)
3173 | {

3174 int i = 0;

3175 int xTic = 0;

3176 int yTic = 0O;

3177 int incrementX = (x1 - x0) / xtics;

3178 int incrementY = (y1 - y0) / ytics;

3179

3180 //printf ("Xspaces: %d", incrementX); //Testing incrementX/Y
3181 //printf ("Yspaces: %d", incrementY);

3182

3183 //print x-axis

3184 Write_Line(x0, y1, x1, y1);
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3185

3186 xTic = x0 + incrementX;

3187

3188 //Print Tic Marks on X Axis

3189 for (i = 0; i <= xtics - 1; i++)

3190 {

3191 Write_Line(xTic, y1 - 2, xTic, yl + 2);
3192 xTic += incrementX;

3193 }

3194

3195 //print y-axis

3196 Write_Line(x0, yO, x0, y1);

3197

3198 yTic = y1 - incrementY;

3199

3200 //Print Tic Marks on Y Axis

3201 for (i = 0; i <= ytics - 1; i++)

3202 {

3203 Write_Line(x0 - 2, yTic, x0 + 2, yTic);
3204 yTic -= incrementY;

3205 }

3206

3207 return O;

3208

3209 }

3210

3211 | /*@name: printHoseStatus

3212 @param: x - initial x position for first Hose Print line
3213 @param: y - initial y position for first Hose Print line
3214 Oparam: status - current hose status

3215 @return: void

3216 x/

3217

3218 | void printHoseStatus(intl16_t x, intl6_t y, uint8_t status)
3219 | {

3220 if (status & 0x01)

3221 {

3222 print_String(x, y, (const uint8_t *)
3223 "Hose 1: ON", FONT_5X8);

3224 }

3225 else

3226 {

3227 print_String(x, y, (const uint8_t *)
3228 "Hose 1: OFF", FONT_5X8);

3229 }

3230

3231 if (status & 0x02)

3232 {

3233 print_String(x, y + 15, (const uint8_t *)
3234 "Hose 2: ON", FONT_5X8);

3235 }

3236 else

3237 {

3238 print_String(x, y + 15, (const uint8_t *)
3239 "Hose 2: OFF", FONT_5X8);

3240 }

3241

3242 if (status & 0x04)

3243 {
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3244 print_String(x, y + 30, (const uint8_t *)

3245 "Hose 3: ON", FONT_5X8);

3246 }

3247 else

3248 {

3249 print_String(x, y + 30, (const uint8_t *)

3250 "Hose 3: OFF", FONT_5X8);

3251 }

3252 |}

3253

3254 /*@name: printAxelsLabels

3255 Oparam: x0 - initial x position for grid

3256 @param: x1 - final x position for grid

3257 @param: yO - initial y position for grid

3258 Oparam: yl1 - final y position for grid

3259 Oparam: xtics - # of lines on x line

3260 @param: ytics - # of lines on y line

3261 @return: TRUE/FALSE depending if grid was successfully printed
3262 */

3263

3264 int printAxesLabels(int16_t x0, int16_t yO0)

3265 | {

3266 int x_Axis = 80;

3267 int y_Axis = 0O;

3268 int temp_x = x0 + 5; //Initialize Index variables
3269 int temp_y = yO;

3270 int i = 0;

3271

3272 //Print X Value Axes Values

3273 for (i = 0; i < 6; i++)

3274 {

3275 sprintf (intBuffer, "%d", y_Axis);

3276 print_String(temp_x, temp_y, (const uint8_t *) intBuffer, FONT_5X8);
3277 y_Axis += 20;

3278 temp_y -= 20;

3279 }

3280

3281 temp_y = yO0; //Initialize Index variables

3282 temp_x += x0 + 35;

3283

3284 //Print Y Value Axes Values

3285 for (i = 0; i < 5; i++)

3286 {

3287 sprintf (intBuffer, "%d", x_Axis);

3288 print_String(temp_x, temp_y, (const uint8_t *) intBuffer, FONT_5X8);
3289 x_Axis -= 20;

3290 temp_x += 20;

3291 }

3292

3293 return O;

3204 |}

3295

3206 | /*@name: plotSampleData

3297 Oparam: TestData - array of structs used for plotting
3208 @param: dataType - type of sensor data to display

3299 @param: size - # of elements in array

3300

3301 O@return: TRUE/FALSE depending if data was successfully printed
3302 */
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3303
3304
3305
3306
3307
3308
3309
3310
3311
3312
3313
3314
3315
3316
3317
3318
3319
3320
3321
3322
3323
3324
3325
3326
3327
3328
3329
3330
3331
3332
3333
3334
3335
3336
3337
3338
3339
3340
3341
3342
3343
3344
3345
3346
3347
3348
3349
3350
3351
3352
3353
3354
3355
3356
3357
3358
3359
3360
3361

int plotSampleData(D_Struct TestDatal[], uint8_t dataType, int16_t size)
{

int gridPlotted = FALSE;

int i = 0;

int16_t x_Increment = O;

int16_t mapped_y_Value = 0;

intl16_t x_Value = 0;

int16_t mapped_x_Value = x_Value + 20; //start X at Left Side of Grid

//Print Corresponding to selecetd DataType
if (dataType == MOISTURE)
{

printf ("Plotting Moisture \r\n ");

Set_Color(RED) ;

print_String(10, 0, (const uint8_t *)
"Moisture Level", FONT_5X8);

print_String(10, 10, (const uint8_t *)
"(Node 2)", FONT_5X8);

Set_Color (BLUE);

print_String(0, 60, (const uint8_t *)
"Water’", FONT_5X8);

print_String(55, 120, (const uint8_t *)
"Mins Ago", FONT_5X8);

//Set number
x_Increment = 100 / MAX_ELEMENTS; //100 indicates the number of pixels
//vertically on the OLED module

for (i = 0; i <= (size - 1); i++)
{
//Plot Data Points

mapped_y_Value = (int16_t) (110 - TestDatal[i].soilMoisture); //110 is bottom of OLED
//printf ("Element: %d \r\n", i); //Testing Struct Elements
//printf ("Moisture Value: %f \r\n", TestDatali].soilMoisture);

Draw_Pixel (mapped_x_Value, mapped_y_Value);
mapped_x_Value += x_Increment;

gridPlotted = TRUE;
}
else if (dataType == SUNLIGHT)
{
printf ("Plotting Sunlight \r\n ");

Set_Color (RED);

print_String(10, O, (const uint8_t *)
"Light Level", FONT_5X8);

print_String(10, 10, (const uint8_t *)
"(Node 2)", FONT_5X8);
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3362
3363
3364
3365
3366
3367
3368
3369
3370
3371
3372
3373
3374
3375
3376
3377
3378
3379
3380
3381
3382
3383
3384
3385
3386
3387
3388
3389
3390
3391
3392
3393
3394
3395
3396
3397
3398
3399
3400
3401
3402
3403
3404
3405
3406
3407
3408
3409
3410
3411
3412
3413
3414
3415
3416
3417
3418
3419
3420

Set_Color (YELLOW) ;

print_String(0, 60, (const uint8_t *)
"Light%", FONT_5X8);

print_String(55, 120, (const uint8_t *)
"Mins Ago", FONT_5X8);

x_Increment = 100 / MAX_ELEMENTS; //Determine number points to increment in x-range

for (i = 0; i <= (size - 1); i++)
{
//Plot Data Points

mapped_y_Value = (int16_t) (110 - TestDatal[i] .lightLevel); //110 is bottom of OLED
//printf ("Element: %d \r\n", i); //Testing Struct Elements
//printf("Light Level Value: %f \r\n", TestDatal[i].lightLevel);

Draw_Pixel (mapped_x_Value, mapped_y_Value);
mapped_x_Value += x_Increment;

gridPlotted = TRUE;
}
else if (dataType == TEMP)
{
printf ("Plotting Temperature \r\n ");

Set_Color (RED);

print_String(20, O, (const uint8_t *)
"Temperature", FONT_5X8);

print_String(20, 10, (const uint8_t *)
"Node ", FONT_5X8);

Set_Color (RED);
print_String(0, 60, (const uint8_t *)
"Deg(C)", FONT_5X8);
print_String(55, 120, (const uint8_t *)
"Mins Ago", FONT_5X8);
x_Increment = 100 / MAX_ELEMENTS; //Determine number points to increment in x-range
for (i = 0; i <= size; i++)
{
//Plot data points
mapped_y_Value = (int16_t) TestDatal[i].temp_C; //110 is bottom of OLED
//printf ("Element: %d \r\n", i); //Testing Struct Elements
//printf ("Temp Value: %d \r\n", TestDatal[i].temp_C);
Draw_Pixel (mapped_x_Value, 110 - mapped_y_Value);

mapped_x_Value += x_Increment;

gridPlotted = TRUE;
}

else
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3421
3422
3423
3424
3425
3426
3427
3428
3429
3430
3431
3432
3433
3434
3435
3436
3437
3438
3439
3440
3441
3442
3443
3444
3445
3446
3447
3448
3449
3450
3451
3452
3453
3454
3455
3456
3457
3458
3459
3460
3461
3462
3463
3464
3465
3466
3467
3468
3469
3470
3471
3472
3473
3474
3475
3476
3477
3478
3479

printf(" No Plot Selected \r\n "); //Print error message if invalid dataType

Set_Color(RED) ;

print_String(20, O, (const uint8_t *)
"No Plot", FONT_5X8);

print_String(20, 10, (const uint8_t *)
"Selected", FONT_5X8);

gridPlotted = FALSE;

return gridPlotted;
}

/*@name: plotSampleData
Oparam: TestData - array of structs used for plotting
Oparam: dataType - type of sensor data to display
Q@param: size - # of elements in array

O@return: TRUE/FALSE depending if data was successfully printed
*/
void Reset_System(void)

{
int i;
//Reset Hose Variables
Hose[0] = HoseO;
Hose[1] = Hosel;
Hose[2] = Hose2;
Hose[0] .waterLevel = 1;
Hose[1] .waterLevel = 1;
Hose[2] .waterLevel = 1;
Hose[0] .control = AUTOMATIC;
Hose[1] .control = OFF;
Hose[2] .control = OFF;
Hose[0] .status = WATER_ON;
Hose[1] .status = WATER_OFF;
Hose[2] .status = WATER_OFF;
//Reset Flow Sensor Variables
for (i = 0; i < 3; i++)
{
pulseCount_fs[i] = 0;
moisture_s_thresh[i] = 45.0;
}
oledColor = WHITE; //Set 0Oled Color to default
sleepTime = MIN_3; //Reset Sleep Timer
selected_Node = 2; //Reset Selected Node for Testing
return;
}

void Set_Select(uint8_t hose_selected)
{

if (hose_selected == HOSEO)

{
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3480
3481
3482
3483
3484
3485
3486
3487
3488
3489
3490
3491
3492
3493
3494
3495
3496
3497

//Set Select to 0x00
DEV_Digital_Write(SEL_O_Pin,
DEV_Digital_Write(SEL_l_Pin,
}
else if (hose_selected == HOSE1)
{
//Set Select to 0x01
DEV_Digital_Write(SEL_O_Pin,
DEV_Digital_Write(SEL_l_Pin,
}
else
{
//Set Select to 0x10
DEV_Digital_Write(SEL_O_Pin,
DEV_Digital_Write(SEL_1_Pin,
}

return;

LOW) ;
LOW) ;

HIGH) ;
LOW) ;

LOW) ;
HIGH) ;
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6.5 Appendix: Sensor Node Code

// xkxxkkxkkkk INCLUDES s skkkskkkkkk
#include <SPI.h>

#include <EEPROM.h>
#include <Wire.h>

#include "RF24.h"

#include "nRF24L01.h"
#include "RF24Network.h"
#include "RF24Mesh.h"
#include "Adafruit_BMP085.h"
#include <printf.h>
#include <avr/sleep.h>
#include <avr/power.h>

/**** Configure the Radio *¥¥*/
RF24 radio(7, 8);

RF24Network network(radio);
RF24Mesh mesh(radio, network);

/*x*x* #Defines **xx/
#define time_Thresh Timer(C_Thresh.time_thresh, 10)//D_Struct.timeStamp)

/*%x* GLOBALS **3%x/

#define nodeID 4 // Set this to a different number for each node in the mesh network
#define MOISTURE_PIN A1l

#define LIGHT_PIN A2

#define BATTERY A3

#define LIQUID_SENSE 10000

#define INTERRUPT_MASK 0b01000000

#define VOLTAGE_DIVIDER 10

#define MINS_10 600000

// C_Struct stores relevant thresholds
typedef struct {

float sM_thresh;

float sM_thresh_00;

float 1lL_thresh;

uint16_t tC_thresh;

uintl16_t time_thresh;
} C_Struct;

// D_Struct stores the relevant sensor data
typedef struct {

float soilMoisture;

float lightLevel;

uintl6_t temp_C;

uint8_t digitalOut;

uint8_t node_ID;

uint8_t battLevel;
} D_Struct;

// Timers

uint32_t sleepTimer = O;
uint32_t messageTimer = O;
uint32_t witchTimer = 60000;
uint32_t batteryTimer = O;
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58 | // Timer Support

59 uint8_t timerFlag = O;

60 uint8_t message_Flag = 0;
61
62 // Sensor Vars

63 Adafruit_BMP085 bmp;
64 uint8_t bmpFlag = 0;
65
66 // RF24 Vars

67 uint8_t sleepFlag = O;
68
69 // Use these vars to store the header data
70 uint8_t M_Dat = 0;

71
72 |// C and D type structs
73 C_Struct Thresholds;

74 D_Struct Data_Struct;
75
76 | /**x*% Function Prototypes **xx*/

7 void D_Struct_Serial_print(D_Struct);
78 void C_Struct_Serial_print(C_Struct);
79 void initC_Struct(C_Structx*);

80 |float pullMoistureSensor(void);

81 |float getMoistureReading(void);

82 |float pullLightSensor(void);

83 |float getLightReading(void);

84 |uint8_t pullBatteryLevel(void);

85 int Timer (uint32_t, uint32_t);

86 int run_DeepOcean(D_Struct, C_Struct);

87

88

89 | void setup() {

90 Serial.begin(115200);

91 printf_begin();

92

93 // Set the IO

94 pinMode (MOISTURE_PIN, INPUT);

95 pinMode (LIGHT_PIN, INPUT);

96 pinMode (BATTERY, INPUT);

97

98 // Begin the Barometric Pressure Sensor
99 // Pin out: Vin->5V, SCL->A5, SDA->A4
100 //BMP not working on sensor nodes

101 if (bmp.begin()) {

102 bmpFlag = 1;

103 } else {

104 Serial.println(F("BMP Failed to init"));
105 }

106

107 // Set this node as the master node

108 mesh.setNodeID(nodeID) ;

109

110 // Connect to the mesh

111 Serial.println(F("Connecting to the mesh..."));
112 mesh.begin();

113

114 // Print out the mesh addr

115 Serial.print (F("Mesh Network ID: "));
116 Serial.println(mesh.getNodeID());
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117 Serial.print (F("Mesh Address: ")); Serial.println(mesh.getAddress(nodeID));
118 radio.setPALevel (RF24_PA_MAX);

119

120 // radio.printDetails();

121 Serial.println (F ("kskskskkskkskokkkkkkkkrkrkrsrrkrmrekek\r\n") ) ;

122

123 // initialize the thresholds

124 initC_Struct (&Thresholds);

125 C_Struct_Serial_print (Thresholds);

126 Serial.print(F("\n"));

127

128 // Setting the watchdog timer

129 set_sleep_mode (SLEEP_MODE_IDLE) ;

130 network.setup_watchdog(9) ;

131 sleepFlag = 1;

132 |}

133

134 | void loop() {

135

136 // Keep the network updated

137 mesh.update() ;

138

139

140

141 /**x* Network Data Loop *xx*x*/

142 // Check for incoming data from other nodes

143 if (network.available()) {

144

145 // Create a header var to store incoming network header

146 RF24NetworkHeader header;

147 // Get the data from the current header

148 network.peek(header) ;

149

150 // Switch on the header type, we only want the data if addressed to the master
151 switch (header.type) {

152

153 // ’S’ Type messages ask the sensor to read and send sensor data after evals
154 case ’S’:

155 network.read(header, &M_Dat, sizeof(M_Dat));

156 Serial.print(F("\r\n"));

157 Serial.print (F("Received ’S’ Type Message: ")); Serial.println(M_Dat);
158 break;

159

160 // ’C’ Type messages tell the sensor to calibrate or change its thresholds
161 case ’C’:

162 network.read(header, &M_Dat, sizeof (M_Dat));

163 Serial.print(F("\r\n"));

164 Serial.print(F("Received ’C’ Type Message: ")); Serial.println(M_Dat);
165 }

166 }

167

168

169 /**%x* Battery Level Check x*xx/

170 if (Timer(MINS_10, batteryTimer) && bmpFlag) {

171 batteryTimer = millis();

172 uint8_t batteryVoltage = pullBatteryLevel();

173 if (batteryVoltage <= 35) {

174 batteryVoltage = pullBatteryLevel();

175 if (batteryVoltage <= 35) {
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176 printf("Battery Level Low: %d\n\n------- Reset Device To Continue ------- "\
177 batteryVoltage) ;

178 set_sleep_mode (SLEEP_MODE_PWR_DOWN) ;

179 while (1) {

180 sleep_enable();

181 sleep_cpu();

182 }

183 }

184 }

185 }

186

187

188

189

190 /*x*x Read Sensors x*x*/

191

192 if (sleepFlag) {

193 sleepFlag = O; // Ensures that we only read and send a message once after waking up
194

195 // Read all sensors

196 Data_Struct.soilMoisture = pullMoistureSensor();

197 Data_Struct.lightLevel = pullLightSensor();

198 if (bmpFlag) {

199 Data_Struct.temp_C = bmp.readTemperature();

200 }

201 Data_Struct.battLevel = pullBatteryLevel();

202 Data_Struct.digitalOut = run_DeepOcean(Data_Struct, Thresholds);

203 Data_Struct.node_ID = nodelD;

204

205

206 /*x*x Data Transmission *x**/

207

208 if (mesh.checkConnection()) {

209 // Send the D_Struct to Master

210 // Sends the data up through the mesh to the master node to be evaluated
211 if (!mesh.write(&Data_Struct, ’D’, sizeof(Data_Struct), 0)) {

212 Serial.println(F("Send failed; checking network connection."));

213 // Check if still connected

214 if (!mesh.checkConnection()) {

215 // Reconnect to the network if disconnected and no send

216 Serial.println(F("Re-initializing the Network Address..."));

217 mesh.renewAddress();

218 Serial.print (F("New Network Addr: ")); Serial.println(mesh.getAddress(nodelID));
219 } else {

220 Serial.println(F("Network connection good."));

221 Serial.println (F ("#sskxskskskkkskkskskkkkskskokkkkkonkkksknrkkkx\r\n")) ;

222 sleepFlag = 1;

223 }

224 } else {

225 Serial.println (F("sskskskkskkskkskkkkkskkrkkkdkkokkkkkkkkx") ) ;

226 Serial.println(F("Sending Data to Master")); D_Struct_Serial_print(Data_Struct);
227 // Set the flag to check for a failed message response

228 message_Flag = 1; messageTimer = millis();

229 }

230 } else {

231 // Reconnect to the mesh if disconnected

232 Serial.println(F("Re-initializing the Network Address..."));

233 mesh.renewAddress() ;

234 Serial.print(F("New Network Addr: ")); Serial.println(mesh.getAddress(nodeID));
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239
240
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242
243
244
245
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247
248
249
250
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260
261
262
263
264
265
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267
268

270
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274
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277

279
280
281
282
283
284
285
286

288
289
290
291
292
293

}

/***x No Message Response *¥*x*/

// Reset the mesh connection
if (message_Flag && Timer (1000, messageTimer)) {
message_Flag = 0;
// Reconnect to the network
if (!mesh.checkConnection()) {
Serial.println(F("Re-initializing the network ID..."));
mesh.renewAddress();
Serial.print (F("New Network Address: ")); Serial.println(mesh.getAddress(nodeID));
}
network.sleepNode(8, 255); // Node goes to sleep here
sleepFlag = 1; // Tell the node it’s time to read sensors and send a message

}
/***xx ’C’ Type Data Evaluation *¥**/

// Based on the ’C’ type data, re-configure the thresholds

/***x ’D’ Type Data Evaluation *¥**/

// Responding to the S or C type message from the master
if (M_Dat && message_Flag) {

// Turn off the message response flag

message_Flag = 0;

// If M_Dat == 2, reconfig the thresholds
// Reset the data variables
M_Dat = O;

// Go to sleep

Serial.println(F("Received Sleep Instructions From Master"));
network.sleepNode(8, 255); // Node goes to sleep here

sleepFlag = 1; // Tell the node it’s time to read sensors and send a message

}
/**x*% Config Options **xx*/

// Loop

/**xx Helper Functions ***x/

void C_Struct_Serial_print(C_Struct sct) {

}

Serial.print (F("Soil Moisture Threshold: ")); Serial.println(sct.sM_thresh);
Serial.print (F("Soil Moisture Danger Threshold: ")); Serial.println(sct.sM_thresh_00);
//Serial.print (F("Barometric Pressure Threshold: "); Serial.println(F(sct.bP_thresh);
Serial.print (F("Ambient Light Level Threshold: ")); Serial.println(sct.lL_thresh);
Serial.print (F("Ambient Temperature Threshold: ")); Serial.println(sct.tC_thresh);
Serial.print (F("Maximum TimeStamp Threshold: ")); Serial.println(sct.time_thresh);
return;

void D_Struct_Serial_print(D_Struct sct) {

Serial.print (F("Soil Moisture Cont. (g%): ")); Serial.println(sct.soilMoisture);
Serial.print (F("Ambient Lux Level (1x): ")); Serial.println(sct.lightLevel);
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204 Serial.print (F("Ambient Temperature (C ): ")); Serial.println(sct.temp_C);
295 Serial.print(F("Calucated Digital Output: ")); Serial.println(sct.digitalOut);
296 Serial.print (F("Power Supply Battery(dV): ")); Serial.println(sct.battLevel);
297 Serial.print(F("Node ID: ")); Serial.println(sct.node_ID);
298 return;

209 |}

300

301 |void initC_Struct(C_Struct* sct) {

302 sct->sM_thresh = 65;

303 sct->sM_thresh_00 = 45;

304 sct->1L_thresh = 30;

305 sct->tC_thresh = 5;

306 sct->time_thresh = 30000;

307 return;

308 |}

309

310

311 | /* Gname: getMoistureReading

312 Oparam: none

313 @return: value of the mapped sensor value

314 | */

315 | float getMoistureReading(void) {

316 // First map the voltage reading into a resistance

317 float s0ilV = map(analogRead (MOISTURE_PIN), O, 1023, 0, 500);
318 // convert to soil resistance in kohms

319 float R_probes = (500 / soilV);

320 R_probes -= 1;

321 R_probes *= 10;

322 // convert to percentage of gravimetric water content (gwc)
323 R_probes = pow((R_probes / 2.81), -1 / 2.774) * 100;

324 // Returns the mapped analog value

325 // A voltage of 2.5V should return a gwc of 60-70%

326 return R_probes;

327 |}

328

329

330 /* Oname: pullMoistureSensor

331 @param: none

332 O@return: value of the mapped sensor value

333 | */

334 | float pullMoistureSensor(void) {

335 float readl = getMoistureReading();

336 delayMicroseconds(10) ;

337 float read2 = getMoistureReading();

338 delayMicroseconds(10) ;

339 float read3 = getMoistureReading();

340 delayMicroseconds (10) ;

341 float read4 = getMoistureReading();

342 delayMicroseconds(10);

343 float read5 = getMoistureReading();

344 return ((readl + read2 + read3 + read4 + readb5) / 5);

345 |}

346

347

348 /* Oname: getLightReading

349 Q@param: none

350 O@return: value of the mapped sensor value

351 | */

352 | float getLightReading(void) {
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353 float b = -0.94;

354 float ¢ = 38.9;

355 float a = 0.014;

356 // First map the voltage reading

357 float lightV = map(analogRead (LIGHT_PIN), 0, 1023, 0, 500);

358 float mr_Lumen = 1lightV - b * ¢ * 100;

359 mr_Lumen /= c * 100;

360 mr_Lumen = pow(mr_Lumen, 1 / a);

361 // Returns the mapped analog value

362 return (mr_Lumen) ;

363 |}

364

365

366 | /* @name: pullLightSensor

367 Oparam: none

368 Q@return: averaged value of the mapped sensor value

369 | */

370 | float pullLightSensor(void) {

371 float readl = getLightReading();

372 delayMicroseconds(10);

373 float read2 = getLightReading();

374 delayMicroseconds(10) ;

375 float read3 = getLightReading();

376 delayMicroseconds(10) ;

377 float read4 = getLightReading();

378 delayMicroseconds (10) ;

379 float read5 = getLightReading();

380 return ((readl + read2 + read3 + read4 + readb) / 5);

381 |}

382

383 /* Oname: getBatteryReading

384 @param: none

385 O@return: mapped battery voltage in dV

386 | */

387 |uint8_t getBatteryReading(void) {

388 float rawVoltageDividerl = ((float)analogRead(BATTERY) * 50.5) / 1023.0;
389 delayMicroseconds(10) ;

390 float rawVoltageDivider2 = ((float)analogRead(BATTERY) * 50.5) / 1023.0;
391 delayMicroseconds(10) ;

392 float rawVoltageDivider3 = ((float)analogRead(BATTERY) * 50.5) / 1023.0;
393 delayMicroseconds (10) ;

394 float rawVoltageDivider4 = ((float)analogRead(BATTERY) * 50.5) / 1023.0;
395 delayMicroseconds(10) ;

396 float rawVoltageDivider5 = ((float)analogRead(BATTERY) * 50.5) / 1023.0;
397 delayMicroseconds(10) ;

398 float rawVoltageDivider6 = ((float)analogRead(BATTERY) * 50.5) / 1023.0;
399 delayMicroseconds (10) ;

400 float rawVoltageDivider7 = ((float)analogRead(BATTERY) * 50.5) / 1023.0;
401 delayMicroseconds(10) ;

402 float rawVoltageDivider8 = ((float)analogRead(BATTERY) * 50.5) / 1023.0;
403 delayMicroseconds(10) ;

404 float rawVoltageDivider9 = ((float)analogRead(BATTERY) * 50.5) / 1023.0;
405 delayMicroseconds (10) ;

406 float rawVoltageDivider10 = ((float)analogRead(BATTERY) * 50.5) / 1023.0;
407 delayMicroseconds(10) ;

408 float rawVoltageDividerll = ((float)analogRead(BATTERY) * 50.5) / 1023.0;
409 float battAvg = rawVoltageDivider2 + rawVoltageDivider3 + rawVoltageDivider4 +\
410 rawVoltageDivider5 + rawVoltageDivider6;

411 battAvg = battAvg + rawVoltageDivider7 + rawVoltageDivider8 + rawVoltageDivider9 +\
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412 rawVoltageDivider10 + rawVoltageDividerill;

413 uint8_t bat_soup = (uint8_t)battAvg;

414 return bat_soup;

415 |}

416

417

418 /* Oname: getBatteryReading

419 @param: none

420 O@return: mapped battery voltage in 4V

421 */

422 |uint8_t pullBatteryLevel(void) {

423 uint8_t mr_avg = getBatteryReading() + getBatteryReading() + getBatteryReading() +\
424 getBatteryReading() + getBatteryReading();

425 return (mr_avg / 5);

426 |}

427

428

429 | /* Oname: Timer

430 @param: delayThresh - timer duration

431 @param: prevDelay - time in millis() when the timer started
432 @return: digital high/low depending if timer elapsed or not
433 This is a non-blocking timer that handles uint32_t overflow,
434 it works off the internal function millis() as reference

435 */

436 | int Timer (uint32_t delayThresh, uint32_t prevDelay) {

437 // Checks if the current time is at or beyond the set timer
438 if ((millis() - prevDelay) >= delayThresh) {

439 return 1;

440 } else if (millis() < prevDelay) {

441 //Checks and responds to overflow of the millis() timer

442 if (((4294967296 - prevDelay) + millis()) >= delayThresh) {
443 return 1;

444 }

445 }

446 return O;

447 |}

448

449

450 /* Qname: run_DeepOcean

451 @param: D_Struct - struct that holds sensor data

452 @param: C_Struct - struct that holds thresholds

453 Q@return: digital high/low telling the system to

454 turn on or off the water

455 | */

456 | int run_DeepOcean(D_Struct D_Struct, C_Struct C_Thresh) {

457 int HydroHomie = 0;

458 // Check for the time threshold

459

460 // Chcek the soil moisture against the first threshold

461 // If its light, then don’t water unless it has been a long time
462 if ((D_Struct.soilMoisture < C_Thresh.sM_thresh) && \

463 (D_Struct.lightLevel <= C_Thresh.lL_thresh)) { //

464 HydroHomie = 1;

465 }

466

467 // Check temperature to prevent freezing

468 // Also make sure you only water once in a while so water is not
469 // always on when its cold

470 else if ((D_Struct.temp_C <= C_Thresh.tC_thresh) && bmpFlag) {
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HydroHomie = 1;
}

// Water immediately if soilMoisture goes below a certain level
if (D_Struct.soilMoisture < C_Thresh.sM_thresh_00) {
return 2;

}

// In main, make sure you update the timestamp if the output is >0
return HydroHomie;

6.6 Appendix: Dark Sky API Code

import sys
sys.path.append(’ /home/pi/.local/lib/python2.7/site-packages’)
import forecastio

# Place the unique Dark Sky API key here
api_key = "2ef3d37caed4747al0cdc3c75cb4cbb3ad"

# Location: Santa Cruz (lat = 36.9741, lng = -122.0308)
lat = 36.9741
Ing = -122.0308

# Egypt
#lat = 26.8206

#1lng = 30.8025

# this returns the load forecast object with the given parametersL key, latitiude, and longitude
forecast = forecastio.load_forecast(api_key, lat, 1lng)

# provides a vague hourly forecast

byHour = forecast.hourly()

daily = forecast.daily()

currentForecast = forecast.currently()

#print ("Daily Forecast: %s" % daily.summary)

#print ("Hourly Forecast: %s" ’ byHour.summary)

#print ("Current Forecast: Js" % currentForecast.summary)
#print (byHour.icon)

# this returns a map object, which contains all the weather data
result = forecast.json

curr = result.get(’currently’)

dail = result.get(’daily’)

# acquires current time, outputs in seconds
seconds = curr.get(’time’)

# conversion from seconds to clock time
seconds = seconds % (24 * 3600)

hour = seconds // 3600

hour = hour

seconds %= 3600

minutes = seconds // 60

seconds %= 60
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# convert humidity to percent
#humidity = curr.get(’humidity’) * 100

# prints out the desired forecast information to the shell, where it is read
# by the main central hub program

print
print
print
print
print
print

(dail.
(curr.
(curr.
(curr.
(curr.
(curr.

get(’data’) [0] .get (’precipProbability’)) # daily rain probability
get (’temperature’)) # current temperature

get (Chumidity’)) # current humidity

get(’pressure’)) # current pressure

get (’windSpeed’)) # current wind speed

get (’windBearing’)) # current wind direction
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