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ABSTRACT 

Irrigation is pivotal for supplementing water, amidst climate change globally and surface-drip 

irrigation provides an efficient plant-watering method with minimal mineral depletion. In 

Tanzania, Africa, manual surface-drip irrigation persists despite attempts at SMS-based 

automation, leading to time-consuming routine irrigation tasks. Existing studies focus on XBee 

modules in their transparent operation mode, limiting scalability due to lack of information 

such as source addresses as well as lack of support for multiple sensor nodes. This project, 

carried out in Arusha, Tanzania, employed a wireless sensor network using XBee modules 

configured in API mode for soil-data collection and transmission, utilizing Node-RED for 

remote actuator control and soil data visualization. By employing JavaScript functions, data 

bytes were extracted, including transmitter addresses, from each sensor node, enhancing 

scalability. Sensors measured soil moisture, temperature, humidity, air temperature, and 

ultraviolet radiation to determine irrigation requirements. The outcome, an IoT-based 

Automated Surface-drip Irrigation Monitoring System Prototype was tested against user and 

system requirements. Remarkably, the system reduced irrigation control time by 96%, 

compared to manual control, by automatically triggering on the pump and valves when 

minimum soil moisture threshold is reached and turning them off once the maximum moisture 

threshold is reached. It also supported over-the-air firmware updates, to reduce maintenance 

costs, enabling the integration of technologies like digital twins. The system can integrate with 

existing manual irrigation systems, offering a cost-effective automation solution. Future 

improvements could involve incorporating machine learning for crop water requirement 

forecasting, expanding the sensor node network and extensive testing under different farm 

environments. 
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CHAPTER ONE 

INTRODUCTION 

1.1 Background of the Problem 

Agriculture plays a crucial role in supporting livelihoods since it is the backbone of food 

security. This is particularly dominant in third-world countries where issues such as 

overpopulation and climate change have continually destabilized efforts to alleviate poverty 

and food insecurity (Pawlak & Kołodziejczak, 2020). The global population has been on an 

upward trajectory in recent years, extending further the challenge of food insecurity (FAO, 

2021). This phenomenon can be seen in Fig. 1 which illustrates statistics of the rise in hunger 

between the years 2014 and 2019. In the year 2019 alone, 60 million more people were exposed 

to hunger compared to the year 2014.  

 

Figure 1:     Global hunger prevalence   

There have been global efforts to combat hunger and ensure minimum nutrition requirements 

for human beings are met. One such initiative is the Zero Hunger Challenge initiated by the 

United Nations Secretary-General in 2012. The main pillars of the Zero Hunger Challenge 

initiative are to combat hunger, eliminate poverty in rural regions by increasing the income as 

well as productivity of small-scale farmers, eliminate food wastage, increase access to healthy 

diets as well as adequate food all year round for everyone,  get rid of undernutrition and develop 

food systems that are sustainable as well as inclusive (United Nations, 2012). 
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Figure 2:     Elements of the zero-hunger challenge vision 

Despite ongoing efforts globally to combat hunger, research continues to prove that there’s still 

much to be done if the United Nations' second sustainable goal is to be achieved. This situation 

was worsened by the COVID-19 global pandemic and as the world strives to recover, there is 

a high likelihood that by the year 2030, the world will not have achieved the zero hunger goal 

(Cooper et al., 2021). 

Due to the change in climate as a result of factors such as global warming, the world has been 

experiencing inconsistent rainfall patterns that cannot be solely relied upon for sustainable 

agriculture. Studies continue to reveal that the impact of the drought will be even more 

hazardous in the coming days (Wu et al., 2022).  

As the world continues to witness inconsistencies in rainfall patterns and general climatic 

conditions, there is a need for climate-smart agricultural methods to ensure continuous farm 

yield amidst harsh climatic factors. Some authors have expressed fears over what they term as 

little attention to issues such as climate change impacts on agriculture among smallholder 

farmers, biodiversity versus agricultural conservation goals as well as a reluctance to invest in 

research and development by policymakers (Dorward & Giller, 2022).  Among the adopted 

technologies to counter climate changes include the development of more resistant crop species 

as well as resource management tools to ensure proper utilization of water, land, and energy.  

Large-scale, as well as smallholder farmers, have adopted irrigation to supplement the 

insufficient rainfall and ensure there is crop yield throughout the year regardless of the season. 

However, most irrigation systems used on a large-scale basis are manual. Off-the-shelf 
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automatic irrigation systems do exist but the cost of replacing the entire manual irrigation 

system with an automatic one is very high. Additionally, such off-the-shelf automatic systems 

attract high subscription and maintenance fees annually. 

Irrigation is the artificial application of water to plants using a network of pipes, valves, pumps, 

and any other relevant technology. Manual irrigation systems have proven to be less efficient 

due to their lack of a mechanism for water preservation despite their affordability initially. 

Previous research has shown that Manual Irrigation systems consume more water per square 

meter compared to automatic irrigation systems (Ançay et al., 2017). 

There has been ongoing research in recent years on how to automate irrigation processes. The 

Application of the Internet of Things (IoT) has become a hot topic in this subject globally. IoT 

describes a blend of sensing devices, connectivity mediums, data storage, and visualization 

platforms (Abbassi & Benlahmer, 2021). 

In this epoch of the Fourth Industrial Revolution (4IR), wireless sensor networks have gained 

global popularity owing to the development of infinitesimal, low-cost sensors that can detect 

and transmit desired parameter data while occupying minimum space on circuit boards, with 

minimum power requirements achieved from the sleep mode capabilities. Furthermore, 

advanced algorithms have been proven to minimize the energy consumption of these wireless 

sensor networks while enhancing their lifetime with minimal interruptions (Sinde et al., 2020). 

The World Vegetable Center, initially known as the Asian Vegetable Research and 

Development Center (AVRDC) is one among many centers that are contributing to the Zero 

Hunger Challenge. The center, whose headquarters are in Taiwan but with a global presence, 

was established in the year 1971, with the main objective of poverty and malnutrition 

alleviation by increased production as well as consumption of nutritious vegetables. The center 

achieves its mission by providing farmers with informed agricultural practices, post-harvest 

value addition as well as marketing for a variety of vegetables. In addition to contributing to 

employment creation and income generation for small-scale farmers, the center promotes 

diversity in crop farming and advocates for better-balanced diets. Their efforts are geared 

towards combating lifestyle diseases caused by a lack of vegetables in the diet (World 

Vegetable Center, 2013).  

The Center, based in Arusha, Tanzania utilizes an integrated manual irrigation system 

consisting of a drip network as well as open channel irrigation to ensure continuous vegetable 
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production all year round for different varieties. Furthermore, there is an existing hydroponic 

section, where soilless irrigation is carried out. Hydroponic technology involves cultivating 

plants without using the soil (Ezzahoui et al., 2021). The hydroponic section at World 

Vegetable Center is semi-automated in that the pump is switched on and off remotely using 

SMS commands on a mobile phone.  

In this study, the existing irrigation system used by the World vegetable Center, in Arusha 

located in Tanzania was examined. Water was found to be obtained from a natural river source 

using gravity and preserved in an open reservoir. Some of the water was observed to be 

channeled directly to the farm through irrigation canals. From the reservoir, water was found 

to be pumped to the irrigation fields using an electrical pump to a filtration chamber, to 

eliminate dirt and then to the different irrigation zones via drip pipes. Field staff had to 

manually switch on the water pump, then proceed to turn on the water valves for each irrigation 

farm sector. 

Additionally, the farm’s staff were found to rely on intuition and mere observation to determine 

when to irrigate the different vegetable field sectors and for how long. Other times, the farm 

zones were observed to be irrigated based on a fixed schedule, but there was no existing 

framework for using reliable data to determine when and how much irrigation is required at 

any given time. The illustration in Fig. 3 depicts the present situation at World Vegetable 

Center.  

 

Figure 3:     Manual water pump (left) and manual switch-box (right) 

To activate the water pump illustrated on the left of Fig. 3, the contactors of the manual switches 

illustrated on the right of Fig. 3 have to be pressed manually. Besides this process being 

inefficient, it poses a safety threat due to the risk of electric shock if a user presses the switch 
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with wet hands. After switching on the water pump, a field staff proceeds to turn on a series of 

gate valves in the irrigation zones manually. These gate valves as presented in Fig. 4 are 

approximately 15 in total, and they are distant from each other, hence it takes approximately 

one hour to go around manually switching all of them.  

 

Figure 4:     Manual gate valves  

In addition to the manual operation of the aforementioned electrical and mechanical parts, the 

center has an array of electronic hand-held devices used to collect data regarding weather 

parameters. They include temperature, humidity, wind speed, ultraviolet radiation as well as 

soil-pH data loggers as illustrated in Fig. 5. The main drawback of such devices is that they are 

not backed by a software interface that users can access remotely to retrieve the data. The 

implication is that each device has to be individually connected to a computer via a USB 

interface to retrieve data. This process is inefficient in terms of time consumption and it is 

tedious to keep track of data especially when a user is responsible for organizing the folders in 

a computer, like in the case of the World Vegetable Center. 
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Figure 5:     Stand-alone weather data loggers 

The outlined manual methods are inefficient, unreliable, and prone to error. The water 

consumption is also high, and it can only be estimated as there are no monitoring mechanisms. 

Due to the possibility of pumping water unnecessarily, the operational cost is high resulting 

from unwarranted electricity bills. Furthermore, there is no record of how much water is used 

at regular intervals. It is nearly impossible to quantify the loss incurred. Unfortunately, there 

must be a farm staff always on-site to go around monitoring the vegetable fields to determine 

whether or not to start irrigating. The whole process is outdated, more so in this era of 4IR, 

where automation is at everyone’s disposal. Without proper data-driven techniques of applying 

irrigation, the organization is prone to make losses in terms of electricity bills by running the 

water pump unnecessarily as well as water wastage, but also extra labor costs, and misuse of 

time. 

In this study, therefore, an IoT-based automated surface-drip irrigation monitoring system was 

developed. A wireless sensor network based on ZigBee was integrated with the system. The 

wireless sensor network consists of soil moisture sensors, soil temperature sensors, ambient 

humidity plus temperature sensors, rainfall sensors, water-flow sensors, as well as ultraviolet 

radiation sensors. Data from the mentioned sensors are processed and analyzed from a sink 

node to provide logic for automatically activating the switching on and off of the water pump 

as well as the opening and closure of solenoid valves to regulate the flow of water in different 

irrigation fields. A wireless sensor network describes an interconnection of Sensor devices that 

monitor different parameters and relay the sensor data to a central information processor for 

further control and decision-making.  

1.2 Statement of the Problem 

The current global population increase has raised the depletion of resources such as land and 

water. Therefore, the concept of urban agriculture has been developed to ensure sustainability 



7 

 

and food security (Langemeyer et al., 2021). This has seen cities engage in food production, 

distribution, and marketing to combat malnutrition. 

As cities globally continue to evolve, in the 4IR, a need has been identified for automation to 

facilitate urban agriculture as well as other sectors. Previous studies have been conducted on-

farm automation to improve efficiency and optimize natural resources such as water. 

However, the world is entering industry 5.0 which will be mainly characterized by the 

interception between human expert innovation and their interaction with machines to improve 

production efficiency (Maddikunta et al., 2022). Virtual reality as well as digital twin 

technologies are among the key components of the fifth industrial revolution (5IR). The digital 

twin is a recent paradigm that relates to the virtual representation of a physical phenomenon 

digitally to simulate how a physical system would behave (Nasirahmadi & Hensel, 2022). 

Therefore, manual systems will be defunct over time. In the agriculture domain, manual 

irrigation systems are labor intensive, consume time, and lead to water wastage as well as 

energy. This situation is worsened by a lack of monitoring mechanisms for determining water 

consumption per irrigation field, as well as soil and climatic data. 

This project addresses these challenges through an IoT-based automated surface-drip irrigation 

monitoring system. A low-power XBee-based wireless sensor network in API mode was 

deployed to collect soil sensor data from different nodes and transmit it to a central node. A 

remote dashboard was provided to ensure real-time data transmission as well as control of 

actuators like pumps and valves, even remotely. 

1.3 Rationale of the Study 

According to Casadei et al. (2021), irrigation can be classified as an efficient way of conserving 

water resources.  The current growth in the global population has caused water to become a 

scarce resource, therefore creating the need for managing it to ensure proper conservation and 

optimal use. Furthermore, manual irrigation systems do not provide the required efficiency and 

precision in terms of water conservation. Monitoring water consumption for manual irrigation 

systems is tedious as there is no digital data collection method. Reading old manual water 

meters is tiresome and time-consuming. Such manual systems can irrigate the farm erroneously 

due to a lack of an actuation mechanism that is activated by reliable soil parameter data as 
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collected by sensors. Additionally, the inefficiency of manual irrigation systems is worsened 

by their reliability on human intervention. 

Therefore, this study entailed the development of an IoT-based automated surface-drip 

irrigation monitoring system prototype, using an XBee-based wireless sensor network, to 

measure soil parameters and control the actuation of water pumps and solenoid valves, with 

remote operation capability through the Node-red platform. 

1.4 Objectives of the Study 

1.4.1 Main Objective 

To develop an IoT-based automated surface-drip irrigation monitoring system prototype for 

World Vegetable Center in Arusha Tanzania. 

1.4.2 Specific Objectives 

The study aimed to achieve the following specific objectives: 

(i) To identify the functional and non-functional requirements for the development of an 

IoT-based automated surface-drip irrigation monitoring system prototype. 

(ii) To develop an IoT-based automated surface-drip irrigation monitoring system 

prototype. 

(iii) To validate the developed IoT-based automated surface-drip irrigation monitoring 

system prototype. 

1.5 Research Questions 

The study intended to answer the following questions: 

(i) What are the functional and non-functional requirements for the development of an IoT-

based Automated Surface-Drip Irrigation Monitoring System prototype? 

(ii) How can the IoT-based Automated Surface-Drip Irrigation Monitoring System 

prototype be developed? 
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(iii) How would the developed IoT-based Automated Surface-Drip Irrigation Monitoring 

System prototype be validated?  

1.6 Significance of the Study 

The output of this system is a promising contribution towards natural resource conservation 

efforts by making proper use of available water. There is potential to reduce recurring bills 

such as electricity and labor for farmers. 

The use of automation and remote-control capabilities suggest pathways to improve efficiency 

by saving time as well as labor that is spent moving from point to point to manually control 

valves and pumps (Abioye et al., 2021).  

In the long run, employing a data-driven approach to irrigation planning, monitoring, and 

controlling can improve accuracy in precision irrigation by providing the required amount of 

water for different irrigation fields. An analysis of overall water consumption can be provided 

at regular intervals depending on user requirements. 

1.7 Delineation of the Study 

Irrigation is a broad term that is an umbrella of many artificial techniques of supplying water 

to plants at root zones. In this study, a surface-drip irrigation system has been considered. Drip 

irrigation stands out as the most preferred water delivery mechanism due to its ability to deliver 

water and nutrients directly to the plant’s root zone. Other categories of irrigation such as 

sprinklers or canals have not been considered in this work, due to their dependence on high 

amounts of water and their complexity in automation. Two remote nodes and a central 

coordinator node were considered, but with the possibility of replicating and increasing the 

nodes if it is desired. Compared to existing irrigation kits, the cost of this prototype is in the 

range of EURO 1000-1500. This cost could be further reduced after extensive testing and 

coupling of all components into a single processor board for the sensor nodes. Existing 

irrigation kits cost in excess of EURO 2500 exclusive of shipping to Arusha, Tanzania. 
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 Search Strategy 

To conduct the literature review, existing related reviews were first identified. This was done 

by first searching through well-structured databases of published works such as ScienceDirect, 

Web of Science, SpringerLink, and Research4Life. Later, the search was extended to less 

structured databases and other opensource resources. Grey literature was included for items 

such as reports, thesis, and dissertations of previous researchers from academic institutions. 

The search was finally spread to search engines including Google Scholar and Microsoft 

Academic. Due to the agile nature of the project, the literature review was done throughout the 

entire lifecycle of the project. 

The language considered for this search was English. The literature was limited to ten years 

backwards from the time of carrying out this project for Journal articles, to obtain the latest 

existing works related to automated irrigation systems. However, related works from books 

sections were also used outside this specified ten-year time-frame. A sample search string as 

used to retrieve literature from ScienceDirect was formed using controlled vocabulary as 

follows: irrigation[mesh] OR “internet of things” OR “soil moisture” OR “irrigation systems” 

OR crops OR “moisture control” OR “agricultural robots” OR “automation” OR “IoT” OR 

“automatic irrigation.” 

While the search strings are not case sensitive, the operators ‘OR’, ‘AND’, ‘NOT’ are case-

sensitive. The OR operator is used to merge alternative terms and to increase the results base. 

AND on the other hand, is applied when combining concepts while NOT is used to exclude 

specified search terms. All the literature was then filtered by reviewing the Titles and abstracts 

to determine relevance to this study. 

2.2 Theoretical Literature Review 

Humanity is dependent on nutrients to thrive and lead a healthy life. Nutrients are obtained 

from food substances. Both Human beings and livestock rely on plant foods to obtain these 

necessary nutrients. According to data from World Bank, the world population as of the year 

2020 was approximately 7.762 billion (World Bank, 2020). If such statistics are anything to go 
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by, the implication is a rapid increase in population globally. Consequently, there is an expected 

depletion in natural resources such as water and land. With the scarcity of vital resources like 

water, due to issues related to global warming and population growth, methods for water 

conservation are inevitable. One way of ensuring continuous Agricultural productivity amidst 

scantiness of water is employing irrigation techniques. 

Different factors come into play when determining plant water requirements and the irrigation 

method to use. These factors include but are not limited to the plant type, soil type, depth of 

water table, plant growth stage, climatic conditions, and availability of water (Ali, 2010). 

Elshaikh et al. (2018)  carried out research work to review theories used in the evaluation of 

irrigation performance. One theory was based on direct measurement of indicators, which they 

found to be uncertain in terms of the collection of reliable data and was equally subjective. 

According to this research, remote sensing was also studied and found to lack much usefulness 

in the presence of clouds, in addition to requiring technical advanced skills. Feasibility of drone 

use in Africa, specifically Tanzania is still facing slow uptake due to the bureaucratic processes 

of obtaining legal permits as well as the cost implications of insurance, operational training, 

and license fees according to the Tanzania Civil Aviation Authority (TCAA, 2021).  

Nechifor and Winning (2019) studied the impact of climate change and the increase in carbon 

(IV) oxide in the atmosphere on the performance of crops and their water requirements for 

irrigation. The study revealed that pronounced changes in climate result in diminishing crop 

output at the same time depressing water demand globally for crops that depend on irrigation, 

despite there being an increase in the intensities of irrigation water. 

From a theoretical point of view, different theorists as reviewed in this section generally 

propose the use of irrigation to supplement the water requirements of plants and ensure 

sustainable farming throughout the different seasons of the year. There are different categories 

of irrigation methods ranging from drip, sprinkler, and furrow. 

2.2.1 Drip Irrigation 

Drip irrigation, as presented in Fig. 6, entails the application of water and sometimes nutrients 

directly to the soil along plant rows, close to the plant roots using narrow flexible tubes made 

of plastic that are laid on the soil surface. Surface drip irrigation is common, where the plastic 

tubes are placed on the soil surface. Subsurface irrigation on the other hand involves placing 
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the tubes immediately underneath the soil surface to minimize lateral movement. The tubes 

have even holes that allow water to trickle to the soil vertically. Drip irrigation is preferred due 

to its ability to minimize water consumption, high efficiency allowing for easy fertigation thus 

minimizing fertilizer costs, flexibility and ease of automation to reduce labor, low risk of soil 

erosion, and minimal interruption by other farm activities such as harvesting as well as 

minimized weed invasion. Drawbacks of drip irrigation include capital investment, damage by 

rodents, the high maintenance cost of replacing tubes every season as well as poor frost 

protection (Hochmuth, 2017). 

 

Figure 6:     Drip irrigation layout overview (Jarwar et al., 2019) 

2.2.2 State of Art in Irrigation Automation 

Traditional irrigation methods have received criticism over inefficiencies in terms of time as 

well as water wastage. Following recent rapid technological evolution, many researchers are 

formulating mechanisms for automating irrigation. 

There are standard existing kits already in the market, many of which utilize Wi-Fi to relay 

field sensor data to a central controller that actuates pumps and valves (Hunter Industries, 

2018). Wi-Fi boasts of high bandwidth, long transmission range, transmission speeds higher 

than other technologies such as ZigBee as well as non-line of sight capabilities of transmission 

(Li et al., 2011). However, such performance hinders the effectiveness of wireless sensor 

networks in applications where energy efficiency is a determining factor, such as battery-

powered devices. 

Automatic drip irrigation has exhibited the potential for minimizing water consumption in 

irrigated fields by up to 15%. Soil-moisture sensors have been pivotal in the process of 
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automating irrigation, by measuring the real-time water content in the soil and relaying the data 

to a central controller that initiates the process of applying water (Panigrahi et al., 2019). 

Different research and proof of concept systems have been developed to automate irrigation 

for different crops. To achieve optimum results, different technologies have been proposed. 

These range from Wireless Sensor Networks (WSN), Internet of Things (IoT), Unmanned 

Aerial Vehicles (UAV), Artificial Intelligence (AI) as well as cloud computing (Abdollahi et 

al., 2021). 

The WSNs leverage wireless communication technologies to relay data collected from sensors 

to a central hub or the cloud. They are autonomous and self-monitoring in nature; hence they 

are optimized to run for a long duration.  

Emerging low-power wireless communication technologies for WSNs range from ZigBee, 

long-range wide area network (LoRa WAN), Narrow-band IoT (NB-IoT), Sigfox, and Long-

Range (LoRa), Bluetooth Low Energy (BLE) as well as radio frequency communication. The 

choice of each depends on factors such as bandwidth, data rate, coverage, frequency-band as 

well as battery life. Sigfox operates on the unlicensed frequency and supports packets of small 

sizes of around 12 bytes. Despite being an extremely low-power technology, it has limitations 

in terms of the number of messages for both uplink and downlink, hence the low data rate. 

Sigfox is also associated with high implementation costs. Likewise, NB-IoT is a low-power 

technology characterized by high data rates. However, it relies on LTE coverage and has high 

implementation costs. ZigBee on the other hand is a low-power personal area network 

technology. The XBee modules have mesh network capabilities, despite high implementation 

costs. It has a high data rate, a maximum of 250 Kbps but is limited in coverage and performs 

best on flat surfaces (Klaina et al., 2022).  

2.3 Empirical Literature Review 

In the following section, a review has been carried out of the various irrigation automation 

technologies proposed by researchers previously, critically analyzing their methods, overall 

strengths, and limitations. 

Irrigation describes a process that involves applying water to the soil artificially. An irrigation 

system on the other hand integrates the various components involved in artificially applying 

water to the soil. Such components include but are not limited to pumps, valves, tubes, Power, 
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sprinklers as well as water reservoirs (Bjorneberg, 2013). In recent times, technology has 

advanced in the development of irrigation systems to include an array of sensors and 

mechanisms for actuating valves and pumps automatically. 

Selmani et al. (2018) designed an irrigation system that utilized multithreading, powered by 

Solar. Their design utilized concurrent programming to provide accurate and real-time 

management of Greenhouse irrigation activities. The design employed a Raspberry Pi 

microcomputer, DHT22 temperature humidity sensor, a water level sensor for monitoring 

water levels in the tank, and Soil moisture sensor. MySQL was used as the database server. A 

web server was utilized for remote access to the sensor data. Vert X tool was used for 

multithreading features, combining the pump control process with remote monitoring of pump 

activities. However, only one environment was monitored and controlled, which is an 

experimental Greenhouse. There is no mention of how to monitor different areas that have 

different irrigation requirements.  

Mohammed et al. (2021) proposed a Smart Irrigation System focusing on subsurface irrigation 

for the enhancement of date palm irrigation management. Their automated system was based 

on IoT for control. Wireless sensor networks were deployed to collect and disseminate data 

regarding soil moisture content and weather. ThingSpeak open-source cloud data aggregation 

and analytics platform were used for visualization, scheduling, and real-time notifications. The 

framework of this solution consisted of a water pump and water source, an interconnection of 

pipes, disc filters, and valves as well as a power source (solar and charging unit) and control 

unit. The sensors used were a Flow meter, a DHT11 temperature humidity sensor, and 

anemometer for monitoring wind speed as well as a solar cell. The control unit consisted of a 

NodeMCU microcontroller, relay, and contactor. The MATLAB analysis was performed using 

ThingSpeak cloud and data was relayed to a user via a React-based Mobile Application. 

TalckBack App was used to issue commands to the NodeMCU microcontroller to switch the 

solenoid valve as well as the pump on and off. Despite the system conserving water 

consumption and increasing the date palm yield, there was one major drawback, related to 

power consumption. All the sensor nodes in this system were configured to use NodeMCU 

which sent data to ThingSpeak using Wireless Fidelity (Wi-Fi) technology. The Wi-Fi 

Technology which is based on IEEE 802.11 protocol, consumes more power than other 

wireless sensor technologies such as Bluetooth Low Energy as well as ZigBee which is based 

on IEEE 802.15.4 protocol, due to large bandwidth. 
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Gutierrez et al. (2014) used Wireless Sensor Network integrated with GPRS to design an 

automated irrigation system. The system used sensors for detecting temperature and moisture 

in the soil at the plant root zone. This system was powered using photovoltaic panels. A central 

controller unit was configured to process sensor data, control actuators such as pumps, and 

transmit sensor data to a web application. Scheduling of the irrigation could be controlled from 

a web page. The system saved water up to 90% in comparison to other systems. 

PIC24FJ64GB004 was used. Wireless sensor networks were configured to transmit sensor data 

to the central unit using an XBee Pro S2C module that operates on ZigBee IEEE 802.15.4 

protocol. The central unit then was configured to transmit data to the cloud using GPRS cellular 

technology. The potential drawback of this system was the additional cost of airtime required 

for the GPRS module SIM card. GPRS is also unsuitable for real-time control and monitoring 

due to low data transmission rates practically as well as transmission delays compared to other 

wireless standards such as Long-Term Evolution (LTE). 

Vera et al. (2021) conducted some research with the aim of irrigation automation using 

dielectric soil sensors. This study explored the use of electromagnetic sensors to detect 

volumetric soil water content and regulate solenoid valves for irrigation triggering. The study 

depicted savings in terms of labor, energy, and water using the proposed system. Potential 

drawbacks of the study included the limited soil volume that the electromagnetic sensors could 

capture. The high cost of acquiring the sensors and additional Supervisory Control and Data 

Acquisition (SCADA) machinery and software was highlighted. 

Vimal et al. (2021) proposed an Agricultural Smart System for Irrigation using the drip method. 

The primary mechanism involved detecting the level of moisture in the soil and activating the 

water supply required as per arising needs. The technology used included an ATmega328 

microcontroller, GSM module, Humidity sensor as well as soil moisture sensor. The limitation 

of this study was the lack of remote data processing as it is purely SMS-based. There was no 

provision for accessing historical sensor data. 

Masseroni et al. (2020) reviewed how varied technologies of smart irrigation are applied in 

different research areas such as precision irrigation control models, natural resource prices, and 

Smart Irrigation using Information Communication Technologies (ICTs). Among their key 

findings was the integration of flow meters for controlling water distribution in real-time within 

the irrigation canals. Their key findings on the latest technologies perceived by farmers as 

utilities for improving irrigation efficiencies included automated notifications, control using 
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mobile devices, integrating irrigation systems with weather forecasting and alerts, use of soil 

moisture sensors as well as model tools for gathering crop water requirements. 

Tiglao et al. (2020) proposed the application of a meshed wireless sensor network in farms, 

responsible for collecting soil data in addition to the actuation of the water pump as well as 

valves. However, the study made use of nRF24L01 wireless radio modules, whose power 

consumption is higher compared to other wireless technologies such as ZigBee and LoRa due 

to lack of support for sleep mode, hence unsuitable for meshed wireless sensor networks. 

Another study carried out by Canales-Ide et al. (2019) focused on the assessment of Subsurface 

Drip Irrigation as a case study of smart irrigation in an urban setting in Valdebabas, located in 

Madrid, Spain. The efficiency of water use was compared by using two methods. The first 

method involved scheduling of irrigation by the park manager, using plant water requirements 

that are derived from the evapotranspiration (ET) reference from a weather station nearby and 

a plant coefficient (Kc). The second method involved estimating the water requirements of 

plants using the Water Use Classification of Landscape Species (WUCOLS) III, which bases 

the water requirements of plants on the plant species composition as opposed to a single 

species. The study revealed better irrigation management using Park Manager’s estimations 

compared to the second method. The study went further to show that automated irrigation has 

the potential to save water consumption extensively. The limitation of this study, however, was 

that it was only based on climatic data and did not make any considerations on other variables, 

including the water content of the soil. Monitoring of the on-site water content of the soil using 

soil moisture sensors could further aid in precision agriculture. Data regarding soil water 

content can be transmitted to the irrigation control unit station and be utilized in determining 

the amount and frequency of irrigation. 

Domínguez-Niño et al. (2020) in their paper carried out research intending to test how suitable 

the FAO’s method (Water balance) can be when integrated locally with sensors to trigger the 

irrigation scheduling algorithm. Their paper also tested how suitable capacitive soil moisture 

sensors are and how they can be integrated with automatic interpretation for effecting irrigation 

scheduling algorithms. The performance of all the mentioned approaches was also tested. 

Results from the automated scheduling were compared with manual scheduling as illustrated 

in Fig. 7, using evapotranspiration which was the actual value determined using a weighing 

lysimeter within the same locality. The overall observation was that the water-balance method 
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integrated with capacitive soil moisture sensors has the potential of accurately scheduling 

automatic irrigation systems in orchards. 

 

Figure 7:     Comparing response of different irrigation systems (Domínguez-Niño et al., 

2020) 

According to Domínguez-Niño et al. (2020), combining the water-balance method with sensors 

has several advantages. This integrated method has a smoother response. Due to automation, it 

is more predictable than manually switching valves on and off. Additionally, different 

irrigation sections can be controlled independently using sensors daily without interfering with 

the drainage distribution of the entire farm. However, the capacitive soil moisture sensors 

recommended would require to be calibrated when switching between soil types. 

Vij et al. (2020) carried out a study to address the problem of over-irrigation, crop-specific 

irrigation as well as soil erosion using distributed networks of wireless sensors and algorithms 

based on machine learning for supporting irrigation pattern prediction. However, potential 

drawbacks of this proposed work range from the accuracy of the solution to relying on massive 

and region-specific data to train the model. This hinders the scalability of the solution. 

Additionally, in this work, Arduino microcontrollers were used in the sensor nodes, integrated 

with Wi-Fi modules. Wi-Fi transmission consumes a lot more power, hence replicating it on 

all sensor nodes could potentially result in more consumption of electrical power. 
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Koech and Langat (2018) in their work reviewed advancement efforts made to improve the 

efficiency of water use, specifically in Australia and other selected countries. Their study 

highlighted overall hindrances as well as opportunities that could be exploited. Among the 

emergent technologies in the domain of automatic irrigation scheduling as mentioned by Koech 

and Langat (2018) are remote sensing technologies such as satellite imagery, which is a key 

enabler due to its ability to cover larger geographical areas. Drawbacks of remote sensing 

include discrepancies in resolution temporally and spatially, thus degrading the quality of 

results. Remote sensing to determine crop water requirements using multispectral and thermal 

imagery via drones was reviewed. However, the uptake of drones is still very low and the cost 

of training, licensing, and purchasing is still high. 

A model of a system for managing irrigation, automated with a network of wireless sensors 

was proposed by Haule and Michael (2014). Despite using a ZigBee-based wireless sensor 

network, there is no mention of any remote-control capabilities as well as integration of real-

time remote access to sensor data. Additionally, there is no mention of water consumption 

monitoring. This system lacks important analysis required for monitoring and planning 

purposes. 

A similar study was carried out by Njuu (2016), as a Master's dissertation from Nelson Mandela 

African Institution of Science and Technology. This proposed solution was monitoring 

irrigation water consumption in canals using XBee wireless sensor network and providing the 

analysis data using the cloud. This work has no mention of automatic control of irrigation 

pumps and valves. The focus was only on monitoring water levels in canals. 

Koech and Langat (2018) also reviewed the use of Wireless Sensor Networks to collect soil 

parameters and relay them in real-time to a coordinator hub, from where the actuation of valves 

and pumps can be initiated automatically. Wireless Sensor Networks are gaining global 

attention due to the availability of low-cost sensors and their low energy requirements. 

Another system was proposed by González-Perea et al. (2019). Their argument emphasized 

that farmers face difficulties acquiring the sophisticated technology required for real-time 

scheduling of irrigation. Their study implemented a middleware to avail a simpler tool to enable 

farmers to make informed decisions regarding the scheduling of irrigation using an irrigation 

module that was based on smart photovoltaic technology. Their solution integrated a user 

interface with data storage and connections to data sources remotely such as the soil sensors, 
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irrigation control unit, and web platform. The drawbacks of their proposed solution include the 

full reliance of the water pumps on solar energy. Solar energy is not constant throughout the 

day and therefore, it could prove to be unreliable.   

Subdividing a farm plot into different irrigation zones is an important technique when dealing 

with automatic irrigation systems. This is because different plants have different water 

requirements depending on their growth stage as well as their type. In this regard, some 

researchers have proposed solutions to take care of zoning. A similar system was developed 

using an Arduino Nano for the sensor nodes and a Raspberry Pi for the sink Node. A wireless 

sensor network was set up using RF technology and a human-machine interface was designed 

using Node-red technology. Water application was controlled by solenoid valves. While the 

system took care of the different plants, there was no mention of how to measure the water 

consumption. Furthermore, only three parameters were considered, one being soil moisture and 

the other air temperature as well as humidity (Benyezza et al., 2021). The NRF24L01 radio 

modules used in this wireless sensor network have a far much higher energy consumption 

making them unsuitable for wireless sensor networks compared to similar technologies such as 

XBee (Saha, et al., 2017).  

2.4.1 Summary of Important Parameters Monitored 

 

 
Figure 8:     Summary of monitored parameters (García et al., 2020) 

A review carried out by García et al. (2020) analyzed the most commonly monitored 

parameters in irrigation systems as presented in published journal papers. Their findings, as 

illustrated in Fig. 8, revealed that soil moisture monitoring had the highest number of 

publications followed by weather parameters such as temperature, humidity, and rainfall. Other 
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papers addressed water parameters, and plant water requirements and even considered 

forecasting. 

With the advent of technological advancement, soilless farming is proving to offer immense 

capabilities in contributing to sustainable urban food security (Gumisiriza et al., 2022). 

Hydroponic Agriculture has emerged in urban regions, offering flexibility for urban households 

who have no pieces of land to practice farming. Montesano et al. (2018) conducted an 

experiment that revealed Wireless Sensor Networks can be used to monitor the moisture 

content of substrates in real time to offer precise automation of irrigation in soilless 

greenhouses. 

Benchmarking was carried out with a similar project that was previously carried out at Gallapo 

village located in Babati District, part of Northern Tanzania, under the Africa RISING 

(Research in Sustainable Intensification for the Next Generation) an initiative supported by the 

United States Agency for International Development (USAID) and led by International 

Institute of Tropical Agriculture (IITA) (Africa RISING, 2018). The project, known as Smart 

Agricultural Research Optimization System (SAROS) entailed a solar-powered smart kit for 

irrigation. Its functionality mainly consisted of automatic water-use monitoring using actual 

sensor data that is climate-smart.   

The above system was studied and discovered to have stalled while still in its initial pilot stage. 

Among the key observations made that could have contributed to stalling was the use of an 

Arduino microcontroller in the system. Arduino is very popular in the electronics field for 

hobbyists and academic prototyping projects. However, there are existing debates that 

challenge its suitability for scaling industrial projects like automatic irrigation systems on a 

large scale. Specific constraints that hinder the suitability of Arduino microcontrollers for such 

applications include processor speed, memory, and the number of available GPIO ports 

(Kondaveeti et al., 2021; El-Abd, 2017). The project’s lack of integration with Wireless Sensor 

Networks further indicated the complexity of handling and transmitting field data as well as 

incorporating any analysis of the data. 

2.3.1 Leakage Detection 

Among the major contributing factors to water loss and wastage during irrigation are pipe 

leakages. Eventually, leakages could also contribute to water dearth for irrigated plants. An 

IoT-based system for detecting water pipeline leakage using soil moisture sensors was 
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proposed by Elleuchi et al. (2019). The limitation of their proposed system is the reliance on 

soil moisture percentage to detect a leak. It would detect leakage in other water distribution 

situations but in a real drip irrigation section, this system would not be realistic as it would take 

a lot of time to detect the presence of leakage by analyzing soil moisture only. 

2.4 Proposed System 

This work proposes the development of an IoT-based automated surface-drip irrigation 

monitoring system prototype. A review of previous works reveals technical gaps in 

implementation of digital twins’ framework for the automation and monitoring of irrigation 

systems. This system utilizes an XBee-based wireless sensor network for collecting and 

disseminating soil and weather data to a central coordinator node that also acts as the main 

irrigation controller. The central coordinator hosts a digital twin that provides virtual 

interaction between users and the actual physical farm equipment including pump and water 

valves for remote control. Data visualization is provided via a Node-red web dashboard that is 

updated in real time. The proposed system conceptual diagram illustrated in Fig. 9 was used. 

 

Figure 9:     Project conceptual framework 

As depicted in Fig. 9, wireless field sensors collect real-time weather and soil parameters like 

air temperature, humidity, soil temperature, ultraviolet radiation, soil-moisture as well as 

detecting presence of rainfall. The data is transmitted in packets using XBee radio modules to 

a central node consisting of a Raspberry Pi integrated with an XBee coordinator node. An 
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analysis is carried out to determine if thresholds have been exceeded. If the real-time data is 

beyond the predetermined threshold, the pump and valves are automatically actuated while 

being monitored to ensure the water supplied does not exceed the required amount. Once the 

maximum threshold soil moisture content is reached, the pump is turned off followed by the 

individual valves. 
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CHAPTER THREE 

MATERIALS AND METHODS 

3.1 Project Case Study 

The project was carried out at The World Vegetable Center, located in the Arusha region in 

Tanzania. The scope entailed the development of a an IoT-based automated Surface-drip 

Irrigation Monitoring System, integrated with wireless sensor networks for soil data collection 

and actuator control. An initial online questionnaire was issued targeting 30 staff and subject 

matter experts from the World Vegetable Center in Arusha. The main objective of the 

questionnaire was to gather insight regarding user perception of automated irrigation 

monitoring systems and to collect user requirements. 

3.2 Research Methods 

Both qualitative and quantitative methods were employed with the Case-Study approach being 

adopted. These assisted in collection of data regarding Irrigation automation requirements and 

the challenges of manual irrigation systems. This provided an overview of the vital areas of 

concern and gathering user requirements. 

Primary data for user requirements were collected using face-to-face key person structured 

interviews, observation, questionnaires, and round table discussions with the Farm Manager, 

Farm Technicians, and Specialists to gather requirements for developing the proposed system.  

A structured questionnaire was used to gather quantitative data from staff at the World 

Vegetable Center in Arusha. The sample questionnaire is presented in Appendix 1. The key 

person interview guide on the other hand has been presented in Appendix 2.  

A literature survey of existing automatic irrigation systems was carried out to come up with the 

most suitable approach for the development of the proposed system. Secondary data was 

obtained from text sources including journal articles from reputable science journals retrieved 

from ScienceDirect, Google Scholar, reports, websites, and previous dissertations.  

3.3 Target Population 

The target population in this project were small scale farmers, agricultural experts and users of 

irrigation systems at World Vegetable Center in Arusha, Tanzania. 
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3.4 Study Area and Scope 

The project study was carried out at the World Vegetable Center, Eastern and Southern Africa, 

based in Arusha, Tanzania. The scope entailed the development of an IoT-based automated 

Surface-drip Irrigation Monitoring System. 

Benchmarking was carried out with a similar project that was previously carried out at Gallapo 

village located in Babati District, part of Northern Tanzania, under the Africa RISING an 

initiative supported by USAID and led by IITA (Africa RISING, 2018). The project, known as 

SAROS entailed a solar-powered smart kit for irrigation. Its functionality mainly consisted of 

automatic water-use monitoring using actual sensor data that is climate-smart.   

The above system was studied and discovered to have stalled while still in its initial pilot stage. 

Among the key observations made that could have contributed to stalling was the use of an 

Arduino microcontroller in the system. Arduino is very popular in the electronics field for 

hobbyists and academic prototyping projects. However, there are existing debates that 

challenge its suitability for scaling industrial projects like automatic irrigation systems on a 

large scale. Specific constraints that hinder the suitability of Arduino microcontrollers for such 

applications include processor speed, memory, and the number of available GPIO ports 

(Kondaveeti et al., 2021; El-Abd, 2017). The project’s lack of integration with Wireless Sensor 

Networks further indicated the complexity of handling and transmitting field data as well as 

incorporating any analysis of the data. 

3.4.1 Sampling Technique and Sample Size 

The convenience non-probability sampling technique was used when issuing out the online 

questionnaire to gather user requirements. The selection of this sampling method was 

influenced by the research constraints in terms of time, budget, sample size and willingness to 

participate (Lo, 2009). The sample size used was 30 participants, comprising of farmers and 

employees of World Vegetable Center Arusha. 

3.4.2 Requirements Elicitation 

This section highlights the methods used to identify requirements for the development of an 

IoT-based automated surface-drip irrigation monitoring system prototype for the World 

Vegetable Center in Arusha, Tanzania.  
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Requirements were gathered by carrying out key person interviews and discussions with four 

subject matter experts, two representatives from the management team at World Vegetable 

Center, Group discussions, and issuing a questionnaire targeting 30 staff at the world vegetable 

center. Observation of daily operations at the World Vegetable Center for two months between 

March and April also helped in the identification of gaps and challenges to identify 

requirements for the proposed system. 

3.5 Materials Framework 

Software and Hardware development tools were adopted in the development of the IoT-based 

automated surface-drip irrigation monitoring system prototype. This section outlines the 

materials that were used in this study. They have been described and categorized into software 

as well as hardware tools.  

3.5.1 Software Tools 

In this section, the software tools that were used in the study have been described. The function 

and justification of each tool have been explained. 

(i) Node-red 

Node-red is an open-source software platform that enables software developers to create 

meaningful graphical user interfaces for embedded and IoT applications using workflows that 

incorporate minimal code used by programming visually (O’Leary, 2022). It was selected for 

this project due to its open-source nature and wide community support globally. Node-red is 

also light-weight and does not have huge memory requirements hence suitable for deployment 

in this project’s main control unit consisting of a Raspberry Pi 4. This is in contrast to other 

alternatives in the market such as Qt software which is built on C++ language, requires heavy 

customization, and is available on a subscription basis, especially the development framework. 

Version v2.2.2 was specifically used in this project, which is the latest version as of the 

implementation time. 

(ii) The STM32Cube Programmer 

The STM32Cube programmer was selected for flashing the bootloader and programming the 

STM32F103C8T6 (Blue-pill) microcontroller board that was deployed on the sensor nodes. 

This programmer is a powerful tool from ST Microelectronics that is versatile due to its support 
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for multiple communication protocols such as Universal Asynchronous Receiver/Transmitter 

(UART), Joint Test Action Group (JTAG), Serial Peripheral Interface (SPI), Controller Area 

Network (CAN), and Serial Wire Debug (SWD). Moreover, it is multiplatform and hence is 

supported by all operating systems platforms (STMicroelectronics, 2022b). A bootloader is a 

low-level software application that is responsible for managing the process of updating the 

flash memory of a microcontroller with new application data or code (STMicroelectronics, 

2022a). 

(iii) Raspberry Pi OS 

Raspberry Pi OS is an open-source operating system designed for the Raspberry Pi mini-

computer, enabling users to program and control peripherals on the Raspberry Pi. The specific 

version of the OS used for this project was the buster version as it is the version customized for 

running Node-red applications. It also features an updated graphics library (Long, 2019). At 

the time of conducting this study, the buster version of the Raspberry Pi OS was the only 

version customized to support Node-Red. In all the other versions, Node-red would crash at 

run-time. 

(iv) Python Programming Language 

Python was selected for programming the sink node which consists of a Raspberry Pi that 

receives sensor data and activates the actuation of the water pump and valves. Python is easy 

to use and is pre-installed in all Raspberry pi operating systems. 

(v) KiCad 

Circuit simulations have become inevitable with the increase in the complexity of chips and 

electronic design capabilities. The KiCad is a recent free electronic design automation 

software. It is feature-rich with circuit schematic design capabilities, printed circuit board 

layout as well as 3-Dimensional visualization and simulation. Having been built on an open-

source framework, KiCad was the best candidate for this project due to large community 

support, a no-cost model, and an easy learning curve (Evans, 2021). 

A comparison of KiCad and other Computer-aided design tools (CAD) has been tabulated in 

Table 1. As demonstrated, KiCad outdoes the other tools in terms of a very huge open-source 

community making learning easy and free.  
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Table 1:     Comparison between KiCad and other PCB design tools 

 KiCad Proteus Altium EasyEDA Fusion360 

Cost Free and open-

source 

Paid Paid Both Free and 

Subscription 

plans 

Free for 3 years 

for qualifying 

non-

commercial 

use, otherwise 

paid 

OS 

Platform 

Windows, 

Linux, macOS 

Windows Windows Windows, Linux, 

macOS 

Windows, 

macOS 

Support Huge 

community 

support 

Minimal 

support 

Minimal 

support 

(requires 

paid 

training) 

Has community 

support 

Limited 

community 

support 

3-D 

features 

Full 3-D 

enabled 

Full 3-D 

enabled 

Full 3-D 

enabled 

Only allows 

mechanical 3-D 

of the board, not 

components 

Full 3-D 

features 

enabled 

(vi) Fritzing 

Fritzing is a first-level circuit simulation software tool. It was selected for the initial prototyping 

of the sensor node and sink node circuits as would be visualized on a breadboard before 

embarking on the final printed circuit board design. It facilitates the process of sharing rapid 

prototypes of initial designs of electronic circuits, and minimizes design faults before final 

production thus eliminating the risks of incurring unnecessary post-production costs. 

(vii) The XCTU Software 

Digi is the company responsible for the roll-out of XBee modules. XCTU software is a tool 

that they provide for configuring the XBee radio modules (Digi International Inc., 2020). 

(viii) Pi-Tunnel 

The Pi-Tunnel is a cloud-based solution that provides hosting services for applications that run 

on edge devices, specifically Raspberry Pi. Through this platform, IoT applications running on 

the raspberry pi can be accessed remotely via custom web domains, at the same time allowing 

for remote monitoring of the raspberry pi as well as remote firmware upgrades when required. 
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3.5.2 Hardware Tools 

In this section, the specific hardware tools deployed in this study have been outlined. 

(i) The STM32F103C8T6 Microcontroller Board 

The STM32F103C8T6 is a low-cost 32-bit microcontroller based on an ARM Cortex-M3 

processor. It was selected for the sensor nodes in this project due to its high processor speed 

(72 MHz), and the adequate number of usable GPIO pins, as presented in Fig. 10, which 

extends to 37 pins, 20 KB static RAM as well as 128 Kb or 64 KB of flash memory. In terms 

of communication interfaces, this board has 3 UARTs, 2 I2Cs, 2 SPIs, and a micro-USB port 

(STMicroelectronics, 2021).  

 

Figure 10:   The STM32F103C8T6 Microcontroller Board 

The board specifications are detailed in Table 2. 

Table 2:     The STM32F103C8T6 Technical Specifications 

S/N Feature Specification 

1.  CPU ARM 32-bit Cortex M3 

2.  Max CPU Frequency 72 MHz 

3.  Memory 64/128 Kb flash mem, 20 Kb SRAM 

4.  Power Supply Management 2.0-3.6 V 

5.  DMA 7-channel DMA controller 

6.  I/O Ports Up to 80 

7.  Debug Mode Serial Wire Debug (SWD) and JTAG interfaces 

8.  Timers 7 

9.  Communication interfaces 2 -I2C, 3 USARTs, 2 SPIs, CAN, USB 2.0 
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(ii) Raspberry Pi 4  

Raspberry Pi 4 Model B single board computer presented in Fig. 11 was selected for the 

coordinator node, mainly due to its unique features as highlighted in Table 3. 

The raspberry pi is an open-source single board computer that is popular in many edge-

computing applications. Ongoing research has pointed to its ability to handle real-time data 

more conveniently offering faster response time. It gets rid of needless data brokers, ensuring 

the data processing is as close as possible to the source and to the user (Debauche et al., 2022). 

Table 3:     Raspberry pi 4 model B technical specifications 

Feature Specification 

RAM 4 GB 

Processor 64-Bit quad-core ARM Cortex-A72 

Communication Dual-band Wi-Fi, Bluetooth, Ethernet, UART, SPI, I2C, USB 

Display Dual 4K HDMI output interfaces, 2-lane MIPI display 

interface 

Other peripherals Camera CSI interface 

Power 5 V DC via USB type-c and GPIO pins (Minimum current 3A) 

Processor Speed 1.5 GHz 

GPIO Standard header 40-pin with backward compatibility 

 

 

Figure 11:   Raspberry Pi 4 model B 
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(iii) The ICStation Resistive Soil moisture sensor 

This soil moisture sensor presented in Fig. 12 was selected because of its ease of reading, ability 

to adjust threshold, power, and signal indicator LEDs for easier operation, and durable probes 

that are resistant to corrosion. It can utilize input voltage between 3 V and 12 V, making it ideal 

for this sort of application (ICStation, 2020). 

 

Figure 12:   The ICStation Soil Moisture sensor 

(iv)  Ambient DHT22 wired temperature and humidity sensor (AM2303) 

A wired version of the DHT22 digital temperature and humidity sensor presented in Fig. 13 

was selected due to its ability to withstand hostile environments since it has a last plastic 

enclosure for protection and the fact that it is wired which makes its deployment easier, without 

having to worry about space, as only the signal wires are required on the circuit board. Its 

technical details include low power between 3 and 5 V, a sensor range of between 0 and 100% 

for humidity with an accuracy ranging between 2 and 5%, while the temperature sensing range 

is between -40 and 80℃ with an accuracy of + or – 0.5℃. It has a sampling rate of 0.5 Hz and 

has 3 connectors for Power, ground, and signal. It is also relatively simple to program this 

sensor (Lady, 2021). 
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Figure 13:   The AM2302 wired digital temperature humidity sensor 

(v) The XBee Pro S2C Radios 

The XBee Pro S2C radios presented in Fig. 14 communicate using the IEEE 802.15.4 ZigBee 

protocol. This is a low-power wireless communication protocol that is preferred for meshed 

IoT network applications since it supports sleep mode operation hence saving power and also 

due to the ability to interconnect different devices and networks to create a mesh. These radios 

have a range of up to 2 km outdoors, due to the powerful antenna with 63 mW with a maximum 

data rate of 250 kbps (Digi International Inc., 2020).  

 

Figure 14:   The XBee S2C module (left) and Funduino XBee adapter (right) 

(vi) Water-Pump 

A  12 Volt (V) DC submersible electric bilge pump with a flow rate of 750 Gallons per hour 

(GPH) was used in this project. It was selected due to its low cost (less than USD 20), high-

performance motors, and safe operational procedures (SEAFLO, 2021). The  submersible bilge 

water pump, as presented in Fig. 15 is manufactured by SEAFLO. The pump has two power 

terminals, positive and negative, and incorporates a float switch as well as a normal switch. 
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Hence, its operation mode is easy to set up and configure to control using any DC-controlled 

relay module. 

 

Figure 15:   Submersible bilge pump 

(vii) Industrial-Grade Solid-State Relay 

The SSR-40 DA which is a solid-state relay presented in Fig. 16 was selected for switching on 

the water pump. Among its key features are the fact that it is Single-phase but also has an in-

built opto-couple, which means it can be interfaced directly to a microcontroller without 

needing any additional connection circuit. It is more durable due to the enclosure as well as the 

high resistance of the insulation, which exceeds 50 Mega-ohms. It enables current is also 

minimal, below 7.5 mA. It has a high Load current (40 A) and Load voltage (28-380 VAC). 

The control voltage is also low ranging from 3-32 VDC, making it compatible with Raspberry 

Pi GPIOs whose voltage level is normally 3.3 V. It can be switched at a faster speed compared 

to other mechanical relays as it has no mechanical movable contacts (Fotek Controls LTD, 

2022). 

 

Figure 16:   Industrial SSR-40 DA solid-state relay 
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(viii) Industrial Motorized Ball Valve 

The motorized ball brass valve illustrated in Fig. 17 was selected for this project, with a half-

inch valve size DN15. Its key performance features include the ability to open and close in 

under 8 seconds. In addition, it can remain in whichever state without further consuming energy 

as opposed to most solenoid valves which require to be continuously energized while in a 

changed position. It is powered by a DC voltage of 12 V and its working current is less than 80 

mA, hence power consumption is less than 2 W. It has five wires, two to supply power for 

rotating opposite directions, one for ground and two for feedback to indicate fully open or fully 

closed positions (U.S. Solid, 2022). 

 

Figure 17:   Motorized ball valve 

(ix) Liquid-Flow sensor 

Liquid Flow Sensor model YF-S201 ½” presented in Fig. 18 was used. The main function of 

the water flow sensor is to allow computation of the total water consumption via irrigation. The 

YF-S201 has a minimum operational voltage of 3.5 V DC and a maximum voltage of 24 VDC. 

The maximum operating current is 15 mA and the maximum liquid pressure allowed Is 1.75 

Mpa. 

 

Figure 18:   The YF-S201 Water Flow Sensor 
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3.6 System Development Methodology 

As per the second specific objective, to develop an IoT-based automated surface-drip irrigation 

monitoring system prototype, a hybrid approach was selected for system development. The 

System prototype was developed using agile system development methodology due to its 

flexibility in accommodating changes, its emphasis on high-quality software, minimal risk 

profile, concurrency of development with testing, and its suitability in situations where 

requirements are dynamic, and not fully mature. Agile also emphasizes delivering both value 

and quality for the customer as well as project completion within the provided constraints such 

as schedule (McLellan et al., 2021).  Furthermore, Agile enhances the satisfaction of the 

customers as well as stakeholders (Douglass, 2013). Changes initiated by the customer are well 

embraced (Kaisti et al., 2014). The specific agile framework adopted was Extreme 

Programming. However, waterfall model concepts were also incorporated during the Hardware 

Subsystem development to minimize the likelihood of running over the budget. 

3.7 System Design 

The system was designed by interpreting the gathered requirements into a textual format and 

further into a diagrammatic system format. A modeling language, Unified Modeling Language 

(UML), and SysML were used to model the requirements to come up with a Use Case diagram, 

Flow charts, activity diagram as well as a state diagram. The software tools used for the 

modeling included Draw.io. 

3.7.1 Use Case Diagram 

A use case diagram presented in Fig. 19 was designed to model the interaction between the 

users and the system. The system's main actors were identified as the Admin, Irrigation 

technician as well as the control unit of the system.  



35 

 

 

Figure 19:   System use case diagram 

The sensor node sub-system senses soil moisture data, senses weather data and relays to the 

control unit which is the coordinator node. The control unit triggers alerts, notifications and 

events which include actuation of water pump and valves. An irrigation technician can view 

sensor data, schedule irrigation, and trigger the actuation of pumps and valves. 

3.7.2 System Block Diagram 

A block diagram of the entire system was modeled as represented in Fig. 20 for the proposed 

IoT-based automated irrigation monitoring system. The System entails a processing and control 

unit for receiving sensor data from the sensing units and controlling the actuation unit. The 

Actuation unit is responsible for the conversion of the 3.3 V from the control unit to the 

equivalent AC and DC voltage responsible for driving the switching on and off the water pump 

and the solenoid valves respectively.  
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Figure 20:   Block diagram of the system prototype 

Additionally, a block diagram of the sensor node subsystem presented in Fig. 21 was modeled. 

The main components of the sensor node are the STM32F103C8T6 microcontroller, air 

temperature-humidity sensor, UV-light intensity sensor, soil-temperature sensor, XBee S2C 

radio module, LCD, solar module, solar charge controller, and Lithium-Polymer battery. 

 

Figure 21:   Block diagram of the sensor node hardware subsystem 
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Each sensor node was interfaced with a liquid crystal display, soil moisture sensor, soil 

temperature sensor, ambient temperature, and humidity sensor, XBee S2C radio module, UV 

light intensity sensor, rainfall sensor, 5 V mini-solar panel as well as lithium polymer batteries. 

On the other hand, the main control unit (sink node) as presented in Fig. 22 consisted of a 

Raspberry Pi 4 micro-computer interfaced with a 7” Touch-screen display, multi-channel relay 

unit, XBee S2C coordinator module, GSM module, water flow sensor, and a switch mode 

power supply unit. 

 

Figure 22:   Coordinator control unit block diagram 

3.7.3 System Architecture Diagram 

To visualize the interconnection between the different subsystems, a system architecture 

diagram presented in Fig. 23 was modeled. A central coordinator node consisting of a 

Raspberry Pi 4 integrated with an XBee module configured as a coordinator receives real-time 

data from soil and environmental sensors. Based on the received soil moisture levels, the 

coordinator node can control the pump automatically and control the opening and closure of 

the motorized ball valves, through the activation of relays. The sensor data from all nodes are 

transmitted to Node-red for further analysis or future retrieval. Additionally, Node-Red was 

selected for creating a graphical user interface (O’Leary, 2022) that users can interact with to 

access sensor data and control irrigation remotely if need be. 
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Figure 23:   Architecture design of the proposed system 
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3.7.4 Sensor Node Circuit Design 

The sensor node was first designed using fritzing as shown in Fig. 24 to visualize the GPIO pin 

selection on the STM32F103C8T6 microcontroller board as well as the component selection 

and how the different sensors would be interfaced.  

 

Figure 24:   Sensor node circuit design 

3.7.5 Coordinator Node Circuit Design 

The coordinator node was first designed from fritzing as shown in Fig. 25 to assign GPIO pin 

distribution and assess layout requirements. XBee coordinator module was connected to the 

Raspberry Pi 4 via the UART Serial interface. The multichannel relay was powered via the 5 

V power pin to control the pump and two valves. Waterflow sensors were connected to the 

GPIOs to monitor the flow rate via each valve-controlled channel.  
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Figure 25:   Coordinator node design 

3.7.6  Printed Circuit Board Diagrams 

The final circuit design was carried out using KiCad. The KiCad is a free open-source software 

solution for computer-aided design. It stands out as a favorite tool for hardware engineers 

among the existing tools because despite being free, it is simple to use even for the most 

complex circuits (Antonella Del, 2015). 

As an Electronic Design Automation (EDA) software suite, KiCad has become primarily the 

most sought-after design tool within the open-source community. It combines schematic 

capture, PCB layout, creation of bill of materials (BOM) Gerber files for final fabrication as 

well as PCB 3D views. All these features streamline the whole process of creation and 

verification of designs in a digital format before fabrication (Abhimayu, 2018). The illustration 

in Fig. 26 represents the general highlight of the schematic’s mode on KiCad. 
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Figure 26:   Schematic view on KiCad 

(i) Sensor Node Schematic Diagram 

The sensor node schematics as captured in KiCad presented in Fig. 27 consists of 10 mini-

sections. These are the 5 V power input, Air-temperature sensor interface, rain-sensor interface, 

XBee UART connector interface, I2C-Display connector, Soil-moisture sensor connector, Soil 

temperature sensor connector, Microcontroller connectors as well as UV-sensor connector.  

 

Figure 27:   Sensor node circuit schematic diagram 
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(ii) Sensor Node PCB Layout 

After the schematics capture process, the circuit components were associated with their 

respective footprints and a netlist was generated. The netlist was further imported into the into 

the PCB mode within KiCad, as shown in Fig. 28 in order to place components on the board 

with their footprint models and to draw the required signal as well as power traces. 

 

Figure 28:   Sensor node PCB layout 

(iii) Sensor Node 3-D Visualization 

To visualize the actual layout of the circuit board post-production, the designed model was 

simulated as shown in Fig. 29 using KiCad’s powerful inbuilt 3-D simulator. However, 

customization had to be made to accommodate the STM32F103C8T6 microcontroller board 

on the final 3-D simulation. 

 

Figure 29:   Sensor node PCB 3-D visualization 
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3.8 System Validation 

Validation was carried out by running test cases to align the developed system prototype with 

the defined user requirements. Testing was carried out at each development phase while 

incorporating required changes arising from the tests. 
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CHAPTER FOUR 

RESULTS AND DISCUSSION 

4.1 Results from Questionnaire 

The first specific objective of this study was to identify the functional and non-functional 

requirements for the development of an IoT-based automated surface-drip irrigation 

monitoring system prototype. In order to identify and gather the requirements, qualitative and 

quantitative methods were applied. For qualitative methods, case studies were reviewed, focus 

groups with the different farm attendants as well as key person interviews. An online 

questionnaire was issued to stakeholders, targeting the 30 members of staff at the World 

Vegetable Center. Out of the targeted 30 members of staff, 9 responded to the online 

questionnaire as presented in the following section.  

(i) Staff whose work is directly or indirectly affected by the irrigation system 

As shown in Fig. 30, 77.8% of respondents felt that their work was directly affected by 

irrigation system. 

 

Figure 30:   Staff that are affected by the irrigation system 

(ii) User awareness regarding smart irrigation systems 

Out of the total number of respondents, 88.9% expressed being aware of smart irrigation 

systems as presented in Fig. 31 while the rest 11.1% did not have any prior knowledge 

regarding smart irrigation systems. 
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Figure 31:   User awareness of smart irrigation systems 

(iii)  General user satisfaction with current manual system 

As presented in Fig. 32 he general level of satisfaction with the existing manual system was 

tested. 

 

Figure 32:   General level of satisfaction with existing manual irrigation system 

A scale of 1 to 5 was used, where 1 presented least satisfied while 5 presented very satisfied. 

More than half of the total respondents expressed dissatisfaction in the existing manual 

irrigation system. This accounted for 55.5%. Another 33.3% were neither satisfied nor 

dissatisfied while the last category expressed being very satisfied. 
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(iv) Reasons behind dissatisfaction with the existing manual system 

Participants were asked to provide reasons as to why they were dissatisfied in the existing 

manual irrigation system. Respondent 1 had this to say: “The Current irrigation system is 

wasteful.” They went on to add, “Irrigation is not done based on crop needs (for example, 

based on the moisture content of the soil or water requirement of the crop) and the Irrigation 

system is manual requiring human presence for nearly every operation.” 

Another respondent had this to say, “A lot of water is lost, and water shortage in reaching 

some plots hinders crop growth and performance.” 

Another respondent expressed similar concerns regarding the system requiring human 

intervention. They had this to say, “… the existing system depends on human judgment on 

when and how long to irrigate which sometimes can be incorrect.” 

(v) Need for an automated irrigation system 

The respondents expressed a need to have an automated irrigation system to deal with their 

expressed concerns regarding a manual system. As presented in Fig. 33, all respondents agreed 

that an automated irrigation monitoring system is necessary. 

 

Figure 33:   Need for an automated irrigation monitoring system 

When asked why an automated irrigation monitoring system was necessary, the respondents 

had the following to say: 
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Respondent 1 – “This will help to be precise on the time and amount of water to be irrigated 

and will reduce the cost of pumping unnecessary water to the field.” 

Respondent 2 – “It will help us economize the use of water and it will help reduce our 

operational cost” 

(vi) Key specific features of the system 

The final part of the questionnaire was centered around features that the participants felt were 

key for the system to have. The most common feature among the respondents was: “PC or 

mobile interface, access to adjustments based on our needs for specific activities involving 

irrigation of our crops.” 

4.1.1 Demographic Characteristics 

The demographic composition of the respondents has been presented in this section. 

(i) Gender 

As shown in Fig. 34, out of all the respondents, 55.6% were male while 44.4% were female. 

 

Figure 34:   Gender composition of respondents 

(ii) Age composition 

Figure 35 presents the age composition of the respondents. The highest percentage which was 

56.6% was composed of youth between 18 and 28 years. 
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Figure 35:   Age composition of the respondents 

(iii) Specialization 

The respondents were drawn from different specializations within the agricultural domain. 

These were composed of general administration, crop protection experts, seed science and 

conservation, crop production, agricultural economist, farm management, breeding, post-

harvest as well as field-trial managers. 

4.2 Identified Requirements 

This section highlights the identified requirements as gathered from the users. The 

requirements were categorized into functional and non-functional requirements. The functional 

requirements as captured from the data collected from participants have been tabulated in Table 

4. The requirements are a compilation of the results from the questionnaire, key-person, 

interviews, field observation as well as focus group discussions. 
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Table 4:     Functional requirements 

S/N Requirement 

1.  The system shall enable remote control of the pump and valves from a PC or 

mobile device by the irrigation technician. 

2.  The system shall factor in time 

3.  The system shall monitor soil moisture and soil temperature  

4.  The system shall monitor weather parameters mainly: Air temperature and 

humidity, ultraviolet radiation 

5.  The system shall automatically switch the pump and valves on and off based on 

soil moisture content 

6.  The system shall present real-time data to users, both admin and irrigation 

technician. 

7.  The system shall send notification alerts to both the admin and irrigation 

technicians. 

8.  The system shall have a user interface to monitor and control the system 

In addition to the functional requirements, non-functional requirements were captured as 

presented in Table 5. 

Table 5:     Non-functional requirements 

     S/N Requirement 

1.  The system shall be accessible always 

2.  The system shall be reliable 

3.  The system shall be safe to operate 

The system shall be secure 

4.  The system shall be maintainable 

5.  The system shall be user-friendly 

The functional and non-functional requirements are translated into specific hardware and 

software tools to address them. A summary of the hardware and software tools has been 

outlined in Appendix 3 and Appendix 4 respectively. 
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4.3 System Development Results 

This section presents results from the development of the IoT-based automated surface drip 

irrigation monitoring system. It has been categorized into the hardware submodule and 

software as well as firmware submodule. 

4.3.1 Software and Firmware Subsystem 

The developed software subsystem consists of a web dashboard which was hosted on a 

Raspberry Pi 4 microcomputer hardware platform. The Raspberry Pi 4 was used as the web 

server receiving HTTP requests locally and remotely. In order to access the web application 

locally, a user requires to be connected to the same network as the Raspberry Pi 4. However, 

for remote access to the web application, a tool called PiTunnel was used. PiTunnel allows 

remote access to Raspberry Pi projects from any network as well as remote access to network 

services running in the Raspberry Pi from any network (PiTunnel, 2021). 

Upon loading the URL, a login page is displayed as shown in Fig. 36 based on the privilege 

level. There is an admin level and normal user level.  

 

Figure 36:   Log-in page 

For a normal user, after successful log-in, a page is displayed that has a sub-menu on the left 

as shown in Fig. 37, where a user can either select to view the irrigation zones or the pump and 

valves zone.  
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The irrigation zones provide a dashboard where all sensor data is presented to the user for 

monitoring. On the other hand, the pump and valve section presented in Fig. 37 is for overriding 

the automatic operation of the system to allow a user to remotely turn on/off the pump and the 

valves using the provided dashboard buttons.  

 

Figure 37:   Irrigation zones, pump and valves sub-menu 

The irrigation zone sub-menu presented in Fig. 38 allows the users to access real-time 

dashboard that presents the soil data from the wireless sensors. Node-red gauges were used to 

present the different soil parameters being monitored. The color on the gauge’s changes based 

on the readings and whether or not they have exceeded the threshold. If the threshold is 

exceeded or not met, the gauge color changes to red.  As shown in Fig. 38 the numerical values 

of the sensor data are displayed below the gauges, for clarity to the user. 

 

Figure 38:   Irrigation zone sub-menu and the dashboard for dry soil sample 

Figure 39 presents the pump and valves section for remote control of the pump and valves. 
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Figure 39:   Pump and valve control sub-menu 

4.3.2 Firmware Sub-section 

The C++ programming language and embedded C concepts were used to customize the 

firmware running on the microcontrollers on the wireless sensor nodes. The modular code for 

the wireless sensor nodes, which is generic for both, will be described in this sub-section. 

The modules were categorized into functions. For the temperature and humidity function, float 

variables store the two parameters after reading the DHT sensor. Figure 40 presents the 

function that prints the values to the 2004-character LCD. 

 

Figure 40:   Function for reading ambient temperature and humidity 
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Similarly, a function to compute the soil moisture as shown in Fig. 41 was developed.  

 

Figure 41:   Function to compute soil moisture content 

The soil temperature was determined using a ds18b20 sensor. The function was developed as 

shown in Fig. 42 to send a command to the ds18b20 I2C interface in order to retrieve the 

temperature in degree Celsius.  

 

Figure 42:   Function to display soil temperature 

Transmission of the sensor data packets from the wireless sensor nodes to the coordinator node 

was achieved using the ZigBee protocol. The specific radios used were the XBee S2C modules 

from DIGI International due to their well-documented API transmission mode that allows 

multiple radios (routers) to transmit data to a coordinator node securely, while exposing their 
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address of origin. Figure 43 shows the function to transmit the data packets for the different 

sensors. 

 

Figure 43:   Function to transmit data packets using XBee 

4.3.3 Hardware Submodule 

The hardware sub-module is a combination of the wireless sensor nodes, the coordinator as 

well as the actuators, that is, pump and valves. 

To improve the versatility of the wireless sensor nodes while out in the farm, mini-solar panels 

were utilized, to charge the lithium batteries. This is to ensure they are continuously powered 

while in the field.  

In this sub-section, the laboratory experimental set-up of the hardware sub-module will be 

presented. The illustration in Fig. 44 presents the wireless sensor nodes. 
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Figure 44:   Wireless sensor nodes prototype 

After the assembly of the sensors and the integration of the circuits, the power module was 

tested and calibration of the soil moisture sensor carried out using the test set-up presented in 

Fig. 45 in a controlled environment. 

 

Figure 45:   Wireless sensor node calibration set-up 
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Table 6:     Test results 

S/N Requirement Result 

1.  The system shall enable remote control of the pump and valves from a PC 

or mobile device by the irrigation technician. 

PASS 

2.  The system shall factor in time PASS 

3.  The system shall monitor soil moisture and soil temperature  PASS 

4.  The system shall monitor weather parameters mainly: Air temperature and 

humidity, ultraviolet radiation 

PASS 

5.  The system shall automatically switch the pump and valves on and off 

based on soil moisture content 

PASS 

6.  The system shall present real-time data to users, both admin and irrigation 

technician. 

PASS 

7.  The system shall send notification alerts to both admin and irrigation 

technician. 

PASS 

8.  The system shall have a user interface to monitor and control the system PASS 

The system was tested against the user requirements and the results are documented in Table 

6. The detailed test execution plan is presented in Appendix 5. Remote control functionality 

was tested from both a mobile device and a computer. Using Pi-tunnel, a custom domain name 

was provisioned, which when accessed over the browser, linked to the Node-red web 

application hosted on the Raspberry Pi. 

As for time, the duration for which the valves and pump were kept and was implemented in the 

control algorithm and measured for validation during the test. 

All sensors were calibrated and benchmarked with industrial counterparts to check for 

deviations. The automatic switching on and off for the valves and pump was tested in different 

soil conditions and the results were tabulated. 

The data from the soil sensors was observed in real-time and the variations were monitored to 

ensure any changes in soil or weather data were reflected in the real-time gauges. 

Notification alerts were sent using a Twilio subscription for predefined events, including when 

the soil was dry. 
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4.4 System Validation Results 

This section highlights a section of the user acceptance survey and the sample responses. In 

order to gather insights regarding the usability of the system, a system demo was run for 

intended users, and a survey was issued afterward to collect user views. The survey was carried 

out with three farmers, one supervisor, and one irrigation technician. The participants were 

selected based on convenience sampling due to constraints in terms of schedules. Sample 

responses from users have been presented in Figs. 46, 47 and 48. 

 

Figure 46:   System ease of use 

 

Figure 47:   Users recommending the system 
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Figure 48:   System efficiency and data presentation 
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CHAPTER FIVE 

CONCLUSION AND RECOMMENDATIONS 

5.1 Conclusion 

In the confines of this study, an IoT-based Automated Surface-drip Irrigation Monitoring 

System was developed. This system addresses key challenges related to manual irrigation 

monitoring systems by incorporating low-power wireless sensor networks using ZigBee 

protocol to collect and transmit soil parameter data such as soil moisture, soil temperature, air 

humidity, air temperature as well as UV-radiation. The real-time transmission of this data to a 

central coordinator node allows for rapid processing and visualization, enabling users to access 

the data and control valves and pumps remotely. The XBee wireless modules were programmed 

in API mode to ensure scalability by allowing the addition of multiple sensor nodes in the 

future as per requirements. Furthermore, programming the wireless sensor nodes in API mode 

allows addressing thus enabling easy identification of the source of data using the 64-bit MAC 

address. The system was validated by carrying out usability tests with five farm field staff to 

gather insights regarding the suitability of the prototype for surface-drip irrigation kits in a 

select vegetable farm. 

5.2 Recommendations 

Firstly, to the policy makers, this IoT-based Automated Surface-drip Irrigation Monitoring 

System Prototype can assist farmers and agricultural production centers to maximize on 

technology in order to automate daily recurring irrigation activities, which will help conserve 

energy and save on time by improving efficiency. The Ministry of Agriculture should come up 

with initiatives to empower youth and small-scale farmers by enabling them access credit 

facilities to help them acquire the drip irrigation kits fitted with the monitoring system which 

in turn will motivate the population to venture into agriculture and eventually attain food 

security at a national and global level. 

Secondly, to the farmers, in order to attain the full benefits of the system, a reliable internet 

connectivity is required in order for the system to operate seamlessly, specifically for remote 

control and access of sensor data. For local access, internet connectivity is not mandatory as 

long as the client device is in the same local network as the Raspberry Pi server which acts as 

the coordinator node. 
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In future, this work can be improved by leveraging on more sensors and virtual reality 

techniques to provide more visualizations and interaction. High-definition cameras can be used 

to acquire real-time images of the farm and capture more spatial data to aid in decision-making. 

A mobile application can also be developed and integrated with the existing web application 

for easy monitoring for users who rely on mobile hand-held devices. Furthermore, machine 

learning algorithms can be developed to enable the prediction of crop water requirements and 

more autonomous irrigation monitoring. 

For practicality, this system can be deployed in various farm settings such as mid-sized farms 

and large-sized farms. The sensor nodes can be scaled in the order of hundreds or thousands 

and monitored extensively to determine performance metrics that could not be determined with 

this prototype that only used two sensor nodes and one coordinator node. 
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Appendix 2:     Key Person Interview Guide 

THE NELSON MANDELA AFRICAN INSTITUTION OF SCIENCE AND 

TECHNOLOGY 

 

KEY PERSON INTERVIEW GUIDE 

PROJECT TITLE: IoT Based Automated Surface-drip Irrigation Monitoring System 

Prototype: A Case of World Vegetable Center in Arusha Tanzania 

SECTION I: INTRODUCTION 

1. Please explain what the World Vegetable Center deals with. 

2. How many departments exist at the center and what are their primary roles? 

SECTION II: FARMERS/FARM STAFF 

1. Which type of crops do you grow? 

2. Are they seasonal or permanent? 

3. Which type of irrigation do you use? Why? 

4. How do you determine plant water requirement and irrigation schedule? 

5. Is soil type an important factor in determining your irrigation requirements? 

6. How do you analyze your soil? 

7. How does the irrigation method determine the seedbed structure? 

8. How often do you irrigate your plots? 

9. What main challenges do you face currently in terms of irrigation for the different plots? 

SECTION III: FARM MANAGER 

1. Which type of crops are grown? 

2. Are weather parameters important for plant health monitoring and irrigation planning? 

3. What weather data do you monitor? 

4. How is the weather data monitored currently? 

5. At what frequency are the weather parameters recorded? 

6. Are there any challenges with this method of collecting weather parameters? 

7. What irrigation methods are used in the farm? Why? 
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8. What is the main source of the water used for irrigation? 

9. How is the water obtained from the source to the reservoir and how does it reach the 

specific irrigation plots? 

10. What is the main equipment used in distributing water to the plots? 

11. How is the irrigation pattern predetermined? 

12. Are you satisfied with the current operations of the irrigation system? Why? 

13. How do you monitor the plots to determine water requirements for the crops? 

14. During holidays and breaks, how are the plots monitored and irrigated? Is there a cost 

implication? 
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Appendix 3:     Summary of Hardware Tools 

Component Model 

Soil Moisture Sensor ICStation 

Soil Temperature Sensor DS18B20 

Ambient Temperature Humidity Sensor AM2303 

  

UV Sensor GY-ML8511 

  

Ball valve ½” DN15 Brass Motorized Ball Valve 

  

Water pump Seaflo 750GPH 

Mini-solar panels Generic 6 watts 

Rechargeable battery Li-Ion  (1000mAh) 

Water flow sensor YFS-201 

ZigBee radio Modules XBee S2C Pro 

Raspberry pi 4 model B 

Sensor node MCU STM32F103C8T6 

LCD Display 2004 Liquid Crystal Display 

I2C Display Adapter PCF8574 

Solar Controller and battery charging module SD XMDZ 
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Appendix 4:     Software Tools 

Tool Version Use 

Node-red V2.2.2 Low code platform for creating graphical user interfaces for 

embedded and IoT applications using (O’Leary, 2022). 

STM32Cube 

Programmer 

V2.5.7 Flashing the bootloader and programming the 

STM32F103C8T6 (Blue-pill) microcontroller board that 

was deployed on the sensor nodes. 

Raspberry Pi 

OS 

Buster Open-source operating system designed for the Raspberry 

Pi mini-computer, enabling users to program and control 

peripherals on the Raspberry Pi.  

Python 3.10 Programming automation scripts for the sink node. 

KiCad 6.0 Open-source electronic PCB design automation software. 

Fritzing 0.9.3 First-level circuit simulation software tool, selected for the 

initial prototyping of the sensor node and sink node circuits. 

XCTU 6.5.12 XCTU software is a tool from DIGI for configuring the 

XBee radio modules (Digi International Inc., 2020) 

Pi-Tunnel 2023 cloud-based solution that provides hosting services for 

applications that run on edge devices, specifically raspberry 

pi.  
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Appendix 5:     Test Execution Plan 

Test Area Test Objective Test Steps Pass Criteria 

1. Remote control Verify remote 

control of pump and 

valves from 

PC/Mobile devices 

1.Type the Ip 

address of the 

coordinator node a 

browser. 

2.Attempt to log in 

with correct 

credentials 

3.Attempt remote 

control from 

PC/Mobile. 

System allows 

successful remote 

control. 

2. Time-based 

operations 

Validate scheduling 

and execution of 

pump and valve 

operations based on 

time. 

1. Set different time 

intervals for 

operations. 

2. Confirm pump 

and valve actions at 

scheduled times. 

System executes 

operations according 

to specified time 

intervals. 

3. Environmental 

factors 

3.1 Soil moisture 1. Validate accurate 

soil moisture 

measurement. 

2. Trigger actions 

based on moisture 

thresholds. 

System accurately 

measures soil 

moisture and triggers 

actions accordingly. 

 3.2 Humidity 1. Verify accuracy of 

humidity 

measurements. 

2. Confirm system 

response to humidity 

changes. 

System accurately 

measures humidity 

and responds 

appropriately. 
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 3.3 Soil and ambient 

temperature 

1. Test accuracy of 

temperature 

measurements. 

2. Ensure system 

considers 

temperature in 

decision making. 

System accurately 

measures 

temperatures and 

incorporates it into 

decisions. 

4. Automatic Control Validate 

autonomous 

switching of pump 

and valves based on 

soil moisture. 

1. Simulate scenarios 

with different 

moisture levels. 

2. Confirm system 

triggers actions to 

switch pump and 

valves on/off. 

System 

autonomously 

controls pump and 

valves based on soil 

moisture content. 

5. Data presentation Confirm consistent 

presentation of farm 

soil data to users. 

1. Verify real-time 

updates of soil data. 

System consistently 

presents rea-time 

farm soil data to 

users. 

6. Notification alerts Ensure timely and 

accurate notification 

alerts to users. 

1. Simulate scenarios 

triggering alerts (low 

soil moisture). 

2. Verify SMS alert 

is sent to a mobile 

phone promptly. 

System sends timely 

and accurate 

notification alerts to 

users. 
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Appendix 6:     Node-red Sample Codes for Dashboard 
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Appendix 7:     T-Junction Pipe and Motorized Ball-valves 
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Appendix 8:     Assembled Prototype 

Valve 2 

Pump 

Sensor Node 1 

Valve 1 

Sensor Node 2 

Coordinator node and relays 



93 

 

Appendix 9:     User Acceptance Questionnaire 
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