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Abstract
Purpose - The thesis investigates effects of automatic variation of the deficit irriga-

tion level with the growth stage of drip irrigated maize on grain yield and crop Water

Use Efficiency (WUE). It further examines the impact of water-efficient irrigation con-

trollers on the solar Photovoltaic energy level requirements for water pumping systems.

Methodology - A Wireless Sensor and Actuator Network was deployed to monitor

field conditions and actuate irrigation valves according to whether the level of mois-

ture was within the set points. A Control Treatment (CT) field was fully irrigated using

constant moisture threshold levels, while an Experimental Treatment (ExT) field had

the highest level of deficit irrigation at the early and later growth stages. Full irrigation

was applied at the middle growth stage. Irrigation depths and grain yields were mea-

sured, while WUE and the solar energy required by the water pumping system were

calculated.

Findings - The findings show that 880 mm and 560 mm of water were applied to CT

and ExT fields, respectively. This represents a 36% water saving and a corresponding

water pumping energy saving of 36% in the ExT field. The grain yields were 0.752

kg/m2 and 0.812 kg/m2 for CT and ExT fields, respectively. This shows that, despite

applying a lower amount of water, the ExT improved the grain yield by 7.4%. Further-

more, the results show an increase in WUE from 0.86 kg/m3 for the CT field to 1.45

kg/m3 for the ExT field, representing a 69% improvement.

Research limitations/implications - This study focused on the maize production un-

der Malawi’s weather conditions. However, the concept would easily be replicated in

other crops and in other parts of the world with two modifications: firstly, sensor cal-

ibration must be done on-site; and secondly, the specific crop coefficient pattern must

be used to develop the irrigation scheduling strategy.
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Chapter 1

Introduction

1.1 Problem Definition

According to the 2008 Population and Housing census conducted by the Government

of Malawi (GoM) through the National Statistical Office, Malawi has a population of

13 million that is progressively growing at the rate of 2.8 percent per annum. Eighty-

three percent (83%) of which live in rural areas and heavily rely on agriculture for

their livelihood (GoM, 2008). Although Malawi is endowed with several surface

lakes, many areas are chronically water deficient especially during the dry seasons

and drought periods. Mostly, this is due to sporadic rainfall and high levels of evap-

otranspiration associated with the possible impact of climate change and indeed high

temperatures of the Sub-Saharan region where Malawi is situated. Sporadic rainfall,

the continued population growth and the consequential chronic food shortages have

compelled the GoM to promote irrigation farming as a means of achieving food self-

sufficiency. This is made clear in the newly launched Malawi Green Belt Initiative that

seeks to reduce dependency on rain-fed agriculture (Mpaka, 2010).

An integral part of sustainable development of irrigation farming is the availability

of water resource. Unfortunately, studies have shown that this resource is becoming

scarce as it faces high demand from agricultural, industrial, commercial and domestic

1
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use. A report by Comprehensive Assessment Secretariat (2006) presented at World

Water Week Conference in Stockholm found that one-third of the world’s population

is presently plagued by water scarcity. Ironically, the United Nations had initially

forecast this startling figure to take place in 2025.

In order to alleviate the water scarcity problem, national and international laws are

being put in place to save and renew this commodity as observed by Ghinassi (2006).

Agriculture is likely to suffer more from water shortages than any other water user

(Ghinassi, 2006). This poses a serious threat to food security. It is therefore impera-

tive that Malawi should develop and implement sustainable water management system

strategies that emphasize water use efficiency and conservation. One such, and most

effective strategy, is to improve irrigation efficiency. With the Green Belt Initiative

recently launched, Malawi needs to adopt irrigation schemes that put water use effi-

ciency as a priority while optimizing crop yield in irrigated agriculture. One plausible

solution is the proper irrigation scheduling.

The main objective of proper irrigation scheduling is to provide knowledge about how

much water is to be applied and when. This does not only avoid over-irrigation which

wastes water and energy but also avoids under-irrigation which reduces crop yield.

Several methods for scheduling irrigation exist including: intuition (grower experi-

ence); calendar days since the last rainfall or irrigation; crop evapotranspiration; and

soil water measurement (Shock, 2006). Nonetheless, many researchers (Dukes et al.,

2008; Grabow et al., 2008; Nautiyal et al., 2010; Shock, 2006) have demonstrated that

the most effective indicator of irrigation scheduling is the soil moisture status. Based

on this indicator Dukes et al. (2008) reported water saving in irrigating turf grass rang-

ing from 28% to 83% and 69% to 92% in dry and wet weather conditions, respectively.

With the recent advent of effective Soil-Moisture Sensors (S-MSs), numerous ‘smart’

irrigation controllers have been designed based on feedback from soil moisture status.

However, since these controllers use constant moisture threshold levels (without fur-

ther user input) they are mostly suitable for turf grass which requires, virtually, a con-

stant level of moisture throughout its growth stages. By contrast, maize requires more

water in its root zone during its middle growth stage only. Stressing the crop (through
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insufficient water application) during this critical growth stage lowers its yield substan-

tially. This entails that user intervention is high if current irrigation controllers are to

yield better results in terms of optimizing crop yield and reducing water use in maize

irrigation or indeed any other crop having similar water requirements to maize.

1.2 Key Research Hypothesis

Current irrigation controllers use constant preset threshold levels when scheduling ir-

rigation. An advanced On-demand S-MS controller which researchers consider as the

most effective controller uses two threshold levels (upper and lower) and maintains soil

moisture within these fixed levels unless there is user involvement to vary the thresh-

olds. The reasonable inference drawn from this is that, on average, the crop receives

a constant level of available soil moisture throughout its growth stages. Since maize

crop requires more water only at middle stage of its growing period, it is being profli-

gate to apply more water when it is not needed. Moreover, research has shown that the

variation of available soil moisture and/or depletion level of available water at various

growth stages of maize has momentous effects on its yield (Ali, 1976; Kalippa et al.,

1974; Nadanam & Morachan, 1974) as cited in Tariq et al. (2003).

The hypothesis for this study then is as follows:

Designing and implementing a fully automated irrigation controller that

uses the crop coefficient pattern to adjust moisture threshold levels when

scheduling irrigation can improve crop water use efficiency and hence so-

lar Photovoltaic (PV) energy used in water pumping and can optimise

crop yield.

It is envisaged that the implementation of such an efficient irrigation system in Malawi

will help in uplifting the living standards of poor people. Farmers will also have enough

time to do other development activities rather than devoting their time to monitoring

and adjusting moisture threshold levels for the irrigation system. Since the automated
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irrigation system will be powered by solar PV energy which is environmental friendly

as opposed to fossil fuels, then it will go a long way to guarding against the possible

impact of climate change.

Finally, the water saved through the use of the proposed efficient irrigation system can

be channelled to other activities. Conversely, automated irrigation systems would be

implemented where initially it was impossible due to limited water and power supplies.

Moreover, prior to this research, there has been no publication of S-MS based irrigation

systems suitable for weather conditions for Malawi apart from Fandika (2006) who

explored the use of evapotranspiration (ET) based controller for maize irrigation using

water budget scheduling strategy.

1.3 Research Objectives

The intent of this research was to develop and implement an adaptive and low-cost

on-demand S-MS irrigation controller that seeks to schedule irrigation efficiently to

suit the geographic location and weather conditions for Malawi. This approach will

not only optimise solar energy use but also manage scarce water resources more ef-

fectively, enhance crop yield, and reduce labor by minimizing subsequent user input.

Accordingly, the specific objectives of the study were as follows:

(a) to develop an advanced and efficient irrigation scheduling strategy;

(b) to develop hardware and software for an irrigation system controller based on

the developed efficient scheduling strategy;

(c) to design a drip irrigation system suitable for maize cropping;

(d) to design a remote monitoring mechanism for the irrigation system;

(e) to conduct field tests using the developed irrigation system controller; and

(f) to analyse data obtained from field tests to attest the hypothesis.
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1.4 Scope

This study was conducted in the city of Blantyre, southern part of Malawi in which

maize was planted and irrigated between late July and mid November 2012. One field

was irrigated based on constant preset moisture thresholds throughout the growing pe-

riod of the maize, while the other used variable thresholds to mimic the crop coefficient

pattern of the water requirements by the maize crop. Soil moisture sensors were cali-

brated based on the soils at this site. Although the study was limited to the geographic

location of Blantyre, the system could easily be reconfigured/recalibrated for other

crop types in other regions and climates.

Since this research focused on the development of the Wireless Sensor and Actuator

Network (WSAN) based irrigation controller, all advanced agricultural technicalities

were sought from the agricultural experts particularly from Bvumbwe Agricultural Re-

search Station. It is therefore assumed that any potential user of the system developed

through this research will follow all basic and good farming practices such as salinity,

organic manure and fertilizer combinations and application time to mention but a few.

1.5 Chapter Summary and Thesis Outline

In this chapter, the problem which was being addressed has been described. Both

overall and specific objectives have been articulated. Finally, the chapter has described

the scope within which the developed system was defined.

The remainder of this thesis is organized as follows: Chapter 2 reviews literature on ir-

rigation controllers and gives a background to irrigation scheduling concepts for maize

production; Chapter 3 specifies the Irrigation Management System (IMS) by defining

and developing its functional components; chapter 4 develops an adaptive and efficient

irrigation scheduling strategy upon which the IMS is based; the remote monitoring

system which is also an integral part of the IMS is presented in chapter 5; results and

discussions are presented in chapter 6; and finally conclusions and recommendations

are outlined in chapter 7.



Chapter 2

Literature Review and Background

2.1 Overview

The proposed work in this research is an extension of tremendous contributions that re-

searchers have demonstrated in the recent past especially with the advent of S-MSs and

Wireless Sensor Networks (WSNs) . Most of these researchers have shown that some

irrigation controllers have a potential of saving water and energy used in pumping but

at the expense of high costs and user intervention while others exacerbate the water

scarcity problem than the traditional farming practices. In irrigated cropping, water

conservation and crop yield optimization goals can be achieved by strictly following

proper irrigation scheduling strategy. This ensures that crop yields are improved de-

spite water stresses from droughts. Although water in some cases may be in abundance,

the application of excess water may result in ground water pollution, loss of nutrients

due to leaching, soil erosion due to surface run-off and loss of energy used in pumping.

2.2 Irrigation Scheduling

In irrigated cropping water conservation and crop yield optimization goals can be

achieved by strictly following proper irrigation scheduling strategy. With proper irri-

gation scheduling, crop yield can be improved while reducing water use, saving energy

6
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used in pumping and minimizing loss of soil nutrients due to leaching, needless to say

the reduction of the negative environmental impacts that come with soil erosion as a re-

sult of over-irrigation. Efficient irrigation scheduling attempts to answer the following

two questions:

(a) How much water should be applied to the field?

(b) When should the water be applied?

In essence, according to Ellis and Merry (2007), the objective of proper irrigation

scheduling is to provide knowledge on crop water requirements (for its optimum growth)

at a particular point in time and determining the timing of water application to avoid

crop and soil damage. Among several techniques of answering the first question, soil

moisture measurements and evaluation of ET using meteorological data score highly

in literature (Shock, 2006). In the former case, moisture sensors are used to sense the

available soil moisture and compare it with a preset (required) level, and the difference

is the amount of water that must be applied; whereas the latter uses weather data to

directly evaluate the ET loss which is the amount of water that must be applied. The

other techniques used are intuition (grower experience) and calendar days since the last

rainfall or irrigation (Shock, 2006). The second question can be answered by setting

up a minimum level of moisture required by crops and when the level of moisture in

the soil reaches that threshold, irrigation has to be initiated.

To effectively ascertain proper irrigation scheduling, a sound knowledge is required on

crop physical characteristics, crop-water requirements, and soil-water characteristics.

The rest of this section discusses these concepts briefly.

2.2.1 Maize Crop Physical Characteristics

Maize (Zea mays L.), also known as corn, is a cereal crop that falls into grass category

of plants. It is cultivated in most parts of the world and it is used for human and

animal consumption worldwide. Maize is the number one staple food in Malawi and

accounts for 70% of the cultivated land. It grows well in almost all soil types across
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Malawi apart from too sandy and waterlogged soils where, otherwise, strict and very

good farming practices (e.g. soil drainage and application of organic and inorganic

matter) need to be followed. Maize is a tall (may grow up to 3 m) and deep rooted crop

which sees its roots going as deep as 200 cm in less restrictive soils, but most of water

uptake activity is within 80 cm to 100 cm of the surface when the crop is fully grown

(FAO, 2010). Whereas for medium to shallow soils vigorous water uptake activities

take place within the top 60 cm hence irrigation must be as deep as this. Table 2.1

shows rooting depths of some crops adapted from Texas Water Development Board

(2004).

Table 2.1: Approximate rooting depths of some crops (Texas Water Development
Board, 2004).

Crop Approximate rooting depth (cm) Crop Approximate rooting depth (cm)

Alfalfa 120-180 Peanuts 0-75
Citrus 60-150 Potatoes 60-90
Cabbage 45-120 Sorghum 60-90
Corn 75-120 Soybeans 60-90
Cotton 90-120 Sugar beet 60-120
Grass 0-120 Sugar cane 60-180
Melons 0-90 Tomatoes 60-120
Oats 0-150 Turf grass 15-75
Onions 45 Wheat 90-120

Belfield and Brown (2008) observed that, as a tropical grass, maize requires relatively

higher levels of insolation and suitable air temperature averaging between 18 ºC and

32 ºC while soil temperature in excess of 12 oC is optimal for germination and early

seedling growth. However, according to Belfield and Brown (2008), maize can adapt

to many climates with an effect of having variable maturity periods ranging from 70

to 210 days. Specifically, maturity period for most varieties of maize in Malawi where

mean temperature exceeds 20 oC ranges from 90 to 120 days. The maize variety used

in this study was a hybrid SC 403 (Seed Co Malawi Ltd) with a maturity period of 90

to 100 days.
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2.2.2 Maize Crop Water Requirements

Maize water requirements vary depending upon a wide range of factors including cli-

mate, soil type (influencing water-holding capacity) and growing period. With regards

to climate and growing period, FAO (2010) reported maize crop water requirements of

between 500 mm and 800 mm for medium maturity, while Doorenbos and Pruitt (cited

in Tariq et al., 2003 p.2) observed water use of between 430 mm and 490 mm. Belfield

and Brown (2008) cited 300 mm as a potential water requirement by maize crop de-

pending on water-holding capacity of soil, otherwise they reported 500 mm to 1200

mm as optimal water requirement. This simply shows how tedious it is to determine

the total amount of water needed by maize crop per growing season. Moreover, even

if it was possible, the water use by the crop is not evenly distributed. It depends on the

daily weather conditions as well as growth stage. In terms of growth stage, FAO (2010)

showed that water requirements by maize is lower at early and later stages of maize

growth but more water is used up at its middle stage. This is characterized by the crop

coefficient (Kc) which peaks at tasseling and cob development stages as shown in Fig.

2.1.

Fig. 2.1: Typical crop coefficient curve for maize (FAO, 2010)
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2.2.3 Soil Water Characteristics

Knowledge of soil water dynamics is very crucial when practicing irrigation farming

regardless of which scheduling technique is exercised. Water retention capability of

the soil determines how much pressure the crop roots must exert in order to suck it up.

The level of retention mainly depends on the textural composition of the soil.

2.2.3.1 Field Capacity, Permanent Wilting Point and Available Soil Water

When excess water is applied and diffuses into the soil (assuming run-off is avoided),

the soil is said to have been saturated and gravitational drainage (deep percolation)

ensues. Just after this drainage process ceases, water is retained by the soil and it is

called Field Capacity (FC). This is a measure of water-holding capacity of the soil and

the level varies for different soil types. Table 2.2 shows that clay and silty clay have

a potential to hold more water than the rest of the soils. The least amount of water

is held within large pore spaces of sand soil. It is this water that plants use for their

metabolic processes and part of it is evaporated. As ET continues, there will be a point

when the little water remaining in the soil will no longer be extracted by plants as it

will be firmly held between soil particles (Bernier, 2008). If water is not replenished

before this stage, then crops wilt beyond recovery. As such, the remaining water at this

stage is called Permanent Wilting Point (PWP). PWP is also a soil-texture dependent

parameter as depicted in table 2.2.

Available Soil Water (ASW), also known as Available Water Storage Capacity of the

soil, is the difference between FC and PWP (refer to Fig. 2.2). Just like FC and PWP,

ASW varies with soil texture (see table 2.2). To avoid stressing crops by reaching

PWP, ASW should not be depleted completely. This is done by observing Management

Allowable Depletion (MAD) for a particular crop and at a particular growth stage as

discussed in the next section.
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Table 2.2: Volumetric soil moisture content at field capacity, permanent wilting point
and available soil water for various soil textures (Bernier, 2008).

Soil texture
Field Capacity

(FC)
Permanent

Wilting Point
(PWP)

Available Soil
Water Content

(ASW)
mm of water per m of soil

Sand 100 40 60
Loamy Sand 160 70 90
Sandy Loam 210 90 120
Loam 270 120 150
Silt Loam 300 150 150
Sandy Clay Loam 360 200 160
Sandy Clay 320 180 140
Clay Loam 290 180 110
Silty Clay Loam 280 150 130
Silty Clay 400 200 200
Clay 400 220 180

2.2.3.2 Management Allowable Depletion

As stated earlier on, ASW is depleted from the soil through ET. As ASW is getting

depleted, crops find it harder and harder to absorb water from the soil until at such a

point that crop-stress signs (e.g. curling of leaves) appear. The level at which ASW

can be depleted without stressing crops is known as Management Allowable Depletion

(MAD). Abubaker (2009) claimed that many crops have a MAD of 50%. That is, water

needs to be added to the soil when half of ASW is depleted. Nevertheless, Bernier

(2008) noted that for water stress sensitive crops the recommended MAD depends

on “crop grown, development stage and irrigation system used” (p. 23). As such,

it is recommended that MAD be varied with crop growth stage if crop yield is to be

optimized while avoiding unnecessary irrigation events.

2.2.3.3 Readily Available Water and Total Available Water

Readily Available Water (RAW) is a fraction of ASW that can safely be depleted from

the soil by crops to satisfy ET potential of the atmosphere. The fraction is determined
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Fig. 2.2: Soil moisture profile for a typical soil (Bernier, 2008)

by the MAD. Mathematically, RAW can be expressed by equation 2.1.

RAW = ASW ∗MAD (2.1)

RAW is the water that crops actually use (see Fig. 2.2). Of course part of it still

evaporates. However, since this measurement is given per unit depth of soil (see table

2.2), the actual water available in the root zone of the crop depends on the actual root

depth of the plant. This water is called Total Available Water (TAW) and is given as

the product of RAW and root depth (Rd) as shown in equation 2.2.

TAW = RAW ∗Rd (2.2)

Rd varies with the growth stage of the plant; hence RAW is a plant-growth-stage de-

pendent parameter.

2.3 Review of Current Irrigation Controllers

An irrigation controller is an electronic or electro-mechanical device that helps farm-

ers to schedule irrigation; It determines when and how much water to apply to the

field. Several strategies and tools have been proposed in literature and are available
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to farmers allowing them to schedule irrigation efficiently. These tools include evapo-

transpiration based controllers, irrigation timers (clocks), and on-demand S-MS based

controllers. These controllers are reviewed in sections 2.3.1 through 2.3.3

2.3.1 Evapotranspiration Based Irrigation Controllers

A large body of literature describes evapotranspiration (also known as Weather) based

controllers. These controllers estimate the ET for a particular crop (ETc) which, ac-

cording to Irmak and Harman (2003), is the loss of soil moisture through a combined

process of plant transpiration and evaporation that occurs from the soil and plant sur-

faces. ETc is evaluated by multiplying the crop coefficient (Kc) with the reference crop

evapotranspiration (ETo). Abubaker (2009) and Davis et al. (2007) observed that Kc

is a crop dependent parameter which varies with the type of the crop, production envi-

ronment and the growth stage of the crop. As such, the controller needs to be fed with

the appropriate values of the Kc for a particular crop at a specific growth stage of the

crop. After computing Kc the controller has to evaluate ETo which is a climate depen-

dent parameter and can be computed from weather data. The minimum weather data

needed for computing ETo using the recommended ASCE standardized reference ET

equation includes air temperature, solar radiation, relative humidity, and wind speed

(Allen et al., 2005). Davis et al. (2007) observed that the external data can be collected

either from on-field weather stations or from remote weather stations. Once the ETc is

established then using water-budget scheduling technique, water is applied to replenish

the one taken up from the soil through ET. Fig. 2.3 shows a photo of three brands of ET

controllers undergoing testing at the University of Florida, Agricultural and Biological

Engineering Department (Davis, cited by Dukes, 2012).

The major advantage of the ET method of scheduling irrigation is in the reduction of

user intervention when weather data is fed in automatically. Once the installation and

initial settings have been done properly, further user input is not required. Grabow

et al. (2008) argued that as long as the controller receives weather information, it au-

tomatically adjusts irrigation cycles to accommodate varying weather conditions and
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Fig. 2.3: Photos of three brands of ET controllers (Dukes, 2012)

growth stage of the crop. However, since the weather data is collected through on-

field weather stations or from remote weather stations which requires complex data

acquisition mechanisms that may include communication with satellites, this method

is very expensive and not economical or convenient for small-scale farmers. In addi-

tion, whichever way is used in data collection for establishing ET, many researchers

(Nautiyal et al., 2010; Dukes et al., 2008; Grabow et al., 2008; Shock, 2006) have ar-

gued that ET is usually overestimated and consequently, there is less water saving than

in S-MS based irrigation systems. Worse still, ET based controllers fail to account for

capillary rise where, if water table rises, roots may be able to take up the ground water

for the crop’s metabolic process. This is the reason why Abubaker (2009) concluded

his thesis by recommending periodic soil moisture monitoring where ET estimations

are used to schedule irrigation.

2.3.2 Irrigation Timers

Dukes et al. (2009) described timers (irrigation clocks) which have extensively been

used to schedule irrigation especially for landscapes. These open-loop control systems

are based on S-MS and operate in a “bypass” mode where information from soil mois-

ture sensors is used to either allow or bypass scheduled irrigation. Fig. 2.4 shows how

a commercial RS500 S-MS controller manufactured by Acclima, Inc. (Meridian, ID,

USA) can be arranged to bypass a scheduled irrigation event.

According to Dukes et al. (2009) the controller has an adjustable moisture threshold

setting which is chosen by the user. The scheduled irrigation is bypassed when soil
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Fig. 2.4: Simplified diagram showing how a soil moisture sensor is typically connected
to an automated irrigation system (Dukes et al., 2009)

moisture exceeds this setting. Some timers incorporate rain sensors which enable them

to bypass or interrupt the preset irrigation event when a specific amount of rainfall has

been recorded (Tichenor et al., 2004). Consequently, these controllers save more water

than the basic irrigation timers. Following this, a law was enacted in Florida to enforce

the incorporation of rain sensors into basic irrigation timers (Tichenor et al., 2004).

The strength of the irrigation timers is that they are simple and cheap since they do

not require complicated scheduling strategies. Additionally, they are readily available

and user friendly in terms of choosing appropriate scheduling programs. However, the

main drawback of these controllers is the extensive involvement of the user due to the

failure of the system to automatically schedule irrigation depending upon conditions

in the environment which change throughout the growing season. This is cumbersome

and prone to errors. The user has to select a program, one that would apply a specific

amount of water at a specific time. For example the user may time the controller to

apply 0.2 m3 of water every two days. If the moisture in the soil goes just above the

set value, then irrigation cannot be initiated until the second day which can result in

stressing the crop if the next day experiences high ET levels due to varying weather

conditions.

Dukes et al. (2009) further stressed that these controllers require the user to change
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the program depending upon the actual moisture condition of the soil as one way of

accommodating varying weather conditions which change throughout the growing sea-

son. This is prone to errors as it depends on the experience of the user. Moreover, with

the set-and-forget mentality it is more likely that users choose to water often as it is

easier to notice signs of stressed turf than those from over-irrigation to a small extent.

It is for this reason that Dukes et al. (2009) observed that 47% more water in Florida is

applied using this scheduling technique than home owners without automated systems.

2.3.3 On-demand S-MS Based Controllers

Dukes (2012) presented a detailed description of how on-demand S-MS based con-

trollers operate. Just like irrigation timers, these controllers are based on S-MS, in

which case the information about the soil moisture status is used to determine crop

water needs. They have two threshold levels within which the soil moisture is main-

tained. The controller irrigates when soil moisture reaches the lower threshold and

stops irrigating when a high moisture threshold is read by the sensor. Unlike the ir-

rigation timers which only allow or bypass a pre-programmed irrigation event, the

on-demand S-MS controllers initiate and terminate irrigation events.

Although Dukes (2012) reported great water savings by these technologies (30-40%

and 70-90% during dry and wet conditions, respectively), just like ET controllers and

irrigation timers, on-demand S-MS controllers are labour intensive because they re-

quire user intervention to re-adjust the threshold levels. This is so because water de-

mand by crops varies not only with weather conditions but also with growth stage.

Otherwise, users tend to set high threshold levels (close to field capacity) thereby over-

irrigating unnecessarily when crop water demand is low. This is evident from the

controller that Miranda et al. (2005) designed which was able to “autonomously con-

trol the soil water potential (SWP) in the crop root zone between field capacity (FC)

and management allowed deficit (MAD) set by the user” (p. 185).

Notably, applying large amounts of water (close to FC) when crop water need is low

(e.g. at early and later growth stage of maize crop) does not necessarily mean that the
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excess water will remain in the soil for a very long time waiting for the crop to absorb

it. Biran et al., as cited in Cardenas-Lailhacar and Dukes (2007), observed that ET

(dominated by evaporation) is encouraged when there is more water in the soil than

necessary.

2.4 Wireless Sensor Network

One of the objectives of this study was to develop an inexpensive but robust and re-

liable controller. This was going to accelerate its adoption in Malawi as it would

meet smallholders’ socioeconomic preferences. Current advanced and commercial ir-

rigation controllers use wired infrastructure to collect data from in-field sensors to a

central decision making node that schedules irrigation events. In addition to being pro-

hibitively expensive, wired infrastructure limits farmers’ movements in the field and in

some situations it may be impractical to run wires.

The rapid increase in WSNs deployment in industrial, agricultural and environmental

monitoring applications is as a result of being a low power and low data rate, hence

energy efficient technology. It also offers mobility and flexibility in connectivity which

promotes network expansion when needed. As noted by Balendonck et al. (2008) and

Fazackerley and Lawrence (2009), this has opened a new chapter in how precision agri-

culture can cost-effectively be implemented. In particular, Fazackerley and Lawrence

(2009) showed that WSNs can tremendously reduce the cost of on-demand S-MS con-

trollers from $3000 to $100 per completed node excluding the cost of the soil moisture

sensor. Ali et al. (2010) developed a prototype of irrigation controller based on WSN

whose main objective was to distribute water properly and evenly; and noted that Zig-

Bee technology scores highly on low-cost, reasonable range, average data rate and low

power requirements as compared to Bluetooth, Wi-Fi, and Wibree.

However, Balendonck et al. (2008) noted that WSNs are still under development stage;

as such, they are at times unreliable, power hungry, fragile and can easily lose com-

munication especially when they are deployed in a harsh environment. It is therefore
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necessary to remotely monitor the status of the WSN when the deployment is a remote

site where frequent physical visits may become inevitable but costly and time consum-

ing. To this end, Kalpana et al. (2011) deployed a WSN for remote monitoring of a

crop field. They designed and implemented a WSN that could monitor the air temper-

ature, humidity, light intensity both from a crop field and remote places. Their system

comprised nodes equipped with small size application specific sensors and radio fre-

quency modules. Sensor data were transmitted via radio frequency link to a centrally

localized computer terminal for data logging and analysis. However, they employed a

computer on site for data logging and analysis which is costly and, hence, not suitable

for smallholder farmers.

2.4.1 ZigBee Network Protocol

ZigBee is a networking standard for Personal Area Network (PAN) which is based on

the Media Access Control (MAC) and Physical (PHY) layers of the IEEE 802.15.4

standard (see Fig. 2.5). The PHY and the MAC layers have the same functionality of

providing RF and communication components as in the IEEE 802.15.4 protocol. This

means that the PHY layer of ZigBee operates in the unlicensed Industrial, Scientific

and Medical (ISM) radio bands of 868 MHz, 915 MHz and 2.4 GHz depending on the

region; the ISM band in Malawi is 2.4 GHz.

The ZigBee protocol operates in a layered structure similar to the Open Standard for

Interconnection (OSI) network model. Since ZigBee standard sits on top of the IEEE

802.15.4 standard, the ZigBee stack has two of its four layers - PHY layer and Data

Link layer (MAC) defined in the IEEE 802.15.4 standard. The other two top layers

are the Network (NWK) layer and the Application layer (APL) (refer to Fig. 2.5). The

NWK layer is responsible (if the device is a coordinator) for the formation of a network

among the devices. That is, it is responsible for routing management, network man-

agement, security management and message broker. The functionality of the device is

defined by the applications that run on the device. The applications may include issues

like measuring soil moisture and temperature and sending such data to a coordinator.
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The APL houses such applications for the device and may have the following objects:

application support sub-layer, application framework and ZigBee object as illustrated

in Fig. 2.5.

Fig. 2.5: ZigBee stack

The ZigBee protocol mainly focuses on low cost and low power consumption. The

low power consumption characteristic is really appealing since sensors are usually

placed at a remote location where battery power supply is the only option and needs

to be sustained. In order to attain a low power consumption characteristic, the ZigBee

protocol operates at low data rates (250 kbps at 2.4 GHz). Nonetheless, this imposes its

limitation where high data transmission applications are required. Such applications

may use other IEEE standards for instance Bluetooth (802.15.1) and Wi-Fi (802.11)

which offer high data rates of 1 Mbps and 54 Mbps, respectively, but at the expense

of battery power. Nevertheless, in precision agriculture, sensor data do not require

wide bandwidth since it is not necessary to continuously monitor soil moisture and

temperature as there could be no significant changes in these parameters in a short

period. Hence, ZigBee is well suited for precision agriculture in remote areas where

high battery performance may be required.

2.4.1.1 Device Types

The ZigBee standard classifies network devices/nodes into three categories: ZigBee

Coordinator (ZC) , ZigBee Router (ZR) and ZigBee End Device (ZED) . As the heart of
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the network, ZC permits and sanctions all ZRs and ZEDs that are in quest of connecting

to its network. This is the most capable node in the network as it is responsible for

network formation (allocating addresses and ensuring security). As such, there must

be one (and only) ZC per any given ZigBee network. ZigBee stack allows any ZR to

assume the responsibility of a coordinator if ZC is removed from the network.

ZR extends the network by relaying information between two devices. This means that

it acts as a link in the network which can have up to 30 hops. Each ZR can have its

own children to which it allocates addresses. For a small ZigBee network a ZR device

may be less compelling.

Unlike ZC and ZR, ZED spends most of the time asleep only waking up when it is

required to perform its intended function thereby saving battery power. This is the case

because ZED operates as a termination of the network. It is limited in its functionality

since it does not participate in routing. This makes it capable of carrying out its duties

and communicating with its parent device only. A ZED can physically move around

the network as a mobile device and freely associate itself with a new parent device.

2.4.1.2 Network Topology

Depending on the situation and environment ZigBee networks can take three forms of

topologies: Star, Cluster-Tree and Mesh.

A star topology comprises one coordinator and several other end devices. No Zig-

Bee router is required in this topology. The coordinator communicates with all end

devices, and there is no direct messaging between end devices (refer to Fig. 2.6 a).

Synchronisation may or may not be enforced by enabling or disabling beacon mode

accordingly.

A cluster-tree topology is made up of one coordinator and several child nodes which

are routers and end devices (Prince-Pike, 2009). Apart from communicating with its

parent node a router may as well have its own child nodes, but there is only one path

between any pair of devices in this network (refer to Fig. 2.6 b) and therefore tree
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Fig. 2.6: Network topologies for the ZigBee protocol

routing algorithm is requested. Distributed synchronisation mechanism which enables

guaranteed bandwidth is used and achieved by enabling beacon mode.

A slight modification to the cluster-tree topology is required to yield a mesh network.

This is done by allowing devices to communicate with each other using multiple routes

(refer to Fig. 2.6 c). Consequently, devices are able to send and receive messages reli-

ably even when their preferred path is down or congested. This reliability is the major

advantage of a ZigBee mesh network over star and cluster-tree networks. However,

mesh network has no guarantee of bandwidth since no synchronisation is used which

requires disabling of beacon mode.

2.5 Solar Photovoltaic Water Pumping System

Although Malawi is making strides towards rural electrification, implementation of

grid power to the remotest areas where farming is practiced still remains a challenge

because of high installation costs of new transmission lines and transformers as well

as not being feasible due to a poor road network. To effectively achieve socioeco-

nomic preferences of smallholder farmers who live in rural areas and constitute 83%

of Malawi’s population (GoM, 2008), it is judicious to implement efficient irrigation

schemes that use Solar Photovoltaic Water Pumping (SPVWP) technology. Moreover,

Malawi being in a tropical region is well endowed with large amounts of solar radia-

tion amounting to 3000 hours per year (GoM, 2003), which translates to over 8 hours
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per day. It is also reported (GoM, 2003) that SPVWP systems have to a small extent

been implemented in Malawi; but, despite these systems having good characteristics

such as environmental friendliness, good reliability, ease of installation and long life,

the challenge is high initial installation cost which impedes their diffusion into rural

areas.

Furthermore, research indicates that SPVWP systems have not yet diffused into remote

areas of developing countries where the priority is given to drinking water. As such, it

is not feasible as it cannot meet operational and maintenance costs according to (Meah

et al., 2008) and Malawi is no exception to this observation. However, with the Gov-

ernment of Malawi’s promotion of irrigation farming, it is clear that implementation

of SPVWP systems will receive more interest as the irrigation-water versus drinking-

water equation gradually balances up. With relatively high initial cost, it is worthwhile

to install and use a PV system for an income generating activity in addition to drinking

water.

In addition, a group of individuals (typical of a community set up) can shoulder the

cost for the PV system with an aim to use the system for income generating activities

including charging mobile phones and growing of cash crops. The income generated

from these activities can be used to offset and meet installation and maintenance costs

in the long run. This venture also creates jobs in remote areas, thereby improving

socioeconomic status of the rural community.

A typical SPVWP system consists of a PV Array, a controller, a motor, a pump and

may or may not include a storage tank. The controller may comprise charge controller,

battery bank and an inverter. A careful selection of these components does not only

have a bearing on system capacity but also determines the initial and installation costs

as well as its robustness, efficiency and hence reliability. Sections 2.5.1 through 2.5.3

examine how high water pumping capacity, low cost and high efficiency requirements

may be achieved. This may accelerate the diffusion rate of PV installations in rural

areas of Malawi where a large percentage of the population lives below the poverty

line.
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2.5.1 Photovoltaic Energy and Storage Requirements

A Photovoltaic (PV) cell is a semiconductor material specially doped to convert solar

energy directly into electricity. An interconnection of many PV cells is required to

form a PV module (array) that provides a desired amount of DC power. A PV array

is a highly reliable assembly that can last over 20 years without need for maintenance

apart from general cleaning; and hence, even though its initial cost is high, it has the

lowest life-cycle cost where less than 10 kW applications are required but either there

is no grid power or operation and maintenance cost of the internal-combustion engines

is high (Thomson, 2003).

Clearly, PV energy which is required to drive the motor-pump set is directly related to

solar radiation. This energy is not available at night or during cloudy days. To satisfy

a high water demand with minimum system power design (which cuts system cost

substantially), it is necessary to store energy when it is available. Two strategies are

used to store PV energy in SPVWP systems: a battery bank and a water tank.

Although battery bank installation looks simpler than constructing a water tank, many

researchers have pointed out the disadvantages of this strategy. It is observed that the

lead-acid, deep-cycle batteries which are suitable for PV systems are not only pro-

hibitively expensive but also not readily available on the market (Oi, 2005). Oi (2005)

further observed that batteries require persistent maintenance as they degrade rapidly

when the electrolyte is not checked and replenished regularly. Of course nowadays

there are maintenance-free batteries on the market, but their price tag is very high for

the poor masses in the developing countries to acquire.

Thomson (2003) bemoaned short battery lifetime which ranges typically from 3 to

8 years in cool climates and reduces to typically 2 to 6 years in hot climates due to

increased rate of internal corrosion as a result of high ambient temperatures. In addi-

tion, the charging and discharging process can further reduce battery lifetime if it is

not controlled properly. This attracts another cost for the need of sophisticated charge

controllers.
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Another challenge of the use of batteries according to Thomson (2003) is power con-

version efficiency which is typically 85% and it may be as low as 75% in hot climates.

This means that, to effectively drive a motor-pump set with specified power rating, a

PV array has to be oversized by at least 25% and hence faces an increased capital cost.

On the other hand, a water tank to exploit the PV produced energy immediately without

battery storage may also reduce efficiency of the SPVWP system through loss of water

as a result of evaporation if the tank is open. Closed tanks tend to be expensive to build

but the loss of stored water is reduced. Nevertheless, the best option for energy storage

in SPVWP systems is a water tank since once it is constructed it requires minimal

maintenance over time. Moreover, the cost for building a tank is much lower than

battery bank installation; as such only about 5% of SPVWP systems employ battery

banks (Oi, 2005).

2.5.2 Motor-Pump Set and Inverter

There are three categories of pumps used in SPVWP systems according to their ap-

plications: submersible; surface; and floating pumps (Meah et al., 2008). Unlike

submersible pumps which are used to draw water from deep wells (boreholes), sur-

face water pumps draw water from shallow wells, rivers, and ponds; whereas floating

pumps are used where the water sources have variable heads (Meah et al., 2008). These

pumps can also be classified according to their principles of operation as centrifugal

and displacement pumps. Similarly, motors used in SPVWP systems can be classi-

fied by various domains as either DC or AC, synchronous or asynchronous, brushed or

brushless.

Proper selection of the motor-pump combination is critical as it depends on the site,

durability, availability, head of water, maintainability, quality of water, and overall

system cost. Oi (2005) noted that centrifugal pumps are relatively expensive but have

high efficiency and high water volume pumping capability than displacement pumps

which also require regular maintenance; and that an AC induction motor is cheaper

than brushless DC motor but both have maintenance-free operation than a brushed
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motor. Although a submersible centrifugal pump coupled to an AC Induction motor

looks attractive, it requires an expensive inverter for converting DC power from PV

array to AC. According to Andrada and Castro (2007), such a system is not ideal for

rural communities in developing countries.

Eliminating the inverter from this SPVWP system gives room for direct coupling of

PV array to the motor-pump set which reduces initial system cost substantially. Such

a system was once tested and analyzed by Mokeddem et al. (2007) where a PV array

was directly coupled to a low cost brushed DC motor and a centrifugal pump. After

four-month performance tests they found that the system was ideal for low delivery

flow rate applications and they recommended its use for irrigation in remote areas.

However, the major drawback of the direct coupling design is the use of brushed DC

motor which requires periodic replacement of brushes, typically every two years (Oi,

2005). This is not ideal for remote areas of developing countries where it is not easy

to access repairs and spares. Direct coupling of PV array to a brushless DC motor

with centrifugal pump and a water tank is a more interesting configuration since it

promises the achievement of a low cost, reliable and low maintenance SPVWP system

installation suitable for irrigation in remote areas. Moreover, there is a growing trend

of manufacturers for submersible pumps to use brushless motors and assemble them

as a unit which lowers its cost substantially.

2.5.3 Efficiency Improvement through Maximum Power Point Track-

ing

For efficient operation of the load (motor-pump set) in this system, the PV power

supply needs to be optimized. Since power drawn from a PV array fluctuates widely

with cell temperature and insolation throughout the day, it is important to match the

operating characteristics of the load and the PV array. The load must operate at the

knee (refer to Fig. 2.7) of the current-voltage (I-V) curve for the PV array. This knee

point is called Maximum Power Point (MPP) because it is the point where the product

of I and V is a maximum. However, as the insolation and cell temperature fluctuate
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throughout the day MPP also changes. When this happens, the load forces the PV to

operate outside the MPP, and the PV array responds by delivering little power to the

load.

Fig. 2.7: Typical I-V curves of a PV module with varying insolation

A control mechanism known as Maximum Power Point Tracking (MPPT) is used to

vary the current or voltage so as to maintain the system operation close to MPP (Thom-

son, 2003). Thomson (2003) also observed that advanced DC-AC inverters incorporate

MPPT, but they are expensive and limited in control strategy flexibility. Alternatively,

a low cost standalone (specialized) control unit is used as a MPPT. Interestingly, the

cost of the control unit can be offset by slightly reducing the number of the PV panels;

that is, fewer PV panels which are optimized may provide desired or even more output

power than many panels which are inefficient.

The controller does not only optimize the operation of the PV, but also eases motor

starting and allows the motor-pump set to operate effectively over a wide range of

solar radiation, flow rates and water heads (India Electric Market , 2000). This means

that with the MPPT controller water pumping can start early in the morning and stop

late in the evening thereby producing high water volume per day.

However, being an electronic device, in addition to consuming 4-7% of PV output

power (India Electric Market , 2000) the MPPT controller has high probability of fail-

ure especially when it is operated in a harsh environment (e.g. humid and high ambient

temperature). This poses threats on the system availability which according to Short

and Mueller (2002) is a major concern in PV systems installed in remote areas of de-

veloping countries where it is difficult to access repairs and spare parts. Irrigation in
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particular cannot afford to lose a water pumping system even just for a week, otherwise

crops will wilt. This is why Short and Mueller (2002) reported that whenever any form

of electronic controller (including inverter and MPPT) is used in SPVWP systems such

a controller “must be inherently extremely reliable or easily reparable/replaceable at

local level” (p. 281).

Based on the above discussion, this study proposes direct coupling (between motor-

pump set and array) for remote SPVWP systems in developing countries. The elimina-

tion of electronic controllers and batteries in SPVWP systems offers high availability,

low cost and maintenance-free operation. The form of energy storage in this case is

a big capacity water tank. Fig. 2.8 shows the proposed SPVWP system suitable for

developing countries.

Fig. 2.8: Low cost PV water pumping system

2.6 Soil Moisture Monitoring Technology

The process of determining moisture status in the soil can take two basic forms: water

potential and water content. Soil water potential, also known as soil tension, is the

amount of force needed to extract water from the soil. Water potential describes how

hard it is for plant roots to absorb water from the soil, and the higher the potential the

drier the soil and the harder the roots must work to get water. On the other hand, soil
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water content is the amount of water per given volume of undisturbed soil or weight

of dry soil. It can also be expressed in relative depth as millimeter of water per meter

of soil. Specific soil characteristic curves are used to relate water potential to water

content.

There are three major forms of devices used to measure soil moisture based on the

above two strategies and these are: tensiometers, electrical resistance sensors and

dielectric sensors. The suitability of each of the sensors depends on the cost, reliability,

ease of interfacing to the controller, accuracy and soil texture.

2.6.1 Tensiometers

A tensiometer is a sealed, degassed-water-filled shaft fitted with a porous ceramic tip

on the lower end that is buried in the soil to a desired depth and a protruding vacuum

gauge on the upper end (Morris, 2006). Since the tensiometer measures soil water

potential or tension, the vacuum gauge is calibrated in either centibars (cb) or kilo-

pascals (kPa) which are equivalent units (i.e. 1 cb = 1 kPa). The device, while fixed

into the ground, can be connected to a data-logger, hand-held meter or to an irriga-

tion controller through a pressure transducer (Pardossi et al., 2009) or electric switch.

While pressure transducers are expensive, the switching tensiometers are traditionally

suitable for a bypass-mode S-MS controller which requires fixing of a threshold level

below which irrigation must be initiated.

Tensiometers are easy to install and are available in different lengths. For example,

Irrometer Company produces several tensiometer models with shaft lengths ranging

from 15.2 to 152 cm. The length of the shaft partly dictates the price for the tensiome-

ters. For example, Morris (2006) reported a price range of $45 to $80 with tensiometer

lengths ranging from 15 to 122 cm. However long the shaft may be, the zone of influ-

ence is the ceramic tip which must be buried within the active root zone of the plant

and ensuring that it makes a good contact with the soil substrate. This requirement

may be difficult to achieve in swelling soils when dry conditions are inevitable, and

the sensor may need to be re-installed.
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To accommodate moisture variability in the deep rooted plants, one short shafted ten-

siometer may be buried in the top soil and a long tensiometer buried further deep into

the soil as shown in Fig. 2.9. This arrangement can also be used in on-demand irriga-

tion controllers where the upper threshold, which is used to stop irrigation, is set by the

deeper tensiometer and the shallow tensiometer is used as the lower threshold which is

used to initiate irrigation.

Fig. 2.9: Tensiometers placed at different depths in the root zone (Photos courtesy -
Irrometer Co.)

The main advantage of tensiometers is their high accuracy (typically, +/-3% of span)

regardless of varying temperatures and soil osmotic potential. However, they are frag-

ile and need regular maintenance as they require water refilling in the tube (Pardossi

et al., 2009). Nevertheless, they are low cost and have long life span if properly in-

stalled and maintained. The major bottleneck of tensiometers is that, typically, they

work best in the range of 0 to 80 kPa which makes them suitable for course textured

soils only, because fine textured soils still contain more water at a tension reading of

80 kPa (Morris, 2006).

2.6.2 Electrical Resistance Sensors

The principle behind electrical resistance sensors is to measure the resistance of the

water in the soil. Since water conducts electricity, the resistance of the soil decreases
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with an increase in the amount of water in it. These sensors have electrodes embedded

in a porous material that absorbs water to establish equilibrium. As the soil dries up

the water is released from the porous material and the resistance measured between

the electrodes increases accordingly. Resistance sensors measure water potential, but

unlike tensiometers they have a wider range of measurement.

Gypsum blocks and Granular Matrix Sensor (GMS) are two types of electrical resis-

tance sensors with gypsum blocks being the oldest and simplest sensors costing $5 to

$15 while GMS are new and less degradation-susceptible sensors costing $25 to $35

a piece (Morris, 2006). While a gypsum block has smaller pores in its matrix – mak-

ing it sensitive to moisture in fine textured soils only, GMS has larger pores which

improves its sensitivity in coarse textured soils and in very wet conditions (Pardossi

et al., 2009). Typical examples of GMS sensors are Watermark 200SS and Watermark

200SS-V (both from Irrometer Company, Inc.) which measure soil moisture in the

range of 0 to 200 kPa and 0 to 239 kPa, respectively.

The resistance from the electrical-resistance sensors cannot, however, be measured

with a DC meter. DC current polarizes the soil sample and produces readings that

fluctuate wildly (Morris, 2006). Special interfaces are needed for meters or data log-

gers that are incapable of exciting the sensor with an AC signal. One such interface

is SMX module (EME systems Co.) which produces voltage that can be measured by

an ordinary meter. Watermark 200SS-V has a built-in interface with a price tag of $88

compared to $53 for the ordinary Watermark 200SS. Fig. 2.10 shows photos of the

two versions of the Watermark sensors.

Fig. 2.10: Versions of Watermark sensors (Photos courtesy - Irrometer Co.)

Besides wider measuring range, low cost and maintenance-free operation, the other ad-

vantages of GMS include durability and accuracy especially in wet conditions. How-
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ever, besides having low resolution and slow reaction time – making them unsuit-

able for high-infiltration-rate soils (e.g. sand), GMS sensors are also temperature-

dependent; hence demanding temperature sensors for compensation when connecting

to data loggers (Muñoz-Carpena, 2009).

The installation procedure is similar to that of tensiometers. They are buried into the

soil to a desired depth within the root zone of the plant, and ensuring that it makes

good contact with the soil. Just like tensiometers, GMS sensors are problematic in

dry-swelling soils as they lose contact with the surrounding soil and may need to be

re-installed.

2.6.3 Dielectric Sensors

Unlike the two previously discussed sensors which measure water tension, dielectric

sensors measure water content. They estimate soil water content by inducing an alter-

nating electric field into the soil and evaluating the speed of the wave which is then

related to the bulk permittivity of the soil. The speed of the wave in the soil increases

when the soil dries – thereby reducing bulk permittivity. This is so because water is

the major contributor of the bulk permittivity of the soil than air and soil minerals

(Muñoz-Carpena, 2009); hence, water content in the soil is correctly estimated from

the computed bulk permittivity.

Depending on the nature of the output signal, dielectric sensors can be classified into

several categories including Time Domain Reflectometry; Frequency Domain: Ca-

pacitance and Frequency Domain Reflectometry; Amplitude Domain Reflectometry:

Impedance; Phase Transmission; and Time Domain Transmission. A comprehensive

analysis of these sensors can be found from Muñoz-Carpena (2009).

Nevertheless, all these sensors become accurate after soil- specific calibration. They

also require good contact with the surrounding soil, and the bigger the sensing sphere

of influence the larger the sensing soil volume. Large sensing volume helps to curb

problems in non-heterogeneous soils where it is difficult to get an average reading of
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a large volume of soil using one representative sensor (Pardossi et al., 2009). This is

a major drawback for these sensors because as one thinks of a bigger-sensing-sphere

sensor they must think about the price for such a sensor.

Some companies produce three-prong versions of dielectric sensors which have ca-

pabilities of sensing soil temperature and electrical conductivity in addition to sens-

ing water content. Examples of these versions are: EC-TE and EC-TM (both from

Decagon Devices, Inc.). Another new and research-grade dielectric sensor which mea-

sures temperature as well is SM300 (Delta-T Devices Ltd). This has an accuracy of as

high as ± 2.5% and produces an output voltage ranging between 0 and 1V which can

directly be read by meters or data loggers. However, as Morris (2006) reported, these

devices are very expensive with the cost ranging from $500 to $4,400. Fig. 2.11 shows

photos of some dielectric sensors available on the market.

Fig. 2.11: Examples of dielectric sensors (Photos courtesy - Decagon Devices, Inc.
and Delta-T Devices Ltd.)

2.7 Chapter Summary

This chapter, has introduced basic irrigation scheduling concepts. Additionally, it has

reviewed current irrigation controllers by discussing how they operate, analyising their

comparative merits and demerits, and providing insights of how they can better ser-

vice water scarcity problem and solar PV energy conservation. It has also discussed

WSANs as an option over wired infrastructure in order to develop an inexpensive and

power-efficient solution for effective irrigation scheduling. The chapter further ex-

amined how high water pumping capacity, low cost and high efficiency requirements
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of SPVWP systems may be achieved. Finally, the chapter has discussed merits and

demerits of various technologies used in soil moisture sensing.

The next chapter specifies an irrigation management system by firstly giving its overview

and outlining the experimental field design. Secondly, it discusses two functional com-

ponents of the irrigation management system: the irrigation station and the remote

monitoring station. Finally, the chapter develops the components of the irrigation sta-

tion.



Chapter 3

Specifying the Irrigation Management

System

3.1 Overview

This study was conducted at a site in Blantyre, southern part of Malawi. The site is

1045 m above sea level and its coordinates are: latitude 15º 48’ 28.41” S; and longitude

35º 00’ 24.04” E. There are two distinct seasons in this area; the rainy season is from

November to April with an average annual rainfall of 1,127 mm, and the dry season is

from May to October. The average minimum annual temperature ranges from 13 °C

to 24 °C during the cold season (May to July) while the maximum annual temperature

ranges from 21 °C to 32 °C during the hot season (September to November). Water-

mark 200SS moisture sensors were calibrated based on the soil and climatic conditions

of this site.

Two plots were planted to maize and irrigated during the dry season between late July

and mid November 2012. One field was used as a Control Treatment (CT) and was

irrigated based on constant preset moisture thresholds throughout the growing period

of the maize. The lower threshold was set at 50% MAD while the upper was set at

10% MAD.

34
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The field under Experimental Treatment (ExT) used variable thresholds following the

crop coefficient pattern of the water requirements by maize crop. Initially the lower and

the upper threshold levels were set at 70% MAD and 40% MAD, respectively, then the

controller automatically increased the respective levels to 50% MAD and 10% MAD at

the middle growth stage of maize plants. The controller automatically then reduced the

levels back to 70% MAD and 40% MAD at the later stage of maize crop development.

Finally, in order to avoid over-irrigation, both CT and ExT controllers used water-

budget analysis (the way ET controllers work) to calculate time required to refill the

water and compute the application efficiency by measuring, after some blackout time,

the actual moisture and comparing it with what was required. The blackout time was

necessary to allow water diffusion into the soil. However, the controllers were config-

ured to interrupt an irrigation event when an unexpected moisture pattern was reported

by sensors.

3.2 Experimental Field Layout

Earlier research studies conducted in Malawi (Waddington et al., 1990; Benson, 1999;

Chilimba, 1999) revealed that the minimum recommended plot size for field trials is

four ridges, 6 metres long and 90 cm apart. This translates into an effective field size

of approximately 17.4 m2 (2.9 m by 6 m). With tall varieties of maize the planting

stations have to be 90 cm apart with three seeds per station, otherwise 75 cm is ideal

for most varieties (Benson, 1999).

Considering the specified minimum parameters above, two plots of 11 m by 4.4 m

each were selected for this study. This resulted into an effective field size of 48.4 m2

having 6 ridges each. The ridges were spaced at 80 cm and the planting stations were

set at 21.5 cm. One seed was planted per station. A 1.2 m gap between the two plots

was necessary so that the applied water in one field could not diffuse into the other.

Furthermore, each plot was levelled to allow even distribution of water in the field.

Fig. 3.1 shows the experimental field layout as specified above.
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Fig. 3.1: Experimental field layout

3.3 Functional Components of the Irrigation Manage-

ment System

The purpose of the Irrigation Management System (IMS) was to automate an irrigation

process. Specifically, the interest was in studying fluctuations in soil moisture in an

agricultural field. Accordingly, sensor data were automatically gathered at intervals of

1 minute or 15 minutes depending on whether the irrigation was in progress or not.

The data were retrieved at the end of the observation period. Based on the results, the

irrigation system switched on valves and finally irrigated the field.

The general work-flow of the system consists of (1) taking soil moisture and temper-

ature samples at predefined time intervals, (2) sending and storing sampled data in a

coordinator node, (3) sending the data from the coordinator to a gateway node for for-

warding to a Remote Monitoring Station (RMS) through a cellular network, (4) going

to sleep, and (5) waking up and repeating the previous steps. Depending on the values

stored in the coordinator node, the irrigation valves had to be opened or closed.

In order to realize these functional requirements, the IMS was divided into two major

sections: Irrigation Station (IS) and RMS. These two sections were linked via a cellular

network as shown in Fig. 3.2. The RMS was used to capture performance parameters
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of the IS at a remote site. The parameters included soil moisture level, soil temperature,

battery voltage levels of sensor nodes, quality of wireless links, valve status and sensor

board temperature. The idea was to get timely information without visiting the site

physically, consequently, saving time and money. The rest of this chapter develops the

IS, while the RMS is developed later in chapter 5

Fig. 3.2: The architecture of the Irrigation Management System

3.4 Irrigation Station (IS)

The work-flow of the IS can be mapped into a five-component system architecture de-

picted by Fig. 3.3 which includes (1) soil moisture and temperature sensor; (2) sensor

node; (3) coordinator node; (4) gateway node; and (5) irrigation system. Based on this

architecture, the irrigation controller comprises the sensor node, the coordinator node,

and the gateway node. The soil moisture and temperature sensor component of the IS

is developed in section 4.2 of chapter 4; the three components of the irrigation con-

troller are discussed in sections 3.4.2 through 3.4.4; after which the irrigation system

is developed in section 3.4.5. Since the three components of the irrigation controller

were based on WSN, then section 3.4.1 first discusses the WSN protocol, topology and

devices used.
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Fig. 3.3: The architecture of the Irrigation Station showing the irrigation controller
and other components

3.4.1 WSN Protocol, Topology and Devices Used

The WSN deployed in this study used ZigBee, an IEEE 802.15.4 networking standard

for Personal Area Networks (PANs). A detailed description of this protocol was dis-

cussed in literature review chapter (Section 2.4.1). The major advantages of this proto-

col include the following: (1) use of unlicensed frequency band - 2.4 GHz in Malawi;

(2) low cost - hence suitable for developing countries; (3) low power consumption -

hence suitable for deployment in remote location where battery power supply is the

only option and needs to be sustained; and (4) flexibility in terms of network topology.

In this study an Open WSN node was used as a sensor node. The advantage of the

Open Source model when applied to WSNs is relevant in terms of cost, personalisa-

tion and independence from a single entity as compared to proprietary solutions. In

particular, the Waspmote node by Libelium was selected. Waspmotes are built around

XBee transceivers which provide flexibility in terms of multiplicity of operating power,

protocols, and operating frequencies. According to Libelium (2010), other Waspmote

characteristics include (1) minimum power consumption of the order of 0.7 mA in the

hibernation mode; (2) flexible architecture allowing extra sensors to be easily installed

in a modular way; (3) the provision of Global Positioning System, General Packet Ra-

dio Service (GPRS) and Secure Digital (SD) card on board; and (4) the provision of a
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Real Time Clock (RTC) . Furthermore, Waspmotes are powered with a lithium battery

which can be recharged through a special socket dedicated for the solar panel; this op-

tion is quite beneficial for deployments in developing countries where power supply is

either scarce or unstable.

As discussed in section 2.4.1, ZigBee networks can take three forms of topologies:

Star; Cluster-Tree; and Mesh. However, this study adopted a star topology for the

advantages it offers. With this topology, there is a potential of battery life saving since

all ZigBee End Devices (ZEDs) spend most of their time asleep, only waking up to

measure and send the data to the ZigBee Coordinator (ZC). Otherwise, as the case

with cluster tree and mesh, ZigBee Routers (ZRs) need to be awake since they provide

paths for other devices to the ZC thereby wasting battery power in the process.

This study deployed five ZigBee devices, four of which were placed in the field and

one centrally placed. All the four in-field sensor nodes were configured as ZEDs and

were used to capture soil moisture and temperature levels in the field, and then send

the information to a central processing node. The central node was configured to be

a ZC so as to form a star topology with the four in-field nodes as shown in Fig. 3.4.

These configurations and updating of the firmware for the WSN devices were done

using X-CTU, a Windows-based configuration tool developed by Digi International,

Inc.

Note that the positions of the in-field nodes coincided with those of the moisture sen-

sors as discussed earlier in section 4.2.2.

A PAN was created by uploading appropriate software programs (see Appendix B) into

the in-field and the central nodes. The ZC program allowed this node to: (1) select a 16

bit PAN ID that uniquely identifies the network; (2) select the channel for the network

- within 2.4 GHz ISM band; (3) assign network addresses to joining ZEDs; and (4)

enable network security. On the other hand, the ZED program allowed such devices to

accept configuration parameters as assigned by the ZC.



CHAPTER 3. SPECIFYING THE IRRIGATION MANAGEMENT SYSTEM 40

Fig. 3.4: Location of wireless sensor nodes in the field - forming a star network topol-
ogy

3.4.2 Sensor Node

As shown in Fig. 3.4 there were four in-field sensor nodes; two in each of the two plots.

The hardware design is based on a modular architecture as shown in Fig. 3.5 allowing

the integration of only those modules that are needed in each device. Consequently,

one of the four in-field sensor nodes ( node 2-2) was assigned additional responsibility

of a gateway to relay field data to a remote station for diagnostic purposes by the

management personnel.

The Waspmote sensor board is centered around ATmega1281MCU which is a high-

performance, low-power processing unit having 128 kB of programmable flash mem-

ory. In addition, it has 7 analog and 8 digital Input/Output (I/O) pins which allow

several external devices and sensors to easily connect simultaneously.

The agriculture board was used as an interface between the sensors and the Waspmote

sensor board. This board has Analog to Digital and Digital to Analog Converters

(ADC & DAC) and many other specialized interfacing circuits for several sensors.

Specifically, the board has an interfacing circuit for Watermark sensor which makes it

possible for measuring AC resistance from the sensor.
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Fig. 3.5: Architecture of an in-field wireless sensor node

The in-field sensor node was equipped with a wireless communication model which

was used to send sensor data to a Coordinator node described later in section 3.4.3.

The communication model comprised an XBee transceiver (ZigBee) module, with a

sensitivity of -96 dBm, and a 2 dBi antenna.

Powering requirements for all the four in-field sensor nodes were satisfied by 2.5 W

solar panels and 1,150 mAh rechargeable lithium batteries. It must be noted that these

power ratings were suitable for the in-field sensor nodes since these nodes were using

deep sleeping mode as a way of conserving energy.

The main function of the in-field sensor nodes was to capture and send field and di-

agnostic data to the coordinator node. In order to achieve this functional requirement

a software program was developed and uploaded into the sensor nodes to allow them

measure soil moisture, soil temperature, their battery levels, and board temperature

(for diagnostic purposes) at time intervals of 15 minutes when the system was idle and

1 minute when irrigation was taking place. The rest of the time sensor nodes were in a

deep sleep mode to conserve battery power. Once the measurements were completed,

the nodes relayed the data through the XBee transceivers to the coordinator node for

processing.

A 15 minute sampling interval was considered long enough to preserve battery power
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for the nodes on one hand, and short enough to fully monitor the soil moisture trends.

In other words, as it is generally expected that, increasing the sampling interval can

save a substantial amount of battery power for the sensor nodes at the expense of

information. However, in order to avoid over-irrigation as a result of late termination

of the irrigation event, the study reduced the sampling interval from 15 minutes to 1

minute when the irrigation was in session. This permitted prompt termination of the

irrigation event.

The flow chart in Appendix C shows the software architecture for three of the in-field

sensor nodes. One of these nodes was used as a gateway for sending a Short Mes-

sage Service (SMS) to RMS and hence it had slightly different hardware and software

architectures.

3.4.3 Coordinator and Actuator Node

The Coordinator and Actuator Node component was the heart of the irrigation con-

troller and had several crucial roles to perform. Firstly, as the most capable node in

the network, it permitted and sanctioned all ZEDs that were in quest of connecting to

its network. That is, it was responsible for network formation by assigning addresses

to all joining nodes and ensuring security for the network. As such, the node was

equipped with a ZigBee module which was configured at software level as a ZC.

Secondly, the coordinator node was used to receive and aggregate data from the four in-

field sensor nodes discussed earlier in section 3.4.2. The received sensor data included

the Watermark frequency and the soil temperature which were used to derive Soil

Moisture Potential (SMP) . When receiving data from the sensor nodes the coordinator

also captured the Received Signal Strength Indicator (RSSI) of every packet received.

This is a measure of the quality of the link between itself and a particular in-field sensor

node.

Thirdly, this node was used to relay data to a gateway node for forwarding to RMS.

The SMP, battery level, soil temperature, board temperature and RSSI from all four
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sensor nodes together with its own battery level, board temperature and system running

time were aggregated and prepared suitable for SMS transmission system. Thereafter,

the SMS data were relayed to the gateway for forwarding to RMS every 30 minutes

regardless of whether irrigation was in session or not. Before transmitting data to the

gateway node, the coordinator had to save a copy to an SD card.

Fourthly, the coordinator node was used as an actuator, in which case four of the I/O

pins of its Microcontroller Unit (MCU) were connected to a latching circuit and were

used to initiate or halt the irrigation by sending corresponding short pulses to the pins.

Specifically, two pins were dedicated for each of the two solenoid valves; in which case

when initiating irrigation the coordinator had to send a HIGH pulse lasting 1 second

to the latching circuit through one pin. The latching circuit had to hold this state until

the coordinator sent another HIGH pulse to the other pin indicating completion of

irrigation and, hence, valves should close. Consequently, coordinator battery power

was saved unlike when it was going to hold the pulse for the entire irrigation duration.

Fig. 3.6 illustrates the hardware architecture of the coordinator and actuator node that

permitted it to carry out the above stated functions. In addition, in order to make the

controller more robust in terms of powering requirements, the capacity of both solar

panel and battery was increased from 7 V, 2.5 W to 12 V, 14 W for the case of the solar

panel and from 1,150 mAh to 7,000 mAh for the battery. Notably, the high capacity

power option provided to the coordinator node was tapped from the valves’ power

supply unit as shown in Fig 3.6.

Finally, the software configuration of the coordinator node permitted it to operate as

a control element for the irrigation system, in which case it had to make a decision

on whether to irrigate or not depending on the level of the SMP. A software program

was developed and uploaded onto this node to allow independent and effective control

of irrigation events in the two plots based on their respective scheduling strategies

developed under section 4.5. In addition to facilitating the process of reporting valve

status change, the software permitted the coordinator node to assess the status of all

the other in-field nodes and report any mishaps to the gateway. The detailed structure

of the program is depicted by the flow chart shown in Appendix D.
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Fig. 3.6: Coordinator and actuator node architecture also showing connections to
irrigation system and power supply unit

3.4.4 Gateway Node

One of the four in-field sensor nodes discussed in section 3.4.2 assumed the role of

a gateway used to send data to the RMS through a cellular network. In addition to

a ZigBee module, this particular node was equipped with a GPRS module (refer to

Fig. 3.7). Just like any other wireless sensor node in this experiment, it was capturing

Watermark frequency, soil temperature and its board temperature and battery level.

The sensed data were sent to a coordinator for processing and aggregating with the

other sensor nodes’ data. Afterwards, the coordinator sent the aggregated data back to

the gateway every 30 minutes. The GPRS module residing on top of the gateway node

was then used to communicate with the cellular network to forward the SMS data to

the RMS for remote system diagnosis.

Despite gathering sensor data at intervals of 1 minute or 15 minutes depending on

whether the irrigation was in progress or not, this study opted for sending the data to

the RMS at intervals of 30 minutes. This arrangement reduced considerably the cost

of the remote monitoring system by decreasing the number of SMSs sent.

Although the coordinator node could be used to send data directly to a remote server

by equipping it with a GPRS module, it was compelling to use a separate node as
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Fig. 3.7: Architecture of a gateway wireless sensor node

a gateway because of the following confounding issues: Firstly, the coordinator was

configured to be a non-sleeping device because it was responsible for network set-up

and maintenance. It was also responsible for actuating solenoid valves in addition to

receiving sensor data from all other nodes in the network. As such, it was the busi-

est node in the network, consequently, its battery was being depleted extensively. It

was therefore necessary to delegate SMS sending duties to a gateway node which,

otherwise, was less loaded. Note that sending the same amount of data through Zig-

Bee module consumes less power (2 mW) than sending through GPRS to the cellular

network (1,000 - 2,000 mW) (Libelium, 2010).

Secondly, since the coordinator node was the heart of the whole system, its failure

was very critical and constituted a single-point-of-failure phenomenon. On a regular

basis, the gateway was checking the status of the coordinator and reporting any hitches

directly to the personal mobile number of the management personnel. This allowed

the personnel to quickly fix the problem.

The flow chart shown in Appendix E shows how the gateway node was configured to

carry out the necessary duties as described above. The flow chart also shows how most

of system fault alarms were captured and reported to the management personnel with

assistance from the coordinator node.
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3.4.5 Irrigation System

This chapter develops an irrigation system which is one of the major components of the

IS as depicted by Fig. 3.3. Upon receipt of the command from the irrigation controller

the irrigation system opened valves to water the field.

There are numerous types of irrigation systems including drip, furrow and sprinkler.

The suitability of each type depends on the cost, water application efficiency and topol-

ogy of the field among other things. Accordingly, this study opted for a drip irrigation

system for the advantages it offers. Unlike sprinkler system which sprinkles water

all over the field, drip irrigation, also known as trickle irrigation is a type of irriga-

tion system that applies water slowly and directly into the root zone of plants. In this

case scarce water resources are conserved since there is little or no chance for water

to evaporate before seeping into the ground. Besides, Humphreys et al. (2005) found

that drip was 33% higher in water productivity than both sprinkler and furrow. How-

ever, the biggest challenge of drip irrigation is its high installation cost especially for a

large field where a great deal of pipes, drippers, valves and other accessories has to be

deployed throughout the field.

As shown in Fig. 3.8, there are basically five major components in a drip irrigation

system: (1) drippers (emitters); (2) water pipes (lines); (3) valves and other accessories;

(4) water tank; and (5) water source and pumping system.

3.4.5.1 Drippers (Emitters)

Since the intent of drip irrigation is to apply water where it is needed most, then it

suffices to say that drippers have to coincide with planting stations. However, with one

plant per station having a space of 21.5 cm between stations, a great deal of drippers

is required. This can obviously inflate the cost of the system. It is therefore prudent

to install drippers between every other two planting stations as shown in Fig. 3.8. A

ridge of 11 m in length can accommodate 52 planting stations spaced at 21.5 cm (i.e.

1100/21.5+1). This requires 26 drippers. Since there are 6 ridges on each plot, then

the total number of drippers needed per plot is 156 (i.e. 26*6).
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Fig. 3.8: Drip irrigation system design

Dripper flow rate depends on the number of drippers and the field application rate

(water flow rate of the system). The maximum field application rate is obtained by

multiplying the field area by the infiltration rate of the soil as shown by equation 3.1.

Maximum f ield application rate = Ri ∗A f (3.1)

where Ri and A f are the infiltration rate and the areas of the field, respectively, as

defined in section 4.5and have values of 34.2 mm/h and 48.4 m2. Substituting these

values into equation 3.1 yields a maximum field application rate of 1.65528m3/hour.

However, in order to avoid surface run-off, the actual application rate must be less than

the maximum rate. Therefore, a value of 0.69108 m3/hour as determined in section

4.5 was appropriate.

Now dripper f low rate = f ield f low rate/number o f drippers.

That is dripper f low rate = (0.69108m3/hour)/156 = 0.00443m3/hour



CHAPTER 3. SPECIFYING THE IRRIGATION MANAGEMENT SYSTEM 48

3.4.5.2 Water Pipes (Lines)

As shown in the schematic diagram for the drip irrigation system (refer to Fig. 3.8),

there are three categories of pipes in this design: main line that carries water from the

tank; distribution line that gets water from the main line and feeds each respective plot;

and the lateral drip lines where drippers are attached. All these pipes were flexible

since they were made of Polyethylene (PE) .

Each lateral line must be able to operate at a flow rate as demanded by the drippers.

Since each dripper can handle a flow rate of 0.00443m3/hour and that there are 26

drippers per lateral drip line, then each lateral line must handle a flow rate of at least

0.115m3/hour (i.e. 26*0.00443m3/hour). Using PE specification chart, a PE drip

line with 12 mm diameter can easily handle this flow rate with a small friction loss.

Since each distribution line has six lateral lines, then the distribution line must be able

to handle a flow rate of 0.69m3/hour (6*0.115). This requires a PE pipe with 15 mm

diameter. Finally, the main pipe feeds two distribution pipes. As such, the flow rate

must be 1.38m3/hour which requires a 20 mm PE pipe.

3.4.5.3 Valves and Other Accessories

As shown in the drip system design (Fig. 3.8), there is a manual ball valve just after

the tank which can be used to manually open and close water flow in order to allow

maintenance work to the rest of the irrigation system.

Along the main line there is a water filter which is a very crucial component of any

drip system regardless of water source. Its function is to prevent clogging of drippers

and hence reduces the task of regular manual flushing of the entire drip system. For

the system to operate effectively the filter must be cleaned regularly.

Along the distribution lines there are solenoid valves which are used to control each

field independently. These valves open and close in response to the command received

from the irrigation controller through latching circuits. There was a high motivation to

use L182D01-ZB10A (SIRAI®) solenoid valves because of the low cost ($76.43), low
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power consumption (5.5 W when latched); and the possibility of using a DC power

supply. The two latter features allowed the use a single 14 W, 12V solar panel to

power both the solenoid valves and the latching circuit. This was more appealing for

deployments in rural areas of developing countries where grid power supply is either

scarce or unstable.

There were also other accessories and fittings employed to fully develop a working

and effective drip irrigation system. These included stoppers, saddles, couplers, tees,

elbows, clamps and barbed fittings which were mainly used to join drip pipes. Fig. 3.9

shows some of the major components and accessories which were used in the design

of drip irrigation system for this study.

Fig. 3.9: Some of the components and accessories used in the drip irrigation system

3.4.5.4 Water Tank

The parameters that must be considered when sizing the water tank are Available Soil

Water (ASW), area of the field, depth of the root zone and Management Allowable

Depletion (MAD). All these parameters were discussed in chapter 2. It will be shown

through an experiment in section 4.3 that the soil under study has an ASW of 13%

(or 130 mm/m) and as such the water tank must be designed to satisfy its watering

requirements as follows:

Firstly, following the discussion in section 4.5 it is clear that the deepest irrigation

event would be required to push the soil moisture level from a 50% MAD to 10%
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MAD. Employing equation 2.1 means that RAW = ASW ∗MAD = (130mm/m)∗(50−

10)/100 = 52mm/m.

Secondly, in order to find Total Available Water (TAW), the root depth (Rd) must be

used and for this study the effective root zone of maize was set at a maximum of 40 cm

(see section 4.2.2). Employing equation 2.2 means that TAW = RAW ∗Rd = 52∗0.4 =

20.8mm. TAW is the effective depth of an irrigation event.

Thirdly, the effective area of the field is needed in computing the volume of water that

must effectively be applied in the soil. Specifically, Ve = TAW ∗A f , where Ve is the

effective water volume and A f is the effective area of the field as previously defined.

In this case, Ve = (20.8mm/1000)∗48.4m2 = 1.007m3 .

Finally, in order to evaluate the tank capacity the irrigation system efficiency is re-

quired. That is volume o f the tank = e f f ective water volume/system e f f iciency. As-

suming an efficiency of a drip irrigation system to be 90% means that volume o f the tank=

1.007m3/0.9 = 1.119m3. However, considering the fact that the two plots may be ir-

rigated simultaneously, the total capacity of the tank required was 2.238 m3. A general

rule of thumb is to employ a tank that can hold water for at least three full irrigation

events. Therefore, a 7m3 tank may be ideal.

3.4.5.5 Water Source and Pumping System

The development of a Solar Photovoltaic Water Pumping (SPVWP) system requires

the knowledge of the geographical location of the area as well as the water demand. It

was discussed in section 2.5 that direct coupling of PV array to a brushless DC motor

with centrifugal pump and a water tank is a more plausible configuration of an SPVWP

(refer to Fig. 2.8). Therefore, the design for this study is based on this configuration

and is broken into the following five steps:

(1) Determining the solar resource for the location: As stated in section 3.1, the

site is 1045 m above sea level and its coordinates are: latitude 15º 48’ 28.41” S; and
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longitude 35º 00’ 24.04” E. The average minimum annual temperature ranges from

13 °C to 24 °C during the cold season (May to July) while the maximum annual tem-

perature ranges from 21 °C to 32 °C during the hot season (September to November).

Furthermore, the site receives an average annual insolation of 5.6kWh/m2/day, and

the monthly average solar radiation is 8 hours per day with least sunny days experienc-

ing 6 hours of radiation. These levels of insolation and solar radiation are high enough

to make this location suitable for solar water pumping system.

(2) Determining watering needs: Irrigation interval (time taken before irrigation is

needed) is useful in determining the watering needs. When water is applied, evapo-

transpiration (ET) depletes it from the soil. The rate at which the water is depleted is

dependent on the weather and growth stage of the plant. In a sunny, hot and windy cli-

mate the value for the ET can be at around 8mm/day when maize plant is fully grown.

This means that, when 20.8 mm of water (as discussed in section 3.4.5.4) is applied, it

will take 2.6 (20.8/8) days before the next irrigation.

The daily water need is then evaluated by using the following equation:

daily water need =
(water f or f ull irrigation event)∗ (cushion f actor)

irrigation interval
(3.2)

The cushion factor in necessary in case of water pumping system failure or to cater for

cloudy weather conditions in the case of solar water pumping system. Consequently,

a cushion factor assumed is 3. This means that the pumping system should be able to

provide water for three full irrigation events before the next irrigation is initiated.

Therefore, using equation 3.2 means that

daily water need =
(2.238m3)∗3

2.6days
= 2.582m3/day

(3) Determining water source: There are various sources of water suitable for irri-

gation including subsurface (e.g. borehole) and surface (e.g. stream, pond, etc). The

type of water source determines the configuration of the water pumping system. Al-
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though a borehole is expensive to drill, especially in an area where water table is deep,

this study chose this type of water source for advantages it offers. In addition to water

level consistency, generally, water from a well drilled and constructed borehole is of

high quality. At the site where this study was conducted water is typically found at

around 15 m distance below the surface.

(4) Determining total dynamic head: Total Dynamic Head (TDH) is a very impor-

tant parameter in designing SPVWP system. This is a measure of how much pressure

the pump must exert in order to deliver water to the required level and, hence, deter-

mines the size of both the pump and PV array. It is expressed in meters and must take

into account the following four factors: (1) static lift of the water; (2) dynamic lift of

water; (3) static height of the storage tank; and (4) the losses from friction. That is

T DH = static li f t o f water+dynamic li f t o f water

+ static height o f storage tank+ f rictional losses (3.3)

Fig. 3.10 shows the measurements which are used in computing TDH. The static lift

of water is the distance from the mouth of the borehole to the surface of water in the

borehole before the commencement of pumping. When pumping starts the water level

drops down until when a lower steady level is reached. The difference between the

previous level and the current level represents dynamic lift of the borehole. A fast

flowing borehole will have a small value of dynamic lift. Here we assume a combined

static and dynamic lift to be 14 m for a borehole whose total depth is 15 m. The static

height of the storage tank is the total height from the mouth of the borehole to the top

of the tank as shown in Fig. 3.10. Again in this study the value for the tank static

height is taken to be 3 m.

Finally, the losses from friction account for the resistance of water as it travels through

the pipe. A number of factors determine the value of frictional losses including flow

rate, type and internal diameter of the pipe, and type and number of connectors. The

losses are expressed in terms of equivalent head (metres) and can be computed by
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using Pipe Sizing Charts or employing Hazen-Williums equation which is expressed

as follows:

H f =
7.925∗10−12(1000∗Q)1.85L

C1.85d4.87 (3.4)

where

• H f is a head loss over the length of the pipe (m);

• Q is a flow rate (m3/hour);

• L is a length of the pipe (m);

• C is a roughness coefficient; and

• d is the inside diameter of the pipe.

A typical roughness coefficient C of a PE pipe is 140 while that of a Polyvinyl chloride

(PVC) pipe is 150.

Fig. 3.10: Water pumping system showing measurements used in computing Total Dy-
namic Head

In order to determine flow rate (Q in m3/hour) which represents the pumping rate of

the water pump, information on peak sun hours per day is required. The following

equation can then be used to compute pumping rate:

Q =
daily water need (m3/day)

Peak sun hours per day
(3.5)
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As evaluated earlier on in this section, the minimum peak sun hours at this site is 6

hours/day while daily water need was computed as 2.582 m3/day. Therefore,

Q =
2.582m3/day
6hours/day

= 0.43m3/hour

Now employing equation 3.4 in which total pipe length is 23 m, pipe internal diameter

is 20 mm (3/4 inch), roughness coefficient is 140 (PE pipe), we get the following head

loss:

H f =
7.925∗10−12 ∗ (1000∗0.43)1.85 ∗23

1401.85 ∗0.02544.87 = 0.085m

In addition, a 90◦standard elbow connector loses 0.6 m of head. Considering three such

connectors means that the total head loss of the system is 0.085+0.6∗3 = 1.885m

Therefore, using equation 3.3 we get TDH as follows:

T DH = 14+3+1.885 = 19m

(5) Determining pump size and PV array: Information on pumping rate, and TDH

is crucial in the determination of the size of both the pump and the PV array. This is

done by referring to the charts provided by the manufacturer. The pump that satisfied

all the design requirements was 25 SQF-7 (GRUNDFOS Holding A/S). The pump is

centrifugal and is coupled to a motor which can operate at a terminal voltage range of

30 - 300 VDC. The motor-pump set has built-in protection features that include dry-

running, over voltage and under voltage, overload, over temperature, sand shield, and

MPPT. These features are in line with the objective of this study to minimize external

controllers that otherwise increase running costs for the system. As such there is a

direct connection between the PV array and the motor-pump set as it was discussed in

section 2.5.

Referring to the performance chart (see Appendix A), this pump can deliver the re-

quired flow rate (0.43 m3/hour) at the desired TDH (19 m - approximately 65 ft) when

a 156 Watt-peak (Wp) is provided by the PV array. Since the minimum voltage supply
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to the motor is 30 VDC, then a series combination of three panels with 12 V terminal

voltage each is required. This will provide the motor with a voltage supply of 36 VDC.

Since a total of 156 Wp is required, then each panel should be rated at 52 Wp.

The manufacturer of this pump developed the performance chart (Appendix A) at an

insolation of 6kWh/m2/day. This translates into a PV Generation Factor (PGF) of

3.72 Wh/day/Wp. Assuming negligible cable and connector losses between the PV

array and the motor, at this insolation the total estimated PV energy provided by the

array to the motor = 156* 3.72 = 580.3 Wh/day. The amount of energy required to

pump a given volume of water, known as Water Energy Use (WEU) , in an SPVWP

system is evaluated by the following equation:

WEU =
PV energy used per day

Amount o f water pumped per day
(3.6)

Therefore, considering the designed SPVWP system which requires 580.3 Wh/day of

solar PV energy to deliver 2.582 m3 of water per day, the WEU is evaluated as

WEU =
580.3Wh/day
2.582m3/day

= 224.7Wh/m3 (3.7)

Although the water pumping system was theoretically designed, it was not practically

implemented due to financial constraints. Instead, tap water from a water utility com-

pany was used. However, the SPVWP system was designed and used to quantify the

amount of solar PV energy that would be saved by the proposed irrigation system con-

troller.

3.5 Chapter Summary

This chapter discussed the components of an IMS. Specifically, it defined an experi-

mental field layout and discussed the functional components of the IMS which are the

IS and RMS. The chapter further developed various components of the IS. The next
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chapter has been dedicated to the development of an efficient irrigation scheduling

strategy upon which the controller discussed above was based.



Chapter 4

Irrigation Scheduling Strategy

Development

4.1 Overview

In order to save irrigation water and energy used in water pumping, the irrigation con-

troller developed in section 3.4.3 had to be based on an efficient irrigation scheduling

strategy. The aim of this chapter is to develop such an efficient scheduling strategy to

foster water and energy conservation.

Irrigation scheduling strategy relies heavily on the soil moisture sensing mechanism

and the physical characteristics of the soil in the field. It is therefore important to

investigate these characteristics before developing any scheduling strategy. The intent

of this task is to establish water-holding capacity of the soil under study so that the

irrigation system can apply the correct amount of water to satisfy crop water needs in

the field without over-irrigating.

57
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4.2 Developing Soil Moisture Sensing Mechanism

The soil moisture sensor is one of the most important components upon which the

efficiency of the irrigation activity heavily relies. The suitability for a soil moisture

sensing device depends on the cost, reliability, ease of interfacing to a signal processing

device, accuracy and soil texture. Although it is impossible to single out a sensor that

satisfies all of the above selection criteria, Watermark 200SS (Irrometer Company,

Inc., Riverside, CA) was opted for because it scores highly on low cost, durability,

maintenance-free operation and suitability for soil texture variability since it has a wide

measuring range (0 to -200 kPa). The fact that this sensor monitors water potential

makes it superior to other water content based sensors; knowledge of soil water content

is not as important as that of the level of tension crop roots must exert to extract such

water.

The manufacturer of this GMS sensor further stated that it has the following features:

(a) proven stable calibration;

(b) range of measurement from 0 to 200 kPa;

(c) fully solid state;

(d) will not dissolve in soil;

(e) not affected by freezing temperatures;

(f) internally compensated for commonly found salinity levels;

(g) inexpensive, easy to install and use;

(h) compatible with AC or DC reading devices (specialized circuit required); and

(i) no maintenance required.

However, the downside of this sensor is that its resistance can only be read by an AC

meter. A special circuit is required if a DC meter is going to be used. Using this

sensor, Miranda et al. (2005) successfully implemented a wireless sensor network for

irrigation scheduling by designing a resistor-capacitor circuit and a program to read the

moisture. Nevertheless, this study used an agriculture board (Libelium Co,) on top of

a Waspmote node that has an MCU. This board has a built-in interface for Watermark
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200SS sensor to enable reading of the AC signal frequency which is a function of the

amount of water in the soil.

Section 4.2.1 gives a detailed analysis of how the Watermark 200SS sensor was used to

read SMP by using a calibration equation that also requires soil temperature measure-

ments. The soil temperature sensor chosen for its suitability in a harsh environment is

TP1000 (Omega Engineering Ltd.) costing $52 and it can be coupled directly to the

agriculture board. Its temperature measuring range is between -30 ºC to 300 ºC with 1

kΩ resistance at 0 ºC. Descriptions of how sensors were positioned and installed in the

field are presented in sections 4.2.2 and 4.2.3, respectively.

4.2.1 Measuring Soil Moisture Potential

The measurement of the SMP using Watermark 200SS sensor is done in two stages: (1)

reading the frequency of the AC signal pushed into the sensor which is then converted

to resistance; and (2) using a nonlinear calibration equation to convert the Watermark

electrical resistance (in kΩ) into SMP (in kPa).

Using the agriculture board as an interface of the Watermark sensor and a Waspmote

MCU, it is possible to measure the frequency directly. The frequency generated from

the Watermark sensor circuit is related to the resistance as shown in Fig. 4.1. The fol-

lowing equation was developed by Libelium (n.d.), the manufacturer of the agriculture

board, and is used to convert the measured frequency into the sensor’s resistance:

R =
150390−8.19 f

1000(0.021 f −1)
(4.1)

where f is the measured frequency in Hz and R is the sensor resistance in kΩ.

Since the frequency generated from the Watermark sensor circuit ranges approximately

from 50 Hz (for very dry soil) to 10,000 Hz (for saturated soil), then the resistance

ranges from 3 MΩ to 330 Ω, respectively.
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Fig. 4.1: Relationship between the output frequency of the Watermark sensor circuit
and the resistance of the sensor (Libelium Co.)

Fig. 4.2 shows the characteristics of the TP1000 soil temperature sensor in terms of

output voltage as a function of temperature. However, the agriculture board and the

Waspmote MCU allow direct measurement of soil temperature (in ºC) from the TP1000

sensor.

Fig. 4.2: Output voltage of the PT1000 sensor with respect to temperature (Libelium
Co.)

Once the measurement of the soil resistance and temperature is done then an appro-

priate calibration equation (discussed below) is used to derive SMP. Various equations
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have been proposed in literature (Thomson and Armstrong, 1987; cited in Thompson

et al., 2006; Shock et al., 1998; Allen, 2000). The accuracy of most of these equa-

tions depends on the measurement range of SMP (drier soil conditions or moist soil

conditions) as well as on the environment. As such, soil specific calibration may be

paramount regardless of whichever equation is used.

The equation developed by Shock et al. (1998) is expressed as follows:

SMP =− 4.093+3.213R
1−0.009733R−0.01205T

(4.2)

where

• SMP is soil moisture potential (in kPa);

• R is soil resistance (in kΩ) as measured by Watermark sensor; and

• T is soil temperature (in ºC) in the vicinity of the sensor.

On the other hand Allen (2000) developed a composite equation comprising of the

Shock et al. (1998) equation and two other equations which were generated from a

standard calibration table (Watermark calibration table no.3; Irrometer Co. USA). The

resistance was divided into three sections and each section has its own equation applied

as follows:

• For 0 ≤ R ≤ 1 kΩ:

SMP =−20[(1+0.018(T −24))R−0.55] (4.3)

• For 1 kΩ < R≤ 8 kΩ: the Shock et al. (1998) equation is used (see equation 4.2).

• For R > 8 kΩ:

SMP =−2.246−5.239R[1+0.018(T −24)]−0.06756R2[1+0.018(T −24)]2

(4.4)

where SMP, R and T have the same definitions as stated in equation 4.2.

Fig. 4.3 shows four different calibration equations assuming constant soil temperature

of 24 ºC. The graphs show that Thomson and Armstrong (1987) method underesti-

mates SMP in dry conditions (< -45 kPa). On the other hand Thompson et al. (2006)
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overestimates SMP in moist soil conditions and underestimates it in dry conditions. Al-

though Allen (2000) equation overestimates SMP in very wet conditions (> -10 kPa),

it compares very well with Shock et al. (1998).

Fig. 4.3: The relationship between soil moisture potential (kPa) and the Watermark
output resistance (kΩ) at 24 ºC using four calibration equations

Nonetheless, this study chose the Shock et al. (1998) equation which is also used in

many Watermark digital meters and dataloggers (Chard, 2002; Johnstone et al., 2005).

Moreover, the manufacturer of the Watermark 200SS sensor uses this equation as a

default calibration (Thompson et al., 2006).

4.2.2 Positioning Sensors in the Field

Sensor positioning in the root zone of the plant is crucial, because it determines the

amount of water to be applied during each irrigation event. A sensor placed very deep

into the soil allows the irrigation system to apply more water up to that depth beyond

plant roots; the water below plant roots is lost through deep percolation. On the other

hand, a very shallow sensor promotes light irrigation with a consequence of the system

failing to apply water into the root zone, and plants may therefore be stressed.

Maize is a deep rooted crop with approximate maximum rooting depth ranging from
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75 cm to 120 cm (Texas Water Development Board, 2004) depending on the character-

istics of the soils like presence of restrictive soil layers. Fandika (2006) estimated the

maximum rooting depth as 120 cm for soils in Malawi. However, according to Evans

et al. (1996) and Morris (2006), 70% of soil-water uptake activity by roots is within

the top half of the rooting depth (above 60 cm for maize crop) where most of the roots

are located (refer to Fig. 4.4). This means that water will be lost to deep percolation

if the bottom half of the rooting depth is filled to FC. As such this study considered a

depth of 60 cm as an effective root zone for maize.

Fig. 4.4: Effective root zone for maize adapted from Morris (2006)

However, the effective root zone discussed above is for a fully grown maize crop. Crop

roots are shallow during early growth stages and grow deeper with the growth stage.

In North Carolina, Evans et al. (1996) showed how the stage of crop development

influences the effective root depth of a maize plant. Their results (refer to Fig. 4.5)

show that the maximum root depth for maize in North Carolina is 60 cm, and hence

the effective root depth for a fully grown plant (about 70 days after planting) is 30 cm.

Evans et al. (1996) further observed that irrigation scheduling should be based on the

effective root depth rather than the maximum root depth.

Considering the variability of the water uptake activity in the root zone it is prudent to

vary the position of the sensors with the growth stage of maize plants. However, this is

not practical and may damage plant roots during subsequent sensor installations in the

field. Alternatively, many sensors may be placed at different depths in the root zone.
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Fig. 4.5: Maize rooting depth in North Carolina at various growth stages (Evans et al.,
1996)

According to Alam and Rogers (2001) three-sensor stations are common with the third

sensor placed between the upper and the lower sensors. The upper sensor is used

when crops are at their early growth stage. Nevertheless, this approach is obviously

expensive.

Therefore, this study opted for a two-sensor scenario - upper and lower positions. Alam

and Rogers (2001) recommended placing a shallow sensor at a depth between 1/4 and

1/3 and a deep sensor at a depth between 2/3 and 3/4 of the effective root zone. This

means that for the effective root zone of 60 cm which this research adopted, 15 – 20 cm

and 40 – 45 cm are the respective optimum positions for shallow and deep sensors for

maize. Accordingly, the depths that were preferred were 20 cm and 40 cm for shallow

and deep sensors, respectively.

The ideal case was to use the upper sensor during the early growth stages and progres-

sively adjust the role of the upper and lower sensors with the growth until when the

lower sensor only is used. This was possible at software level of the controller. How-

ever, the agriculture board failed to provide connections to two or more Watermark

sensors despite having three ports for the same. Although the board allows reading

from one of the three sensors at a time, it has a single power switch to all the Wa-

termark sensors. In this case sensors were interfering with each other and, hence,

producing false readings. Although two sensors were installed, the shallow sensor was

used during early growth stages (41 days) while the deep sensor was used afterwards.
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Finally, it was of great importance to install sensors at appropriate locations to take into

account the variability of spatial distribution of water in the field. While it is judicious

to place sensors in the mostly dry locations of the field to avoid stressing crops in those

areas, caution should also be exercised to avoid over-irrigation of the other parts of the

field. Consequently, based on the topography, it may be necessary to divide a large

field into smaller zones which must be levelled irrigated independently. This study

used drip irrigation system and as shown in Fig. 4.6 one sensor was located almost at

the center of the field and the other almost at the edge of the field in each of the two

zones.

Fig. 4.6: Sensor positions in two plots

4.2.3 Installing Sensors in the Field

Sensor installation is another aspect upon which the effectiveness of an irrigation sys-

tem depends. Poorly installed sensors will result in false readings and hence wrong

scheduling of irrigation event. Therefore, it is very important to follow all fundamen-

tal procedures when installing sensors in the field.

For ease of installation of the Watermark sensor into the soil it is recommended (Spec-

trum Technologies, Inc., n.d.; Irmak et al., 2006; IRROMETER Company, Inc., 2010)

to use a 12.7 mm (1/2 inch), Class 2172 kPa, thin wall PVC pipe. This will give a good
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snug fit of the sensor on its collar and will allow the sensor to be pushed easily into

an access hole during installation (Irmak et al., 2006). Two different lengths of PVC

pipes were used in this set-up to allow sensors to be installed at different depths. The

shallow sensor which was installed at 20 cm depth required a 80 cm pipe so that the

sensor board could be placed at a height of 60 cm from the ground. On the other hand,

a 100 cm pipe was used for a deep sensor (at 40 cm depth) for the same height of the

sensor board. In order to have a good wireless link with a good Fresnel zone, radio

transceivers must be raised as high as possible from the ground. However, the 60 cm

height of the sensor board was chosen due to the limitation of the sensor cable which

was 150 cm. A sensor depth of 40 cm means that a total of 100 cm cable length was

used. This gave a 50 cm clearance cable length for ease of connecting to the processing

board inside the housing.

Fig. 4.7 shows Watermark sensors fitted to PVC pipes. A 0.3 cm (1/8 inch) diameter

hole was made in the PVC pipe and aligned with the sensor’s slot as shown in Fig.

4.7. The hole permits the pipe to exchange the air with the soil. Along the PVC pipe

near the Watermark sensor a hole was also made where a temperature sensor cable was

slipped in to the other end of the pipe (refer to Fig. 4.7). The other end of the PVC

pipe was inserted into a sensor board housing made of a 23 cm PVC pipe. At this end

a 1.9 cm drip tubing was used as a connector of the PVC pipe and the housing. This

connector was folded back over itself inside the housing (refer to Fig. 4.8). The folding

of the drip tubing for the connector was carefully done to avoid damaging sensor cables

coming from the other end of the PVC pipe.

After attaching sensors to the PVC pipes it was important to precondition them by

following wet-dry cycles. Sensors were soaked in irrigation water (refer to Fig. 4.7)

for 1 hour then air dried for 24 hours. Three wet-dry cycles were conducted before

installing sensors. In addition, sensors were soaked in water for 24 hours just before

installation. The wet-dry process is necessary in order to remove air from sensors

(Irmak et al., 2006) which, consequently, improves the response of sensors during the

first few irrigation events (Spectrum Technologies, Inc., n.d.).

After selecting appropriate sensor stations in the field two access holes per station were
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Fig. 4.7: Watermark and soil temperature sensors fitted to PVC pipes and soaked in
irrigation water

Fig. 4.8: Sensor PVC pipes attached to a sensor board housing

drilled. The depths of access holes were 23 cm and 43 cm in depth so as to position

the centers of sensors at 20 cm and 40 cm depths, respectively. A 2.54 cm PVC pipe

reinforced by a metal rod was used to drill these holes. Although a smaller access hole

(2.22 cm) gives a good contact between the sensor and the soil, it was necessary to

make a slightly bigger hole than the diameter of the sensor so as not to damage sensor

membrane through abrasion when pushing the sensor down. Therefore, to permit good

contact the hole was half-filled with water, sensor slipped in, then the access hole was

backfilled using a rough slurry made from the same soil sample (see Fig. 4.9). This

process also removes any air pockets from the hole.

Finally, sensor acclimatization was necessary before the intelligent irrigation manage-

ment system could commence. After the installation of sensors a full manual irrigation

event was conducted and maize planted. The irrigation controller was connected on
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Fig. 4.9: Installation of sensors in the field

the fifth day when the irrigation water and that applied in the sensor hole during instal-

lation had diffused and established equilibrium. The sensor acclimatization process

allowed the system to capture a true moisture representation of the field and not just

around the sensor.

4.3 Establishing Soil Water Characteristics

Soil is a physical composition of four major parts: soil particles; organic matter; air

spaces and living organisms. There are various textural classes of soils depending

on the size of particles. The major classes are clay, silt and sand. Clay particles are

smallest with a diameter of less than 0.002 mm; while silt particles are relatively larger

(0.002–0.05 mm) than clay particles; sand particles are the largest with a diameter of

0.05–2.0 mm. The percentage composition of these major particles yields other soil

textural classes which include loamy sand, loam, sandy loam, clay loam, silty clay

loam, silty clay, sandy clay, and sandy clay loam. The percentage composition of each

of these soil textures can be read from a triangle as shown in Fig. 4.10. For example,

a soil with 10% clay, 30% silt and 60% sand is classified as sandy loam.

A specialized equipment in the soil testing laboratory is required for determination of

soil texture under study. Although the accuracy of this method is high, it is expensive.
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Fig. 4.10: Soil textural classes based on the percentage of sand, silt, and clay (Belling-
ham, 2009)

This study used a very simple but relatively accurate method to establish soil textural

composition as outlined below.

(a) Four soil samples were taken from two stations in the field. At each station two

samples were taken with the first from the top 20 cm and the other from within

the next 20 cm. These depths were according to the sensor placement of 20 cm

and 40 cm as discussed in subsection 4.2.2

(b) The soil samples were thoroughly air dried and lumps crushed, and then sifted

using a wire-mesh sieve to remove small rocks, roots and trash.

(c) Each of the four soil samples was placed into a straight-sided transparent bottle

up to 1/3 of the straight part.

(d) A tablespoonful of powered dishwasher detergent was added to each bottle. This

helps in separating soil particles.

(e) The bottles were then filled to 3/4 of the straight part with water, and the top of

the bottles were tightly covered by a hard plastic paper and a rubber band.
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(f) Each bottle was vigorously shaken for 15 minutes so as to combine the soil,

detergent, and water thoroughly. The shaking also helps in crushing and hence

separating soil particles as well as ensuring that no soil is stuck to the sides or

bottom of the bottle.

(g) The bottles were set on a flat table for sedimentation to take place. The separated

soil particles settle down according to their sizes - larger particles settle faster

than smaller particles. In this case sand particles will settle faster (1-2 minutes)

followed by silt (2 hours) then clay will settle afterwards (2 or more days or

when the water clears). Fig. 4.11 shows how the experiment was set-up.

Fig. 4.11: Experimental set-up for determining soil textural composition

(h) At the stated time intervals in (vii) thickness measurements ( in mm) were taken

and table 4.1 shows the results for all the four soil samples. The table also shows

the percentage composition of the three major soil textures.

(i) After computing the percentage composition of the soil samples reference was

made to Fig. 4.10 to establish the soil textures in the field. Samples 1 and 3 were

found to be loamy sand while samples 2 and 4 were sandy loam.

These results show that the top 20 cm soil layer was predominated by loamy sand

while the 20 cm - 40 cm layer was dominated by sandy loam. Overall, the soil under

the study was a mixture of the two stated soil textures.
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Table 4.1: Soil textural composition experimental results

Soil Texture

Station 1 Station 2
Sample1 Sample 2 Sample 3 Sample 4

(20 cm depth) (40 cm depth) (20 cm depth) (40 cm depth)
Thickness Thickness Thickness Thickness

(mm) (%) (mm) (%) (mm) (%) (mm) (%)

Sand 24.8 80 25.1 76 28.4 79 23.1 68
Silt 3.7 12 4.6 14 6.1 17 6.8 20

Clay 2.5 8 3.3 10 1.5 4 4.1 12

Total soil thickness 31 100 33 100 36 100 34 100

The water-holding capacity for the soil structure in this field was established by refer-

ring to Fig. 4.12 in which soil textural classes are related to hydrological thresholds.

According to this figure the soil that is somewhat between loamy sand and sandy loam

has a FC of 0.2 water fraction by volume (wfv), PWP of about 0.07 wfv, a 50% MAD

of 0.14 wfv and ASW of 0.13 wfv. These threshold levels can also be expressed as

percentages by volume/weight/depth as 20%, 7%, 14% and 13%, respectively.

Using these threshold levels the following equation is derived to relate Percentage Soil

Water Content (PSWC) and MAD (expressed as a fraction):

PSWC = 100(0.2−0.13MAD) (4.5)

Since MAD can range from 0 (i.e. when the soil is at FC) to 1 (i.e. the soil is at PWP),

then using equation 4.5 means that PSWC can indeed range from 20% to 7% for this

particular soil type.

4.4 Calibrating Sensors for Soil-Specific and Environ-

mental Conditions

Section 2.6 discussed two forms of measurements for soil water as water content and

water potential. The water content measure gives the actual amount of water that is

present in the soil. However, crop roots must exert a force in order to extract that
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Fig. 4.12: Water holding capacities of various soil textural classes modified from
Bellingham (2009)

water. As previously discussed, this force is known as SMP. Soil moisture sensors

used in this study were based on SMP which is the important parameter to monitor as

it indicates how hard it is for plant roots to absorb water from the soil.

The irrigation system however has to know how much water (by volume) is needed

in order to satisfy the crop water needs. It is therefore important to convert SMP as

read by sensors in the soil to water content required from the water source. Specific

soil characteristic curves are used to relate SMP to water content. In order to establish

such curves, a soil-specific sensor calibration experiment must be conducted. This will

also take into account the environmental condition of the area under study through soil

temperature measurements. The procedure was as discussed below.

(a) Four soil samples were taken from two stations in the field. At each station two

samples were taken with the first from the top 20 cm and the other from within

the next 20 cm. This is also where the four samples in the previous experiment

(section 4.3) were taken.

(b) Four-five litre tins were opened at both ends and the bottom end was tightly

covered by a piece of cloth that could allow easy flow of water (a piece of hessian

sack can be a good material for this exercise). The combined weight of the
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covering cloth, tin, Watermark sensor and soil temperature sensor was recorded

as “tare”.

(c) Each tin was half-filled with dry soil in which Watermark and soil temperature

sensors were buried. The tins were then soaked in water for 2 hours so that the

soil is completely saturated with water.

(d) The tins were then placed on a wire mesh which was suspended in the air at a

height of 30 cm from the ground to allow dripping of water. The tins were left

in this arrangement until when gravitational drainage ceased.

(e) The weight of each tin and its contents was recorded every day at 7:00 AM. This

weight was recorded as (wet soil + tare). At the same time SMP was read using

Waspmote node which was connected to the sensors buried in the soil sample.

(f) After 15 days of recording, when the soil was very dry, sensors were carefully

removed from the soil sample.

(g) The soil samples were placed in metallic pots which were put into an oven. The

soil dried for 24 hours at 110 ºC.

(h) The dry soil and sensors were put back into the original tins and the weight was

recorded as (dry soil + tare).

(i) The PSWC was computed using the following formula:

PSWC = 100
(wet soil + tare)− (dry soil + tare)

(dry soil + tare)− tare
(4.6)

Table 4.2 presents the results for the sensor calibration discussed above. The table also

shows how PSWC is related to SMP.

Fig 4.13 shows graphs that relate PSWC to SMP. Regressed functions for all the ex-

periments are also shown.

The following equation expresses SMP (kPa) as a function of PSWC (%) and was

developed by regressing the average results of all the four calibration experiments as
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Table 4.2: Sensor calibration results - showing how percentage water content is re-
lated to soil moisture potential

Experiment 1 Experiment 2 Experiment 3 Experiment 4

(tare = 325g; (tare = 400g; (tare = 400g; (tare = 340g;

drysoil + tare = 3775g) drysoil + tare = 3725g) drysoil + tare = 3750g) drysoil + tare = 3790g)
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4825 30.4 -8.5 4985 37.9 -8.3 4825 32.1 -10.2 4865 31.2 -9.9

4800 29.7 -8.7 4870 34.4 -8.6 4809 31.6 -10.9 4645 24.8 -11.8

4713 27.2 -9.1 4770 31.4 -9.3 4525 32.1 -14.5 4520 21.2 -14.4

4563 22.8 -11.5 4510 23.6 -11.0 4363 18.3 -20.7 4465 19.6 -18.7

4450 19.6 -12.2 4413 20.7 -15.5 4293 16.2 -21.7 4415 18.1 -23.0

4413 18.5 -13.1 4388 19.9 -15.7 4275 15.7 -23.9 4328 15.6 -29.7

4375 17.4 -14.8 4350 18.8 -17.2 4240 14.6 -26.6 4215 12.3 -34.0

4355 16.8 -14.9 4290 17.0 -19.8 4225 14.2 -27.1 4165 10.9 -37.1

4300 15.2 -19.4 4250 15.8 -20.8 4213 13.8 -36.0 4153 10.5 -40.7

4275 14.5 -21.7 4188 13.9 -25.9 4190 13.1 -39.4 4115 9.4 -56.9

4215 12.8 -23.8 4090 11.0 -29.9 4138 11.6 -45.1 4100 9.0 -59.1

4150 10.9 -31.6 3990 8.0 -39.5 4075 9.7 -55.2 3990 5.8 -86.1

4063 8.3 -42.9 3920 5.9 -50.3 3950 6.0 -68.6 3932 4.1 -95.4

3950 5.1 -61.1 3851 3.8 -63.6 3850 3.0 -88.4 3920 3.8 -99.6

3835 1.7 -90.3 3750 0.8 -84.8 3837 2.6 -97.8 3904 3.3 -106.1

depicted in Fig. 4.14:

SMP =−106.1916∗0.911645PSWC (4.7)

Alternatively, PSWC can be expressed in terms of SMP by the following equation:

PSWC = 50.43−10.81ln|SMP| (4.8)

Substituting equation 4.5 into equation 4.7 yields an equation which expresses SMP in

terms of MAD as follows:

SMP =−106.1916∗0.911645100(0.2−0.13MAD) (4.9)
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Fig. 4.13: Sensor calibration results - showing how percentage water content is related
to soil moisture potential

This equation is used in irrigation scheduling as discussed in section 4.5. For example,

if the moisture is to be maintained within a MAD of 0 (soil is at FC) to 50% then using

equation 4.9 we see that SMP should range from -16.7 kPa to -30.46 kPa.

4.5 Irrigation Scheduling Strategy

Irrigation scheduling basically sets two threshold levels within which soil moisture

must be maintained. These levels can be static or dynamic depending on the require-

ment.

Since the objective of this study was to investigate the effect of dynamic threshold

levels on the amount of water used in the irrigation and on crop yield, then there was

a need to adopt both strategies in order to compare their results. As stated in section

3.1 CT was irrigated based on static preset threshold levels. In order to avoid over-

irrigation as a result of late termination of the irrigation event due to the slow flow of
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Fig. 4.14: The relationship between the percentage water content and soil moisture
potential derived from four experimental results

water in the soil, this study used an upper threshold of 10% MAD. This allowed the

controller to terminate the irrigation at 90% FC. Using equation 4.9 a MAD of 10%

translates into a SMP of -18.83 kPa. In this treatment irrigation was initiated when

the moisture dropped to a MAD of 50% (i.e. when ASW was 50%). This gives a

lower threshold level of -30.46 kPa. These threshold levels are shown graphically as

“CT threshold” in Fig. 4.15 which is a plot of equation 4.9. For this treatment soil

moisture was kept within these threshold levels throughout the growing period of the

maize crop.

On the other hand, the advanced controller which was deployed in the ExT was based

on variable threshold levels to mimic the crop coefficient pattern of the water require-

ments by the maize crop. During the initial development stage of the maize crop, the

upper threshold was set at 40% MAD (refer to Fig. 4.15) and was allowed to increase

to 10% MAD at the middle stage (during tussling and cob formation). Thereafter the

upper threshold was again lowered to 40% MAD. Similarly, the lower moisture thresh-

old was initially set at 70% MAD (refer to Fig. 4.15) and was increased to 50% MAD,

then lowered again to 70% MAD. The lower thresholds were opted for as a way of

applying deficit irrigation during the early stages when crop water needs are low. A

little stress to the maize crop during early stages can be beneficial as it encourages the
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Fig. 4.15: The relationship between Soil Moisture Potential and Management Allow-
able Depletion

crop roots to go deeper and hence use water at that depth which otherwise could be

lost through deep percolation.

For the advanced controller the following equations were developed to allow the upper

and lower threshold levels vary with the crop growth stage:

SMPLT =−0.0000755d3 +0.008773d2−0.0892577d−41.488 (4.10)

SMPUT =−0.0000700d3 +0.008129d2−0.0827045d−28.692 (4.11)

where d is the number of days elapsed when about 10% of maize germinates, SMPLT

is the lower moisture threshold level (kPa) used to initiate irrigation, and SMPUP is the

upper moisture threshold level (kPa) used to terminate irrigation.

The threshold levels are shown graphically in Fig. 4.16 and are based on a maize crop

with a maturity period of 100 days. The figure also shows constant threshold levels

used in CT.

Since controllers terminate irrigation only when the upper moisture threshold is sensed,
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Fig. 4.16: Soil Moisture threshold levels for two irrigation controllers - the control
treatment and the experimental treatment

then they may over-irrigate because they detect the threshold after a long time due

to slow movement of water in the soil. In order to avoid this kind of phenomenon

both treatments adopted an adaptive irrigation scheduling strategy - the water-budget.

In this strategy the controller estimates the amount of water to be applied in order

to bring the current moisture level to the upper threshold. Based on the water flow

rate and application efficiency of the irrigation system, the controller computes the

irrigation duration. When this duration elapses the system pauses for a predetermined

time called blackout time. The blackout time is necessary to allow the applied water

to infiltrate into the soil. After the blackout time the controller measures the level of

moisture to check whether the correct amount of water was applied or not. Based

on this analysis, the irrigation controller adjusts the water application efficiency and

irrigates again if the level is less than the upper threshold. After a few irrigation events,

it is expected that the controller will determine the correct efficiency of its irrigation

system and eventually precise irrigation duration will ensue. The flowchart shown in

Fig. 4.17 summarizes the water-budget scheduling strategy which was implemented in

the study.
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Fig. 4.17: Flow chart for an adaptive irrigation controller based on water-budget
scheduling strategy

The amount of water to be applied is computed by using the following formula:

wap =
(wu−wc)

100
SdA f (4.12)

where wap is the total amount of water (m3) to be applied, wu and wc are respectively

the upper threshold and current moisture levels as percentage water content, Sd is the

sensor depth (m), and A f is the area of the field (m2). Note that wu and wc are evaluated

from SMP by employing equation 4.8.

Water application efficiency accounts for the losses in the system as a result of evap-

oration, runoff, wind, and leakage in the pipes. It is the percentage of total amount of
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water drawn from the source that is successfully delivered into the soil and is available

to plants. Its value depends on the type of irrigation system employed. For exam-

ple the efficiency of a sprinkler system is around 75% while that of a drip system is

about 90%. Therefore, taking into account the efficiency of the irrigation system, the

controller must compute the actual amount of water that it must draw from the supply.

However, the application efficiency may vary with time. As such, the adaptive irri-

gation controller proposed in this study was designed to compute the efficiency for

each irrigation event. After the blackout time the controller compares, through sensor

measurements, the estimated amount of water with the actual amount which has been

applied. This information is then used to adjust the efficiency.

In order to evaluate irrigation duration the controller must know the water flow rate of

the irrigation system. In this study, the flow rate was estimated by measuring the level

of water in the tank before and after a timed irrigation event and a value of 0.69108

m3/hour was established. Flow rate can also be measured using flow meters which

unfortunately attract an extra cost.

Once the flow rate, application efficiency and amount of water to be applied have

been estimated the controller computes the irrigation duration by using the following

formula:

Ti =
wap

AeQ
(4.13)

where Ti is the irrigation duration (minutes), wap is the estimated amount of water (m3)

to be applied as computed from equation 4.12, Ae is the application efficiency, and Q

is the flow rate (m3/minute).

For example, if the current level of moisture as measured by a 0.4 m deep sensor is

at 13% and is required to be raised to a full capacity of 20% by an irrigation system

whose flow rate and efficiency are 0.69108 m3/hour and 90%, respectively, then the

controller will prompt the irrigation system installed in a 48.4 m2 field to irrigate for

131 minutes. This can be computed in two steps as follows:
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Firstly, estimate the amount of water to be applied by using equation 4.12

wap =
(20−13)

100
∗0.4∗48.4 = 1.355m3

Then, compute the irrigation duration using equation 4.13 as follows:

Ti =
1.355

0.9∗0.69108/60
= 131minutes

Finally, the adaptive irrigation scheduling discussed in this section requires evaluation

of blackout time. This is the time during which irrigation is paused to allow the applied

water to diffuse into the root zone on the plant. As shown in equation 4.14, the blackout

time is directly proportional to the depth of the sensor and inversely proportional to the

water infiltration rate of the soil; the proportionality constant being one.

Tb =
Sd

Ri
(4.14)

where Tb is the blackout time (hours), Sd is the sensor depth (mm), and Ri is the infil-

tration rate (mm/hour).

The infiltration rate for the soil under study was experimentally evaluated as follows:

(a) A metal ring (380 mm tall, 150 mm diameter ) was gently and evenly driven into

the soil using a wooded hammer to a depth of 257 mm - leaving 123 mm above

ground.

(b) A sheet of plastic paper was placed in the ring so as not to disturb the soil sample

when pouring water.

(c) Water was then poured into the ring and the level recorded.

(d) A count down timer was started immediately the plastic paper was removed from

the ring.

(e) At the expiry of a count down timer the level of water in the ring was recorded.

(f) The ring was then refilled with water to a new level and a count down timer

restarted immediately.
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(g) Steps (e) and (f) were repeated until the same level of water drop was recorded

in two or more consecutive measurements.

Two such experiments were conducted at two locations in the field and the results are

presented in table 4.3.

Table 4.3: Infiltration rate - experimental results
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start - 0 start - 0 118.0 - - - - 117.8 - - - - -

5 5 117.5 70.5 47.5 9.5 570.0 115.2 73.6 44.2 8.84 530.4 550.2

5 10 118.4 106.6 10.9 2.18 130.8 114.5 105.7 9.5 1.90 114.0 122.4

10 20 117.1 109.2 9.2 0.92 55.2 115.7 103.9 10.6 1.06 63.6 59.4

10 30 117.2 110.3 6.8 0.68 40.8 116.0 107.8 7.9 0.79 47.4 44.1

10 40 116.8 111.1 6.1 0.61 36.6 116.3 109.0 7.0 0.70 42.0 39.3

10 50 117.5 110.9 5.9 0.59 35.4 115.8 110.6 5.7 0.57 34.2 34.8

20 70 118.4 105.9 11.6 0.58 34.8 118.1 104.6 11.2 0.56 33.6 34.2*

20 90 - 106.8 11.6 0.58 34.8 - 106.9 11.2 0.56 33.6 34.2*

*Basic infiltration rate

The results show that the water infiltrated rapidly in the dry soil (550.2 mm/hour in the

first 5 minutes), but as water replaced the pore spaces in the soil, the rate reduced until

when a steady value was reached. This steady value is called the basic infiltration rate

and is used in the calculation of blackout time. The results show that the soil under

study had a basic infiltration rate of 34.2 mm/hour.

Therefore, if soil moisture sensor is placed at a depth of 0.4 m (as the case with the

deep sensor in this study) then a blackout time of not less than 11.7 hours should be

observed. This was evaluated by using equation 4.14 as follows:

Tb =
Sd

Ri
=

0.4∗1000
34.2

= 11.7hours
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So a 12 hour blackout time was necessary.

4.6 Chapter Summary

This chapter has developed two irrigation scheduling strategies: one for the basic irri-

gation controller and another one for an advanced controller. In order to do this, the

chapter developed the soil moisture sensing mechanism and experimentally established

soil water characteristics for the site where the maize production was conducted. The

chapter demonstrated how sensors were positioned and installed in the field. It further

discussed how moisture sensors were experimentally calibrated in order to adapt to the

soil and environmental conditions for the site. The next chapter will design the re-

mote monitoring system which is the second part of the irrigation management system

having already developed the other part (irrigation station) in chapters 3 and 4.



Chapter 5

Remote Monitoring System (RMS)

Design

The IMS was divided into two parts, namely, IS and RMS which were then linked via

the cellular network. While the IS was developed in chapter 3, this chapter is devoted

to designing the RMS.

Balendonck et al. (2008) and Fazackerley and Lawrence (2009) reported that IMSs

based on WSNs were efficient, cost-effective and flexible enough to adapt any en-

vironment. However, WSNs are still under developmental stage; as such, they are

at times unreliable, fragile, power hungry and can easily lose communication (Bal-

endonck et al., 2008) especially when deployed in a harsh environment such as an

agricultural field. It is therefore imperative to remotely monitor the status of WSN

particularly when the ISs are located at a rural site where frequent physical visits may

become inevitable but costly and time consuming. The RMS for IMSs helps in (1)

accessing status of irrigation valves in real-time so that if, for example, the system

fails to terminate irrigation, then the personnel should rush to the field and rectify the

problem; (2) identifying wireless link failures between sensor nodes in the field in or-

der to quickly fix the fault and have a more robust IMS; and (3) accessing the level

of batteries for the solar powered sensor nodes to guard against total system failure in

case of extended solar power absence.

84
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Fig. 5.1 shows two architectural parts of RMS comprising the monitoring personnel

and the server. The monitoring personnel receives valve status and fault alarms directly

onto their mobile phone for prompt reaction to the IS. The fault alarms included low

battery levels for sensor nodes and wireless communication link failures. The server is

a computer equipped with a broadband dongle and was used to store and graphically

display both current and historical IS data. The data stored in the server included SMP,

soil temperature, battery voltage levels, valve status, sensor board temperature, and

RSSI.

Fig. 5.1: The architecture of the Remote Monitoring Station showing two parts and
the type of information sent to each part

Fig. 5.2 presents a conceptual model of the server depicting how data emanating from

the broadband dongle was processed and analysed graphically. Firstly, the data from

IS was received directly by the broadband dongle housed in the RMS. It was vital to

delegate the data storing capabilities of the dongle to the first MySQL database using

FrontlineSMS, a free open source software tool licensed under GNU Lesser General

Public License (LGPL) . This tool enables users to connect a range of mobile devices

to a computer to send and receive SMS text messages and works without an Internet

connection by connecting a device such as a cell phone or GPRS modem with a local

phone number. FrontlineSMS was chosen because it offers a more user-friendly front-

end browser based on Java FrontlineSMS back-end. Additionally, it has functionalities



CHAPTER 5. REMOTE MONITORING SYSTEM (RMS) DESIGN 86

such as group forwarding, auto replying and message forwarding.

Fig. 5.2: A conceptual model of the server for Remote Monitoring Station

Apparently, the raw data stored in the first MySQL database, as depicted in Fig. 5.3

(a), were not in the right format and syntax for display because the coordinator node

housed in the IS prepared the data to suit the SMS transmission system (with character

limitation of 90). Consequently, a Hypertext Preprocessor (PHP) script was prompted

to create a new database, as shown in Fig. 5.3 (b), where processed data was stored

ready to be graphed and uploaded onto the Internet. A separate PHP script was then

interfaced with PHPlot library to plot the data from the new database.

MySQL was installed using Windows Apache MySQL Package (WAMP) server, a

Windows web development environment that allows creation of web applications with

Apache2, PHP and a MySQL database. With the integration of PHP and HyperText

Markup Language (HTML), dynamic pages were created and graphical analysis was

easily achieved using PHPlot library. The web pages were automatically refreshed

at some predetermined time intervals and each time a refresh was initiated, PHPlot

library crosschecked any new data in MySQL database. The data was thus monitored

in real-time and, hence, any mishap was quickly noted and acted upon.

5.1 Chapter Summary

In this chapter, an efficient, cost-effective and real-time wireless based remote moni-

toring mechanism has been developed for a WSN based irrigation system at a remote
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Fig. 5.3: Snapshots from MySQL database

site. The chapter demonstrated how the WSN was used to archive the soil moisture

potential, link performance, electrical power levels, valve statuses, and fault alarms

and how this information was sent as a text message over a cellular network to a server

or management personnel at a monitoring site.

The following chapter presents and discusses the results obtained from the study.

Firstly, it discusses the effectiveness of the developed irrigation scheduling strategy.

Secondly, it evaluates the level of water and solar PV energy used in both CT and

ExT fields. Thirdly, it evaluates the water use efficiency and its impact on the level of

crop yield. Finally, the chapter assesses the robustness of the deployed WSN irrigation

controller.



Chapter 6

Results and Discussion

6.1 Soil Moisture Profile and Effectiveness of the Irri-

gation Scheduling

Fig. 6.1 shows the soil moisture profile in terms of SMP for the experimental and

control fields. The results show that the crop coefficient pattern, as depicted by the

threshold levels, was followed in the scheduling of irrigation events for the ExT. On

the other hand, CT scheduling allowed a constant threshold level of moisture. This

means that the controller was able to schedule irrigation events according to the design

- constant level for CT and variable for ExT. Specifically, the controller initiated irri-

gation when any of the two sensors reported low moisture level. The irrigation event

was considered completed only when both sensors read a moisture level to be above

the upper threshold.

However, the results show that it was very difficult for the controller in both treatments

to precisely terminate the irrigation event at the upper threshold. Despite the use of

water budget and blackout concept in both treatments, the moisture was still rising

above the upper threshold. A plausible explanation is that a smaller capacity locally

available water tank was used. This tank was unable to hold enough water for an

irrigation event. Furthermore, although the source of water was from a utility company

88
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Fig. 6.1: Soil moisture profile for experimental and control treatments

which would, otherwise, satisfy the irrigation process since its flow rate was higher

than the water application rate of the irrigation system, the supply was intermittent

resulting in the controller wrongly and continuously varying its application efficiency

and hence failing to safeguard both the upper and the lower thresholds.

The results further show that when a shallow sensor was being used, the controller

managed to keep the lower threshold levels on check. However, when the deep sensor

was employed (from 11 September 14:04:00 when more water was required in order to

satisfy an irrigation event) it was really difficult for the controller to push the moisture

above the lower threshold because of the tank capacity and water source challenges

explained earlier.

Nonetheless, the irrigation scheduling process was generally effective since the mois-

ture profile in the root zone of maize plants followed the desired pattern in both treat-

ments - constant threshold for CT and variable for ExT.
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6.2 Comparison of Irrigation Water and Energy Saved

In order to evaluate the effectiveness of the two treatments in terms of water and en-

ergy saving, it was imperative to estimate the total amount of water applied to both

plots. This could be done by multiplying the irrigation duration by the water flow rate.

However, it was erroneous to adopt this technique because the actual flow rate kept

changing depending on the availability of water in the tank. As such, this task was

done by recording the lowest level of moisture (before or during irrigation) and the

highest level which was after an irrigation process. The difference between these two

measurements was used to compute the amount of water effectively applied in the root

zone of the plants.

Table 6.1 shows a sample of how the amount of water for each irrigation event for

the two plots was estimated. Individual SMP readings from the two locations in each

plot were first converted to PSWC using equation 4.8 before computing the average

water content in each plot. Appendix F shows full results for the computation of irri-

gation water applied to both treatments. Plotting and regressing the cumulative water

as shown in Fig. 6.2, reveals that a total of 27.1 m3 and 42.6 m3 of water was effec-

tively applied to ExT and CT, respectively. Since each field was considered to be 48.4

m2, then these readings translate to a total irrigation depth (and hence ET) of 560 mm

and 880 mm for ExT and CT, respectively. Notably, these values are within a range

of 500 mm to 1200 mm of total amount of irrigation water required by maize plants

which was reported by Belfield and Brown (2008).

As a rule of thumb and as discussed earlier on, a drip irrigation system is approximately

90% efficient in delivering water from the source (tank) into the root zone of the plants.

This means that the SPVWP system had to pump 30.1 m3 (i.e. 27.1/0.9) of water

for ExT and 47.3 m3 (i.e. 42.6/0.9) for CT. Using these figures one would find the

percentage water saved by ExT as follows:

percentage water saved by ExT =
(water used in CT −water used in ExT )

water used in CT
∗100%

(6.1)
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Table 6.1: A sample of irrigation water computation in both Experimental and Control
treatments

(1)

Date and Time of

irrigation

SMP (kPa)

reading

from

sensor

node1

SMP (kPa)

reading

from

sensor

node2

Average

PSWC (%)

(8)

sen-

sor

depth

(m)

(9)

irrigation

depth

(mm)

=(8)*[(7) -

(6)]/100

(10)

volume of

water

applied

(m3)

= (9)*field

area

(i.e 48.4

m2)

(11)

Cumu-

lative

water

ap-

plied

(m3)

(2)

be-

fore

irrig.

(3)

after

irrig.

(4)

be-

fore

irrig.

(5)

after

irrig.

(6)

be-

fore

irrig.

(7)

after

irrig.

Experimental Treatment

01/08/12 09:45:00 -59.0 -25.5 -59.0 -23.0 6.35 15.98 200 19.25 0.93 0.93

08/08/12 19:15:00 -44.6 -25.0 -30.4 -28.8 11.45 14.87 200 6.84 0.33 1.26

16/08/12 19:00:00 -43.4 -24.6 -29.2 -23.2 11.81 16.13 200 8.62 0.42 1.68

... ... ... ... ... ... ... ... ... ... ...

12/11/12 06:33:00 -53.6 -21.0 -24.9 -16.3 11.53 18.89 400 29.42 1.42 28.15

Control Treatment

01/08/12 09:45:00 -60.1 -18.8 -61.0 -14.2 6.07 20.23 200 28.32 1.37 1.37

08/08/12 01:45:00 -30.5 -14.8 -16.7 -16.5 16.74 20.71 200 7.95 0.38 1.76

14/08/12 19:00:00 -34.0 -16.0 -23.2 -16.0 14.38 20.46 200 12.16 0.59 2.34

... ... ... ... ... ... ... ... ... ... ...

13/11/12 18:21:00 -53.8 -15.5 -14.5 -14.4 14.44 21.20 400 27.05 1.31 43.58

That is

percentage water saved by ExT =
(47.3−30.1)

47.3
∗100% = 36%

The impact of this substantial water saving on crop yield is discussed in section 6.3.

The amount of solar PV energy required to pump a given volume of water for the

designed SPVWP system based on equation 3.7 was 224.7 Wh/m3. This means that the

SPVWP system would use 6,763 Wh of energy to pump 30.1 m3 of water and 10,628

Wh to pump 47.3 m3 of water in ExT and CT, respectively. Based on the concept

used in equation 6.1, this represents a total energy saving by ExT of 36% also (each

unit of water delivered equating to a unit of electrical energy expended for pumping).

This means that if two equally-sized SPVWP systems are designed and implemented

to serve irrigation systems that are based on the basic scheduling and the advanced
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Fig. 6.2: Cumulative water applied to Experimental and Control treatments

scheduling strategies, the proposed advanced scheduling system would have a 36%

energy saving which can be diverted to other activities such as household lighting,

pumping of drinking water, and other income generating activities for instance cell

phone charging and television shows. This could among other things boost the living

standards of the people in the rural community. The generated income could also go a

long away to sustaining the PV system. Alternatively, the capacity of the SPVWP for

the advanced irrigation scheduling system could be set at a slightly lower level than

that of a basic irrigation system. This could obviously lower the initial installation

costs for the PV system.

Since solar PV systems are usually designed for the worst conditions, then in order

to investigate the possibility of reducing the capacity of the SPVWP system, hence

the cost, the peak water demand is used. In the maize irrigation system the highest

water demand is generally at the middle growth stage. Notably, during this stage both

treatments were set to use almost the same threshold levels when scheduling irrigation

as previously presented in Fig. 4.16. Fourth order polynomial equations whose graphs

are depicted in Fig. 6.2 closely represent the effective cumulative water applied to the
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respective treatments at every point in time. These equations are given as follows:

CUWExT =−3.12952∗10−7d4 +2.85754∗10−5d3

+3.65071∗10−3d2−0.0882971d +1.49728 (6.2)

with R2 = 0.9946; and

CUWCT =−1.20508∗10−6d4 +2.14345∗10−4d3

−7.29688∗10−3d2 +0.195555d +1.00009 (6.3)

with R2 = 0.9981; where CUWExT and CUWCT are effective cumulative water applied

to ExT and CT, respectively, and d is the number of days elapsed since germination of

maize plants.

For example, using these equations one would find that on day number 56 (i.e. on

26 September 2012) ExT had effectively applied 9.94 m3 while CT had 14.86 m3 of

irrigation water applied in the root zone of the maize plants.

First derivatives of equations 6.2 and 6.3 represent effective irrigation water application

rate (m3/day) at any point in time. Fig. 6.3 shows the rate of effective irrigation water

application and the corresponding water demand by maize plants in form of ET rate

in both treatments. The results show that the maximum rate of water application was

0.415 m3/day and 0.685 m3/day which was on day 72 (i.e. on 12/10/2012) and 75 (i.e.

on 15/10/2012) for ExT and CT, respectively. Examining Fig. 4.16 shows that these

days are indeed within the middle growth stage which is between day 60 and day 84.

The corresponding maximum ET rates were 8.57 mm/day for ExT and 14.15 mm/day

for CT. These maximum ET rates are then used in the design of the SPVWP system.

Following the discussion in sections 3.4.5.4 and 3.4.5.5, in which case all other vari-

ables are kept constant but the ET rates, one would find the total PV energy required

for the CT as 569.2 Wh/day while that of ExT is 520.8 Wh/day. These figures indicate

that an SPVWP system implemented for the advanced scheduling irrigation system

would save 8.5% of energy at its peak water demand. As shown in table 6.2, the sav-
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Fig. 6.3: Effective irrigation water application rate and evapotranspiration rate in
control and experimental treatments

ing increases when the field area is increased. Specifically, doubling the field area for

both treatments increases energy requirement from 569.2 Wh/day to 669.6 Wh/day in

CT and from 520.8 Wh/day to 587.8 Wh/day for ExT. This results in an increase in

energy saving by ExT from 8.5% to 12.2%. As such, in order to make a remarkable

energy saving on the PV system the irrigated area should be increased. Unlike a high

capacity SPVWP system which uses a basic irrigation controller that wastes water and

hence energy used in water pumping, it is envisaged that the smaller capacity PV in-

stallation would be less costly and hence influence its diffusion into remote areas of

the developing countries.



CHAPTER 6. RESULTS AND DISCUSSION 95

Table 6.2: Solar PV Water Pumping system design procedure

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)

Type of

control

strategy

Total

Avail-

able

Water

[depth

of irri-

gation]

Effective

field

area

Effective

volume

of water

applied

[(3) *

(2) /

1000]

Volume

of water

to be

pumped

[(4) /

efficiency

of drip -

90%]

Maximum

ET rate

Irrigation

Interval

[(2) /

(6)]

Daily

water

need

[(5) /

(7) *

cushion

factor

(=3)]

Water

flow rate

in

borehole

pipe [(8)

/ (6hrs

per day)]

Total

dy-

namic

head

[water

head]

PV rating

[refer to

pump per-

formance

chart -

using (9)

& (10)]

Average

daily PV

energy

required

[(11) *

PGF]

(mm) (m2) (m3) (m3) (mm/day) (days) (m3/day) (m3/hr) (m) (Wp) (Wh/day)

Advanced 20.8 48.4 1.01 1.12 8.57 2.43 1.38 0.23 18.83 140 520.8

(ExT) 20.8 96.8 2.01 2.24 8.57 2.43 2.77 0.46 18.90 158 587.8

Basic 20.8 48.4 1.01 1.12 14.15 1.47 2.28 0.38 18.87 153 569.2

(CT) 20.8 96.8 2.01 2.24 14.15 1.47 4.56 0.76 19.04 180 669.6

6.3 Assessment of Crop Water Use Efficiency

While the first objective was to save irrigation water and hence energy used in water

pumping by setting threshold levels in the ExT appropriately, the next was to evaluate

the impact of applying less amount of water on crop yield. Fig. 6.4 shows the picture of

the vegetating crop cover for the two treatments. Despite using equal spaces between

planting stations, and ensuring that the same plant population was achieved, the crop

cover in the Control Treatment was not as thick as in the Experimental Treatment.

Consequently, a slightly lower crop yield was reported in the CT. Specifically, as shown

in table 6.3, the grain yields obtained were 0.752 kg/m2 and 0.812 kg/m2 for CT and

ExT, respectively. This means that the ExT improved the grain yield by 7.4%.

However, in order to assess crop water productivity, a quantitative terminology is used:

crop Water Use Efficiency (WUE) . This is usually expressed as a ratio of the dry grain

yield per unit land area (Y, kg/m2) to the total amount of water used by crops per unit

land area (ET, m3/m2, usually expressed as mm) (Ibragimov et al., 2007):

WUE =
Y

ET
kg/m3 (6.4)
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Fig. 6.4: Vegetative crop cover for the Control and Experimental treatments

Table 6.3 presents total irrigation depth expressed as ET, grain yield and WUE for the

fully and deficit irrigated treatments. The results show an increase in WUE from 0.86

kg/m3 for the fully irrigated treatment to 1.45 kg/m3 for the deficit irrigated treatment,

representing a 69% improvement. Although the results for the fully irrigated treatment

obtained in this study strongly agree with those obtained by Igbadun et al. (2008) in

Tanzania (0.85 kg/m3), there is a significant difference in the deficit irrigated treat-

ment. Igbadun et al. (2008) obtained WUE ranging from 0.42 kg/m3 to 0.78 kg/m3

depending on the growth stage where deficit irrigation was effected, suggesting that

deficit irrigation lowers WUE. However, the results obtained in this study contradict

this suggestion, and are consistent with the results obtained by Yenesew and Tilahun

(2009) in Ethiopia and Payero et al. (2008) in Nebraska.

Table 6.3: Maize grain yield, evapotranspiration (ET) and crop Water Use Efficiency
(WUE) for Control (CT) and Experimental (ExT) treatments

Treatment Irrigation depth - ET (mm) Grain yield (kg/m2) WUE (kg/m3)

CT (fully irrigated) 880 0.752 0.86
ExT (deficit irrigated) 560 0.812 1.45

Yenesew and Tilahun (2009) and Payero et al. (2008) obtained WUE of 1.04 kg/m3

and 0.98 kg/m3, respectively, for the treatments which received full irrigation. These

values are not significantly different from 0.86 kg/m3 obtained in this study for the fully

irrigated treatment. Furthermore, Yenesew and Tilahun (2009) and Payero et al. (2008)

obtained WUE ranging from 1.09 kg/m3 to 1.78 kg/m3 and 1.32 kg/m3 to 1.49 kg/m3,
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respectively, depending on the growth stage where deficit irrigation was applied. These

results strongly agree with those obtained in this study (1.45 kg/m3) for the deficit

irrigated treatment.

These results suggest that applying deficit irrigation dynamically, following the crop

coefficient pattern, improves WUE. This confirms the arguments of Jalota et al. (2006)

and Tariq et al. (2003) that deficit irrigation can improve crop water productivity if it

is employed at the right growth stage. Specifically, Jalota et al. (2006) reported that

avoiding crop stress at the most sensitive crop growth stage is beneficial in terms of

enhancing water productivity.

6.4 Assessment of the System Performance

This study assessed the WSN deployment field readiness in agricultural application

by inspecting three aspects. Firstly, it investigated the ZigBee radio link performance

through measurements of RSSI which varied with time and maize crop cover. Sec-

ondly, the study monitored battery performance for sensor nodes at night and during

the day. Finally, the study monitored the board temperature for sensor nodes.

6.4.1 Received Signal Strength Indicator

The performance of the IMS was assessed in terms of RSSI as a function of time

and maize crop cover. Zennaro et al. (2008) reported that RSSI is one of the three

commonly used WSN link quality estimators which is a signal based indicator. The

other indicators are the Link Quality Indicator and the Packet Reception Rate. In this

experiment the performance of the network was analysed based on RSSI. Accordingly,

the study used XBee-ZB modules at 2.4 GHz as radio transceivers whose sensitivity

was -96 dBm (Libelium, 2010). This means that the communication link is bound to

fail when RSSI goes below -96 dBm.
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As stated before, sensor nodes were placed at a height of 60 cm above the ground.

Monitoring of the link performance commenced immediately after planting the maize.

At the end of the experiment the crops had grown to about 207 cm thereby covering

in-field sensor nodes completely. Fig. 6.5 shows a scenario in which the sensor is fully

covered by the maize plants.

Fig. 6.5: Sensor node being covered by maize plants

Fig. 6.6 depicts the variation of RSSI for individual nodes with time and crop height.

The results show a dramatic decrement in the level of RSSI with crop height. Specifi-

cally, when the maize plants were about 57 cm tall and, consequently, started covering

sensor nodes, the level of RSSI slumped heavily. The results mean that during the

early stages of maize growth (before the height of 57 cm) it was essentially improba-

ble for the network to fail since the level of RSSI was at an average of -61 dBm. On

the other hand, the results mean that the communication links were bound to fail when

the plants covered the nodes since the RSSI was at around -80 dBm with a minimum

of -95 dBm. This is very close to the receiver sensitivity of -96 dBm. Nevertheless,

the results indicate that the network was robust despite sensor nodes being covered by

crops.

It should be noted that the experiments were conducted with a distance of 10 m be-
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Fig. 6.6: Variation of Received Signal Strength with crop height

tween sensor nodes. Based on the Friis equation, which states that the level of the

signal strength is inversely proportional to the square of the distance, is it likely that

the level of RSSI would go down if the distance between sensor nodes exceeded 10

m. Consequently, this study recommends that in order to have a more resilient WSN

deployment in the maize field where line-of-sight communication is impossible, dis-

tances between sensor nodes should not exceed 10 m when 2 dBi antennas are used for

Waspmote nodes.

6.4.2 Sensor Node Battery Performance

As the system had to be self-sustained in terms of power, solar PV and rechargeable

batteries were used to power all electronic devices in this system. After evaluating the

performance of the system in terms of power usage (refer to Fig. 6.7), it was discovered

that nodes 1-1, 1-2, and 2-1 were more resilient to power failure than the gateway

(node 2-2). As generally expected, the gateway node had its battery level depleted

heavily because most of its power was used to send SMSs to a remote monitoring site.

Nevertheless, the study shows that the 2.5 W solar panels and 1, 150 mAh batteries

sufficed the powering requirements of the gateway and the other three in-field sensor

nodes.
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Fig. 6.7: Sensor node battery level varying with time

Although sleeping mode was not used as a method for conserving energy, the coordina-

tor node was also robust in terms of power because it employed a bigger capacity solar

panel and battery (14 W and 7, 000 mAh, respectively). This was also used to power

solenoid valves. However, as seen from the graphs in Fig. 6.7, there was a power fail-

ure for the coordinator node on 15th August due to a loose connection. This behaviour

was reported to the management personnel who rectified the problem without undue

impact on the crops or the research.

6.4.3 Sensor Node Board Temperature

The operation of WSN nodes depends on the environment in which they have been

deployed. An agricultural field is described as one of the harshest environments since

sensors are left in an open air where they are exposed to high levels of temperature.

Therefore, measuring the level of internal temperature of the sensor board is critical in

order to assess the performance of the system.

Fig. 6.8 shows the level of sensor board temperature for all the five nodes, showing a

day-night and a seasonal trend of temperature variation. Specifically, the results show

that the board temperature rose during the day when the sun struck the sensor board and

slumped drastically at night. On the other hand, there was a slight overall increment
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of board temperature in the long run as portrayed by the trend lines of the sensor

nodes in Fig. 6.8. The rising trend of the sensor board temperatures corresponds to

the rising ambient temperature which is generally expected in Malawi between August

and November.

Fig. 6.8: Sensor node board temperature varying with time

Furthermore, the results show that there was a high correlation between the function

of the node and the board temperature. A node handling more functions had generally

high board temperature. Specifically, the average board temperature for the coordina-

tor node which ranged from 28 °C to 37 °C was the highest commensurate with its

functions. This node was never put into sleeping mode and was used to receive and

process data from all the in-field nodes. As such, it was the busiest node in this net-

work. This trend was followed by the gateway node which was capturing and sending

moisture data to the coordinator in addition to sending SMSs to the RMS. Its average

board temperature ranged from 24 °C to 29 °C. The other three in-field sensor nodes

were least loaded since they were performing basic functions of capturing and sending

the moisture data to the coordinator, thereafter going to sleep. Consequently, their av-
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erage board temperatures were the lowest and ranged from 21 °C to 25.5 °C, 22.5 °C

to 27 °C and 22 °C to 25 °C for nodes 1-1, 1-2 and 2-1, respectively, which were not

significantly different.

Additionally, the crop cover also played a very crucial role on the performance of the

nodes in terms of board temperature fluctuations. The results depicted in Fig. 6.8

show that the maximum board temperature decreased when the crops covered the in-

field nodes. This took place from about 24th September for the gateway and node 1-2

and on 30th September for node 1-1. A similar trend was noted on node 2-1 whose

graph is not shown. The coordinator node never experienced this phenomenon since

it was never covered by the crops. Consequently, on several occasions (for instance

on 19thOctober and 17thNovember) the board temperature of this node shot above the

permitted level of 65 °C as specified by the manufacturer (Libelium, 2010). This posed

a serious threat on its performance. Nonetheless, the electronic boards were robust

enough not to fail under these conditions (although longer term failure might still be

made more likely by these conditions). As generally expected, it is recommended

that sensor nodes should have a well-ventilated cover to protect them from the direct

sunlight.

6.5 Chapter Summary

This chapter has discussed the results of the experimental deployment of the IMS.

It has assessed the effectiveness of the developed irrigation scheduling strategy. The

chapter has further evaluated the level of water and energy saving and the impact of

such savings on the crop yield. Finally, the chapter has analyzed the robustness of the

WSN irrigation controller and outlined areas of improvements to enhance the resilience

of the deployment.



Chapter 7

Conclusions and Recommendations

7.1 Overview

An integral part of sustainable development of irrigation farming is the availability

and management of water resource. This resource is becoming scarce as it faces high

demand from agricultural, industrial, commercial and domestic use. Efficient irrigation

scheduling is the key parameter to sustainable water management systems. It provides

knowledge about how much water is to be applied and when; in order to satisfy crop

water requirements. This does not only avoid over-irrigation which wastes water and

energy but also avoids under-irrigation which reduces crop yield.

Most of the advanced irrigation controllers currently on the market use constant preset

threshold levels when scheduling irrigation unless intervened by the user. This method

is laborious and prone to errors from the user. Therefore the principle aim of this study

was to investigate whether a fully automated irrigation controller that uses the crop

coefficient pattern to adjust moisture threshold levels when scheduling irrigation could

improve both crop water use efficiency and solar PV energy used in water pumping

and optimise crop yield.

This thesis has successfully developed and implemented an efficient solar powered

irrigation management system for drip irrigated maize field based on wireless sen-

103
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sor networks. The results have shown that the implementation of this system saved

36% of both water and solar PV energy used in pumping. Furthermore, the results

have shown that the developed irrigation controller improved the grain yield by 7.4%.

The water use efficiency was also increased from 0.86 kg/m3 for the basic irrigation

scheduling strategy to 1.45 kg/m3 for the advanced scheduling strategy, representing a

69% improvement. Sections 7.2 through 7.5 summarize the key findings for this study

and present recommendations accordingly, while section 7.6 discusses proposed future

work.

7.2 Water and Energy Saving versus Crop Yield

This thesis has shown that automatic variation of deficit irrigation, following the crop

coefficient pattern of the maize crop, saves a substantial amount of water. Specifi-

cally, a total of 880 mm of water was applied to the control treatment field which used

constant preset moisture threshold levels while 560 mm of water was applied to the

experimental treatment field which adopted dynamic moisture threshold levels. This

translates to a water saving of 36% in the experimental treatment field.

The impact of the water saving on the maize yield was investigated. The results have

shown that the dry grain yield in the control treatment field and the experimental treat-

ment field was 0.752 kg/m2 and 0.812 kg/m2, respectively. This means that the con-

troller deployed in the experimental treatment field improved the grain yield by 7.4%,

while applying less amount of water. Accordingly, the water use efficiency was higher

in the experimental treatment field (1.45 kg/m3) than in the control treatment field

(0.86 kg/m3).

The study also computed the level of solar PV energy that would be saved by improving

the efficiency of the irrigation scheduling. It was discussed is section 6.2 that a total of

36% of solar PV energy would be saved by implementing a solar PV water pumping

system for the advanced irrigation scheduling strategy. However, when sizing a solar

PV water pumping system the peak water demand is used. This study established that
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at peak-water-demand stage, which was at the middle growth stage of the maize plant,

the control treatment field would require 569.2 Wh/day of solar PV energy while the

experimental treatment field would need a total of 520.8 Wh/day. This represents an

8.5% PV energy saving. Consequently, the total cost of the solar PV water pumping

system would be reduced by 8.5%. Nevertheless, the study has demonstrated that

the level of energy saving increases with the size of the field. Specifically, it was

shown that doubling the size of the field from 48.4 m2 to 96.8 m2 results in a 12.2%

improvement in the efficiency of the solar PV water pumping system hence its cost

would be reduced by the same margin.

These results indicate that the developed scheduling strategy has a potential of saving

water and energy used in water pumping, more so when deployed at a larger scale.

Consequently, fully automated irrigation systems would be implemented where ini-

tially it was impossible due to limited water and power supplies. Moreover, the crop

yield has been improved by the proposed scheduling strategy.

7.3 System Performance

This study has demonstrated how an irrigation management system can practically be

implemented based on wireless sensor network. It has further evaluated the perfor-

mance of the design in order to develop a more robust and sustainable system consid-

ering the challenges that any practical wireless sensor network deployment would face.

Firstly, the study explored the ZigBee radio link performance through measurements

of received signal strength indicator. Secondly, it evaluated battery performance for

sensor nodes. Finally, the study assessed the board temperature for sensor nodes.

7.3.1 Radio Link Performance

The results have shown that maize crop cover has a very serious repercussion on the

performance of the radio link. For wireless sensor network radio transceivers having
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sensitivities of -96 dBm, employing 2 dBi antennas, placed at a height of 60 cm from

the ground and at a distance of 10 m between them, the study has shown that the per-

formance of the link is fairly compromised (received signal strength indicator was at

around -80 dBm with a minimum of -95 dBm) when the maize plants covered them.

Based on the Friis equation, which states that the level of the signal strength is inversely

proportional to the square of the distance, increasing the distance between the nodes

beyond 10 m would further compromise the performance of the wireless sensor net-

work deployment in the maize field. Therefore, despite the manufacturer (Libelium,

2010) specifying a distance of 500 m based on the line-of-sight communication and

the use of a 5 dBi antenna, this study recommends a maximum of 10 m distance be-

tween sensor nodes in the maize field in order to improve the resilience of the system

remarkably.

7.3.2 Sensor Nodes Battery Performance

The results have further shown that in order to have a self-sustained wireless sensor

network deployment in terms of power, sleeping mode must be employed whenever it

is possible. Sensor nodes which used this mode were more robust to power failure than

those that did not. Precisely, the study showed that the 2.5 W solar panels and 1,150

mAh batteries sufficed the powering requirements of the gateway and the other three in-

field sensor nodes. However, where it is impossible to use the sleeping mode, like the

case of the coordinator node in this study, the power capacity must be commensurate

with the duties of such a node. Specifically, the deployment under this study used a

7,000 mAh battery and a 14 W solar panel to power the coordinator node. Notably,

this power option was also used for the solenoid valves.

7.3.3 Sensor Nodes Board temperature

In order to have a more robust wireless sensor network deployment, sensor nodes

should not be exposed to high levels of temperature. In an agricultural field, nodes
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are left in an open air where ambient temperature exacerbates the electronic board

temperature of the nodes. If left unchecked, the nodes will likely crash. The results

have shown that the nodes that handle more duties have higher board temperatures

than those with less functions. For instance, the gateway node which was under the

same environment as the other three in-field nodes had more functions and therefore

its average board temperature was the highest. The average temperature ranged from

24 °C to 29 °C as compared to the other nodes whose minimum and maximum average

board temperatures ranged from 21 °C to 22.5 °C and 25 °C to 27 °C, respectively.

Furthermore, the results have shown that crop cover helps to reduce the board temper-

ature of the nodes. All the in-field nodes and the gateway node had their maximum

board temperatures lowered when the maize crop covered them. The coordinator node

never experienced this phenomenon since it was never covered by the crops. As such,

on several occasions the board temperature of this node shot above the permitted level

of 65 °C as specified by the manufacturer (Libelium, 2010). This posed a serious threat

on the board performance. Nonetheless, the electronic boards were robust enough not

to fail under these conditions (although longer term failure might still be made more

likely by these conditions). As generally expected, it is recommended that sensor nodes

should have a well-ventilated enclosure to protect them from the direct sunlight.

7.4 Cost Analysis of the Irrigation Management Sys-

tem

As articulated in section 2.3.3, commercial irrigation controllers which are based on

on-demand soil moisture sensing stratergy are efficient in the water application when

there is an extensive user involvement. Otherwise, with the set-and-forget mentality

it is more likely that users choose higher levels of moisture threshold than required as

it is easier to notice signs of stressed maize crop than those from over-irrigation to a

small extent. Consequently, water and pumping energy are wasted, soil nutrients are

washed away and crop yield is reduced. Additionally, these commercial controllers
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are expensive, hence, not suitable for medium and small scale farmers. For instance,

Fazackerley and Lawrence (2009) reported $3,000 as the cost of such on-demand soil

moisture sensing controllers. This is the cost of one completed node excluding the cost

of the soil moisture sensor and data transmission components.

This study assumes that dividing a hectare into 10 zones which can be irrigated inde-

pendently can fully and evenly distribute water in the field. This requires 10 wireless

sensor network nodes with each completed node in the current study costing $453. This

includes the cost of a processing board, sensor interfacing board (agriculture board),

radio transceiver, moisture and temperature sensors, and the cost of data transmission

module for remote monitoring purposes.

Although this is a remarkable reduction in the cost as compared to the commercial

controllers, this study recommends that future deployments should focus on reducing

the cost of such deployments in order to make them a widespread commercial success.

Here it is suggested that the agriculture board which costs $169 should be eliminated.

This can be done in two ways: One way is to replace the Watermark 200SS moisture

sensor which costs $53, but requires an agriculture board as an interface, with the

Watermark 200SS-V sensor which incorporates an interfacing circuit and costs $88.

This arrangement can reduce the cost of each completed node from $453 to $326. The

other way is to develop cheaper sensor interfacing circuits.

Furthermore, this study has revealed that several performance parameters can be mon-

itored cost effectively using a wireless sensor network node equipped with a General

Packet Radio Service (GPRS) module and using open source tools that include Frontli-

neSMS, MYSQL, and PHP. The use of cellular network reduces the cost of the remote

monitoring system since an SMS charge is extremely low as compared to satellite com-

munication or Wi-Fi connectivity. Moreover, cellular network coverage is broad even

in remote areas of the developing countries. Additionally, the use of Wi-Fi increases

the cost of the remote monitoring system since a full computer costing over $600 is

needed, while with a cellular network only a basic mobile phone costing $6 can be

used to receive SMSs. This is ideal for small scale farmers.
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Finally, by fully automating the irrigation controller and incorporating the remote mon-

itoring facility in the irrigation management system, it means that the intervention of

the user has been reduced tremendously. Therefore, it is now possible for the user to

concentrate on other developmental and income generating activities. This can further

uplift the socioeconomic status of farmers.

7.5 Challenges, Experiences Gained and Recommen-

dations

This study has exposed a number of valuable experiences which can be used to speed

up the process of designing new wireless sensor network deployments for precision

agriculture. Firstly, the study revealed a practical challenge concerning the conflict

between ZigBee and GPRS modules. When both ZigBee and GPRS modules were

powered up, either of them would lose connection which required manual reset in

order to restart the network. Nonetheless, using an appropriate software configuration

in the gateway node, it was possible to turn off one module when the other was active.

This was not possible at the coordinator node since its ZigBee module was always

required to be on to avoid losing connection with the other network nodes. However,

this conflict could be specific to Waspmote and probably dependent on the firmware.

It could be solved in a future release of firmware and may not be a general problem.

Secondly, there was a challenge to connect two Watermark moisture sensors to the

agriculture board. The idea was to connect the deep and shallow moisture sensors to

the same board so that the two could be used simultaneously to report the soil mois-

ture status. However, despite the board being capable of integrating three Watermark

sensors, it was not possible to do this as there were false readings from the sensors,

possibly due to the interference when placed in the same soil substrate. The board

has a common switch to all the three possible Watermark moisture sensors such that it

was impossible at the software level to switch off the other two sensors when reading

from one. Consequently, this study connected the shallow sensor only during the early
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stages and the deep sensor only at the later stages. This change in hardware configu-

ration necessitated a slight modification in the controller program to reflect the change

in the depth of the sensor.

Thirdly, a very crucial requirement of any wireless sensor network deployment is close

monitoring. Rather than conducting physical site visits, which is time consuming and

expensive, it was compelling to monitor the system performance remotely. This ar-

rangement permitted the management personnel to timely identify system faults and

conduct pre-emptive maintenance by visiting the field only when needed. The study

recommends that any successful wireless sensor network deployment must employ re-

mote monitoring through a cellular network which is broadly available even in rural

areas of the developing countries.

Fourthly, it was also observed that there is a possibility of disturbing the sensors dur-

ing field work, for example, weeding. This can give false readings from the sensor

and unnecessary irrigation may ensue. Once sensors are disturbed, they may need re-

installation in order to make a good contact with the soil. However, it is not advisable

to re-install sensors after the crops have germinated and developed as this may damage

crop roots and hence lower the yield.

Finally, this study focused on the maize production under Malawi’s weather condi-

tions. However, the concept would easily be replicated in other crops and in other

parts of the world with two modifications: firstly, sensor calibration must be done on-

site; and secondly, the specific crop coefficient pattern must be used to develop the

scheduling strategy.

7.6 Future Work

Although this study has remarkably reduced the cost of a completed wireless sensor

node from a reported $3, 000 (Fazackerley and Lawrence, 2009) for commercial con-

trollers to just about $453, the study still recommends that future deployments should
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focus on reducing the cost further in order to make them a widespread commercial suc-

cess. For instance, the study suggests that the agriculture board, used as an interface

between the Watermark 200SS moisture sensor and the processing board, which costs

$169 should be eliminated. This can be done in two ways: One way is to replace the

Watermark 200SS moisture sensor which costs $53, but requires an agriculture board

as an interface, with the Watermark 200SS-V sensor which incorporates an interfacing

circuit and costs $88. This arrangement can reduce the cost of each completed node

from $453 to $326. The other way is to develop cheaper sensor interfacing circuits.

It is, however, worth noting that the price reduction of the completed wireless sensor

from $3, 000 to $453 might also be due to component price reduction over the years.

The study further proposes the deployment of the developed wireless sensor based

irrigation controller on a large scale to investigate the level of solar PV energy saving.

The study has theoretically demonstrated that doubling the size of the field from 48.4

m2 to 96.8 m2 increases the level of PV energy saving from 8.5 % to 12.2 %. However,

this finding needs to be investigated practically by designing and implementing a solar

PV water pumping system for such a relatively large-scale deployment. Cost analysis

for the solar PV water pumping system has also to be undertaken.

In addition, the proposed large-scale deployment would be a platform for assessing

the ability of the wireless coordinator node in handling numerous queries from in-field

wireless sensor nodes, as well as investigating the robustness of the entire wireless

sensor network in an agricultural field.

Finally, this research proposes the deployment of the developed irrigation controller

for other crops other than maize, for instance cotton, sugarcane, groundnuts, cassava,

and a wide range of vegetables. In this case, one needs to establish crop coefficient

patterns for such crops.
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Appendix B: Software Programs for Creating a ZigBee
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Appendix C: Flow Chart for in-Field Sensor Nodes
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Appendix D: Flow Chart for Coordinator and Actuator

Node
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Appendix E: Flow Chart for the Gateway Node



APPENDICES 125

Appendix F: Applied Water Computation Tables

Experimental Treatment

(1)
Date and Time of

irrigation

SMP (kPa)
sensor node1

SMP (kPa)
sensor node2

Average PSWC
(%)

(8)
sensor
depth
(mm)

(9)
irrigation

depth (mm)
=(8)*[(7) -

(6)]/100

(10)
volume of

water applied
(m3)

= (9)*field area
(i.e 48.4 m2)

(11)
Cumulative

water
applied

(m3)
(2)

before
irriga-
tion

(3)
after ir-
rigation

(4)
before
irriga-
tion

(5)
after ir-
rigation

(6)
before
irriga-
tion

(7)
after ir-
rigation

01/08/2012 09:45 -59 -25.5 -59 -23 6.35 15.98 200 19.25 0.93 0.93
08/08/12 19:15:00 -44.6 -25.0 -30.4 -28.8 11.45 14.87 200 6.84 0.33 1.26
16/08/12 19:00:00 -43.4 -24.6 -29.2 -23.2 11.81 16.13 200 8.62 0.42 1.68
20/08/12 21:02:00 -40.6 -23.6 -27.1 -17.3 12.58 17.94 200 10.72 0.52 2.20
26/08/12 22:00:00 -41.9 -21.2 -21.4 -18.4 13.68 18.18 200 9.00 0.44 2.63
26/08/12 22:00:00 -41.9 -21.2 -21.4 -18.4 13.68 18.18 200 9.00 0.44 2.63
31/08/12 18:00:00 -41.0 -30.2 -24.0 -23.8 13.18 14.88 200 3.40 0.16 2.80
03/09/12 16:20:00 -39.9 -33.0 -29.8 -29.8 12.16 13.18 200 2.05 0.10 2.90
04/09/12 07:13:00 -33.3 -32.8 -34.4 -34.2 12.36 12.47 200 0.23 0.01 2.91
05/09/12 09:23:00 -34.1 -18.4 -38.7 -38.6 11.59 14.94 200 6.70 0.32 3.23
05/09/12 21:41:00 -19.2 -18.8 -38.7 -34.1 14.70 15.50 200 1.60 0.08 3.31
06/09/12 15:23:00 -20.3 -17.8 -36.3 -30.4 14.74 16.41 200 3.34 0.16 3.47
07/09/12 09:17:00 -18.1 -18.0 -30.6 -18.8 16.29 18.95 200 5.33 0.26 3.73
09/09/12 19:49:00 -36.8 -17.7 -33.5 -18.1 11.96 19.25 200 14.57 0.71 4.43
15/09/12 06:33:00 -60.6 -15.9 -46.5 -15.6 7.49 20.63 400 52.54 2.54 6.98
20/09/12 21:31:00 -53.8 -52.7 -43.5 -43.3 8.50 8.63 400 0.55 0.03 7.00
21/09/12 16:00:00 -66.3 -50.9 -24.1 -21.0 10.56 12.73 400 8.69 0.42 7.42
22/09/12 08:22:00 -55.3 -31.1 -21.3 -20.8 12.21 15.45 400 12.96 0.63 8.05
23/09/12 07:12:00 -32.4 -27.4 -21.0 -17.8 15.17 16.97 400 7.20 0.35 8.40
23/09/12 20:28:00 -30.1 -29.4 -19.5 -19.3 15.97 16.16 400 0.73 0.04 8.44
24/09/12 16:00:00 -39.2 -17.1 -34.3 -16.0 11.49 20.10 400 34.42 1.67 10.10
28/09/12 06:47:00 -42.7 -37.4 -48.1 -47.8 9.20 9.95 400 3.00 0.15 10.25
29/09/12 07:36:00 -48.4 -42.0 -50.8 -26.7 8.23 12.47 400 16.97 0.82 11.07
30/09/12 17:00:00 -52.3 -39.1 -34.6 -15.7 9.89 15.73 400 23.37 1.13 12.20
01/10/12 17:00:00 -39.4 -20.8 -15.8 -15.5 15.66 19.21 400 14.23 0.69 12.89
02/10/12 17:00:00 -21.9 -21.7 -15.5 -15.3 18.93 19.05 400 0.48 0.02 12.91
04/10/12 17:00:00 -44.7 -15.0 -28.9 -16.6 11.71 20.61 400 35.59 1.72 14.63
07/10/12 17:00:00 -44.8 -35.8 -33.2 -28.5 10.95 12.98 400 8.15 0.39 15.03
08/10/12 23:56:00 -54.8 -47.3 -14.8 -14.6 14.23 15.09 400 3.48 0.17 15.20
10/10/12 17:00:00 -55.2 -54.5 -16.0 -14.8 13.76 14.26 400 1.96 0.09 15.29
12/10/12 17:00:00 -59.5 -14.6 -15.4 -14.6 13.57 21.45 400 31.53 1.53 16.82
16/10/12 17:00:00 -38.8 -37.7 -22.8 -17.3 13.76 15.40 400 6.59 0.32 17.14
17/10/12 17:00:00 -46.6 -16.0 -21.5 -14.8 13.08 20.88 400 31.19 1.51 18.65
19/10/12 17:00:00 -37.0 -37.0 -24.0 -16.8 13.74 15.66 400 7.71 0.37 19.02
20/10/12 17:00:00 -58.9 -27.6 -21.0 -14.9 11.94 17.90 400 23.81 1.15 20.17
22/10/12 07:51:00 -33.0 -24.5 -15.0 -15.0 16.89 18.50 400 6.44 0.31 20.48
24/10/12 17:00:00 -38.2 -16.0 -15.0 -14.8 16.10 20.88 400 19.10 0.92 21.41
28/10/12 06:40:00 -45.8 -16.5 -15.1 -15.0 15.09 20.64 400 22.22 1.08 22.48
30/10/12 19:55:00 -32.0 -32.0 -18.2 -15.3 16.02 16.95 400 3.75 0.18 22.66
31/10/12 17:00:00 -53.0 -17.7 -16.0 -15.1 13.98 20.23 400 24.96 1.21 23.87
04/11/12 17:00:00 -38.0 -38.0 -19.5 -15.5 14.71 15.95 400 4.96 0.24 24.11
05/11/12 08:27:00 -49.3 -16.6 -15.6 -15.6 14.51 20.40 400 23.53 1.14 25.25
07/11/12 19:10:00 -36.0 -36.0 -21.1 -15.9 14.58 16.11 400 6.12 0.30 25.55
08/11/12 08:26:00 -48.8 -17.8 -18.0 -16.0 13.79 19.88 400 24.35 1.18 26.73
12/11/2012 06:33 -53.6 -21 -24.9 -16.3 11.53 18.89 400 29.42 1.42 28.15
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Control Treatment

(1)
Date and Time of

irrigation

SMP (kPa)
sensor node1

SMP (kPa)
sensor node2

Average PSWC
(%)

(8)
sensor
depth
(mm)

(9)
irrigation

depth (mm)
=(8)*[(7) -

(6)]/100

(10)
volume of

water applied
(m3)

= (9)*field area
(i.e 48.4 m2)

(11)
Cumulative

water
applied

(m3)
(2)

before
irriga-
tion

(3)
after ir-
rigation

(4)
before
irriga-
tion

(5)
after ir-
rigation

(6)
before
irriga-
tion

(7)
after ir-
rigation

01/08/12 09:45:00 -60.1 -18.8 -61.0 -14.2 6.07 20.23 200 28.32 1.37 1.37
08/08/12 01:45:00 -30.5 -14.8 -16.7 -16.5 16.74 20.71 200 7.95 0.38 1.76
14/08/12 19:00:00 -34.0 -16.0 -23.2 -16.0 14.38 20.46 200 12.16 0.59 2.34
17/08/12 19:00:00 -31.4 -13.7 -20.6 -14.3 15.45 21.90 200 12.91 0.62 2.97
22/08/12 09:38:00 -43.2 -21.8 -21.5 -21.1 13.49 17.29 200 7.60 0.37 3.34
24/08/12 18:00:00 -38.0 -15.2 -23.2 -17.2 13.77 20.34 200 13.14 0.64 3.97
27/08/12 18:00:00 -33.3 -16.0 -22.2 -21.7 14.73 18.81 200 8.17 0.40 4.37
30/08/12 18:00:00 -37.3 -19.8 -26.0 -26.0 13.26 16.68 200 6.85 0.33 4.70
31/08/12 18:46:00 -29.0 -29.0 -31.8 -23.4 13.53 15.19 200 3.32 0.16 4.86
01/09/12 00:36:00 -32.8 -15.0 -33.2 -14.8 12.63 21.23 200 17.19 0.83 5.69
03/09/12 07:00:00 -32.0 -32.0 -24.2 -14.6 14.48 17.21 200 5.46 0.26 5.96
03/09/12 12:28:00 -39.2 -24.6 -14.6 -14.6 16.11 18.63 200 5.04 0.24 6.20
04/09/12 06:25:00 -29.0 -14.1 -15.7 -14.6 17.35 21.64 200 8.58 0.42 6.62
07/09/12 20:49:00 -48.2 -14.7 -26.8 -16.5 11.71 20.75 200 18.08 0.88 7.49
10/09/12 08:09:00 -31.5 -15.0 -22.5 -14.7 14.95 21.27 200 12.62 0.61 8.10
13/09/12 07:57:00 -57.2 -15.4 -20.0 -14.4 12.37 21.23 400 35.47 1.72 9.82
18/09/12 18:51:00 -50.2 -19.2 -18.0 -17.8 13.64 18.90 400 21.02 1.02 10.84
20/09/12 18:16:00 -41.3 -16.7 -18.7 -18.3 14.49 19.50 400 20.04 0.97 11.81
23/09/12 20:06:00 -61.0 -21.3 -22.1 -21.9 11.48 17.22 400 22.94 1.11 12.92
24/09/12 16:00:00 -36.0 -36.0 -25.5 -24.5 13.56 13.77 400 0.86 0.04 12.96
25/09/12 05:51:00 -50.6 -15.5 -30.5 -29.5 10.75 17.32 400 26.30 1.27 14.23
26/09/12 16:00:00 -19.0 -15.4 -36.2 -35.0 15.12 16.43 400 5.27 0.26 14.49
27/09/12 06:54:00 -22.1 -15.4 -38.2 -15.4 14.01 20.87 400 27.45 1.33 15.81
29/09/12 17:00:00 -18.8 -15.4 -33.0 -33.0 15.67 16.75 400 4.31 0.21 16.02
30/09/12 06:56:00 -15.5 -15.5 -40.0 -16.7 15.68 20.40 400 18.88 0.91 16.94
02/10/12 17:00:00 -36.0 -36.0 -28.0 -21.7 13.05 14.43 400 5.51 0.27 17.20
03/10/12 17:00:00 -50.2 -15.8 -26.2 -15.4 11.61 20.73 400 36.48 1.77 18.97
05/10/12 07:41:00 -40.8 -15.5 -15.5 -14.6 15.57 21.12 400 22.22 1.08 20.05
06/10/12 22:45:00 -31.2 -15.6 -17.0 -17.0 16.52 20.27 400 14.99 0.73 20.77
07/10/12 18:59:00 -32.4 -15.5 -22.0 -22.0 14.92 18.91 400 15.94 0.77 21.54
08/10/12 21:42:00 -24.8 -15.5 -42.5 -14.6 12.81 21.12 400 33.26 1.61 23.15
11/10/12 07:05:00 -62.5 -15.6 -20.5 -18.7 11.75 19.75 400 31.99 1.55 24.70
13/10/12 04:08:00 -56.4 -15.6 -22.3 -14.6 11.85 21.09 400 36.94 1.79 26.49
16/10/12 08:08:00 -64.6 -16.0 -16.2 -14.7 12.85 20.92 400 32.27 1.56 28.05
18/10/12 07:21:00 -65.6 -30.7 -15.2 -14.6 13.11 17.43 400 17.29 0.84 28.89
18/10/12 23:34:00 -36.0 -15.6 -14.8 -14.7 16.50 21.05 400 18.23 0.88 29.77
21/10/12 17:00:00 -61.0 -16.0 -21.0 -14.8 11.76 20.88 400 36.50 1.77 31.54
23/10/12 17:00:00 -63.5 -14.4 -16.0 -14.8 13.01 21.45 400 33.77 1.63 33.17
26/10/12 07:52:00 -61.2 -15.6 -14.8 -14.6 13.63 21.09 400 29.85 1.44 34.61
28/10/12 17:00:00 -60.9 -15.6 -14.8 -14.6 13.66 21.09 400 29.74 1.44 36.05
31/10/12 06:53:00 -57.5 -15.6 -14.8 -14.4 13.97 21.16 400 28.80 1.39 37.45
03/11/12 17:00:00 -54.5 -41.3 -14.4 -14.2 14.40 15.98 400 6.30 0.30 37.75
04/11/12 17:00:00 -53.0 -28.9 -14.4 -14.2 14.55 17.91 400 13.41 0.65 38.40
06/11/12 08:30:00 -42.0 -15.5 -14.4 -14.4 15.81 21.20 400 21.55 1.04 39.45
08/11/12 17:00:00 -64.3 -15.5 -14.8 -14.4 13.36 21.20 400 31.35 1.52 40.96
11/11/12 07:51:00 -53.1 -15.4 -14.6 -14.4 14.47 21.23 400 27.06 1.31 42.27
13/11/12 18:21:00 -53.8 -15.5 -14.5 -14.4 14.44 21.20 400 27.05 1.31 43.58


	Declaration of Authenticity and Author's Rights
	Dedication
	Previously Published Work
	Abstract
	Acknowledgements and Disclaimer
	Contents
	List of Figures
	List of Tables
	List of Abbreviations and Acronyms
	Introduction
	Problem Definition
	Key Research Hypothesis
	Research Objectives
	Scope
	Chapter Summary and Thesis Outline

	Literature Review and Background
	Overview
	Irrigation Scheduling 
	Maize Crop Physical Characteristics
	Maize Crop Water Requirements 
	Soil Water Characteristics

	Review of Current Irrigation Controllers
	Evapotranspiration Based Irrigation Controllers
	Irrigation Timers
	On-demand S-MS Based Controllers

	Wireless Sensor Network
	ZigBee Network Protocol

	Solar Photovoltaic Water Pumping System 
	Photovoltaic Energy and Storage Requirements
	Motor-Pump Set and Inverter
	Efficiency Improvement through Maximum Power Point Tracking

	Soil Moisture Monitoring Technology 
	Tensiometers
	Electrical Resistance Sensors 
	Dielectric Sensors

	Chapter Summary

	Specifying the Irrigation Management System
	Overview
	Experimental Field Layout
	Functional Components of the Irrigation Management System
	Irrigation Station (IS)
	WSN Protocol, Topology and Devices Used
	Sensor Node
	Coordinator and Actuator Node
	Gateway Node
	Irrigation System

	Chapter Summary

	Irrigation Scheduling Strategy Development
	Overview
	Developing Soil Moisture Sensing Mechanism
	Measuring Soil Moisture Potential
	Positioning Sensors in the Field
	Installing Sensors in the Field 

	Establishing Soil Water Characteristics
	Calibrating Sensors for Soil-Specific and Environmental Conditions
	Irrigation Scheduling Strategy 
	Chapter Summary

	Remote Monitoring System (RMS) Design
	Chapter Summary

	Results and Discussion
	Soil Moisture Profile and Effectiveness of the Irrigation Scheduling
	Comparison of Irrigation Water and Energy Saved
	Assessment of Crop Water Use Efficiency
	Assessment of the System Performance
	Received Signal Strength Indicator
	Sensor Node Battery Performance
	Sensor Node Board Temperature

	Chapter Summary

	Conclusions and Recommendations
	Overview
	Water and Energy Saving versus Crop Yield
	System Performance
	Radio Link Performance
	Sensor Nodes Battery Performance
	Sensor Nodes Board temperature

	Cost Analysis of the Irrigation Management System
	Challenges, Experiences Gained and Recommendations
	Future Work

	References
	Appendices
	Appendix A: Performance Curves for '25 SQF - 7' Submersible Pump (GRUNDFOS Holding A/S)
	Appendix B: Software Programs for Creating a ZigBee PAN
	Appendix C: Flow Chart for in-Field Sensor Nodes
	Appendix D: Flow Chart for Coordinator and Actuator Node
	Appendix E: Flow Chart for the Gateway Node
	Appendix F: Applied Water Computation Tables


