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This study describes the utilization of spatial variability technique in obtaining the 

tillage energy requirements of disk plowing operation, first rotary tilling after disk 

plowing operations and second rotary tilling after first rotary tilling and disk 

plowing operations. Spatial variability of soil terrain characteristics, tractor- 

implement performances and tillage qualities were measured across two field plots 

using the mapping system that consists of a Massey Ferguson 3060 instrumented 

tractor with built-in data acquisition system, differential global positioning system 

(DGPS) and transducers, mounted-type soil penetrometer-shearometer unit and 

trailed-type soil surface profile digitizer, respectively. The collected soil terrain 

characteristic and tractor-implen~ent performance data sets were transferred to 

ArcView GIs software to produce spatial interpolated surface maps for further 

statistical analyses. SAS statistical software was used to perform univariate, 

correlation and stepwise multiple regression analyses to generate mathematical 

models for tdlage energy requirements. Models for tractor travel speed, draft and 

fuel consumption with respect to the soil terrain characteristic and tractor-implement 

performance variables were successfully developed for disk plowing operations and 



models for tractor travel speed, PTO power and fuel consumption with respect to the 

soil terrain characteristic and tractor-implement performance variables were 

successllly developed for first rotary tilling after disk plowing operations and 

second rotary tilling after first rotary tilling and disk plowing operations. Mean 

values of soil moisture content, average elevation height, degree of tilth, random 

roughness index of the soil surface profile, sensing error, PTO power and fuel 

consumption data sets resulting from first rotary tilling after disk plowing operations 

and second rotary tilling after first rotary tilling and disk plowing operations at rated 

and reduced engine speed were also documented for comparison purposes. Evidence 

trends were shown on soil random roughness index, PTO power, and fuel 

consumption when subjected to different tillage operations and engine speeds. 
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Kajian ini menerangkan penggunaan kaedah perubahan ruangan dalam mendapatkan 

keperluan tenaga pembajakan bagi operasi-operasi pembajakan bajak piring, 

operasi-operasi pembajakan bajak putar pertama selepas bajak piring serta operasi- 

operasi pembajakan bajak putar kedua selepas bajak putar pertama dan bajak piring. 

Perubahan m g a n  bagi sifht-sifbt permukaan tanah, kecekapan traktor dan jentera 

bajak, dm kualiti pembajakan diukur dengan menggunakan sistem pemetaan yang 

mengandungi sebuah traktor Massey Ferguson 3060 yang dilengkapi dengan sistem 

instrumentasi, sistem perolehan data, 'differential global positioning system 

(DGPS)' dan alat-alat penderia, serta satu unit alat penusuk dan pericih tanah jenis 

sangkut penuh, dan sebuah alat pendigitalan prom permukaan tanah jenis treler bagi 

dua plot ladang. Set-set data bagi sifat-sifat permukaan tanah dan kecekapan traktor 

dan jentersl bajak yang telah dikumpulkan dan dipindahkan ke perisian "ArcView 

GIS" untuk menghasilkan peta-peta permukaan daripada interpolasi ruangan bagi 

analisis-analisis statist& yang seterusnya, Perisian statist& "SAS" digunakan untuk 

menghasilkan analisis-analisis ''uuivariateY', "correlationYY dan "stepwise multiple 

regressiony' bagi membentukkan model-model matematik keperluan tenaga 



pembajakan. Model-model kelajuan traktor, rintangan daya tarikan bajak d m  kadar 

gunaan minyak dari segi pertimbangan kepada parameter-parameter sifat permukaan 

tanah dan kecekapan traktor dan jentera bajak telah berjaya dibentukkan bagi 

operasi-operasi pembajakan bajak piring dan model-model kelajuan traktor, kuasa 

PTO dan kadar gunaan minyak dari segi pertimbangan kepada parameter-parameter 

sifat p m u k a a n  tanah dan kecekapan traktor dan jentera bajak telah berjaya 

dibentukkan bagi operasi-operasi pembajakan bajak putar pertarna selepas bajak 

piring serta operasi-operasi pembajakan bajak putar kedua selepas bajak putar 

pertama dan bajak piring. F'urata bacaan set-set data bagi kandungan air tanah, 

purata ketinggian aras tanah, darjah kegemburan, index kekasaran rawak bagi profil 

permukaan tanah, ralat penderiaan, kuasa PTO dan kadar gunaan minyak yang 

didapatkan daripada operasi-operasi pembajakan bajak putar pertama selepas bajak 

piring serta operasi-operasi pembajakan bajak putar kedua selepas bajak putar 

pertama dan bajak piring juga didokurnentasikan untuk tujuan perbandingan. 

Kesan-kesan yang jelas telah ditunjukkan pada index kekasaran rawak, kuasa PTO 

dan kadar gunaan minyak jika diperhatikan dalam operasi-operasi pembajakan dan 

kelajuan enjin yang berlainan. 



ACKNOWLEDGEMENTS 

This research study was carried out to contribute towards the expansion of the 

knowledge on precision farming. The completion of this thesis would have been 

impossible if not for the assistance and direct involvement of many lund-hearted 

individuals. Much appreciation to all my mentors and I have no way of repaying 

such a debt except to express my sincerest gratitude. 

First and foremost, I am very grateful to my supervisor, Assoc. Prof Dr. Azmi Dato' 

Yahya, for his valuable comments, patience, guidance, and strong support for the 

very enriching and thought-provoking discussions which helped to shape the thesis. 

He was always there to help whenever needed throughout the project. Next, I would 

also like to thank the other two members in my supervisory committee, Prof Ir. Dr. 

Desa Ahmad and Dr. Chan Chee Wan, and three members in my exmination 

committee, Prof Dr. Shrhi K. Upadhyaya, Dr. Rimfiel Janius and Dr. Jamarei 

Othman for the kind contributions, feedback, and comment in the formulation of this 

thesis. 

Acknowledgement is also extended to IRPA for granting the financial support for 

my Masters Degree study. For all the lecturers and staffs of  the Department of 

Biological and Agricultural Engineering, Universiti Putra Malaysia, thanks for 

giving me full commitment and co-operation during the process of doing my 

Masters Degree project. 

vii 



I am also indebted to Dr. A. F. Kheiralla who has given various discussions and 

suggestions which contriiuted a lot towards the formulation of the experiments and 

manuscript. My heartfelt thanks also go to Roshdi Zamri, Wee Beng Sui, Gew Soon 

Kiat, Nar Hai Sin, Darius, Athaur, and Tan Chye Hee and all my fellow friends for 

their sacrifices, encouragement, and generous co-operation throughout my project. 

Thanks are extended to University Agriculture Park (TPU) for granting us the 

permission to conduct the field test in the corn field of Universiti Putra Malaysia. 

I am forever indebted to my beloved family members for their understanding and 

everlasting love and care during the course of my study. 



TABLE OF CONTENTS 

Page 

DEDICATION 
ABSTRACT 
ABSTRAK 
ACKNOWLEDGEMENTS 
APPROVAL 
DECLARATION 
LIST OF TABLES 
LIST OF FIGURES 

CHAPTER 
INTRODUCTION 
1 .I Justification 
1.2 Objectives 

LITERATURE REVIEW 
2.1 Energy Requirements of Tillage Operation 

2.1.1 Draft and Energy Requirements 
2.1.2 PTO Power and Energy Requirements 
Formulation of Models 
2.2.1 Draft Models 
2.2.2 Fuel and PTO Power Models 

MATERIALS AND METHODS 
3.1 Mapping System 

3 .I. 1 Mapping System for Tractor-implement 
Performance 

3.1 -2 Mapping System for Soil Terrain Characteristics 
3.1.3 Mapping System for Tillage Quality 
Tractor Pitch and Roll Angles Transducer 
3.2.1 Calibration Results 
Tillage Depth Transducer 
3.3.1 Calibration Results 
Establishment of Global Positioning System Control Point. 
Field Experiments 
Geographical Information System Analysis 
Statistical Analyses and Models Development 

RESULTS AND DISCUSSIONS 
4.1 Energy Requirements of Disk Plowing Operations 
4.2 Energy Requirements of First Rotary Tilling after 

Disk Plowing Operations 
4.3 Energy Requirements of Second Rotary Tilling after 

First Rotary Tilling and Disk Plowing Operations 
Spatial Variation of Soil Terrain Characteristic 
Parameters 

11 
... 
111 

v 
vii 
ix 
xi 
xiv 
xvi 

xii 



4.5 Spatial Variation of Tractor-implement Performance 
Parameters 

4.6 Tillage Quality of Tillage Operations 

V CONCLUSIONS 

BIBLIOGRAPHY 
APPENDICES 
BIODATA OF THE AUTHOR 



LIST OF TABLES 

Table 

2.1 

Page 

Regression equations for draft of primary tillage in Oklahoma 
soils 23 

Regression equations for draft of the tandem disk, chisel plow, 
and field cultivator on a silty clay loam soil 

ANOVA for pitch angle transducer output voltage 

ANOVA for roll angle transducer output voltage 

Regression analysis for pitch angle transducer output voltage 45 

Regression analysis for roll angle transducer output voltage 

ANOVA for tillage depth transducer output voltage 

Regression analysis for tillage depth transducer output voltage 56 

Surveyed GPS control points 

Descriptive statistics of the generated data set for disk plowing 
operations 75 

Correlation analysis of soil terrain characteristics and 
tractor-implement performame parameters of disk 
plowing operations 

Multiple regression analysis for tractor travel speed of disk 
plowing operations 

Multiple regression analysis for implement draft of disk 
plowing operations 

Multiple regression analysis for tractor fuel consumption of 
disk plowing operations 

Descriptive statistics of the generated data set for first rotary 
tilling after disk plowing operations 

Correlation analysis of soil terrain characteristics and 
tractor-implement performance parameters of first rotary 
tilling after disk plowing operations 

Multiple regression analysis for tractor travel speed of first 
rotary tilling after disk plowing operations 

xiv 



Multiple regression analysis for PTO power of first rotaTy 
tilling after disk plowing operations 

Multiple regression analysis for tractor &el consumption of 
first rotary tilling after disk plowing operations 

Descriptive statistics of the generated data set for second 
rotary tilling after first rotary tilling and disk plowing operations 89 

Correlation analysis of soil terrain characteristics and 
tractor-implement performance parameters of second rotary 
tilling after first rotary tilling and disk plowing operations 

Multiple regression analysis for tractor travel speed of second 
rotary tilling after first rotary tilling and disk plowing operations 91 

Multiple regression analysis for PTO power of second rotary 
tilling after first rotary tilling and disk plowing operations 

Multiple regression analysis for tractor fuel consumption of 
second rotary tilling after first rotary tilling and disk plowing 
operations 

Mean values of soil properties, soil surface profiles, sensing 
error, PTO power, and fuel consumption resulted from first 
and second rotary tilling after disk plow operations at rated 
and reduced engine speed 



LIST OF FIGURES 

Figure 

3.1 

3.2 

3.3 

Page 

33 

3 8 

39 

Configuration of the Mapping System 

Configuration of Tractor Pitch and Roll Angles Transducer 

Calibration Test of Tractor Pitch and Roll Angles Transducer 

Mounting of the Tractor Pitch and Roll Angles Transducer 
inside Tractor Cab 

Calibration Curve for Output Voltage of Pitch Angle Transducer 46 

Calibration Curve for Output Voltage of Roll Angle Transducer 47 

Verification Curve for Measurement Accuracy of Pitch Angle 
Transducer 47 

Verification Curve for Measurement Accuracy of Roll Angle 
Transducer 

Tillage Depth Transducer with Its L-shape Bracket 

Calibration Test of Tillage Depth Transducer 

Mounting of the Tillage Depth Transducer and Its L-Shape 
Bracket on Rockshafi of Tractor 

Tractor and Tillage Implement Geometry Before and Mer 
Disk Plowing Operation 

Calibration Curve for Output Voltage of Tillage Depth 
Transducer 

Verification Curve for Output Voltage of Tillage Depth 
Transducer 

Layout of Sweyed GPS Control Point Locations 

Layout of Test Plots 

Field Test of the Mounted-type Automated Soil 
Penetrometer-shearometer Unit 

Field Test of the Tractor-implement Performance Mapping 
System for Disk Plowing Operation 

xvi 



Field Test of the Tractor-implement Performance Mapping 
System for Rotary Tilling Operation 

Field Test of the Trailed-type Automated Soil Surface Profile 
Digitizer 66 

Spatial Map o f  Soil Penetration Resistance for Disk 
Plowing Operation at Rated Engine Speed 

Spatial Map o f  Soil Shear Stress for Disk Plowing Operation 
at Rated Engine Speed 

Spatial Map o f  Soil Moisture Content for Disk Plowing 
Operation at Rated Engine Speed 

Spatial Map of Soil Penetration Resistance Measurements 
for Disk Plowing Operation at Reduced Engine Speed 

Spatial Map o f  Soil Shear Stress for Disk Plowing Operation 
at Reduced Engine Speed 

Spatial Map of Soil Moisture Content for Disk Plowing 
Operation at Reduced Engine Speed 

Spatial Map o f  Tractor Pitch Angle for Disk Plowing 
Operation at Rated Engine Speed 

Spatial Map o f  Implement Draft for Disk Plowing Operation 
at Rated Engine Speed 

Spatial Map of Tractor Fuel Consumption for Disk Plowing 
Operation at Rated Engine Speed 

Spatial Map of Tractor Travel Speed for Disk Plowing 
Operation at Rated Engine Speed 

Spatial Map of Tractor Wheel Slip for Disk Plowing Operation 
at Rated Engine Speed 103 

Spatial Map of Tractor Wheel Torque for Disk Plowing 
Operation at Rated Engine Speed 

Spatial Map of Tillage Depth for Disk Plow Operation at 
Rated Engine Speed 

Spatial Map of Tractive Efficiency for Disk Plowing Operation 
at Rated Engine Speed 

Spatial Map of Tractor Pitch Angle for First Rotary 
Tilling after Disk Plowing Operation at Rated Engine Speed 

xvii 



Spatial Map of Tractor PTO Torque for First Rotary 
Tilling after Disk Plowing Operation at Rated Engine Speed 

Spatial Map of Tractor Fuel Consumption for First Rotary 
Tilling after Disk Plowing Operation at Rated Engine Speed 

Spatial Map of Tractor Travel Speed for First Rotary 
Tilling after Disk Plowing Operation at Rated Engine Speed 

Spatial Map of Tractor Wheel Slip for First Rotary 
Tilling after Disk Plowing Operation at Rated Engine Speed 

Spatial Map of Tractor Wheel Torque for First Rotary 
Tilling after Disk Plowing Operation at Rated Engine Speed 

Spatial Map of Tillage Depth for First Rotary Tilling after 
Disk Plowing Operation at Rated Engine Speed 

Spatial Map of Tractor Pitch Angle for Second Rotary Tilling 
After First Rotary Tilling and Disk Plowing Operation at Rated 
Engine Speed 

Spatial Map of Tractor PTO Torque for Second Rotary Tilling 
After First Rotary Tilling and Disk Plowing Operation at Rated 
Engine Speed 109 

Spatial Map of Tractor Fuel Consumption for Second Rotary 
Tilling After First Rotary Tilling and Disk Plowing Operation 
at Rated Engine Speed 110 

Spatial Map of Tractor Travel Speed for Second Rotary Tilling 
After First Rotary Tilling and Disk Plowing Operation at 
Rated Engine Speed 

Spatial Map of Tractor Wheel Slip for Second Rotaty Tilling 
After First Rotary Tilling and Disk Plowing Operation at 
Rated Engine Speed 

Spatial Map of Tractor Wheel Torque for Second Rotary 
Tilling After First Rotary Tilling and Disk Plowing Operation 
at Rated Engine Speed 

Spatial Map of Tillage Depth for Second Rotary Tilling 
After First Rotary Tilling and Disk Plowing Operation 
at Rated Engine Speed 

Spatial Map of Tractor Pitch Angle for Disk Plowing 
Operation at Reduced Engine Speed 

xviii 



Spatial Map of Implement Draft for Disk Plowing Operation 
at Reduced Engine Speed 

Spatial Map of Tractor Fuel Consumption for 
Disk Plowing Operation at Reduced Engine Speed 

Spatial Map of Tractor Travel Speed for Disk Plowing 
Operation at Reduced Engine Speed 

Spatial Map of Tractor Wheel Slip for Disk Plowing 
Operation at Reduced Engine Speed 

Spatial Map of Tractor Wheel Torque for Disk Plowing 
Operation at Reduced Engine Speed 

Spatial Map of Tillage Depth for Disk Plowing Operation 
at Reduced Engine Speed 

Spatial Map of Tractive Efficiency for Disk Plowing 
Operation at Reduced Engine Speed 

Spatial Map of Tractor's Pitch Angle for First Rotary Tilling 
after Disk Plowing Operation at Reduced Engine Speed 

Spatial Map of Tractor PTO Torque for First Rotary Tilling 
after Disk Plowing Operation at Reduced Engine Speed 

Spatial Map of Tractor Fuel Consumption for First Rotary 
Tilling after Disk Plowing Operation at Reduced Engine Speed 1 17 

Spatial Map of Tractor Travel Speed for First Rotary 
Tilling after Disk Plowing Operation at Reduced Engine Speed 1 1  8 

Spatial Map of Tractor Wheel Slip for First Rotary 
Tilling after Disk Plowing Operation at Reduced Engine Speed 1 18 

Spatial Map of Tractor Wheel Torque for First Rotary 
Tilling after Disk Plowing Operation at Reduced Engine Speed 1 19 

Spatial Map of Tillage Depth for First Rotary Tilling after 
Disk Plowing Operation at Reduced Engine Speed 

Spatial Map of Tractor Pitch Angle for Second Rotary Tilling 
after First Rotary Tilling and Disk Plowing Operation at 
Reduced Engine Speed 

Spatial Map of Tractor PTO Torque for Second Rotary Tilling 
after First Rotary Tilling and Disk Plowing Operation at 
Reduced Engine Speed 



Spatial Map of Tractor Fuel Consumption for Sewnd Rotary 
Tilling after First Rotary Tilling and Disk Plowing Operation 
at Reduced Engine Speed 

Spatial Map of Tractor Travel Speed for Second Rotary 
Tilling after First Rotary Tilling and Disk Plowing Operation 
at Reduced Engine Speed 

Spatial Map of Tractor Wheel Slip for Second Rotary 
Tilling after First Rotary Tilling and Disk Plowing Operation 
at Reduced Engine Speed 

Spatial Map of Tractor Wheel Torque for Second Rotary 
Tilling after First Rotary Tilling and Disk Plowing Operation 
at Reduced Engine Speed 

Spatial Map of Tillage Depth for Second Rotary Tilling 
after First Rotary Tilling and Disk Plowing Operation 
at Reduced Engine Speed 

DEM Model of Soil Surface Profile Produced by First 
Rotary Tilling after Disk Plowing Operation at Rated 
Engine Speed 

DEM Model of Soil Surface Profile Produced by Second 
Rotary Tilling after First Rotary Tilling and Disk Plowing 
Operation at Rated Engine Speed 

DEM Model of Soil Surface Profile Produced by First 
Rotary Tilling after Disk Plowing Operation at Reduced 
Engine Speed 

DEM Model of Soil Surface Profile ~roduced by Second 
Rotary Tilling after First Rotary Tilling and Disk Plowing 
Operation at Reduced Engine Speed 



CHAPTER I 

INTRODUCTION 

1.1 Justification 

Soil information such as soil quality, soil strength, soil property and so on is an 

important element in daily agricultural activities. For instance, farmers always 

check the soil quality of an agricultural field by means of visual inspection of the 

field or feeling the soil in the hand before any tillage operation is carried out. This 

technique may result in considerable error in determining the extent of tillage 

operation need to be conducted based on the known soil quality. Excessive tillage 

could cause damage in the soil structure and high energy expenses in the operation. 

On the other hand, inadequate tillage may results with regions of poor soil quality 

within the field plot. The existence of uneven soil quality distribution within an area 

could affect the growth of the germinated seeds and ultimately affects its total crop 

yield. 

Much progress has been made in soil and tillage studies, particularly in tillage 

energy requirements, to understand the relationships between soil physical 

parameters and tractor-implement performances for different tillage implements and 

operations, soil conditions and seedbed preparations. For example, researchers had 

successllly developed an agricultural machinery management data in ASAE 

standard D497 which could provide mathematical expressions for draft and power 

requirements for tillage implements in several soil types (ASAE, 2003b). However, 



the draft equation provided by ASAE standard D497 only involve two parameters 

namely tractor travel speed and tillage depth and neglect other possible important 

soil parameters such as soil penetration resistance and soil moisture content and also 

other possible machine parameters such as drive wheel torques, drive wheel 

slippages, and pitch and roll angles. Currently, attempt had been made by 

researchers to quantifjr spatial variability of both soil and machine parameters using 

global positioning system (GPS), data logging system and sensors on board an 

agricultural tractor. This new technology and technique allows high density of 

spatial variability of field parameters to be collected within a considerable time 

period and the collected field parameters are able to be illustrated and analyzed in 

spatial maps basis. McLaughlin and Burtt (2000) carried out a study in spatial 

mapping of tillage energy and reported that draft, fuel consumption, engine speed 

and forward speed were closely related and maps of these four tractor-implement 

performance parameters showed similar patterns. Similar study was also done by 

Sirjacobs et al. (2001) to map the spatial variability of draft force, vertical force and 

moment and correlate them with penetrometry index, gravimetric water content, 

bulk density, cohesion and internal friction angle, simple compression resistance, 

Atterberg limits, granulometry and pF curves. They stated that significant 

relationships were established between a global penetrometry index and the draft 

force and moment solicitations measured by the sensor, and between gravimetric 

water content and the vertical force. Therefore, it is hope that with the recent 

available technology, a study in spatial variability of the field attributes for a 

particular tillage operation using both geographical information system (GIs) and 

statistical analysis methods could be carried out to produce a better soil-tillage 

relationship in a quantitative manner. 



Generally, dry land in Malaysia is defined as a typical agricultural field used for 

vegetable cultivation. Average moisture content in dry basis and annual precipitation 

in this agricultural land are about 20% and 3000mm, respectively. Conventional 

tillage operation practices in preparing a crop seedbed in a Malaysian dry land 

involve disk plowing and rotary tilling operations. Nevertheless, farmers run the 

tillage operation using traditional practices (i e. rotary tillage after disk plowing or 

double rotary tillage after disk plowing) without realizing that excessive tillage 

energy had been applied resulting in the increased of cost and duration of operation. 

Determination of energy requirements of rotary tillage after disk plowing and double 

rotary tillage after disk plowing taking into account the correlation between soil 

physical parameters, tractor-implement performance and tillage quality in a 

scientifically proven study is therefore an interest to researchers. Traditional 

methods under controlled field experiment with the involved tractor-implements 

were time consuming, labourious and could be almost impossible because it 

involves a lot of parameters. Thus to overcome this problem, a precise system that is 

equipped on a tractor, capable of measuring the spatial variability of soil physical 

parameters, tractor-implement performance and tillage quality, and could be used 

practically in field condition is required to  quantify the energy requirements for 

tillage operations. 

The Deparhnent of Biological and Agricultural Engineering, Universiti Putra 

Malaysia has developed a mapping system that consists of a data acquisition system 

and differential global positioning system (DGPS) on board a Massey Ferguson 

3060 tractor for mapping soil terrain characteristics, tractor-implement performances 



and tillage qualities, allowing analyses to  be done on a spatial basis. However, the 

mapping system is not equipped with the terrain slope and tillage depth transducers. 

The measurements of terrain slope and tillage depth were highlighted in the past 

researcher works as the important variables that contribute to the correlation 

relationship among the tractor-implement performance and soil terrain parameters. 

Thus, it is essential to develop these two transducers to the mapping system. This 

research work is conducted to quantify the energy requirements for dry land tillage 

using spatial variability technique. 

1.2 Objectives 

The objectives of the study are as follows: 

I .  To determine the energy requirements of disk plowing operation, single 

rotary tillage after disk plowing operations and double rotary tillage after 

disk plowing operations using spatial variability technique 

2. To evaluate spatial relationships between tillage energy requirements and 

soil terrain characteristics 

3. To determine the tillage quality of a single rotary tillage after disk plowing 

operation and a double rotary tillage after disk plowing operation 


