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Highlights 

• Laying the groundwork for AGV mobility models for high slope terrain operations. 
• AGV drawbar pull performance was evaluated on a level terrain, uphill and downhill slopes up to 18˚ on a soil bin.  
• AGV generates the optimum power efficiency with enough drawbar pull to perform a range of agricultural operations on 

uphill and downhill slopes up to 18˚. 
• The study explored the suitability and established the boundary conditions of small size ground vehicles on the high slope 

farming.  
• Generated sloped traction data would empower the multi-AGV system on sloped terrain. 

Abstract. Excessive steepness of grasslands, hills, or uneven terrain presents difficulties for farming with 

large conventional equipment. Therefore, a fleet of Autonomous Ground Vehicles (AGV) is proposed to 

perform primary agricultural operations on high sloped hills or terrain. However, it is imperative to 

understand how an individual AGV functions on sloping terrain under varying load and speed. Hence, 

this study aims to investigate the traction, mobility, and energy consumption characteristics of AGV on a 

sloped soil bin environment. A drawbar pull performance of the prototype AGV was evaluated on a level 

terrain and variable slope of 10˚ and 18˚, both uphill and downhill, at varying drawbar pull (P) and AGV 

speed. The AGV’s performance metrics include power efficiency (PE), travel reduction (TR), and power 

number (PN) which relates to AGV’s traction, mobility, and energy usage, respectively. The AGV 

generated drawbar pull equivalent to its weight only on downhill run for reduced PE. On a level terrain 

(0˚), the peak PE was 0.20 and was found to be 108.3% and 328.6% higher on 10˚ and 18˚ downhill run 

than uphill with 55.5% and 133% increase in drawbar pull, respectively. Both applied drawbar pull and 
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uphill operation caused the AGV’s TR. The TR, corresponding to a peak PE, increased from 10% to 30%, 

respectively, on 0˚ and both 10˚ and 18˚ uphill. The optimum values of power number ranged from 2 to 4. 

The AGV delivers the optimum PE and generates enough drawbar pull with an optimum TR to perform a 

range of agricultural operations on a slope up to 18˚. This study explored the suitability and established 

the boundary conditions of small size ground vehicles for high-sloped farming. Besides this, the study also 

aims to generate an AGV’s slope traction database to optimize its control variables, design optimization, 

and develop a mobility model for sloped terrain.  

Keywords. Power efficiency, travel reduction, drawbar pull, ground vehicle, Multi-AGV fleet, slope. 

INTRODUCTION 
Approximately 97% of our food comes from arable land (Costanza et al., 2015), but arable land 

expansion remains a critical factor in food production growth to feed continuously burgeoning population. 

An additional minimum of 100 million ha of agricultural land use is needed by 2050 to meet the growing 

food demands (Alexandratos and Bruinsma, 2012). However, deforestation and inappropriate agricultural 

practices have already degraded around 2 billion ha of the world’s agricultural land (Pinstrup-Andersen 

and Pandya-Lorch, 1998). Satellite data show a decline in 12% of the global agricultural land from 1981 

to 2003 (Nelleman et al., 2009). Moreover, escalating non-food crops demands raise concerns for having 

sufficient food crop production area (Popp et al., 2014; Searchinger and Heimlich, 2015). For example, 

in 2005, only 1% of biofuel was utilized for transport in the global fuel market; however, by 2050, biofuels 

are projected to increase up to 25% of the global fuel market (BCFN, 2010). In summary, population 

pressure, diminishing prime or good-quality land options (FAO, 2011), higher farm export market prices 

(Robertson and Swinton, 2005), and growing demand of non-food crop production area may create 

incentives to bring marginal land, currently unfit for agriculture, into production (Kendrick, 1983; 

Pimentel et al., 2012; Gerwin et al., 2018). Marginal land, including excessive steepness of grasslands, 
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hills, and uneven terrain (slope > 6˚), is unsafe for large conventional farm equipment. Tractor roll-overs 

are more frequent during farm operations on steep slopes and one of the leading causes of farmer injury 

or death (Myers et al., 2009; Myers and Hendricks, 2010; Vigoroso et al., 2019). Therefore, these steep 

grasslands are typically not suitable for agricultural vehicles (Foley et al., 2011), and are usually used for 

grazing, particularly in the Great Plains, USA (Milchunas, 2006), which are characterized by gently rolling 

hills, steppe, and grasslands (USDA, 2020). The 2011 National Land Cover Database suggested that, 

within the 12 Great Plains states, an estimated 11.6 million ha of plains and grasslands are under shrubs 

or herbs, unprotected, and at a 6˚ to 25˚ slope (Homer et al., 2015). There is a substantial potential to 

profitably increase food production on these steep grasslands and uneven terrains. 

Therefore, a fleet of small autonomous ground vehicles (AGV) is envisioned to perform basic 

agricultural operations on steep slopes, hills, and uneven terrain. Multi-AGV is a fast-growing trend on 

smart farms (Blackmore et al., 2002; Gonzalez-De-Santos et al., 2020) and considered a prime candidate 

for future outdoor farms (Emmi et al., 2014; Gonzalez-de Santos et al., 2017; Gonzalez-De-Santos et al., 

2020). An AGV fleet accomplishes work equivalent to a large machine with reduced soil compaction, 

supports mission coordination and reconfiguration with improved safety (Pitla et al., 2010; Vougioukas, 

2012; Emmi et al., 2013). The AGV can be programmed to perform almost all agricultural operations at 

peak efficiency, ranging from seeding to harvesting (Slaughter et al., 2008; Kondo et al., 2008; Bakker et 

al., 2010; Asimopoulos et al., 2013; Iida et al., 2017; Quaglia et al., 2019). However, it is imperative to 

understand how an individual AGV functions on sloping terrain under varying load and speed conditions, 

especially regarding traction, mobility, and power required. Moreover, the vehicle’s boundary conditions 

must be established before planning a large-scale multi-AGV operation on sloped terrain. 

Off-road vehicle performance varies with vehicle type, configuration, and intended function (Alcock, 

1986; Wong, 2010; Creager et al., 2017). The drawbar pull test has emerged as a valuable tool to 
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characterize off-road vehicle performance, e.g., tractors, cross-country, and space exploration vehicles 

(Creager et al., 2017). During a drawbar pull test, a vehicle must generate sufficient gross traction to 

counteract motion resistance and the applied drawbar pull. On soft soil or uphill run, an increase in 

drawbar pull force results in both increased wheel or track slip and energy losses. The vehicle can be 

immobilized, with sufficient drawbar pull which may restrict the multi-AGV operation on high slope 

terrain. The drawbar pull test measures the vehicle’s total tractive ability, mobility, and energy 

consumption on specified soil conditions (Wong, 2010; Wettergreen et al., 2010). Three popular methods 

reported in the literature for drawbar pull testing of robots or ground vehicles are as follows: 1) testing a 

single traction element (track or wheel) in a soil bin (Ding et al., 2011; Gao et al., 2012; Sutoh et al., 2012; 

Senatore et al., 2013), 2) testing the entire vehicle in a soil bin (Al-Milli et al., 2010; Woodward, 2011; 

Wang et al., 2016) and 3) testing a vehicle in actual application environments (Park et al., 2008; Ray et 

al., 2009). However, testing a single traction element typically does not represent the entire vehicle or 

system performance. Contrastingly, the actual application environment lacks test repeatability due to field 

variation which may introduce error. Moreover, operating a heavy ground vehicle on actual sloping terrain 

may be hazardous to both vehicle and operator during the testing. Hence, testing the entire AGV in a 

controlled soil bin environment seems appropriate. 

In the last several decades, the drawbar pull performance of human-operated tractors, ground vehicles 

and robots has been extensively studied to optimize operational parameters and control variables, either 

on unprepared fields or in controlled soil bin environments (Esch et al., 1990; Molari et al., 2012; Keen 

et al., 2013; Kim et al., 2020). Soil conditions significantly influence the drawbar pull performance of off-

road vehicles. Soil bin facilities have emerged as model laboratories for traction experiments for off-road 

vehicles (Ani et al., 2018). Soil bin facilities helped to evaluate the soil-machine interaction, traction 

element design and performance, and to optimize tractive efficiency for various off-road vehicles under 
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varying soil conditions. In most soil bin studies, the influence of soil properties (moisture content, bulk 

density, soil type, soil strength) on traction elements or vehicle performance has been extensively studied 

(Clark and Liljedahl, 1969; Wood and Burt, 1987; Way and Kishimoto, 2004; Sahu and Raheman, 2006; 

Ani et al., 2018). A soil bin capable of slopes from 0 to 11˚ was developed by Liu et al. (2002). Otherwise, 

no literature is available on varying the soil bin slope and its influence on vehicle performance. 

In this study, a prime function of a prototype AGV is to traverse on level terrain and steep slopes (up to 

20˚) with an adequate drawbar pull and load-carrying capacity to perform basic agricultural operations. 

Therefore, a drawbar pull test was performed on a prototype AGV to investigate the traction, mobility, 

and energy usage characteristics on level terrain and uphill and downhill travel on a variable slope ranging 

up to 20˚ at varying operating drawbar pull and speed. The drawbar pull performance test would quantify 

the AGV’s available reserve power and help establish its performance curves (TOP 2-2-604, 2007). For a 

track vehicle, the test would measure the net traction developed by each track, while ascending and 

descending slopes, with or without additional applied drawbar pull. The magnitude of an additional 

drawbar pull would determine the nature of the agricultural operation (tillage type, seeding, spraying, 

harvesting, etc.) the AGV could perform on sloping terrain. This experimental investigation would be 

fundamental to understanding the limitations and capabilities of the AGV in a sloping environment. This 

study would also explore the suitability and establish the boundary conditions of small size ground 

vehicles for high slope farming. Another goal is to generate an AGV’s traction database, which could be 

utilized to develop vehicle mobility models for highly sloped terrain. These models could predict specific 

dynamic responses, including power efficiency, travel reduction, energy consumption rate from inputs on 

a slope, applied drawbar pull, and vehicle speed. Mobility models could be used to optimize prototype 

design, components in path planning, and control algorithms that optimize multiple objectives including 

energy and time efficiency. The traction database is an important and first step towards developing the 



ASABE Journal Template March 2021   6 

AGV’s mobility models. 

MATERIALS AND METHODS 

EXPERIMENTAL SETUP 
Autonomous Ground Vehicle (AGV) 
A continuous track-type AGV prototype, shown in figure 1, was used in this study. This skid-steer AGV 

was developed at the 2050 Robotics Laboratory (Kansas State University, Manhattan, KS, USA) to 

perform an agricultural operation on steep slopes and uneven terrain. The technical details of the AGV 

and traction element (tracks) are given in table 1. A positive drive sprocket drove each of the two rubber 

belts, which had teeth molded into their inner surfaces. The AGV is compact, so its overall width is less 

than a typical crop row spacing of 0.76 m, and is lightweight (102 kg). Additionally, it is equipped with 

an on-board microcontroller, a reconfigurable input-output device (myRIO, National Instruments, Austin, 

TX, USA) that requires a system-design platform in LabVIEW, proprioceptive sensors such as amperage 

(Analog 20 A Gravity series, dfrobot, Shanghai, China), voltage (30 VDC, Phidgets Inc., Calgary, Canada), 

and a track encoder (Encoder products, Sagle, Idaho, USA). The AGV was powered by a rechargeable 

22.2 V, 13 Ah, and 15 C Lithium Polymer (Li-Po) battery (Venom Power, Rathdrum, Idaho, USA). The 

AGV accommodates the two battery packs and each battery pack includes two batteries connected in a 

parallel configuration which resulted in 26 Ah capacity. The prototype accommodates total two separate 

battery packs with a total amp-hour capacity of 52 Ah and 22.2 V, which is sufficient for at least 4-6 hours 

of continuous operation at standard operating conditions where AGV operates on concrete road without 

drawbar loading. The AGV was teleoperated and connected wirelessly via remote device software to a 

tablet computer (iPad, Apple Inc, Cupertino, CA). 

Table 1. Technical details of the AGV and fitted track 
AGV  Track  

Mass, kg 102 Track style Continuous 

Length, mm 1160 Thickness, mm 5 
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Width, mm 640 Belt width, mm 50 
Height, mm 550 Belt contact length, mm 2410 

Track gauge, mm 500 Diameter of sprockets (front) and idler (rear), mm 126 
Longitudinal CG location from front 

roller axis, mm 400 Sprocket to idler center distance, mm 910 
Longitudinal CG location from rear 

roller axis, mm 700 Lug height, mm 12 
Vertical CG location, mm 200 Lug pitch, mm 55 

Hitch height, mm 200   

 

 
Figure 1. AGV used in the study. 

Soil bin 
An off-road vehicle’s tractive ability is derived from the soil through its traction elements (Gill and 

Vanden Berg, 1967; Wong, 2010). The drawbar pull performance of a vehicle varies greatly with soil 

(Domier and Willans, 1978) and its conditions, i.e, soil moisture (Kim et al., 2019), bulk density and cone 

index (Hayes and Ligon, 1981). A soil bin (5.0 m long × 2.5 m wide × 0.2 m depth), fitted with a hydraulic 

lift attachment was used in the study. It provides an adjustable tilt bed (0˚-20˚) for vehicle testing in 
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horizontal straight runs and sloped runs, including uphill and downhill. The soil bin was filled with silt 

loam soil, and soil characteristics were evaluated in terms of soil bulk density on a dry basis (g/cm3), water 

content (% dry basis), cone index (kPa) and cone index gradient (kPa/mm).  

Instrumentation setup 
An instrumentation setup was established to measure the AGV’s energy consumption, travel reduction, 

applied drawbar pull, and soil bin testbed characteristics. The AGV was equipped with amperage-voltage 

sensors and track encoders to measure its energy consumption and theoretical velocity, respectively. An 

S-type load cell (HT Sensor Technology Co., Ltd, Xi’an, China) with a capacity of 200 kg and ±0.02% 

accuracy was calibrated and used to measure the applied drawbar pull. The track encoder data were used 

to compute the velocity of the AGV track peripheries relative to the chassis i.e., theoretical velocity. A 

towed fifth wheel equipped with a shaft encoder (Encoder products, Sagle, Idaho, USA) was attached to 

the AGV chassis to measure vehicle travel velocity. However, the fifth wheel slipped on the testbed soil 

surface so, this initial fifth wheel was not successful and was replaced with a 3D-printed spool with a 

cotton thread wrapped around its circumference. During the experiments, the thread was tied to the soil 

bin frame. The thread wrapped and unwrapped along the spool circumference with respect to the AGV’s 

position, and the encoder data were recorded. The spool-thread arrangement hereafter referred to as 

Ground Truth Encoder, measured the AGV travel velocity. The myRio microcontroller was accountable 

for AGV operation, data collection, and storage (via USB thumb-drive), and was connected to an iPad 

(tablet computer) via Wi-Fi.  

The cone penetrometer test (CPT) is a test for in situ measurement of soil penetration resistance which 

is an indicator of soil firmness (Cohron et al., 1971; ASAE Standards, 2018). A digital recording cone 

penetrometer (Rimik model: CP40II, Rimik Pvt. Ltd., Toowoomba, Australia) with a cone apex angle of 

30˚ and base area of 323 mm2 (ASABE Standards, 2019) was used to measure cone index (kPa) and cone 

index (CI) gradient (kPa/mm). In addition, a soil bulk density on a dry basis (d.b.) was measured with a 
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bulk density soil sampling kit (AMS Inc., American Falls, Idaho) using cylindrical soil cores 490 mm 

diameter and 100 mm height. Gravimetric water content was determined using a standard oven-dry 

method, with soil samples dried at 105˚C for 24 h. A digital protractor (Mini-MAG, Fowler High Precision, 

Newton, MA, USA) was used to set the desired testbed slope. 

 
Figure 2. Drawbar pull test experimental setup: a) conceptual drawing, b) AGV operating on sloped soil bin. Direction 

of forward travel is from left to right. 

Drawbar loading device 
A rubber resistance band was used to apply drawbar pull to the AGV. The drawbar pull increased as the 

stretching length of the rubber band increased and the magnitude of drawbar pull was not controlled with 

any control system. One end of the resistance band was attached to the soil bin frame and the other to the 

load cell, which was hooked to the AGV’s hitch point, keeping the line of pull parallel to the soil bin 

terrain (fig. 2). A load cell measured the applied drawbar pull. In this study, a ramped-drawbar pull test 

technique (Woodward, 2011; Creager et al., 2017) was implemented. Therefore, a complete range of 
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drawbar pull from zero (AGV self-propelled condition) to the maximum drawbar pull (100% slip) could 

be observed in a single run. The experimental setup for conducting the drawbar pull test is shown in figure 

2. 

EXPERIMENT DESIGN 
Preparation of soil bin 

We strived to minimize variabilities in soil physical properties throughout the experiment. A soil 

preparation method consisting of soil loosening, pulverization, and leveling was employed on each slope 

as mentioned in (Creager et al., 2017). However, repeated vehicle passes were compacting the soil, 

cumulatively increasing the soil bulk density. A 15 tine bow rake (Model: 63141, Razor-Back professional 

tools, Orlando, FL, USA) was used for soil preparation. This steel rake is perfect for loosening or breaking 

up compacted soil and leveling the area. The trafficked soil was loosened and leveled with the rake. 

The ramped- drawbar pull test was conducted on level terrain 0˚(S0) and sloping 10˚ and 18˚ terrain, 

both uphill (S10U and S18U) and downhill (S10D and S18D). The range of AGV actual velocity was 1 to 5 

m/min (table 2). During the experiment, the soil bin slope was first fixed and the AGV was operated at 

each speed. Each experiment was replicated three times, and the independent variables and 

response variables are shown in table 2. During each of the three replicates, the AGV was operated on 

untrafficked soil. The soil bin is 2.5 m wide, and the single-track width is 50 mm, enabling multiple runs 

of the AGV on untrafficked soil. The performance of the AGV was assessed in terms of metrics that relate 

to traction analysis, vehicle mobility-immobility, and energy consumption.  

Table 2. Variables used in the experiment. 
Predictor  

Response Slope 
(º) 

Speed 
(m/min) 

Drawbar pull  
(N) 

0 (S0) 
10 Uphill (S10U) and Downhill (S10D)  
18 Uphill (S18U) and Downhill (S18D) 

1.0  
2.0 
3.0 
4.0 
5.0 

Variable Pull, 
0-1500  

Power efficiency, η 
Travel Reduction, s 
Power Number, PN 
Energy consumption 

Rate, ECR 
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Vehicle traction ratio is the ratio of the drawbar pull (P) to the AGV’s load normal to the tractive surface 

(W). The AGV’s weight includes the vehicle weight and the weight of removable batteries. Traction ratio 

(P/W), allows a dissimilar vehicle weight comparison (Wong, 2010; Creager et al., 2017). Travel reduction 

(s) indicates the reduction in the AGV’s forward progress caused by shear within the soil, slip between 

the track and terrain, and flexing of the track (Wong, 2010; Creager et al., 2017), and is defined as: 

s = 1 − V
Vt

                                          (1) 

where V is the AGV’s actual velocity derived from the ground truth encoder. The theoretical velocity (Vt) 

is the product of track sprocket angular velocity and track rolling radius at the sprocket. The track angular 

velocity is derived from track encoder data. Power loss during the conversion process prevents the AGV 

from converting all electrical power into practical work. Therefore, a power efficiency, η, indicates the 

efficiency of an AGV in transferring the electrical power to an available drawbar power and is defined as: 

η = P × V
𝑃𝑃𝐵𝐵

                                            (2) 

where PB is the power delivered by the battery and P is the drawbar pull. We use “power efficiency” 

and not “tractive efficiency” because ASABE Standards (2013) defines tractive efficiency as the ratio of 

output power to input power for a traction device. The input power for the track is the axle power, which 

is the product of input torque applied to the track sprocket and the sprocket angular velocity. The input 

power which we measured is the electrical power delivered by the battery, which is not axle power and 

some power is lost because the efficiency of the motor and its circuitry in converting electrical power to 

motor output shaft power, is less than 100%. 

 The drawbar pull and vehicle velocity may influence the vehicle’s power efficiency. The optimized 

power efficiency significantly improves the AGV’s field performance (Lyne and Burt, 1989). There is an 

optimum range of drawbar pull or velocity that maximizes the PE. Hence, it is important to optimize 
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power efficiency by selecting the proper values of drawbar pull and velocity. A velocity loss or drawbar 

pull loss results in tractive inefficiency (Zoz and Grisso, 2003). 

Battery capacity restricts the AGV’s continuous operation, which would influence the mission planning 

and impact the overall efficiency of the multi-AGV system. Additionally, the AGV’s speed, drawbar pull, 

and the slope may influence energy consumption. Therefore, it is important to establish the AGV’s power-

energy consumption characteristic curves on level and sloped terrain to optimize energy efficiency. Power 

Number (PN), defined as the ratio of power used to the product of the AGV’s weight and velocity (eq. 3), 

quantifies mobility power cost. It estimates the power required to travel on a specific terrain with an 

external load, and is thus valuable for mission planning (Creager et al., 2017). 

PN = 𝑃𝑃𝐵𝐵
W × V

                                        (3) 

An energy consumption rate (ECR) is a distance-specific energy consumption expressed in Wh/km for 

electric vehicles derived from the PN. The ECR calculates the energy required (Wh) to travel one km 

distance (Freitag et al., 1970; Freitag et al., 1972) and is defined with equation 4. ECR measures the 

relative efficiency of the AGV while operating under different conditions, i.e., slope climbing or level 

terrain (Rooke, 2020). 

ECR = PN × W
3.6

                                        (4) 

EXPERIMENTAL CONDITIONS 
Drawbar pull test procedure 

Initially, the testbed slope was fixed, and the AGV was teleoperated at the desired speed (table 2). As 

the AGV moves on a testbed, the resistance band ramps up the P from zero to the maximum P until the 

AGV immobilizes i.e. 100% slip condition. This ramped- drawbar pull test technique permits a full P 

versus power efficiency (η) curve, P versus travel reduction, and P versus power number to be completed 

in a single run. Each experiment was replicated three times before proceeding to the next (table 2). 
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Data collection and analysis 
Before conducting the drawbar pull test, the testbed condition was measured, and the mean values were 

reported (table 3). The soil cone index (CI) was recorded for the 0-150 mm depth range at eight randomly 

selected locations on the testbed as per the ASAE standards (ASAE Standards, 2019). The CI gradient 

(kPa/mm) was computed from available data, which describes the soil’s penetration resistance per unit 

depth (Creager et al., 2017). Six soil cores for bulk density and water content were taken randomly on the 

testbed. During the drawbar pull test, data from the load cell, each track encoder, the ground-truth encoder, 

and the amperage-voltage sensors were recorded by a microcontroller (myRio) device at a frequency of 

10 Hz. The response variables, power efficiency, and power number were calculated from the recorded 

sensor data (i.e., load cell and amperage-voltage sensors). The travel reduction was determined by 

comparing the theoretical velocity (Vt) to the actual velocity (V) (eq. 1). A multiple comparison procedure 

(Least significant difference, LSD) was used to analyze the testbed soil characteristics to ascertain if a 

significant difference existed among the soil properties CI, bulk density, and water content on the S0, S10 

and S18 terrain. The testbed slope with its S0, S10 and S18 terrain conditions did not significantly affect CI, 

CI gradient, or water content. Testbed slope did significantly affect soil bulk density (P=0.02). A MATLAB 

program (Software version - R2018a, MathWorks, Natick, MA, USA) was used to generate a contour plot 

of dependent variables including power efficiency, travel reduction, and power number as a function of 

P/W and the AGV’s speed. 

Table 3:  Testbed soil conditions and properties. 
Testbed slope Cone Index 

(kPa) [a] 
CI gradient 
(kPa/mm) 

Water content 
(% db) 

Bulk density 
(g/cm3) 

0 (S0) 493.3 ± 92.3[a] 2.5 ± 0.5 [a] 17.2 ± 4.0 [a] 1.5 ± 0.1[a], [b] 
10 (S10) 464.4 ± 97.6 [a] 2.4 ± 0.5 [a] 18.8 ± 5.7 [a] 1.4± 0.1 [a] 
18(S18) 461.5 ± 59.8 [a] 2.4 ± 0.3[a] 18.5 ± 1.8 [a] 1.6 ± 0.04 [b] 
P-value 0.59 0.73 0.77 0.02 

[a] Within each column, mean values with the same letter are not significantly different at P=0.05 (LSD test). 
      Soil properties are recorded for the 0-150 mm depth range. 
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RESULTS AND DISCUSSION 

TRACTION PERFORMANCE 
The traction performance of the AGV on both level terrain (S0) and sloping (S10 and S18) terrain was 

expressed in terms of power efficiency and travel reduction as a function of P/W and the AGV’s speed, 

are shown in figures 3 and 4, respectively. A general shape of the PE performance curve shows that PE 

increased as P/W increased, reaching the peak and maintaining it for a small range of P/W, as illustrated 

in figure 3. After reaching the peak, PE starts to decline with further increase in P/W while the travel 

reduction rapidly increases after hitting the maximum P/W value, eventually immobilizing the AGV when 

track slip reached 100% (fig. 4). The PE contour plot depicts an efficient zone of operation, indicating that 

the maximum desirable driving condition is at the P/W and speed setting, where travel reduction is at a 

minimum and PE is at the peak. The efficient zone of the AGV operation, on a level terrain (S0), was 

observed at ≥3 m/min speed and 0.50-0.60 P/W range, where PE was 0.20, and travel reduction was 0.10 

(fig. 3 and table 4). 

Table 4: Tractive performance of AGV on sloped terrain. 
   Slope condition   

 S0 S10D S18D S10U S18U 

ηmax 0.20 0.25 0.30 0.12 0.07 

P/W at ηmax 0.55 0.70 0.70 0.45 0.30 
TR at ηmax 0.10 0.10 0.10 0.20-0.30 0.20-0.30 
PN at ηmax 2-3 3 3 4-7 4-7 

Efficient zone 0.50-0.60 P/W 0.50-0.70 P/W 0.50-0.70 P/W 0.35-0.55 P/W 0.25-0.35 P/W 
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Figure 3. Power efficiency, η, as a function of vehicle speed and traction ratio, P/W, for AGV traveling on level 
surface, downhill slope, and uphill slope. 

The AGV is capable of generating drawbar pull equal to its weight, traction ratio of 1, at the cost of 
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reduced PE which was observed only on the downhill operation η ≤0.5 and η≈0.10 on S10D, and S18D, 

respectively (fig. 3). However, the peak PE observed on S0, S10D , and S18D was 0.20, 0.25 and 0.30 at 0.55, 

0.70, and 0.70 P/W, respectively, illustrating that the maximum PE and the maximum P/W cannot be 

achieved simultaneously (Garber, 1985). On the other hand, the AGV is unable to generate a drawbar pull 

equivalent to its weight on the level surface and uphill operation. The maximum P/W was 0.80 for S0, 0.60 

for S10U, and 0.35 for S18U (fig. 3). 
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Figure 4. Travel reduction, s (decimal), as a function of vehicle speed and traction ratio, P/W, for AGV travelling on 
level surface, downhill slope, and uphill slope. 

On a level terrain (S0), the AGV’s peak PE was 0.20, observed at 0.50-0.60 P/W range and ≥3 m/min 
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speed with a travel reduction of around 0.10. However, AGV’s downhill operation (10 to 18˚) shows a 

significant increase in peak PE with a slight increase in P/W. The peak PE increased by 25% and 50% on 

slopes 10˚ (S10D) and 18˚(S18D), respectively, compared to 0˚(S0) with a slight increase in P/W from 0.55 

to 0.70 (fig. 3). The maximum recorded PE was 0.30, observed on 18˚(S18D) at a 0.50-0.70 P/W range and 

≥ 3 m/min speed with travel reduction ranging between 0.10 and 0.20. However, the AGV’s uphill slope 

(0-18˚) operation shows a significant PE decline. The peak PE decreases from 0.20 to 0.12 to 0.7, on 

0˚(S0), 10˚(S10U), and 18˚(S18U), respectively, with a subsequent decline in P/W from 0.55 to 0.45 to 0.30 

P/W, respectively (fig. 3). Peak PE decreased by 30% and 65% on slope 10˚(S10U) and 18˚(S18U), 

respectively, compared to 0˚(S0). This decrease in peak PE could be explained by an increase in the travel 

reduction from 0.10 to 0.30 on 0˚(S0) and on both 10 and 18˚ (S10U and S18U), respectively (table 4 and 

fig. 4). Operating the AGV at speed ≤ 2m/min was less efficient for the PE than speed ≥ 3m/min, except 

on S18U. 

The AGV on 10˚ slope results in the peak PE of 0.25 at 0.70 P/W and 0.12 at 0.45 P/W on S10D and 

S10U, respectively (fig. 3). This AGV’s downhill operation generates 108.3% higher PE than the uphill 

operation with a 55.5% increase in P/W. Similarly, on the 18˚ slope, peak PE was 0.30 at 0.70 P/W and 

0.07 at 0.30 P/W on S18D and S18U, respectively (fig. 3). This AGV’s downhill operation generates 328.6% 

higher PE than the uphill operation with a 133% increase in P/W. The uphill operation shows a 

significantly lower PE and P/W than a downhill operation, which could be explained by the increase in 

travel reduction from 0.10 to 0.30 (fig. 4). In other words, there was a 200% increase in travel reduction 

for both 10˚ and 18˚ compared to 0˚ slope (table 4). The fact that AGV operation is more efficient on a 

downhill than an uphill slope may sound trivial, but these generated data will be a prerequisite to develop 

or train mobility models on a sloping terrain environment. 

The phenomenon of increase in PE with downhill slope, and decreases in PE with uphill slope is 
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explained by the AGV’s free body diagram on an inclined plane (fig. 5). The gravity force (fg) on an incline 

is resolved into two force components: parallel (f//) and perpendicular (f⊥). On a level terrain (θ = 0), f// 

becomes zero and f⊥ is at the maximum, balancing the normal force (fn) and gravity force (fg). As slope 

angle (θ) increases from 0˚ to 18˚, the magnitude of f// increases, and f⊥ decreases. Thus, f⊥ directed 

opposite to fn, keeping the balance. However, the unbalanced f// increases the net force acting on the AGV. 

The presence of unbalanced f// (gravity force component) increases with slope angle (θ). The f// causes the 

AGV to accelerate down the incline. There was greater gravity-induced acceleration of the AGV with a 

greater slope angle, resulting in higher PE for S18D compared to S10D. The presence of motion resistance 

would oppose the AGV gravity-induced acceleration. However, this resulting acceleration becomes 

negative in the case of an uphill operation, pulling the AGV downslope, subsequently increasing the travel 

reduction and reducing the PE for both S10U and S18U (fig. 3 and fig. 4). The AGV’s weight transfer and 

its effect on the track-soil contact pressure distribution may also help explain the AGV’s behavior on 

sloping terrain, but this is not within the scope of the study. 

 
Figure 5. Free body diagram explaining the forces acting on AGV, on a slope. 

Any drawbar pull exerted to the AGV’s hitch point will produce the AGV’s travel reduction, due to a 

track-soil slip and losses within traction elements. Figure 4 indicates the range of P/W that delivers the 

optimum travel reduction (0.10-0.20) and maximum achievable P/W, the AGV can operate before 

becoming immobilized (s = 100%). The AGV maintains the optimum travel reduction ≤0.20 for a wide 
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range of P/W before reaching the limiting P/W (i.e., maximum value of P/W) that rapidly increases the 

travel reduction. The limiting P/W was observed to vary with the slope angle and was 0.60, 0.80, and 0.80 

on S0, S10D and S18D, respectively (fig. 5). On S0, TR less than 10% was observed for a traction ratio of 

0.55-0.60, and after that, TR increases monotonically as the vehicle traction ratio increases (figure 4). A 

similar trend was observed in Zoz and Grisso (2003) for large agricultural tractors, where TR of less than 

10% was observed for a traction ratio of 0.50, and after that, TR increases as the vehicle traction ratio 

increases. These small AGV’ traction performance was in good agreement with big agricultural tractors 

traction performance results reported in Zoz and Grisso (2003). However, on the uphill slope, a gravity-

induced acceleration (f//) applies a downslope pulling force to the AGV, increasing travel reduction from 

0.10 to 0.30, respectively, on S0 and both S10U and S18U. Crossing the limiting P/W on an uphill slope does 

not immobilize the AGV, but pulls the AGV in the direction of the drawbar pull vector. This uncontrolled 

rapid slide may result in a collision either with an adjacent operating AGV in multi-AGV systems. The 

AGV was unable to generate substantial PE with applied drawbar pull on S18U, which may restrict the 

nature of the agricultural operation the AGV could perform on uphill slope greater than 18˚. 

MOBILITY ENERGY CONSUMPTION 

An AGV operating on sloping terrain at a minimum energy consumption is desirable. The mobility 

energy consumption of the AGV on level terrain (S0) and sloping (S10 and S18) terrain was expressed in 

terms of power number, as a function of P/W and the AGV’s speed, as shown in figure 6. The higher the 

power number the higher the energy consumption. The general shape of power number curves indicates 

that an increase in P/W increases the power number (fig. 6). The P/W influence the travel reduction and 

PN, which further influence the AGV mobility cost. The PN is less than 4 as long as the AGV’s travel 

reduction is around 10% and it increases to a higher value before approaching infinity as travel reduction 

increases to 100%. The contour plots in Fig. 6 depict a maximum PN of 20. A PN values of infinity 
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corresponds to 100% travel reduction because the vehicle would be expending all its energy as its tracks 

would be spinning in its place, thereby increasing the cost of mobility.  

The contour plots reveal the boundary conditions of PN corresponding to P on a slope taken under the 

study. The downhill operation shows a slightly lower PN than the uphill operation, with an increased P/W. 

The PN corresponding to the peak PE is summarized in table 4. The developed PN versus P/W chart for 

each slope can be used to estimate the power required to travel on a specific terrain with drawbar load. 

Hence, this is very useful for mission planning of multi-AGV systems on various terrains. 

The ECR computes the AGV’s energy expenditure and battery replacement frequency from the 

available power number data. The ECR at peak PE was calculated with the corresponding power number, 

and it was 1.0 kWh/km (PN= 3) on S0, S10D and S18D, and 2.0 kWh/km (PN= 6) on S10U and S18U.  
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Figure 6. Power number, PN, as a function of vehicle speed and traction ratio, P/W, for AGV travelling on level 
surface, downhill slope, and uphill slope. 
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APPLICATION OF TRACTION DATABASE 
The study also aimed to generate an AGV’s traction-mobility database and characteristic curves on level 

terrain and variable slopes from -20˚ to 20˚ at varying operating drawbar pull and speeds. During the 

experiment, an efficient zone of AGV operation (maximum PE for a given set of P/W and speed) was 

found to shift with the slope angle and direction of travel (uphill and downhill). To maximize the AGV’s 

performance, it is important to monitor the shifting efficient zone for each slope angle and direction. 

Applying P/W beyond the limiting value immobilized the AGV, resulting in 100% travel reduction. 

However, the optimum range of P/W gives the minimum travel reduction and would decide the nature of 

the agricultural operation the AGV could perform on a slope. Moreover, peak PE and peak P/W cannot be 

achieved simultaneously; thus, it is necessary to prioritize between peak PE or peak P/W, depending upon 

the agricultural operation. The AGV was unable to generate significant PE with applied drawbar pull on 

an uphill slope (18˚), eventually causing the AGV to slide in the direction of the drawbar pull vector, which 

could jeopardize the operation of the entire multi-AGV system. The AGV’s operational variables, such as 

speed and P/W need to be optimized to maximize the AGV’s performance on sloping terrain. To make all 

these decisions in a dynamic environment, there needs to be a centralized routing algorithm. The data on 

PE and travel reduction could be utilized to develop a central decision-making algorithm, which generates 

vehicle mobility, design, safety, and route-optimization models for highly sloped soil terrain. The power 

number data would be used for mission planning, energy optimization, battery swapping frequency, and 

path optimization models since, for a given P/W, the cost of going uphill is greater than the cost of going 

downhill. This would assist in achieving an efficiently powered multi-AGV system. Also, before the 

AGV’s actual field operation, computer simulations can be performed on a digital terrain model for the 

desired slope to check and predict the AGV’s application feasibility and go-no-go situation. The developed 

centralized algorithm or models generated from a traction database in a controlled laboratory environment 

can be extended to a sloping environment. These models would predict specific dynamic responses, 
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including PE, travel reduction, and power numbers from inputs including duty cycle, P/W, terrain slope, 

and soil characteristics (fig. 7). 

Figure 7. Traction data application for proposed multi-AGV system. 

CONCLUSIONS 
A prototype AGV’s tractive performance was evaluated on a level terrain and variable slope up to 18˚ 

(both uphill and downhill) at varying drawbar pull and operating speed conditions on a soil bin. The 

performance was expressed in power efficiency, travel reduction, power number and energy consumption 

rate. From the observed data, the following conclusions can be drawn. 

• The AGV generates a drawbar pull equivalent to own weight (P/W = 1) at the cost of reduced PE 

only on downhill slope. Maximum PE and maximum P/W cannot be achieved simultaneously. 

However, the AGV on the uphill slope resulted in significantly lower P/W and the maximum value 

of 0.6 and 0.4 P/W was observed on 10˚ and 18˚ uphill, respectively. 

• Power efficiency increases with an increase in the downhill slope angle with a slight increase in 

P/W and is significantly higher for downhill than uphill operations for the same slope angle but 

with a significant increase in drawbar pull. Power efficiency increased by 25% and 50% on 10˚ 

and 18˚ downhill slopes, respectively compared to 0˚. Power efficiency was 108.3% and 328.6% 
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higher on the downhill than uphill run with a 55.5% and a 133% increase in P/W, on 10˚ and 18˚ 

slopes, respectively. 

• Travel reduction is a major source of power loss caused by applying drawbar pull. However, the 

AGV maintains the optimum TR ≤ 20% for a wide range of P/W before reaching the limiting P/W 

0.60, 0.80, and 0.80 on 0˚, 10˚ and 18˚ downhill slopes, respectively. 

• The optimum values of power number ranged from 2 to 4. The ECR, at maximum PE, ranged 

from 1.0 kWh/km to 2.0 kWh/km. 

In summary, the AGV delivered optimum power efficiency and generated enough drawbar pull with 

optimum travel reduction and power number. This study found that the prototype AGV can successfully 

operate on slopes up to 18˚, so with high sloped terrain or hills could be farmed with the proposed multi-

AGV system. Nevertheless, a multi-AGV system serving on high sloped terrain needs a robust and 

efficient decision-making algorithm to predict and optimize the AGV’s operating parameters on various 

terrains. 
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