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ABSTRACT 

Knowledge of uncertainty in tractor performance parameters assists in estimating uncertainty in 

tractive efficiency. Average values of the performance parameters (axle torque, drawbar pull, wheel 

speed, and actual speed) when the tractor was used to pull a load unit on an asphalt surface were used as 

base values in the evaluation of the uncertainty of the tractive efficiency. Average performance 

parameters were 5.28 kN∙m, 2 kN, 5.36 km/h, and 5.22 km/h, respectively, and their standard deviations 

were 0.56 kN∙m, 0.40 kN, 0.03 km/h, and 0.01 km/h, respectively. First order approximation was used to 

quantify the uncertainty in estimated tractive efficiency from the performance parameters of an 

instrumented tractor. A sensitivity analysis was also performed as a part of the uncertainty analysis to 

identify the tractor performance parameter that has the greatest effect on tractive efficiency. All 

parameters significantly affected tractive efficiency and were used in the uncertainty analysis. Actual 

tractor speed contributed approximately 0.05% of the total uncertainty in terms of variance. Tractor wheel 

speed, tractor pull, and axle torque contributed approximately 0.13, 86.60, and 13.22% of the uncertainty, 

respectively. As a result, it is clear that the drawbar pull measuring device should receive more effort to 

refine its outcome, and thus improve the tractive efficiency. 
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1. INTRODUCTION 

Uncertainty associated with tractive efficiency 

estimates is often of critical importance.  The 

numerical values of tractor performance 

parameters measurements are a subject to a certain 

degree of uncertainty due to inherent random 

errors of the measurement system. If a small 

change in a measured parameter results in a 

relatively large change in the outcome, the 

outcome is said to be sensitive to that parameter. 

Sensitivity analysis measures the impact of 

alternate values of uncertain parameters on the 

output response. The parameter to which the 

outcome is most sensitive should be measured 

very accurately to reduce its uncertainty. 

Perret et al. (1997) described and evaluated 

two methods for analyzing uncertainty in 

agricultural system design. The methods were the 

first- and second-order analysis, and the fuzzy 

logic. The two approaches were used to quantify 

the expected variability of the dependent variable 

and its variance for both steady- and non-steady-

state drainage designs. Their results indicated that 

both approaches can provide the designer with an 

indication of reliability of the estimates, a way of 

selecting a design option which meets a specified 

probability of success, as well as a means of 

comparing the relative importance of uncertainty 

in various input parameters. Zhang and Haan 

(1996) evaluated the uncertainty in estimated flow 

and phosphorus loads by a computer model. They 

demonstrated how uncertainty in output from the 

model is assessed based on uncertain knowledge 

about input parameter values. Also, the study 

showed how to identify input parameters that were 

the largest contributors to the uncertainty. 

Al-Hamed (2001) performed a sensitivity 

analysis on the prediction model of tractive 

efficiency for three input parameters: wheel slip, 

dynamic wheel load, and tire deflection. The 

inputs were ranked from the most important to the 

least. Corresponding to the base values (wheel slip 

= 0.10; wheel load = 17 kN; tire deflection = 7 

cm), wheel load had the highest relative 

coefficient of -0.146, whereas wheel slip had the 

lowest relative coefficient of -0.029 because the 

model result was near its maximum value. 

However, the model was highly sensitive to wheel 
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       Table (1): Parameters base values. 

Parameter          Base value  

Axle torque 5.28 kN∙m 

Wheel speed 5.36 km/h 

Drawbar pull 2.00 kN 

Actual speed 5.22 Km/h 

Rolling radius 0.825 m 

 

slip when its values were varied ±0.05 from the 

given base values. 

The tractive efficiency (TE) of a driven tire 

was defined as the ratio of the output power to 

input power (ASABE Standards, 2006). Thus, the 

tractive efficiency is calculated as: 

  

 (1)      

 

 

where 

P   = tractor drawbar pull, N 

Va = actual travel speed, km/h 

Vt = tractor wheel speed, km/h 

r   = rolling radius, m 

T  = axle torque, kN.m 

For the uncertainty analysis, performance 

parameters from an instrumented Massey 

Ferguson (MF) 3090 tractor were used. The 

instrumentation system to measure tractor pull, 

axle torque, actual speed, wheel speed, and other 

performance parameters of the instrumented 

tractor were discussed in Al-Suhaibani et al. 

(1994), Al-Janobi and Al-Suhaibani (1996), and 

Al-Janobi et al. (1997). Knowledge of uncertainty 

in parameter values leads to determination of 

uncertainty in tractive efficiency estimates. 

Investigation of the uncertainty in the parameters 

is needed to decide which input parameters should 

receive more effort to refine their outcomes. 

The objective of this research was to evaluate 

the uncertainty of the estimated tractive efficiency 

of an instrumented tractor. Specifically, the goal 

was to perform sensitivity analysis to rank the  

tractor input parameters based on their 

importance, and then perform uncertainty analysis 

on them to investigate their impact on the tractive 

efficiency estimates. 

 

2. MATERIALS AND METHODS 

2.1. Uncertainty analysis 

Uncertainty associated with tractive efficiency 

estimates is evaluated through the knowledge of 

uncertainty of tractor performance parameters and 

their impact on tractive efficiency.  The input 

parameters of interest as shown in Equation (1) 

are tractor drawbar pull, actual travel speed, 

tractor wheel speed, and axle torque.  The rolling 

radius was not considered in this study, and was 

assumed to have a constant value (0.825 m) for a 

given tire size, inflation pressure, and load. The 

uncertainty evaluation was conducted for certain 

performance parameters of the MF 3090 

instrumented tractor equipped with 18.4R38 single 

rear tires. Average values of the parameters when 

the tractor was used to pull a load unit on an 

asphalt surface were used as base values as shown 

in (Table 1). Tractor wheel slip the was 3%, and 

was less than expected wheel slip at the maximum 

tractive efficiency for the tractor on the given 

surface type. Therefore, tractive efficiency is 

expected to be affected greatly by changes in 

performance parameters. 

 

Sensitivity analysis was needed as a part of the 

uncertainty analysis, and was performed on 

tractive efficiency relative to the input parameters. 

The sensitivity was calculated as the partial 

derivative of the tractive efficiency as a function 

of each input parameter at its specified base value.  

Absolute and relative sensitivity coefficients were 

calculated using the equations of Haan and Zhang 

(1996), and Zhang and Haan (1996), as follows: 

 

         (2) 

 

 

      (3) 

 

where 

S = absolute sensitivity (output units/input units), 

which measures the change in TE per unit 

change in input parameter, pi. 

Sr = relative sensitivity (dimensionless). 

These coefficients can be compared on the 

input parameters and used to rank them in terms 

of sensitivity values. Sensitivity coefficients were 

numerically determined at base values of the 

parameters. Numerical derivatives were used to 

approximate the partial derivatives of Equation 

(2). The numerical partial derivatives were 

obtained from the relationship (Haan and Zhang, 

1996 and Zhang and Haan, 1996) as: 

     

  (4) 

 

 

where the increment of input parameter, Δpi, was 

taken as 10% of each parameter base value.  For 

each input parameter, the sensitivity coefficients 

were calculated for pi ± Δpi, while all other 
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Table (2): Statistical analysis of the input parameters. 

Parameter SD
$
 Var

*
 C.V.

+
 

Axle torque 0.56 0.3106 10.57 

Wheel speed 0.03 0.0011 0.62 

Drawbar pull 0.40 0.1577 19.83 

Actual speed 0.01 0.0002 0.25 
 $ - Standard deviation           * - Variance     + - Coefficient of variation 

parameters were held at their base values. The 

relative sensitivity coefficients identified the most 

sensitive input parameter. 

 

 

The uncertainty analysis was performed on the 

tractive efficiency relative to the input parameters 

using the method of first order analysis to show 

how parameter variability contributes to the output 

variability. Perret et al. (1997) derived the 

theoretical concepts of the first order analysis 

based on known variances of input parameters. 

The uncertainty is quantified in terms of variance 

of the input parameters. The variance of the 

tractive efficiency as a measure of uncertainty is 

the summation of variability contributions of input 

parameters (Haan and Zhang, 1996; Zhang and 

Haan, 1996 and Nam et al., 2009), and is 

expressed as: 

 (5) 

where Si refers to the sensitivity coefficient with 

respect to the i
th
 input parameter, pi. For uncorr-

elated parameters, the covariance in the second 

term equals zero. 

 

3. RESULTS AND DISCUSSION 

An uncertainty analysis was performed on the 

tractive efficiency estimates of the MF 3090 

instrumented tractor equipped with 18.4R38 single 

rear tires operating on an asphalt surface. The 

method of first order approximation was used to 

quantify the uncertainty of the tractive efficiency 

estimates. Therefore, the contribution of each 

input parameter to the variability in estimated 

tractive efficiency was calculated. For the 

determination of uncertainty, variance values of 

input parameters and the absolute sensitivity 

coefficients were necessary. A statistical analysis 

was performed on the input parameters data to 

determine the variances. (Table 2) shows the 

standard deviation values, variance values, and the 

coefficient of variations of the input parameters. 

The fluctuation of the input parameters is shown 

in Figures 1, 2 and 3. 

Traction tests conducted by researchers 

indicated that axle torque increases linearly with 

applied draft. However, lack of correlation among 

performance parameters was expected if a tractor 

was operated at a constant condition. A correlation 

structure among the parameters was estimated, 

and it showed that some parameters were 

correlated, as shown by the correlation matrix 

(Table 3). Correlations greater than 0.260 are 

significant at P < 0.05, and correlations greater 

than 0.323 are significant at P < 0.01. Hence, the 

variance of the tractive efficiency estimates, as a 

measure of uncertainty in Equation (5) is 

applicable. 

The sensitivity of the tractive efficiency 

results, relative to the input parameters, was 

determined simultaneously. All input parameters 

were of equal importance on the sensitivity of the 

tractive efficiency, as shown by the closeness of 

the numerical values of relative sensitivity to one 

another (Table 4). This implies that all inputs 

should receive the same efforts to refine their 

outcomes. Negative signs on sensitivity 

coefficients indicate that tractive efficiency 

decreases with increases in input parameters. 

The uncertainty analysis shows the impact of 

the variability in the input parameters on the 

tractive efficiency estimates. The variance values 

of tractive efficiency corresponding to each input 

parameter were calculated, and are presented in 

(Table 5). Actual tractor speed contributed 

approximately 0.05% of the total uncertainty on 

the tractive efficiency estimates in terms of 

variance. Tractor wheel speed and axle torque 

contributed approximately 0.13 and 13.22% of the 

total uncertainty respectively, whereas the major 

contribution of uncertainty was from the 

parameter tractor drawbar pull with 86.60% of the 

total uncertainty. The variations in wheel speed 

values resulted from the presence of inherent 

random errors in the measuring system as the 

tractor was operated at a constant speed, whereas 

the variations in the other input parameters were 

due to the presence of random errors as well as 

possible variations in soil strength in the field. 

The results of this paper apply to the 

implemented traction parameter measurement 

system. Other systems may have different results. 

However, the methodology applies to any traction 

monitoring system. 

 

4. CONCLUSION 

The uncertainty in estimated tractive efficiency 

of an instrumented MF 3090 tractor was 

evaluated. First order approximation was used to
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Fig. (1): Drawbar pull measurements. 
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 Fig. (2): Axle torque measurements. 
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Fig. (3): Rear wheel and actual speeds.  
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 Table (3): Correlation matrix for the performance parameters. 

 Axle torque Wheel speed Drawbar pull Actual speed 

Axle torque ---- (0.135) (0.008) (0.011) 

Wheel speed -0.173 ---- (0.357) (0.017) 

Drawbar pull 0.301 -0.107 ---- (0.283) 

Actual speed -0.290 0.274 -0.125 ---- 
* Lower left half of the table are Pearson correlation. 

* Upper right half are (P-Value). 

 
Table  (4): Sensitivity coefficients. 

Input Parameter Sensitivity coefficient Relative sensitivity 

Axle torque -0.058 -1.01 

Wheel speed -0.057 -1.01 

Drawbar pull 0.152 1.00 

Actual speed 0.058 1.00 

 

 

 
   Table (5): Uncertainty of tractive efficiency due to performance parameters. 

Parameter Var(TE) Contribution, % 

Axle torque 0.000470 13.22 

Wheel speed 0.000005 0.13 

Drawbar pull 0.003079 86.60 

Actual speed 0.000002 0.05 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

quantify uncertainty in tractive efficiency 

estimates. Sensitivity coefficients and parameter 

variances were used to determine the uncertainty 

of tractive efficiency estimates. The sensitivity of 

tractive efficiency relative to the input parameters 

(tractor drawbar pull, axle torque, actual travel 

speed, and tractor wheel speed) was determined as 

part of the uncertaity evaluation. The sensitivity 

analysis showed that all inputs are of equal 

importance and significantly affected tractive 

efficiency. Actual tractor speed contributed 

approximately 0.05% of the total uncertainty in 

terms of variance. Tractor wheel speed, axle 

torque, and tractor pull contributed approximately 

0.13, 13.22, and 86.60% of the total uncertainty, 

respectively. Thus, acquiring knowledge of these 

parameters has a significant impact on reducing 

the uncertainty in estimated tractive efficiency. 
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تقيين عذم الثقت في كفاءة الشذ الوقذرة هن هتغيراث أداء الجرار الزراعي الوقاست 

 

سعذ بن عبذالرحون الحاهذ 

  كهٍح عهىو الأغزٌح وانضساعح - قسى انهُذسح انضساعٍح

  انًًهكح انعشتٍح انسعىدٌح- انشٌاض - جايعح انًهك سعىد

 

لخص م

ذى اسرخذاو يرىسط قٍى . ذساعذ يعشفح عذو انثقح نًرغٍشاخ أداء انجشاس انضساعً انًقاسح فً حساب عذو انثقح نكفاءج انشذ

عُذ سحة انجشاس  (انعضو عهى يحىس انعجلاخ، وقىج انشذ، وسشعح انعجلاخ، وسشعح انجشاس انفعهٍح)يرغٍشاخ الأداء 

 5.28وكاَد يرىسطاخ يرغٍشاخ الأداء . انضساعً نىحذج ذحًٍم عهى سطح أسفهرً كقٍى أساسٍح نرقٍٍى عذو انثقح نكفاءج انشذ

 0.56وكاَد الاَحشافاخ انًعٍاسٌح . ط، عهى انرىانً/ كى5.22ط، و / كى5.36 كٍهىٍَىذٍ، و 2يرش، و ∙كٍهىٍَىذٍ

ونرحذٌذ عذو انثقح نكفاءج انشذ انًقذسج يٍ . ط، عهى انرىانً/ كى0.01ط، و / كى0.03 كٍهىٍَىذٍ، و 0.40يرش، و ∙كٍهىٍَىذٍ

وذى أٌضا إجشاء ذحهٍم انحساسٍح . يرغٍشاخ الأداء نجشاس صساعً يجهض تأجهضج قٍاط ذى اسرخذاو انرقذٌش رو انذسجح الأونى

وذثٍٍ أٌ جًٍع انًرغٍشاخ ذؤثش . كجضء يٍ ذحهٍم عذو انثقح نرًٍٍض يرغٍش أداء انجشاس انزي نه انرأثٍش الأكثش عهى كفاءج انشذ

٪ يٍ عذو 0.05ساهًد سشعح انجشاس انفعهٍح ذقشٌثا تُسثح . تشكم يهحىظ فً كفاءج انشذ وتانرانً اسرخذيد فً ذحهٍم عذو انثقح

وساهًد سشعح انعجلاخ نهجشاس انضساعً وقىج انشذ وانعضو عهى يحىس انعجلاخ ذقشٌثا تُسثح . انثقح انكهٍح يٍ حٍث انرثاٌٍ

وٌرضح يٍ رنك ضشوسج تزل يضٌذ يٍ الاهرًاو تًقٍاط قىج انشذ . ٪ يٍ عذو انثقح، عهى انرىان13.22ً٪ و 86.60٪ و 0.13

. نرحسٍٍ َرائجه وتانرانً ذحسٍٍ كفاءج انشذ
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