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Abstract

The article considers the sequence of justifying calculations of rational parameters and operating modes of a machine-tractor aggregate using a mathematical probability model which describes the functioning process of MTA as a system “soil - agricultural machine - vehicle - transmission - engine” with an unsettled character of external influences.

The basic data for the simulation are probability characteristics of draft resistance of the operating machine received by means of the method of test dynamometry in the course of field tests of the aggregate. The usage of the main theoretical issues of the probability model, which describes the functioning process of machine-tractor aggregate as a system “soil - agricultural machine - vehicle - transmission - engine”, for the substantiation of structures and operating modes of machine-tractor aggregates, based on the processing of experimental data, allows to estimate with a high degree of believability the outcome performance indicators of aggregates according to the set effectiveness criteria and to forecast their technical and economical results.
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Within the conditions of modern agricultural industry, one of the basic requirements applicable to agricultural machine-tractor aggregates (MTA) is the increase of its productivity. The increase of coverage of high-potential agricultural machines and implements as well as the increase of process motion speed results in the growth of energy requirement and a subsequent growth of single capacity of power units aggregated together with them; this requires the elaboration of scientifically based recommendations concerning a rational completing of MTAs, the composition choice, and load and speed operating modes.
In the conditions of exploitation, a machine-tractor aggregate is exposed to many internal and external influences, of which many are coincidental. This is why it is appropriate to use the methods of mathematical modeling based on the theory of probability in order to describe the functioning process and to determine outcome measures of an aggregate.

The objective of this study is the determination of rational exploitation parameters and operating modes of agricultural MTAs as exemplified by a cultivation and sowing unit “Kuzbass-T” in respect to certain natural and industrial conditions of its exploitation.
The goal were achieved by means of solving of the following basic tasks:

1. To substantiate the method of analytical simulation of the functioning process of a machine-tractor aggregate, and to determine basic estimated figures characterizing the influence of external factors on it.

2. Subsequent to the results of field trials of MTA, to find out the influence of operating motion speed on the draft resistance and its statistical characteristics.

3. Based on this experimental research, using fundamental principles of a theoretical functioning model of MTA, to determine its rational composition, speed and load operating modes, and to estimate outcome exploitation measures.

In order to deduce outcome measures of a tractor and of the aggregate in whole based on the probabilistic characteristics of draft resistance of a working mechanism, a discrete mathematical model is used [1, 8]. The elaborated probabilistic mathematical model describing the functioning process of a machine-tractor aggregate as a system “soil - agricultural machine - vehicle - transmission - engine” (hereinafter referred to as “S-M-V-T-E”) makes it possible to estimate agronomic, energy and technical and economic factors of combined sowing and cultivation units with external influences of an unsettled character [1, 5, 6, 8].

In the model, an admission was made that the realization of the mentioned draft resistance of the aggregate (on a separate field as well as within the borders of a complex of fields of administrative division or a certain natural and climatic zone — “a plurality of fields”) can be considered as a stationary and ergodic coincidental process. Statistical factors of input parameters and outcome measures are defined for a separate field as well as within the scope of ”a plurality of fields” [1, 8].
Based on the research findings [8], the main estimated figures characterizing the change of external influences on the system “S-M-V-T-E” are: mathematical expectation of reduced specific draft resistance of the aggregate  M(k0), coefficient of variation ν(k0), and proportionality coefficient  ε0  that describes the increment of aggregate's draft resistance with the increase of the process speed in relation to the redu ced speed as well as depending on the parameters of work tools of machines and operating conditions.

Possible values of the reduced specific draft resistance of the unit when working on a separate field (or in “a plurality of fields”) are limited in the model by admissible (tolerable) limits
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  are respectively the coefficient of variation, the minimal and the maximal values of the average reduced specific draft resistance of a unit on a plurality of fields, kN;  


 ,   at the stated confidence coefficient 

 and the proportion of character 

.

The deduced range is divided in  n  intervals, for each of which limit values (minimal and maximal) as well as an average value [image: image24.png]


 are determined [8].
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The probability of the random value 

 meeting the range of interval i equals to the increment of the function of frequency distribution on the interval
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 is the function of centered and normalized normal distribution of the reduced draft resistance of the unit (integral Laplace function)
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where 

 is the argument
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The probability of performance of the aggregate and the identification of its exploitation parameters within the limits of load  interval  i(j) can be defined on the base of trajectory 

 and time 
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. The interrelation between these probabilities in discrete form is defined by the equations
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 is the process speed of aggregate's movement with the load within the limits of interval  i,  m/s.

Modern wide-cut sowing units are equipped with tanks of large volume, and the change of their weight connected with the consumption of process material in the course of aggregate's operation has a significant influence on its outcome measures. Thus, when calculating a combined sowing unit with a bunker of an autonomous self-sowing system (ABC), one must take into account not only the regularity of change of draft resistance of sowing implement, but also of bunker weight [5-7].
The overall draft resistance of a sowing unit is combined from the draft resistance of the cultivation and sowing implement as well as from the resisting force to the overrolling of the bunker with process material. The weight of the bunker constitutes a sum of two values: a constant value - the weight of the bunker itself 

, and a variable - the weight of process material 

 which in the course of aggregate's operation changes within limits of 

. Thus, the bunker weight changes in the process of exploitation from 

 to 

 [5-7].

In accordance with the defined uniform distribution law of bunker weight in the course of aggregate's operation, its statistical expectation shall equal to the following (in kN)
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When choosing a reasonable structure and operating modes of an aggregate, the values of the main input factor - the draft resistance of aggregate 

 - must be in the borders conditioned by the criterion of agronomic influence on the soil, i.e. allowable slipping of vehicles, the requirements of the technology - operating speed, as well as performance specifications of the tractor - an allowable charge on its draft [5, 8].

A minimal useful swath width of aggregate [image: image59.png]


 is defined based on the possibility of its work in the limits of the whole range of value variation of the reduced draft resistance 

 in compliance with all set limits.
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where 

 is the maximum allowable reduced draft resistance of the aggregate (drag force of the tractor) according to the set limits, kN.

Based on the average value of the reduced draft resistance in every interval i(j), the average values of outcome measures of the tractor and the aggregate are defined [5, 8].
The reduced draft resistance of the aggregate equals to the following (in kN)
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where 

 is the coefficient of resistance to bunker ABC wheels rolling.

Effective draft resistance of the aggregate, kN
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Operating speed of the aggregate, m/s
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Thrust power, kW
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where 

 is the nominal power of tractor engine, kW; 

 
 is the coefficient of use of the nominal power of tractor engine.

Traction efficiency coefficient of the tractor
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where 

 is the efficiency factor of mechanical loss in tractor transmission.

- efficiency factor of loss by tractor rolling
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- efficiency factor of loss by slipping of vehicles of the tractor
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The resistance force to the tractor rolling, kN
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where 
 [image: image82.wmf]ТР
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, 
 are the service weight of the tractor and the coefficient of rolling resistance of its wheels.

The slipping of tractor propellers, %
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where 
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 are coefficients of the function that approximates the contour of propeller slipping within the frames of tractor draw test.
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 , 
The equation system (10)-(18) cannot be solved through elementary functions, that is why iteration methods are used for its solving [1, 9].

The rest of the operational characteristics and technical-and-economic indexes are determined from the following formulas:

- unit capacity for an hour of basic time, ha/h
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- specific draft fuel consumption, g/kW·h
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- fuel consumption for a hectare during the time of basic work, kg/ha

	
[image: image94.wmf]чi

Тi

wi

W

G

g

=


	(23)


where 

 is the fuel consumption for an hour of basic time, kg/h.
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where 

 is the nominal value of hourly fuel consumption during a course of aggregate work, kg/h;  
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 is the operating factor of the rated fuel consumption of tractor engine.

The tests [8] performed by the researchers of Altai State Agricultural University showed highly significant regression dependences of operating factors of rated values of capacity and hourly fuel consumption of tractor engine depending on its specifications and aggregate exploitation conditions.
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where 

 is an average value of the ratio of geometric progression of the main gear range of the tractor; 
 
 and 

 are respectively the coefficients of proportionality (s2/m2) and variations of the reduced draft resistance of the aggregate.
As the result of calculations, outcome measures come out in the form of discrete distribution laws (statistical array) represented by the reference values of the parameter for each interval 

 and corresponding variations 

 which are determined based on the trajectory or time [5, 8].

Numerical characteristics of outcome measures of the tractor and the aggregate on a separate field (on a “plurality of fields”) are determined from the following formulas
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where 
[image: image118.wmf]x



,  are respectively a discrete random value and the functionality of the outcome measure [image: image121.png]
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For the purpose of gathering benchmark data to solve the tasks of optimization of the structure and the operating modes of the aggregate, as exemplified by a combined sowing unit PK-12.2 “Kuzbass-T”, there were field trials of the aggregate Case IH Stieger STX-435+PK-12.2 “Kuzbass-T” performed on the fields of the company “Peasant farm enterprise Kupriianov A.A.” in Tisul district of Kemerovo region.

The test program included a dynamometer test of the machine-tractor aggregate with the definition of statistical characteristics of its draft resistance [4]. One of research goals was to estimate the influence of the working movement speed of the sowing unit on the statistics of changing of its draft resistance when working on a separate field, as well as the confirmation of basic theoretical issues formulated on the basis of a model of a machine-tractor aggregate as a system “S-M-V-T-E” [4].
The tests were held in the following conditions: agricultural background - stubble cereals field with normal amount of moisture, fall cultivation - none, soil type and texture - dark-grey forest middle-clay-loam soil, average length of furrow - 793.7 m, depth of seeding - 4 cm, depth of fertilizer application - 7 cm [2].

The experiments were implemented in the form of separate block designs, where the operating movement speed of the aggregate was considered as a varying factor.

The processing of experimental data allowed to receive a highly significant equation of connection between an average draft power on the tractor hook (draft resistance of the aggregate) ([image: image125.png]


, kN) and the operating movement speed ([image: image127.png]


, m/s) (figure 1)
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Figure 1. The dependence of an average operating movement speed on the draft

resistance of aggregate Case IH Stieger STX-435+PK-12.2 “Kuzbass-T”

After the rearrangement of the equation for an average specific draft resistance of an aggregate (

, kN/m), we have the following dependence
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Based on the deduced equations of regression, we define the proportionality factor 

 and specific draft resistance of the aggregate 

 reduced to the reference velocity (

), as well as the descriptive statistics of their change (table 1).

In order to define the influence of exploitation conditions of the sowing unit on its energy indicators, in the course of tests, the characteristics of draft resistance of the bunker ABC of sowing unit were separately defined. As a part of the sowing unit, a three-section semi-integral bunker of an autonomous self-sow system ABC П-250 had been used of the overall volume 13,8 m3. The tests were held on two agricultural backgrounds: on a stubble corn field and on a cultivated field.

Table 1. Descriptive statistics of reduced energy indicators of the aggregate Case IH Stieger STX-435+PK-12.2 “Kuzbass-T”

	Range  n 
	 M(P0),  kN
	 M(k0),  kN/m
	σ(k0), kN
	ν(k0),  %
	ε0,s2/m2

	27
	41,85
	3,43
	0,45
	9,01
	0,095


In order to avoid the influence of the weight dynamics of the bunker ABC on the draft resistance of the sowing unit, during the tests, the bunker had not been loaded with process material.
Based on the results of dynamometric tests of the bunker of the sowing unit, average values of its energy indicators as well as the characteristic of the agricultural background have been indicated via the coefficient of resistance to the rolling of aggregate wheels [image: image142.png]


 (tractor and bunker ABC) (table 2).

The descriptive statistics of work energy indicators of the bunker ABC П-250 are represented in table 2.

Table 2. Descriptive statistics of work energy indicators of the bunker ABC П-250 and the characteristic of agricultural background
	Type of agricultural background
	Range n
	M(P0), kN
	σ(Рб), kN
	ν(Р0), %
	f

	Stubble corn field
	9
	3.77
	0.51
	13.6
	0.082

	Cultivated field
	5
	4.79
	0.58
	12.1
	0.105


As far as, based on the results of research [5-7], no dependence was established between the draft resistance of bunker ABC of the sowing unit and its moving speed, the reduced values of energy indicators had not been defined in this case.

The definition of average energy indicators of bunker ABC П-250 (table 3) allowed to estimate analogous indicators of the sowing and cultivation unit PK-12.2 “Kuzbass-T” and to establish highly significant functional connections of the following kind between its draft resistance (PПО, kN), specific draft resistance (kПО, kN/m) and operating moving speed (Vр, m/s).
	
[image: image143.wmf]68

,

0

R

,

V

98

,

3

31

,

30

P

2

p

ПО

=

+

=


	(32)


	
[image: image144.wmf]2

p

ПО

V

33

,

0

49

,

2

k

+

=


	(33)


Based on the analysis of the regression equations, average values were deduced of the reduced (to V0=1,39 m/s) energy indicators of the sowing and cultivation unit PK-12.2 “Kuzbass-T” which are represented in table 3.
Table 3. Descriptive statistics of reduced energy indicators of the sowing and cultivation unit PK-12.2 “Kuzbass-T”

	Range n
	M(P0(ПО)), kN
	M(k0(ПО)),  kN/m
	σ(k0(ПО)),  kN
	ν(k0(ПО)),

 %
	ε0(ПО),  s2/m2

	27
	38.01
	3.12
	0.45
	9.6
	0.105


The received summarized data on draft and energy indicators of the elements of the sowing and cultivation unit, using the elaborated probability functioning model of the machine-tractor aggregate as a system “S-M-V-T-E”, allow to substantiate reasonable parameters and operating modes of the aggregate as well as to forecast, with an estimated probability, the values of its outcome performance indicators applied to the conditions of a certain edaphoclimatic zone.

The outcome performance indicators of the tractor and the aggregate are estimated within the whole range of value changing of the reduced draft resistance 

,  typical for the considered exploitation conditions. The scheme of definition of outcome performance indicators of the tractor and the aggregate, when working on a separate field, is represented in figure 2.
 In accordance with the set limits [5]:

- of the operating moving speed of the aggregate – 8,0≤Vp≤≤Vp≤13,0 km/h (2,223,61 m/s),

- of the slipping of tractor vehicles [δ]≤ 12%,,

- of the loading range of the tractor according to the draft 42,5≤P ≤96 kN,

maximal reduced draft resistance of the aggregate (draft power on tractor hook) [P0max]
=67,4 kN which corresponds with the full load of the bunker ABC of the unit with process material of a total weight   kN [10].
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Figure 2. The scheme of definition of outcome performance indicators of the tractor and the aggregate on a separate field and on “a plurality of fields”
 psi(j), pti(j) -are the probabilities of discrete random values hitting the range of interval  i(j) when realized according to trajectory and time respectively; 

 – are the probability distribution laws of the reduced draft resistance of the aggregate respectively on a separate field and on “a plurality of fields”
Table 4. Descriptive statistics of outcome performance indicators of aggregate Case IH Stieger STX-435+PK “Kuzbass-T” ([image: image161.png]


 = 12.2/15.1 m)*

	Parameter
	M(x)
	Change ranges  [image: image163.png]



	σ(x)
	ν(x)

	
	
	xmin
	xmax
	
	

	Reduced draft resistance, kN
	46,4/55,4
	36,8/44,0
	55,9/66,9
	4,88/5,83
	0,11/0,11

	Draft resistance, kN
	71,9/82,2
	62,6/69,8
	81,2/95,3
	14,4/19,7
	0,20/0,24

	Specific draft resistance, kN/m
	8,68/6,77
	8,17/6,16
	9,19/6,34
	1,74/1,62
	0,20/0,24

	Operating speed, m/s
	3,44/3,18
	2,73/2,38
	4,15/3,58
	0,36/0,39
	0,10/0,11

	Draft power, kW
	210,9/228,9
	204,9/222,1
	217,0/235,8
	3,45/3,51
	0,02/0,03

	Slipping, %
	7,7/9,4
	5,6/6,9
	9,9/11,9
	1,09/1,21
	0,14/0,14

	Hourly efficiency, ha/h
	13,2/14,6
	9,8/11,1
	16,6/18,2
	1,73/1,80
	0,11/0,12

	Specific draft fuel consumption, g/kW∙h
	210,9/216,3
	204,9/209,9
	217,0/222,8
	3,10/3,29
	0,02/0,02

	Specific fuel consumption per hectare, kg/ha
	4,46/3,76
	3,85/3,44
	5,07/4,17
	0,31/0,30
	0,07/0,08


*Basic data: soil - forest middle-clay loam, dark-grey; agricultural background - stubble corn field ((fтр=fб =0,082), M(k0(ПО))  ε0(ПО) = 3,12 kN/m,= 0,105 s2/m2, ν(k0(по))  = 101,6 kN = М(Gб)= 0,95, λGT = 0,93, GTP = 234,1 kN, Gб= 0,096, V0=1,39 m/s, λN
.
Figure 3. Comparative evaluation of average values of basic performance indicators for the actual and the nominal structure of the sowing unit Case IH Stieger STX-435+PK “Kuzbass-T” 

Comparative evaluation of average values of basic exploitation indicators of various structures of the sowing unit Case IH Stieger STX-435+PK “Kuzbass-T” is represented on figure 3.
Conclusion
1. The sowing unit “Kuzbass-T” united in an aggregate with the tractor Case IH Stieger STX-435 shall work on a separate field in the range of reduced specific draft resistances of the sowing implement 2,44≤М(k0(по))≤ 3,80 kN/m (see table 3) with an average operating weight of the bunker ABC М(Gб) = 101,6 kN. For these exploitation conditions, a rational operating cut width shall equal to 15.1 m which is 19.2% more compared to the machine that had been in field tests (12,2 m).

2. The specific draft resistance of the aggregate with a justified potential composition is 22% less compared to the actual structure due to the increase of the operating cut width as well as to the decrease of an average operating moving speed, to 7,6%.

3. The increase of the operating cut width of the aggregate results in the growth of average indicators of the reduced draft resistance by 16,2%, draft power - by 7,8%, and the specific draft fuel consumption - by 2,5%.

4. An aggregate with nominal structure provides the increase of net hourly efficiency by 9,6% and allows to decrease the specific fuel consumption per hectare of cultivated area by 15,7%.

5. The usage of the aggregate with nominal structure meets the agricultural and technical requirements to the operating moving speed - 2,38≤М(Vр)≤ 3,58  m/s and the slipping of vehicles - 6,9≤М(δ)≤95,3 kN, for the considered exploitation conditions.11,9 %, within the whole range of draft load of the tractor 69,8≤М(P)≤ 
6. The application of basic theoretical issues of the probability model for the substantiation of structures and operating modes of a MTA, based on the processing of experimental data, allows to estimate with a high degree of believability the outcome performance indicators of aggregates according to the set effectiveness criteria, and to forecast their technical and economical results as early as at the design and elaboration stage of agricultural machines and implements.
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