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Abstract

Introduction. The need to increase productivity of grain harvesting equipment and minimize
crop losses has given rise to the increasing use of axial-flow combines (rotary harvester).
The efficiency of harvesting operations depends on correct setting of the adjustable har-
vester parameters allowing full use of its design capabilities. For this reason, it is relevant
to study the problems of optimal adjusting the working tools of a harvester operating in
various environmental conditions.

Aim of the Study. The study was aimed at developing an approach to the choice of optimal
values for the adjustable parameters of the rotor type grain harvesters.

Materials and Methods. Harvesting quality indices, adjustable parameters, and environ-
mental factors are interdependent, so there has been used a linguistic approach to the de-
scription of the subject domain. Information about environmental conditions, the harvester
technical state, interrelations between parameters and harvesting indicators is fuzzy that has
led to the application of the theory of fuzzy sets to solve the problem of optimal choice of
the adjustable parameters. The procedure of fuzzy logic inference has been performed in
Fuzzy Logic Toolbox (MatLab) package.

Results. There are presented the results of the developed approach to the problem of opera-
tional presetting adjustable parameters of a rotary harvester when harvesting various grain
crops under different environmental conditions. The problem solution concept has been
developed on the basis of the fuzzy logic formalism. A linguistic description of the problem
has been given. Models of the considered features in the form of membership functions are
proposed, which adequately take into account the external conditions in which the harvester
operates. Basic and extended term sets have been identified. The optimal models have been
selected on the basis of the consistency analysis of fuzzy expert knowledge using the indica-
tors of general and pair consistency of the models. The results of the solutions obtained have
been illustrated. On the basis of collected and analyzed expert information there has been
created a base of fuzzy expert knowledge including the fuzzy production rules for 12 adjust-
able parameters of TORUM harvester. Different combinations of the values of environmen-
tal factors have been considered, for which there has been given an inference about specific
values of the adjustable parameters.
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Discussion and Conclusion. The practical significance of the research carried out lies in
the creation of a basis for an intelligent information system to help a rotary harvester
operator in making decisions on choosing adjustable parameter values when harvesting
various grain crops. The use of such a system in field conditions in combination with sen-
sors for continuous monitoring of harvesting conditions and an automated image analysis
system will allow for a prompt response to changing conditions, significantly increase
work efficiency and reduce decision-making time. The implementation of such systems
will significantly reduce the information load on the operator, as well as use operators
with little practical experience during harvesting. The development of such information
systems creates the preconditions for increasing the level of automation of intelligent con-
trol of a grain harvester and is an important stage in the implementation of the approach to
unmanned control of a harvester.
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setting of working tools, axial flow threshing and separating device, linguistic approach,
membership function, production rules, fuzzy inference
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AHnHomauusn

Bgeoenue. HeoOX0muMOCTb MOBBILICHHS TPOM3BOAUTEIBHOCTH 36PHOYOOPOUHOM TEXHUKU
¥ MUHAMH3AIAU TIOTEPh ypokas 00ycIIOBMIIA Bce OOJbIlee MCHONB30BaHNEe KOMOaHOB
C aKCHaJIbHO-POTOPHBIM MOJIOTHJIBHO-CENapHUPYIOIUM YCTPOHCTBOM. D((HEKTUBHOCTH
yOOpOYHBEIX PaboT OmpenenseTcs NMPaBIIBHOCTHIO HACTPOHKH PErylIupyeMBIX Mapame-
TpOB KoMOaiiHa, MO3BOJISOLICH MOIHOCTHIO HCIIOIB30BAThH €r0 KOHCTPYKTUBHBIE BO3MOXK-
HOCTH. B CBSI3M ¢ 3THM akTyanbHBIM SIBISIETCS MCCIIEOBAaHUE MPOOIEM ONTHMAIbHON
HACTPOWKHM paboumx opraHoB kombOaiiHa, QYHKIMOHHPYIOLIETO B PA3INYHBIX BHELIHHX
YCIIOBHSX.

Lenv uccneoosanus. Pazpabotka nomxosa K BIOOPY ONTHMAJIbHBIX 3HAUYSHUI perynupye-
MBIX ITapaMeTPOB 3epHOYOOPOIHBIX KOMOAITHOB POTOPHOTO THIIA.

Mamepuanvr u memoowi. Ilokasarenn kadecTBa yOOPKH, peryiHpyeMble MapameTpsl
U BHEITHHE (aKTOPHI CBSA3aHBI HEOAHOZHAYHBIMH IIEPEKPECTHBIMA B3aNMO3aBHCHMOCTS-
MH, YTO OOYCJIOBHJIO MCIOJIb30BaHUE JIMHIBUCTHYECKOTO TOAX0Aa [UISl ONMCAHUS MpeN-
MeTHOH obmactn. MH(opManus o BHENIHMX YCIOBHSAX, TEXHHYECKOM COCTOSTHUM KOM-
GaiiHa, B3aMMOCBSI3IX MEXy IapaMeTpaMHu U MOKa3aTeliiMU YOOPKH B OCHOBHOM HOCHT
HEYETKHH XapakTep, 3TO ONPEAENIIIO IPUMEHEHHE TEOPUH HEUSTKUX MHOXKECTB JUIS pe-
IIHNUs] 3a[]a49M ONTHUMAJIBHOTO BBIOOpa peryaupyeMbix mapamerpoB. IIporeaypa Heder-
KOTO JIOTHYECKOTO BHIBOJA 3HAYEHWH IapaMeTpoB BHIMONHsIAch B makere Fuzzy Logic
Toolbox (MatLab).
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Pesynomamur  uccnedosanus. IlpencraBieHsl pes3yibraThl pa3pabOTaHHOIO IMOIXOIA
K TpoOiieMe ONepaTWBHON IMPEABAPUTEIFHON HACTPOHKH PETYIHPYEMBIX ITapaMeTpOB
komOaiiHa POTOPHOTO THIIA NMPU YOOpKE 3epHOBBIX KYJIBTYp JUIS PA3IMYHOIO CIIEKTpa
BHEIIHUX ycnoBuii. Ha ocHOBe hopmamni3mMa HEUETKOH JIOTHKH OCTPOCHA CXeMa pellie-
Hus 3a7aud. JlaHO JMHIBHCTHYECKOE omMcaHue 3agadu. IlpennoikeHsl Monenu paccMa-
TPUBAEMBIX NPU3HAKOB B BHAE (QYHKIMI MPHHAUISKHOCTH, aJIEKBATHO YYUTHIBAIOIINE
BHEIIIHUE YCJIOBHS, B KOTOPBIX (ByHKIIHOHUPYET KoMOaiiH. YcTaHOBJIEHBI 0a30BBIE U pac-
MIMPEHHBIE TepPM-MHOXeCcTBa. ONTHMalbHBIE MOJETH BHIOPAaHBI HA OCHOBE aHAIN3a CO-
[JIACOBAHHOCTU HEUETKUX DKCIIEPTHBIX 3HAHMH C UCIIONB30BAaHHMEM MOKa3aTesei oOreit
Y TapHOM COINIACOBAHHOCTH MOJIENIeH. Pe3ynbTarhl OMy4eHHBIX peleHui IPOMILITIOCTPHU-
poBanbl. CoOpaHa U NpoaHaIM3UpOBaHa IKCHEepTHas MH(POpMALUs, Ha OCHOBE KOTOPOM
co3maHa 0a3a HEUETKMX SKCIICPTHBIX 3HAHWH, BKJIIOYAIOMIAS PABHIIa HEIETKOH MPOIYK-
un Ut 12 perynupyeMsix napamerpoB kombaiina TOPYM. PaccMorpens! pasznnyHbie
KOMOHMHAIWY 3HaYeHUH BHEITHUX (haKTOPOB, AT KOTOPBIX MPHUBEACH BBIBOJ] KOHKPETHBIX
3HAUCHUH perylnupyeMbIX 1apaMeTpoB.

Obcyarcoenue u 3axniovenue. IIpakTudeckast 3HAUMMOCTD BBITOJHEHHBIX HCCIICOBAHUN
3aKJII0YAETCsl B CO3JaHMH OCHOBBI MHTEIUICKTYAJIbHOH WH(OPMAIMOHHOW CHCTEMBI IS
MOMOIIM OTlepaTopy KoMOaifHa pOTOPHOTO THIA B MPUHATHU PEUICHHI 1O BHIOOPY 3HA-
YEeHHH PeryInpyeMbIX IapaMeTpoB MpH yOOpKe pa3sIMuHbIX 3epHOBBIX KynbTyp. [Ipume-
HEHHE TaKOH CHCTEMBI B MOJIEBBIX YCIOBHUSX B KOMIUICKCE C JAaTYNKAMHU HETIPEPHIBHOTO
MOHHTOPUHTA YCIOBHH YOOPKH ypOXKasi M aBTOMAaTH3UPOBAHHON CHCTEMOM aHajIm3a U30-
Opa’KeHHH MO3BOIUT ONEPATUBHO PEarnpoBaTh Ha M3MEHEHNE YCIOBHUH, CYIIECTBEHHO MO-
BBICHUT Pe3yJIbTaTUBHOCT pabOThI M COKPATUT BpeMsl IPUHATHS penieHnid. BHenpenue ta-
KHX CHCTEM ITOMOKET 3HAUYUTENIFHO CHI3UTh HH()OPMAIMOHHYIO Harpy3Ky Ha oreparopa,
a TaK)Ke MCIIOJIb30BaTh BO BpeMsl yOOPKH MEXaHM3aTOPOB C MaJIbIM HPAKTUYECKHM OIIbI-
TOM paboTHl. Pa3paboTka momoOHBIX HHPOPMAIMOHHBIX CHCTEM CO3MAeT MPEAIOCHUIKH
MOBBIIICHUS] YPOBHS aBTOMATU3aLUK HHTEIUIEKTYalbHOTO YIIPaBICHUS 36PHOYOOPOYHBIM
KOMOAWHOM W SIBISETCS Ba)KHBIM 3TAllOM Peai3aliy MOAX0Aa K OECIMIOTHOMY yIIpaB-
JICHUIO KOMOaltHOM.

Kntouesnie cnosa: 3epHOyOOpPOUHBIA KOMOAaltH POTOPHOTO THIIA, PEryINpyeMble apame-
TPHI 3epHOKOMOaliHa, HACTPOWKa pabouNX OPraHOB, AKCHATBHO-POTOPHOE MOJIOTHIIBHO-
cerapupylolee yCTpOHCTBO, JMHIBUCTHYECKUH ITOAX0J, (YHKIMH IIPHHAUICKHOCTH,
MPOAYKIMOHHBIE IPABUIIA, HEUETKUI TOTHUECKUI BBIBOL

Kongpnukm unmepecos: aBTopsbl 3asBISIOT 00 OTCYTCTBUH KOH(INKTA HHTEPECOB.

nayumuposanusn: Tumurpos B.I1., Hypyrnunosa M.H., bopucosa JI.B., [Taruenko A.A.
TexHONOTHs HACTPOHKH PabOYMX OPraHOB POTOPHOTO KOMOaifHa Ha OCHOBE HEYETKOTO
MojienupoBanus. Muowcenepuvie mexnonoeuu u cucmemsl. 2025;35(1):13-29. https:/
doi.org/10.15507/2658-4123.035.202501.013-029

Introduction. Ensuring food security is one of the major tasks of agriculture.
Harvesting and preserving crops have an important role in solving this problem. First
of all, this concerns harvesting of grain and grain legumes, while one of the main tasks
is high-quality harvesting with minimal losses. In this area, continuous improvement
of harvesting equipment takes place [1]. Thus, in recent years, the use of grain har-
vesters with axial-flow threshing and separating device (AFTSD) has been increased.
The advantages of this type of the harvesters are higher throughput capability, lower
percent of grain crushing [2], and ability to operate in more weedy fields compared to
the harvesters of classical design [3]. It should be noted that there is carried out con-
tinuous design improving of the harvesters with AFTSD [3; 4], including to expand the
range of harvested crops [5; 6]. Thus, high-performance harvesters with AFTSD are
becoming more widely used, and this is the reason why relevance and importance of
optimal setting of their adjustable parameters are increasing. Effective operation under
various environmental conditions requires adequate adjustment of the working tools
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of the harvester that is based on information about the harvesting factors, performance
indicators, and technical condition of the machine. The interrelations between these
groups of characteristics are complex and ambiguous, and the information itself is dif-
ferent and fuzzy. In addition, the operation in field conditions requires quick response to
changing conditions of harvesting, while the errors in setting parameters of the harvester
result in grain losses, reduced productivity, and increased fuel consumption [7], that is
the inherent design capabilities of the harvester are not used fully. The same is true for
the subject of study in this article — 7" class harvesters with AFTSD — TORUM 740.

The aim of the present paper is using fuzzy logic to develop an approach to the
choice of an optimal preliminary setting of the adjustable parameters of grain harvesters
with AFTSD. The suggested approach is aimed at increasing the harvester productivity
and minimizing losses while harvesting. The results of the study are the basis of the
intelligent information systems (IIS) to help the operator in making decisions on the
choice of values for the adjustable parameters of a rotary harvester.

Literature Review. The central problem during harvesting is minimizing crop losses.
As is known [8], experienced operators have approximately 1.5 times higher productivity
of the harvester, and low overall losses. However, not all the operators have qualification
high enough to set the parameters, which comply with the harvesting conditions. The so-
lution to the problem of optimal choice of the values of the harvester adjustable param-
eters under different harvesting conditions (which can change rather often per day) is the
development of 1IS suitable for solving the assigned problems [8; 9]. These systems will
make it possible for the operators of different qualifications to solve this problem properly.

Over the past few years, the IISs have been successfully used in various areas of
agricultural complex for decision-making, including the problems of managing complex
technical systems using contemporary approaches such as fuzzy modelling, neuron nets,
and automated control systems [9-11].

In solving the problem of increasing productivity of harvesters and optimizing their
characteristics we can distinguish two main lines. The first one is further improving of
the design of a harvester and its individual units, subsystem, and elements. In [7], the
results of comparative studies of energy and harvesting efficiency indicators of rotary
harvesters with different design solutions are presented showing the feasibility of using
such harvesters. There are conducted the studies on making changes to the design of
AFTSD elements [6; 12], which make it possible to increase productivity and quality
when harvesting various crops. The second line of the study is the improvement of the
performance characteristics of a harvester by optimizing modes of operation. The pa-
pers [12—14] present the results of selecting operation modes and setting such parameters
as rotor speed, amount of clearance between a rotor and a concave etc. when harvesting
various crops on the basis of the models constructed on the empirical data. In [15], there
we obtained and analyzed empirical dependencies of fuel consumption and a harvester
parameters setting when harvesting wheat, barley, oats with various humidity and yields,
and there was presented a very significant effect of even small changes in harvesting
conditions on the setting parameters and indicators of harvesting quality.

As already mentioned above, the productivity of harvesters depends largely on
the operator qualification, which is not always sufficient to assess the environmental
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conditions and the corresponding choice of the adjustable harvester parameters. In this
case, a promising direction is reducing the role of the operator while operating the
harvester during field work [8]. This constituent part of design and technological solu-
tions can be implemented through introduction of intelligent information systems in
combination with automated systems for monitoring the state of environmental fac-
tors [8; 16]. Fuzzy models are used for creating these systems [11; 17; 18]. Nowadays,
the expediency of using fuzzy logic for solving the problems of intelligent control
does not raise doubts and is successfully applied, including for solution of the prob-
lems in the agro-industrial complex. The range of such problems is rather wide,
including weeds identification, assessment of yields, assessment of the soil quality,
increase of crop productivity, and efficiency of using fertilizers and others [19-21].
In [22-24], the application of this approach to the problem of assessing the values
of the harvester adjustable parameters is justified.

This approach has been applied in this article to develop the method of choosing
optimal adjustment parameters for the grain harvesters with AFTSD.

Materials and Methods. The proposed approach to the development of a method
for preliminary setting the adjustable parameters of classic drum-type grain harvesters
is presented in [24]. However, rotary harvesters have significant design and technologi-
cal differences, so it is necessary to develop a scheme for solving this problem for the
harvesters with AFTSD.

On the basis of the principle of decomposition, we will divide the problem facing the
decision maker (in this case, the operator) into several subproblems. One of the subprob-
lems is assess the values of environmental factors and performance indicators defining
the next subproblem of parameters choosing. It is reasonable to consider the solution of
each subproblem as a decision-making procedure under the conditions of uncertainty.
In field conditions, it is advisable for the operator to have in advance a certain set of
strategies for his actions in the form of a sequence of certain procedures. In the absence
of these strategies, the risk of making incompetent decision on assessing environmental
factors of harvesting and choice of adjustable parameters values increases for the operator.

We should also note that most part of the factors to be assessed is difficult to be ac-
curately measured, for example, such factors as plant stand density, humidity or grain
dockage. To identify these factors, it is necessary to apply the methods of formalized
assessment by experts.

Making decisions about setting parameter values is based on fuzzy logic inference,
and the process of solving the problem itself incorporates three stages: fuzzification,
composition, and defuzzification. Figure 1 presents a detailed diagram of the process for
solving the problem under consideration. Let us analyze in detail the stages of the solution.

The stage of fuzzification consists in a linguistic description of the problem condi-
tions. The environmental factors that are essential for the problem under consideration
are identified. The set of these factors is denoted as X:

X={X, X, ..X},
where 7 is a number of factors.

The output variable in this problem, the adjustable parameter of the grain harvester,
will be denoted by Y.
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Next, a qualimetric evaluation of the carrier scales is performed, basic and extended term
sets of the linguistic variables (LV) are determined, membership functions pX are defined:

WX: X — [0, 1].

Identification Estimation

of the problem . of consistency Model of the
parameters Fazzification of fuzzy knowledge subject domain

. X
Y —
= m ) ViR ok = omposition n
) = [ s [
infestatio 0 m

e = .l[max u,,(x)dx
0

Initial values of
adjustable parameters

‘f\ Fuzzy logic inference Defazzification

193 = ( Hb'k,y,)/\/\HAk:(x ))
(Iy’ M (y,)dy,) (.[u”'(yfyf)dyf) Harvester speed

Deductive o) /' Rotor speed
inference . / olors
If 4, then B; = 177 D
A—true, l Clearance between
B— true. 0 t a straw beater and

w7 a concave

Fig. 1. Scheme of making the solution of the problem under consideration

Source: hereinafter in this article all figures are compiled by the authors of the article.

Typical functions were used to carry out parametric identification. Among the possible
types of functions, a standard set of functions of triangle and trapezoidal forms (Table 1)
are often used to construct the membership functions (MFs). This choice is acceptable
for further use in Fuzzy Logic Toolbox (MatLab) application software package and is
understandable for experts when estimating parameters of the functions. It should be
noted, that it is possible to use other types of functions that satisfy the requirements for
forming MF, for example, a Gaussian function.

Table 1
Type of membership function

When constructing membership functions, the following typical functions were used
(parameters a, b, ¢ and d were assigned separately for each factor and parameter of the machine)

Extreme left term Middle term Extreme right term
0, if x<a;
1, if x<a; 9 ifa<x<c 0, if x<a;
c-a x—a .
u(x) = ,ifa<x<b; wx)=11, ifc<x<d;, Wwx)= 5 , ifa<x<b;
-a
0, if x>b. b2X e d<x<b; 1, if x>b.
b-d
0, if x>b.
18
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Let us detail the issues of constructing the MF. The type of the MF is set axiomatically
taking into account the requirements for symmetry, monotonicity, and other properties
of the simulated attribute, its semantic content. For our problem it is a physical meaning.

The parameters of the MF are determined by experts, so the parameters
meaning should be clear. First of all, the set of values of the MF carrier must be
clearly determined, in which MF is of 0 and 1, for example, for central terms it is
necessary to determine the values x , x,, x,, such that for all x, u (x) = 1, and for all
x<xandx=>x, p (x)=0.

The formal representation of the terms of the linguistic variables on the real R axis is
determined by their physical meaning. Let us denote lower and upper boundary of the set
inf X=x"and sup X = x", and the term, characterized by the carrier located to the left on the
real axis will be numbered by a lower number. Ordering of the set 7 obeys the expression:

(VT € T)(VT, €T)(i > j < (Bx € C)(Wy € C)(x > ¥)).
The term-sets of the MF under consideration should satisfy the conditions:
b (x) =1, ne (X")=1;
(VT e T\{T, )0 < SUP K, (1) <1);
(YT, € T)3x € X)(p, (x) =1);
(VB)3x" € R)(Vx € X)(x' < X <x")).

When constructing the terms in this article, all the mentioned above conditions were
fulfilled and normal fuzzy sets with height of d = 1 were considered

Parametric identification includes determining the optimal number of the MF values —
terms, their carriers, and the MF parameters. The result of structural identification is
a scheme of the problem solution (Fig. 2). Furthermore, it should be noted that this scheme
corresponds to the direct problem, which consists in determining the optimal values of
the adjustable parameters depending on the values of the harvesting factors, i.e. input
variables are the harvesting factors, and the output ones are the adjustable parameters
of a harvester. For the second, inverse problem, it is necessary to structure relationships
between the adjustable parameters and the quality indicators of the harvester operation when
the input variables are the adjustable parameters, and the output ones are the indicators
of the quality of operation.

Input variables Output variables

X:[x],xz,..xn} Y:{y,,yz,-.-ymj
&
GD

Resulting variable
is the value of the
adjustable
parameter

Operator/unit
of value
setting

C=<X. R..R; G>i=T,n

n>

Fig. 2. Result of structural identification of the subject domain

Electrical technologies and equipment 19



g;l? WHXXEHEPHBIE TEXHOJIOTMW U CUCTEMBbI Tom 35, Ne 1. 2025

The power of the set of the problem variables, which are parameters or factors, is
determined by the specifics of the problem. In the problem under consideration, the
powers of the sets of input and output attributes are different. Obviously, they depend
on the type of crop, and in more general context, on the type of a harvester.

In solving the problem of inferring the output variable value using fuzzy logic,
significant importance is given to expert information. Expert estimates of the param-
eters for membership functions are tested for consistency, for that reason, matrices of
consistency indicators and matrices of fuzziness indices are calculated characterizing
the pair consistency, as well as additive and multiplicative indicators of overall consis-
tency of models [24]. Equally important is the contribution of experts to the creation of
a base of production rules that serve as the basis for fuzzy logic inference of the value
of the output parameter.

The selected product model has the form:

i: A= B; (F),

where i is the name of the fuzzy product; 4 = B is the kernel of production, 4 is an
antecedent, B is a consequent, = is a logical implication operator; F is the validity
coefficient of the product, by default it is selected equal to one. The text form of the
product kernel has the form: IF “4 ” and “4,”, THEN “C,”.

The system of fuzzy statements must satisfy the requirements of linguistic non-
redundancy, completeness, and noncontradiction that is one of the conditions for
the adequacy of subsequent decisions.

Letus denote by 4; u B, the statements <I3W is ay, > and <By is Oty]_>, where a,,
is the corresponding values of the terms of the output LV.

With a given system of logical statements for the values of input attributes, the
values of the output parameter Y are such set YO(I) , for each element of which y € ¥;"
the output scheme:

7). y D \.
[v: (IF4, THENB )
A’ — true;
B’ — true.

M

Has the most degree of truth W,,, of the fuzzy rule modus ponens, which is defined
by the expression:

pop (1) = min{L[1=py, W)+ 11, ()]sl =y, W) 411, (0]
The value Mﬁ,g,(l) is the degree of truth of the modus ponens rule for a fuzzy system
of expert statements, it reflects the degree of consistency of the value y"' of the output

parameter Y to the value w' of the generalized input parameter W when specifying
expert information by the fuzzy system:

20 Onexmpomexnonozuu u 21eKmpoodopyoosanie
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o <if A,, then EI>,
O =1L <if A,, then §2>,
. <if A,, then E’m>.

Thus, the decision inference mechanism is based on a model of the given subject
domain which is represented by a composition of fuzzy relationships of semantic spaces
of input and output parameters. In general case, the expanded form of the fuzzy logical
inference for the considered system of knowledge has the form:

Hp = XZX( 1 () AR (X, V).

The defuzzification process consists in converting the fuzzy inference into a clear
number, in this case, into a parameter definite value which is suggested to the operator
for decision-making. There are a number methods which make it possible to inter-
pret a fuzzy value as a specific numeric value. The center of gravity method is applied
more often than others. In this case, the center of gravity is determined as a weighted
average value of all the values in the domain of determining the membership function.
Thus, as a result of the fuzzy inference, the fuzzy number is converted into a clear
number. Defuzzification is the final step in the process of fuzzy inference and makes
it possible to obtain a specific numerical value based on a fuzzy result, which can be
used to make decisions or control the system.

Results. Adaptation of the stages discussed above to the solution of the problems of
preliminary setting of a rotary-type grain harvester allows us to associate the method of
solution with the previously used for setting the harvester of classical type under fuzzy
harvesting conditions [24].

On the basis of our own practical experience of operation of this-type harvesters,
analysis of the literature references [12—14], and expert information about the features
of grain harvesting, groups of harvesting factors and AFTSD parameters and the reap-
ing part were identified as semantic spaces [25]. A fragment of the list of these groups
is presented in Table 2.

Table 2
Input and output linguistic variables
Ne Name of LV Tuple Universal
scale
1 2 3 4
Input LV
1 Yield (Yi) (for wheat) <Yi, hkg/ha{Very small, Small, Average, Large, [10-80]
Very large}>
2 Plantstand lodging (Lod) <Lod, % {Upright, Low, Average, High}> [0-40]
3 Plant stand density (Den) <Den, number of stems {Rarefied, Below [100-1 000]

average, Average, Thick}>
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End of Table 2
1] 2 | 3 4
4 Grain humidity (GH) <GH, % {Dry, Medium-humid, Humid}> [10-22]
Weed infestation of plant stand <WI, % {Absence, Small, Average, Big}> [0-0]
(WI)
6 Strawiness (S) <8, % {Small, Normal}> [40-60]
Output LV
1 Harvester motion speed (HTS)  <HTS, km/h {Very low, Low, Average, High, [2.5-11]
Very high}>
2 Rotor Speed (RS) <RS, rev/min {Very low, Low, Below average, [600-1 100]
Average Above average, Very high}>
3 Horizontal reel extension (HRE) <HRE, mm {Insignificant, Below average, [20-70]
Average, Far}>
4 Clearance between rotor rasps ~ <CRRCR, mm {Small, Average, Big}> [15-20]
and concave rasps (CRRCR)
5 Drift angle of turns of a concave < DATCTP, location {At the beginning, In the [0-38]
threshing part (DATCTP) middle, At the end}>
6 Drift angle of turns of a concave < DATCSP, location {At the beginning, In the [0-56]
separating part (DATCSP) middle, At the end }>
7 Clearance between a straw < CSBC, mm {Small, Average, Big}> [10-35]
beater and a concave (CSBC)
8 Cleaning fan speed at rated <SFSRES, rev/min {Very low, Low, Below [600-900]
engine speed (CFSRES) Average, Average, Above average, High}>

Let us consider a technological process of harvesting grain crops. We will define
X, Y — vectors of environmental factors, adjustable parameters accordingly, and the
vector of quality indicators B.

The components of the vector X are the environmental factors influencing the
harvesting process of spiked cereals are presented by the following sets: X, — yield;
X, — grain humidity; X, — dockage; X, — strawiness; X, — lodging; X, — plant stand
density etc.

The components of the vector Y are adjustable parameters of the reaping part and
threshing machine are presented by the following sets: Y, — harvester travel speed;
Y, —rotor speed; Y, —horizontal reel extension; Y, — clearance between rotor rasps and
concave rasps; Y — drift angle of turns of the concave threshing part; Y, — drift angle
of the turns of the concave separating part; ¥, — clearance between the straw beater and
the concave etc.

As a result of the analysis of the considered sets, there have been identified envi-
ronmental factors that are essential for this problem, adjustable and design parameters
of the harvester. The corresponding linguistic variables have been determined.

Practical experience when harvesting agricultural crops, analysis of scientific pa-
pers [12—14], and design features of the harvester made it possible to establish scales
of carriers identified by LV representing input and output parameters of the problem.
For example, Figure 3 presents boundaries of the terms for the adjustable parameters
of the harvester taking into account characteristic features of the harvested crops.
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Clearance between additional sieve combs (mm):

Crop (i):
— Wheat 8-12 mm
. ° Barley 9-13 mm
—e Rye 11-13 mm
—o Sunflower 6-8 mm

01 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 mm

Cleaning fan speed at rated engine speed (rev/min):

Crop (i):
——e Wheat 740-870 rev/min
—e Barley 600-720 rev/min
—e Rye 720-840 rev/min

Sunflower  610-650 rev/min

0 100 200 300 400 500 600 700 800 900 1000 (rev/min)

Fig. 3 Boundaries of the terms of the adjustable parameters

As a result of modelling the subject domain, there were determined membership
functions for all 9 environmental factors and 12 adjustable parameters. As an example,
there is presented a linguistic description of one of the environmental factors — “plant
stand density” of wheat and one of the adjustable parameters — “rotor speed”. Formally,
the description of LV is presented as follows:

<Den_wheat % {Rar, Ba, Av, Th}, [100-1 000]>,
<RS sunflower, rev/min {VL, L, BA, A, AA, VH}, [220-560]>.

When formalizing, standard functions of trapezoidal and triangle forms were used.
The parameters of the functions were determined by 5 experts having practical experi-
ence in field work. To describe environmental factors of harvesting, 2-term, 3-term,
and 4-term models were used.

It should be noted, that an increase in the number of terms when describing input
factors significantly increases the number of production rules of the knowledge base,
i.e. the power of the set of rules increases. Increasing the number of rules can lead to
flaws in knowledge base creating.

Examples of MF diagrams are presented in figure 4. Figure 4a presents the results
of the analysis for the harvested wheat crop with a yield of approximately 50 cent-
ners per hectare, Figure 4b presents the results for sunflower. To determine the MF,
arithmetic mean of experts estimates were used which is justified by a high degree
of consistency of expert knowledge. We also obtained original results for other
crops: rye, barley, oats.
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b)

Fig. 4 Type of membership function for linguistic variables:
a) environmental factor; b) adjustable parameter

Construction of the generalized MFs of inputs and output faces the question of the
values of the weighting coefficients of the parameters specified by various experts.
By default, these coefficients are assumed equal, and then the MF parameters are actu-
ally determined as arithmetic mean of the values given by the experts. This approach
can be regarded as an initial approximation, but it requires justification. In cases when
experts of different qualification are involved, and if experts use various indirect means
for assessment, it is advisable to use one or another form of ranking information ob-
tained from different experts. For example, Fishburne numbers or other types of linear
order relations can be used. In this case, the ranks of experts can be determined a priori
(for example, according to their qualifications), or a posteriori (for example, depending
on consistency indicators). The examples of membership functions presented in Figure 4
are constructed under the condition that all experts have the same weight.

At the next stage of solving the problem (Fig. 1) the consistency of expert infor-
mation was estimated. Here are some calculated values of the additive coefficient & of
overall consistency. Thus, for LV “grain humidity” £ = 0,898, and for LV “harvester
travel speed” k£ = 0,796. For all input attributes and output parameters the values of
coefficient £ belong to the segment [0,765; 0,912]. These values make it possible to
assert that the proposed term sets describe the sets of input attributes and adjustable
parameters quite well and can be used for further construction of a fuzzy model of the
solution inference.
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The results of the linguistic description of input and output parameters made it pos-
sible to formulate the system of production rules that form the core of the knowledge
base. It should be noted, that reducing the number of terms of input linguistic variable
from five to three has resulted in significant reduction in the volume of the knowledge
base and did not affect the adequacy of the subject domain model that is confirmed by
the diagrams of three-dimensional response surfaces constructed in the Fuzzy Logic
Toolbox (MatLab) application software package. Figure 5 presents for illustration two
surfaces obtained on the basis of the system of 96 production rules for the output vari-
able Harvester travel speed when harvesting wheat-50. A fragment of the system of
production rules is presented in Table 3.

: o7k 20
Grain humidity 20 Strawiness Yield Grain humidity

a) b)
Fig. 5. Response surfaces of dependency of the harvester travel speed on
a) grain humidity and strawiness; b) grain yield and humidity

Table 3
Fragment of the production rules base

Ne Antecedent Consequent

36 <Yield is “small” and Weed infestation is “small” and Grain humidity is <Speed is average>
“humid” and Strawiness is “normal”>

37 <Yield is “small” and Weed infestation is “average” and Grain humidity is <Speed is high>
“dry” and Strawiness is “small”>

38 <Yield is “small” and Weed infestation is “average” and Grain humidity is <Speed is high>

“dry” and Strawiness is “normal”>

95 <Yield is “very large” and Weed infestation is “large” and Grain humidity is <Speed is very low>
“humid” and Strawiness is “small”>

96 <Yield is “very large” and Weed infestation is “large” and Grain humidity is <Speed is very low>
“humid” and Strawiness is “normal”>

The analysis of the system of production rules carried out in MatLab (Fig. 5) confirmed
the correspondence of the constructed fuzzy model of attribute relationships to the subject
domain under study. All states of the system are described by the rules, the premises of
which have a non-zero degree of membership. There are no contradictions in a system
of rules when the rules have similar premises and mutually exclusive consequences.
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The monotonous nature of the surfaces confirms a sufficient degree of objectivity of the
production rules. Therefore, the created system of fuzzy rules can be used for fuzzy logic
inference of the adjustable parameters. For example, in Fuzzy Logic Toolbox (MatLab)
package, using the “center of gravity” method with the following input variable values:
wheat yield 50 ¢/h, weed infestation 20%, grain humidity 13%, and strawiness 60%,
the recommended harvester travel speed value was 5 km/h.

Thus, the approach created on the basis of expert estimation of environmental fac-
tors of harvesting, allows us to obtain necessary setting parameters of the harvester that
correspond to the state of environment and the crop being harvested.

Discussion and Conclusion. As a result of the study, an approach has been
developed to solve the problem of choosing the adjustable parameters of the rotary
harvester depending on the environmental conditions of harvesting and the harvested
crops. The use of linguistic representation of knowledge and fuzzy logic algorithms
for the problem solution corresponds to the requirements of system analysis. As a re-
sult, the constructed models adequately take into account environmental conditions in
which the harvester operate, and mutual relations between the main elements of the
system. A formal description of the subject domain has been made (parametric and
structural identification has been made) that fully corresponds to the real conditions
of the harvester operation. On the basis of expert estimation, membership functions
for all studied LVs (9 environmental factors and 12 adjustable parameters) have been
identified, basic term sets and limits of change in basic variables have been determined.
The performed analysis of consistency of expert fuzzy knowledge confirms the adequacy
of the adopted models.

A base of fuzzy production rules was made, on which the fuzzy logic inference of
expert system for setting working tools of the TORUM harvester is based. A model
example of the values inference of the harvester adjustable parameters in the Fuzzy
Logic Toolbox (MatLab) is given.

The proposed approach is relevant for a wide range of harvesting equipment and
various crops. Technical difficulties in using this approach can arise when there are a large
number of factors that need to be taken into account. When the power of the set of
input variables is large, the number of rules for fuzzy production increases that leads
to extensive work on entering the rules into the program. In this case, the use of neuro-
fuzzy networks is promising; the implementation of this approach is also available in
the MatLab environment.

Thus, the result of the study is the creation of a basis for the IIS to help the operator
of the rotary-type harvester in making decisions on choosing values of the adjustable
parameters when harvesting various grain crops. In addition to preliminary setting, the
next problem is to develop a mechanism of correcting parameters in case of detecting
inadequacy of the initially set parameters to the changed harvesting conditions, which
manifests itself in deviating harvesting indicators from the specified values. This defines
one of the lines for further studies. Another promising line is increasing automation
for measurements of the values of harvesting factors and quality indicators for direct
connection with the IIS that will increase the efficiency of its application.
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