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Introduction

As the construction and road works grow, an
increasingly important task is to ensure the up-
time of the equipment. In the road building,
mostly circular machines are used. These ma-
chines are more dynamic, especially motor
graders, bulldozers, scrapers etc. We will con-
sider the motor grader as the object of the re-
search. A motor grader is a complex dynamic
system that operates in rigid dynamic loads that
have a random stochastic nature. Hereat, the
forces of inertia act as additional external loads
on the elastic system. The interaction of the
forces of inertia and the forces of elasticity un-
der dynamic loading generate elastic vibrations,
which lead to a significant increase in the total
load on the nodes of the motor grader.

During operation, the graders interact with
the soil with their dump (attachments). Accord-
ing to the research [1], the amplitude of the cut-
ting force of solid and frozen soils averages 0.7
maximum value and is random. The above fluc-
tuations of the force cause dynamic actions on
the working equipment, which are accompanied
by deformation of the blade and bearing struc-
ture of the motor grader. Depending on the load
on the working body, the mode of operation of
the engine, its temperature, detonation, vibration
degree of the engine and other characteristics
will change. The overall assessment of these
diagnostic parameters requires the decision on
the technical condition of the road-building ma-
chine as a whole.

Thus, it is possible to conclude the need to
control the technical condition of earth moving
vehicles (EMV) taking into consideration dy-
namic loads. The analysis of the on-board sys-
tems for diagnosing the technical state of the
EMYV showed that these systems do not take into
consideration the dynamic loads acting on the
frame and the operating elements of the ma-

chines at all. This disadvantage can be eliminat-
ed if, in real time, according to current meas-
urements of critical parameters, to classify the
dynamic loads and corresponding to them dy-
namic modes of operation and evaluate the tech-
nical state of the EMV. One solution to this
problem is to use fuzzy logic.

The analysis of publications

The researches devoted to the identification
of nonlinear dependencies based on fuzzy sets
and fuzzy logic has been intensively conducted
abroad since the 1990s [2, 6, 23]. Among the
Russian-language publications, we would men-
tion a series of articles by Professor A.P. Ron-
stein [2, 3], which developed the method of two-
step identification of nonlinear dependencies
using fuzzy knowledge bases. The practical ap-
plication of fuzzy set theory involves the presen-
tation of state parameters in the form of linguis-
tic variables. The formalization of linguistic
meanings within the theory of fuzzy sets is car-
ried out through membership functions (MFs)
[1-23]. The most widespread methods of con-
structing MFs are based on the statistical pro-
cessing of expert information and on paired
comparisons [4-6, 18-23]. These methods are
mainly used in the development of pure expert
systems that apply only expert knowledge [7—
10]. In [11], the method for constructing the
membership functions of the information pa-
rameters of the dynamic modes of operation of a
road-building machine is presented, which al-
lows recognizing the dynamic loads depending
on their stationarity.

The aim and problem statement
The purpose of this research is to substantiate
the methodology of using fuzzy logic for the
classification of dynamic loads of the EMV. The
purpose is due to the necessity of solving a
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number of problems: substantiation of the
choice of MFs and their construction, control of
dynamic loads using the theory of fuzzy sets.

The results of the research and them
discussion

The formal representation of a fuzzy set does
not impose any restrictions on the choice of a
particular EMV for its representation. However,
in practice, it is convenient to use those func-
tions that allow analytical representation in the
form of a simple mathematical function. It not
only simplifies the corresponding calculations,
but also reduces the computational resources
required to store the individual values of these
MFs. Usually, the MF has two, three or four pa-
rameters. There are many types of parametric
MFs, the most common are triangular, trapezoi-
dal, and the MF of Gaussian type.

When selecting and constructing MFs, we
will follow the rule that is determined by the
nature of the uncertainty that occurs when con-
structing specific MFs. The more the value of
the diagnostic parameter x € X refers to the prop-
erties that characterize the technical state of the
EMYV, the closer to «one» the value of the true
(coefficient of membership) of the correspond-
ing MF for the given diagnostic parameter
should be. Conversely, the less the value of the
diagnostic parameter x € X relates to the proper-
ties that characterize the technical state of the
EMYV, the closer to zero the value of the truth of
this MF should be. If the value of the diagnostic
parameter x €.X does not correspond at all to the
properties characterizing the technical state of
the EMV, then, accordingly, the coefficient of
membership will be equal zero. If the value of
the diagnostic parameter x € X corresponds to the
properties that characterize the technical state of
the EMV, then, accordingly, the coefficient of
membership will be equal one.

Direct and indirect methods have become
most widespread in the construction of MFs of
fuzzy sets. We will use the direct method of
constructing a MF. This method is applied to the
properties that can be measured on a quantitative
scale. For example, diagnostic parameters such
as pressure, deformation, temperature, etc., have
the appropriate units and standards for their
measurement. In the course of the direct method
of constructing the EMV, it is necessary to take
into consideration the fact that the theory of
fuzzy sets does not require an accurate represen-
tation of MF. Often, it is enough to record only
the most characteristic values and the type of a
MF.

With the recommendations considered, we
will determine the type of MF for linguistic var-
iables, which are represented by the diagnostic
parameters that characterize both the dynamic
load, the mode of operation and the technical
state of the EMV. For this purpose, firstly, it is
necessary to determine the linguistic variables
and the corresponding term-sets of the diagnos-
tic parameter.

We will consider the fuzzy set G that charac-
terizes the deformation of the frame of EMV
G = «deformation on the frame» and the corre-
sponding term sets {small, medium, large, criti-
cal}. To represent the properties of a fuzzy set,
characterized by the uncertainty of the type:
«small numbery, «small value», «small value», a
Z-curve (spline function) is usually used. Con-
sidered all round, this function can be analytical-
ly defined by the following:

1, x<a
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b—a 2
0, b<x

where a is the numerical value of the diagnostic
parameter, the coefficient of membership of
which to a given MF is one; b is the numerical
value of the diagnostic parameter, whose coeffi-
cient of membership to a given MF equals zero.
The condition a <b must be satisfied. The graph
of this function for the fuzzy set G is shown in
Fig. 1.
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Fig. 1. Z-shaped MF of the «small deformation»

The analysis of the results of the studies of
dynamic loads on the main frame and the opera-



BicHuuk XHAAQY, sun. 88, 2020, 7. |

tional elements of the motor grader showed that,
depending on the magnitude of the load, it is
necessary to use different MFs. We will con-
struct MFs that characterize the term-set «small
deformation» on the frame of the motor grader.
The graphs of these MFs are shown in Fig. 2.

For term sets «average deformation» and
«large deformation», we will use a triangular
MF, characterized by uncertainty of the type:
«approximately equal», «average», «located in
the interval». Considered all round, this function
can be analytically defined by the following:
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Fig. 2. MF of the term «small deformation» of
the term-set with different parameters
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where a, ¢ are the numerical values of the diag-
nostic parameter that characterize the basis of
the MF triangle. The coefficient of membership
of the values for this MF equals zero; b is the
vertex of the triangle, the coefficient of mem-
bership for this value equals one. The condition
a <b <c must be satisfied.

The MFs constructed according to the results
of experimental studies characterizing the term-
set «medium deformation» and «large defor-
mationy are presented in Fig. 3 and Fig. 4.

The conducted researches have shown that
for the representation of the term-set «critical
deformationy it is necessary to use a MF, which
is characterized by uncertainty of the type:

«large number», «large value». The MF that
characterizes the uncertainty of this type is an S-
shaped function.
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Fig. 3. MF of the term-set «average deformationy
with different parameters
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In the general case, this function is defined
by an analytical expression:
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where a is the numerical value of the diagnostic
parameter, the coefficient of membership of
which to a given MF equals zero; b is the numer-
ical value of the diagnostic parameter, whose co-
efficient of membership to a given MF equals
one. The condition a <b must be satisfied.

The model of this function for the critical-
deformation term-set is shown in Fig. 5.

The process of finding MF values of fuzzy
sets (terms) based on initial data is called phas-
ing. The set of built-in MF forms a kind of data-
base of these functions in the system of fuzzy
inference.

0.8 [
0.6
034 | —_t

O,: | R —

0

2700 2800 2900 3000 3100 3200 3300 3400 3500 3600
G, um/m
a = 2980 um/m, b = 3200 pm/m

Fig. 5. S-shaped MF term «critical deformationy
for parameter values

The classification of dynamic loads is carried
out by comparing the values of the current mea-
surements of the diagnostic parameter with the
MF, by determining the coefficients of member-
ship of this value to each MF. The calculation of
the weighting coefficients for each measured
value of the diagnostic parameter is determined
by formulas (1-3).

To reflect the implementation of the dynamic
load classification step, we will consider an ex-
ample of deformation of the frame of the motor
grader. Suppose that the current measured de-
formation of the frame is equal to 2654 pm/m.
As we can see from Fig. 6.

The deformation at 2654 um/m corresponds
to four values of the coefficient of membership:
for MF, the «small deformation» is equal to 0O;
for MF «average deformation» — 0,9; for MF
«large deformation» — 0; for MF «critical de-
formation» — 0. The largest value of the coeffi-
cient of membership is the decision on the ratio
of the measured value of deformation to one of
the term-set {small, medium, large, critical}.

Thus, based on the obtained calculation data,
it can be concluded that the deformation of the

frame at 2654 um/m corresponds to the «aver-
age deformationy.
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Fig. 6. The example of determining the coeffi-

cient of membership of the linguistic variable
«frame deformation» for four MFs.

Similar MFs are constructed for each diagnos-
tic parameter, characterizing both dynamic loads,
operating modes and technical state of the EMV:
engine temperature, pressure in the cylinders,
crankshaft rotation, frame vibration, etc. Thus,
many-parametric classification of such dynamic
loads is carried out, as well as of the modes of op-
eration of individual units and modules of the
EMV. According to the results of the classifica-
tion, based on fuzzy logical conclusions, in the
future it is possible to build a multi-level on-board
diagnostic system of the road-building machine.

Conclusion

The proposed approach to the classification
of dynamic loads is practically valuable because
in the real time scale in the working process of a
road-building machine, its technical condition
can be diagnosed. The dynamic load identifica-
tion with the use of fuzzy logic is an effective
method that takes into consideration the uncer-
tainty of the object of diagnosis.
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BuxopucTtanHs HeYiTKOI JIOTIKH JJIsi KOHTPOJIIO
JIUHAMIYHUX HABaHTa)KeHb HA eJeMeHTH KOHC-
TPYKIii /0POXKHBLOI MAIIMHU

Anomauin. Ilpoonema. Ananiz 6opmosux cucmem
O0IAZHOCMYBAHHA MEXHIYHO20 CMAHY OOPOICHIX Ma-
WUH NPOOEMOHCIpYB8As, W0 Yi cucmemu 63a2ai He
8paxo8yomo OUHAMINHI HABAHMAICEHHS, SKi Oilomb
Ha pamy ma Ha poboui opzanu mawiun. Lleti nedonix
MOJICHA YCYHYMU, AKWO 8 PEAHCUMI PeabHO20 4acy 3a
OaHUMU NOMOYHUX GUMIDIOBAHL KPUMUYHUX NApa-
Mempie Kiacupixyeamu OUHAMIYHI HABAHMANCEHHS
ma 8iOnoGioHi im OuHamiumi pexcumu podoomu U
30UUCHUMU OYIHKY MexHiuHo20 cmany mauunu. O0-
HUM 3 8apPIAHMIE SUPIUEHHS Yb020 3A80AHHS € BUKO-
pucmanns neyimkoi nociku. Mema. O0rpynmyeanisi
MEMOOUKY 3ACMOCYB8ANHSl HEUiMKOT 02IKU O/l KOH-
MPONI0 OUHAMIYHUX HABAHMANCEHHb HA eleMeHmU
KOHCMPYKYIL OOPOJCHbOI MawuHu 6 npoyeci 30itic-
HeHHsl mexHono02iuHux onepayiil. Memodonocia. Pe-
3YIbMamu. OMPUMAani Ha OCHOGL 8CeOIUH020 AHANI3ZY
pe3yibmamié  eKCNepUMEHMANbHUX — OOCHIONCEHD
6NUBY KPUMUYHUX HABAHMAIICEHb HA  EleMEHMU
KOHCMPYKYIL OOPONCHbOI MawuHu 6 npoyeci 30ilic-
HEHHsl MEeXHON02IYHUX Onepayii Ha pi3HUX FYpYHmMax.

3ae0anns nHa OocuiodcenHs noiseac 6 pospodoyi ma
6CEOIMHOMY AHANIZL HEUIMKUX AI2OPUMMIS SUMIDIO-
6aHb [ KOHMPONIO KPUMUYHUX OUHAMIYHUX HABAH-
masiceHb Ha elemenmu pamu agmoepetioepa. Pesynb-
mamu. [Ipoeedeni 00CHiOHCeHHsT NPOOEMOHCIPY AU,
wo 0ms cepeonix rpyumie (ki nokpusaroms 70 % nio-
wi mepumopii Ykpainu) nomouna eumipsina degpopma-
yist pamu aemoepetioepa cmanosumos 2654 mxm/m. L
deghopmayis 6i0N0GIOGE HOMUPLOM 3HAYECHHIM Koei-
yienma HanexcHocmi: «mana oegopmayisy — 0; «cepe-
oust Oeqpopmayisny — 0,9; «senuxa Odegpopmayisy — 0;
«kpumuuna oegpopmayisy — 0. 3a HatlOiLWUM 3HAYUEH-
HAM KOe@IYiEHma HANe’CHOCMI GUMIDSHE 3HAYCHHS
Odeghopmayii Oyno Kracugixosano sxkycepedus degop-
mayisy. HeoOXiOHo 3a3Hauumu, wo piuieHHs nputima-
JI0Cb 34 ycepeOHeHUMU OaHuMU OamuuKie. 5 oamuu-
Kig Oyau posmawosani Ha pami aemoepeiidepa ma 2
Ha pobouomy opeani. Jocnioxcenns npooemoHcmpy-
eanu, wo Ol NPOGedeHHs Kiacmepu3ayii OuHamiy-
HUX HABAHMAIICEHb OOPOINCHLOT MAWUHIL 3 OOCMOBID-
nicmio 0,95 HeobXiOHO 8UKOPUCMOB8Y8AMU HE MeHULe
10 oamuuxise na pami, 7 na pobouomy opeari ma 6 Ha
2I0poyuninopax pobouoeo opeany asmoepeiioepa.
Ao He 0ompumysamuch yux umoz, mo O00Cmosi-
Hicmb Kaacmepusayii suusumocs oo 0,73. Opuei-
HanbHicmb, Bnepue memooonoziio Heuimxkux MHO-
JHCUH OYTI0 3ACMOCOBAHO OJIsl KOHMPOIIO OUHAMIYHUX
HABAHMAICEHb HA eleMenmiy KOHCMPYKYil 0opooic-
HbOI Mawunu 8 npoyeci 30IUCHEHHS MEXHOI0IUHUX
onepayiu. Ilpakmuune 3nauenusn. Ompumani pe-
3YILMAmMu MOACYMb OYmu GUKOPUCTNAHT OISt nPOYecy
PO3POONSAHHS IHMEAEKMYANbHUX OOPMOBUX cucmem
O0lacHOCMUKU MEXHIYHO20 CMAHY KOHCHPYKIMUGHUX
eNeMEHMIB OOPONCHLOL MAULUHLL.

Knrouosi cnosa: 0oposicus mawuna, Heuimka 102iKa,
Kracugixayis,  QYyHKYis ~— HANEICHOCMI,  MepM-
MHOICUHA, HEYIMKA MHOJICUHA, OiA2HOCMUKA.
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