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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 
EMV 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 
EMV, 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 
EMV, 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 number», «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: 
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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. 
 
f(G,a,b) 

 
G, μm/m 

a = 1985 μm/m, b = 2431 μm/m 
 

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-
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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: 

 
f(G,a,b) 

 
G, μm/m 

1 – a = 2167 μm/m, b = 2631 μm/m; 
2 – a = 2134 μm/m, b = 2567 μm/m; 
3 – a = 2045 μm/m, b=2506 μm/m; 
4 – a =1995 μm/m, b = 2442 μm/m; 
5 – a = 1 867 μm/m, b =2383 μm/m 

 
Fig. 2. MF of the term «small deformation» of 

the term-set with different parameters 
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where a, c 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-
mation» are presented in Fig. 3 and Fig. 4. 

The conducted researches have shown that 
for the representation of the term-set «critical 
deformation» 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.  
 
f(G,a,b) 

 
G, μm/m 

1 – a = 2576 μm/m, b = 2718 μm/m,  
c = 2897 μm/m;  

2 – a = 2682 μm/m, b = 2808 μm/m,  
c = 2953 μm/m;  

3 – a = 2791 μm/m, b = 2878 μm/m,  
c = 2952 μm/m 

 
Fig. 3. MF of the term-set «average deformation» 

with different parameters 
 
f(G,a,b) 

 
G, μm/m 

1 – a = 2981 μm/m, b = 3015 μm/m,  
c = 3200 μm/m;  

2 – a = 2870 μm/m, b = 2988 μm/m, 
c = 3084 μm/m;  

3 – a = 2799 μm/m, b = 2947 μm/m,  
c = 3068 μm/m 

 
Fig. 4. MF of the «large deformation» term-set 

with different parameters 
 

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. 
 
f(G,a,b) 

 
G, μm/m 

a = 2980 μm/m, b = 3200 μm/m 
 

Fig. 5. S-shaped MF term «critical deformation» 
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 μm/m. 
As we can see from Fig. 6. 

The deformation at 2654 μm/m corresponds 
to four values of the coefficient of membership: 
for MF, the «small deformation» is equal to 0; 
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 μm/m corresponds to the «aver-
age deformation».  

 
f(G,a,b) 

 
G, μm/m 

 
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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Применение нечеткой логики для контроля 
динамических нагрузок на элементы констру-
кции дорожной машины 
Аннотация. Приведены результаты исследова-
ний по применению теории нечетких множеств 
для классификации результатов контроля дина-
мических нагрузок на элементы конструкции до-
рожных машин. 
Ключевые слова: дорожная машина, нечеткая 
логика, классификация, функция принадлежно-
сти, терм-множество, нечеткое множество, 
диагностика. 
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Використання нечіткої логіки для контролю 
динамічних навантажень на елементи конс-
трукції   дорожньої машини 
Анотація. Проблема. Аналіз бортових систем 
діагностування технічного стану дорожніх ма-
шин продемонстрував, що ці системи взагалі не 
враховують динамічні навантаження, які діють 
на раму та на робочі органи машин. Цей недолік 
можна усунути, якщо в режимі реального часу за 
даними поточних вимірювань критичних пара-
метрів класифікувати динамічні навантаження 
та відповідні їм динамічні режими роботи й 
здійснити оцінку технічного стану машини. Од-
ним з варіантів вирішення цього завдання  є вико-
ристання нечіткої логіки. Мета. Обґрунтування 
методики застосування нечіткої логіки для кон-
тролю динамічних навантаженнь на елементи 
конструкції дорожньої машини в процесі здійс-
нення технологічних операцій. Методологія. Ре-
зультати отримані на основі всебічного аналізу 
результатів експериментальних досліджень 
впливу критичних навантажень на елементи 
конструкції дорожньої машини в процесі здійс-
нення технологічних операції на різних rрунтах. 

Завдання на дослідження полягає в розробці та 
всебічному аналізі нечітких алгоритмів вимірю-
вань і контролю критичних динамічних наван-
тажень на елементи рами автогрейдера. Резуль-
тати. Проведені дослідження продемонстрували, 
що для середніх rрунтів (які покривають 70 % пло-
щі території України) поточна виміряна деформа-
ція рами автогрейдера становить 2654 мкм/м. Ця 
деформація відповідає чотирьом значенням коефі-
цієнта належності: «мала деформація» – 0; «сере-
дня деформація» – 0,9; «велика деформація» – 0; 
«критична деформація» – 0. За найбільшим значен-
ням коефіцієнта належності виміряне значення 
деформації було класифіковано як»середня дефор-
мація». Необхідно зазначити, що рішення прийма-
лось за усередненими даними  датчиків.  5 датчи-
ків були розташовані  на рамі автогрейдера та 2 
на робочому органі. Дослідження продемонстру-
вали, що для проведення кластеризації динаміч-
них навантажень дорожньої машини з достовір-
ністю 0,95 необхідно використовувати не менше 
10 датчиків на рамі, 7 на робочому органі та 6 на 
гідроциліндрах робочого органу автогрейдера. 
Якщо не дотримуватись цих вимог, то достові-
ність кластеризації знизиться до 0,73. Оригі-
нальність. Вперше  методологію нечітких мно-
жин було застосовано для контролю динамічних 
навантажень на елементи конструкції дорож-
ньої машини  в процесі здійснення технологічних 
операцій. Практичне значення. Отримані ре-
зультати можуть бути використані для процесу 
розробляння інтелектуальних бортових систем 
діагностики технічного стану конструктивних 
елементів дорожньої машини. 
Ключові слова: дорожня машина, нечітка логіка, 
класифікація, функція належності, терм-
множина, нечітка множина, діагностика. 
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