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Study on stationary solutions to the problem of phytoplankton dynamics considering 
transformation of phosphorus, nitrogen and silicon compounds* 

Yu.V. Belova1, A.M. Atayan2, A.E. Chistyakov3, A.V. Strazhko4** 

1,2,3,4 Don State Technical University, Rostov-on-Don, Russian Federation 

Исследование стационарных решений задачи динамики фитопланктона с учетом трансформации соеди-
нений фосфора, азота и кремния  

Ю. В. Белова1, А. М. Атаян2, А. Е. Чистяков3, А. В. Стражко4 

1,2,3,4 Донской государственный технический университет, г. Ростов-на-Дону, Российская Федерация 

Introduction. The solution to the problem of transformation of 
phosphorus, nitrogen and silicon forms is studied. This prob-
lem arises under modeling phytoplankton dynamics in shal-
low-water bodies including the Azov Sea. The phytoplankton 
dynamics model is formulated as a boundary value problem 
for the system of diffusion-convection-response equations and 
takes into account the absorption and release of nutrients by 
phytoplankton, as well as the transition of nutrients from one 
compound to another. To calculate the initial conditions and 
parameters of the equations under which the steady-state re-
gime occurs, the software is developed, which is based on the 
model describing changes in phytoplankton concentrations 
without considering current effects. This model is represented 
by a system of inhomogeneous differential equations. Based 
on the developed software, the initial conditions and parame-
ters of the phytoplankton dynamics model in the Azov Sea are 
calculated experimentally. 
Materials and Methods. A 3D model of phytoplankton dynam-
ics is considered taking into account the transformation of 
phosphorus, nitrogen and silicon compounds based on the 
system of nutrient transport equations. The case of a spatially 
uniform distribution of substances is considered to specify the 
parameters of the model at which the stationary modes occur. 
Because of simplification, a system of ordinary differential 
equations solved through the Runge-Kutta method is obtained. 
Research Results. The software is developed to specify the 
initial conditions and parameters of the phytoplankton dynam-
ics model considering the transformation of phosphorus, nitro-
gen and silicon compounds.  
Several numerical experiments are performed under the as-
sumption that the development of phytoplankton is limited by 

 Введение. Работа посвящена исследованию решения зада-
чи трансформации форм фосфора, азота и кремния. Дан-
ная проблема возникает при моделировании динамики 
фитопланктона в мелководных водоемах, в том числе в 
Азовском море. Модель динамики фитопланктона сфор-
мулирована как краевая задача для системы уравнений 
диффузии-конвекции-реакции и учитывает поглощение и 
выделение питательных веществ фитопланктоном, а также 
переход питательных веществ из одного соединения в 
другое. Для расчета начальных условий и параметров 
уравнений, при которых наступает стационарный режим, 
разработано программное обеспечение, основой которого 
послужила модель, описывающая изменения концентра-
ций фитопланктона без учета влияния течений. Данная 
модель представлена системой неоднородных обыкновен-
ных дифференциальных уравнений. На основе разрабо-
танного программного обеспечения экспериментальным 
образом рассчитаны начальные условия и параметры мо-
дели динамики фитопланктона в Азовском море. 
Материалы и методы. Рассматривается трехмерная мо-
дель динамики фитопланктона с учетом трансформации 
соединений фосфора, азота и кремния, основанная на си-
стеме уравнений транспорта биогенных веществ. Для 
уточнения параметров модели, при которых наступают 
стационарные режимы, рассматривается случай простран-
ственно-однородного распределения субстанций. В ре-
зультате упрощения получена система обыкновенных 
дифференциальных уравнений, которая решена методом 
Рунге-Кутты.  
Результаты исследования. Разработано программное 
обеспечение для уточнения начальных условий и пара-
метров модели динамики фитопланктона с учетом транс-
формации соединений фосфора, азота и кремния. Прове-
дены несколько численных экспериментов в предположе-
нии, что развитие фитопланктона лимитируется един-
ственным биогенным веществом. В результате вычисли-

                                                 
* The research is supported by the RSF (project no.  17-11-01286). 
 E-mail: yvbelova@yandex.ru, atayan24@yandex.ru, cheese_05@mail.ru, strajcko2@gmail.com 
 Работа выполнена при поддержке РНФ (проект № 17-11-01286). 
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образом рассчитаны начальные условия и параметры мо-
дели динамики фитопланктона в Азовском море. 
Материалы и методы. Рассматривается трехмерная мо-
дель динамики фитопланктона с учетом трансформации 
соединений фосфора, азота и кремния, основанная на си-
стеме уравнений транспорта биогенных веществ. Для 
уточнения параметров модели, при которых наступают 
стационарные режимы, рассматривается случай простран-
ственно-однородного распределения субстанций. В ре-
зультате упрощения получена система обыкновенных 
дифференциальных уравнений, которая решена методом 
Рунге-Кутты.  
Результаты исследования. Разработано программное 
обеспечение для уточнения начальных условий и пара-
метров модели динамики фитопланктона с учетом транс-
формации соединений фосфора, азота и кремния. Прове-
дены несколько численных экспериментов в предположе-
нии, что развитие фитопланктона лимитируется един-
ственным биогенным веществом. В результате вычисли-
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a single biogenic substance. As a result of the computational 
experiment, it can be seen that with the obtained values of the 
initial concentrations and parameters of the equations, station-
ary modes occur for the system of ordinary differential equa-
tions describing the case of the spatially uniform distribution 
of substances. 
Discussion and Conclusions. The mathematical model of the 
transformation of phosphorus, nitrogen and silicon forms in 
the problem of phytoplankton dynamics is studied. Stationary 
modes for the system of ordinary differential equations are 
obtained, for which the values of the system parameters and 
initial conditions are determined. The results obtained can be 
used in further simulation of the phytoplankton dynamics con-
sidering the transformation of phosphorus, nitrogen and silicon 
compounds with account for convection-diffusion, salinity, 
and temperature. 

тельного эксперимента видно, что при полученных значе-
ниях начальных концентраций и параметров уравнений 
наступают стационарные режимы для системы обыкно-
венных дифференциальных уравнений, описывающей 
случай пространственно-равномерного распределения 
субстанций. 
Обсуждение и заключения. В работе исследована матема-
тическая модель трансформации форм фосфора, азота и 
кремния в задаче динамики фитопланктона. 
Получены стационарные режимы для системы обыкно-
венных дифференциальных уравнений, для которых опре-
делены значения параметров системы и начальные усло-
вия. Полученные результаты могут быть использованы в 
процессе дальнейшего моделирования динамики фито-
планктона с учетом трансформации соединений фосфора, 
азота и кремния с учетом конвекции-диффузии, солено-
сти, температуры. 

   

Keywords: phytoplankton, phosphorus, nitrogen, silicon, bio-
gen, chemical-biological source, convection-diffusion-
response equation, Cauchy problem for system of ordinary 
differential equations, stationary mode. 
 

 Ключевые слова: фитопланктон, фосфор, азот, кремний, 
биоген, химико-биологический источник, уравнение кон-
векции-диффузии-реакции, задача Коши для системы 
обыкновенных дифференциальных уравнений, стационар-
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Introduction. Because of the development of major cities on the coast of shallow water bodies and river systems 

that flow into these water bodies, eutrophication has become more frequent. The growth of algae in reservoirs is caused 
by an increase in the flow of nitrogen and phosphorus compounds from the adjacent land areas. Each water body is 
unique and requires a thorough study. Field investigations [1] and mathematical modeling are used to explore water 
bodies. Without downplaying the role of field experiments, we can say that mathematical modeling is less costly, and it 
allows us to predict the behavior of the ecosystem. 

To study the Sea of Azov, a three-dimensional model of hydrodynamics [2, 3] including the equations of motion 
in three spatial directions was developed. In [4], this model was made for the case of dynamic rebuilding of the compu-
tational domain geometry due to the tidal effects. The investigation of this model accuracy is given in [5]. In [6–8], the 
reconstruction of an ecological catastrophe that occurred in 2001 caused by an excessive concentration of algae in the 
eastern part of the Sea of Azov is given. In [9], methods of controlling the suffocation phenomena arising in the Sea of 
Azov were proposed. The [10–12] papers are devoted to studying the dynamics of phyto- and zooplankton. 

The water condition in shallow water bodies is changing rapidly, and mathematical models need to be refined. 
The parameters determination of the three-dimensional model of the phyto- and zooplankton dynamics is laborious; 
therefore, it is proposed to use a simplified model to calculate these parameters. 

The work objective is to improve the parameters of the model of the phytoplankton dynamics considering the 
transformation of phosphorus, nitrogen and silicon compounds, under which stationary regimes occur with the assump-
tion of a spatially uniform distribution of substances. 

Materials and Methods. The model is based on the system of equations for the transport of nutrients [15, 16], 
the form of which for each iF model block is 
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  grad ,
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i i i i
i q

q q q q
u v w div k q R

t x y z
   

    
   

 (1) 

where iq is concentration of the i-th component, [mg/l]; iM, M={F1, F2, F3, PO4, POP, DOP, NO3, NO2, NH4, 

Si};  , ,u v w are components of the velocity vector of the water flow, [m/s]; k is turbulent exchange coefficient, [m2/s]; 

iqR is function-source of nutrients, [mg/l ∙ s]. 

In equation (1), i  index indicates the type of substance (Table 1). 
Table 1 

Biogenic substances in model of phytoplankton dynamics 

No. Notation  Name 
1 F1 Chlorella vulgaris green algae 
2 F2 Aphanizomenon flos-aquae green-blue algae 
3 F3 Sceletonema costatum diatom 
4 PO4 phosphates 
5 POP suspended organic phosphor 
6 DOP soluble organic phosphor 
7 NO3 nitrates 
8 NO2 nitrites 
9 NH4 ammonium 
10 Si soluble inorganic silica (silicic acids) 

 
Chemical and biological reactions are described by the following equations (1 )

i i i i i i i iF F FR F FD F FE FR C K q K q K q    , 
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3

1
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i iDOP P F E F PD POP DN DOP

i
R s K q K q K q
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1
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i

R s C K q K q K q

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3 2 4 2

2 4 2
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q qf q ,q ,q
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1
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
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3 3 3 3 3

1Si Si F F R F Si F D FR s C K q s K q   . 

Here, 
iF RK is specific breathing rate of phytoplankton; 

iF DK is specific die-off rate of phytoplankton; 
iF EK is 

specific excretion rate of phytoplankton; PDK is specific rate of POP autolysis; PNK is coefficient of POP phosphatifica-

tion; DNK is coefficient of DOP phosphatification; 42K is specific rate of ammonium oxidation to nitrites under nitrifica-

tion; 23K is specific rate of nitrite oxidation to nitrates under nitrification; Ps , Ns , Sis are normalization coefficients be-
tween the content of N, P, Si in organic matter. 

Phytoplankton growth rate is determined by the following expressions: 

    1,2 1,2 4 3 2 4F NF P PO N NO NO NHC  = K  min f q , f q ,q ,q , 

      3 3 4 3 2 4
,F NF P PO N NO NO NH Si SiC  = K  min f q , f q ,q ,q f q , 

where KNF is maximum specific phytoplankton growth rate.  
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Here, 
iF RK is specific breathing rate of phytoplankton; 

iF DK is specific die-off rate of phytoplankton; 
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specific excretion rate of phytoplankton; PDK is specific rate of POP autolysis; PNK is coefficient of POP phosphatifica-

tion; DNK is coefficient of DOP phosphatification; 42K is specific rate of ammonium oxidation to nitrites under nitrifica-

tion; 23K is specific rate of nitrite oxidation to nitrates under nitrification; Ps , Ns , Sis are normalization coefficients be-
tween the content of N, P, Si in organic matter. 

Phytoplankton growth rate is determined by the following expressions: 
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Fig. 1. Model scheme of biogeochemical transformation of phosphorus, nitrogen and silica forms 

Functions describing nutrient content 

– for phosphorus:   4

4

4 4

PO
P PO

PO PO

q
f q

q K



,  

where 
4POK  is phosphates half saturation constant; 

– for silica:   Si
Si Si

Si Si

q
f q

q K



,  

where SiK  is silica half saturation constant; 

– for nitrogen:          
3 2 4 3 2 4 4

1 2,N NO NO NH N NO NO NH N NHf q ,q ,q  f q ,q q + f q , 

  3 2 4

3 2 4

3 3 2

1 ( )exp( )
( , )

( )
NO NO psi NH

N NO NO NH
NO NO NO

q q K q
f q ,q q

K q q
 


 

,   4

4

4 4

2 ( ) NH
N NH

NH NH

q
f q

K q



, 

where 
3NOK  is nitrates half saturation constant, 

4NHK  is ammonium half saturation constant, psiK  is ammonium inhibi-

tion ratio. 
For the system (1), it is necessary to specify the vector field of the water flow velocities, as well as iq  initial 

values of the concentration functions 

      0, , ,0 , , , , ,i iq x y z q x y z x y z G  ., 0t  , iM.  (2)

 
Assume   boundary of G cylindrical region is piecewise smooth and H o     , where H is surface of 

the reservoir bottom, o  is still water surface,  is lateral (cylindrical) surface. Suppose nu is vector component of the 

water flow velocity normal to  , and n is outward normal vector to  . For iq  concentrations, we assume: 

– on side boundary: 
 0,iq   on  , if 0nu  , iM;  (3) 

0,iq
n





0,iq

n





on  , if 0nu  , iM; 

– on o  there is reservoir surface: 

 0,iq
z





 iM;  (5) 

– on the bottom H : 

 1,
i

i i

q
k q

z


 


, i{F1, F2, F3}, 
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 2,
i

i i

q
k q

z

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

, i{PO4, POP, DOP, NO3, NO2, NH4, Si},  (6) 

where 1, 2,,i i  are sedimentation rates of algae and nutrients to the bottom. 

Stationary Mode. Consider the case of a spatially uniform distribution of substances (phytoplankton, forms of 
phosphorus, nitrogen and silica); then each of the equations (1) is simplified; and as a result, we get the following sys-
tem of ordinary differential equations (ODE): 

 (1 )i

i i i i i i i

F
F F R F F D F F E F

dq
C K q K q K q

dt
    , 1,3i  ,  (7) 
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1
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, ,i i i
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s C K q K q

dt f NO NO NH q q
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1Si
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dq
s C K q s K q

dt
   . 

We solve the system of ordinary differential equations by the Runge – Kutta method [15–17]. We will conduct 

several numerical experiments, assuming that the development of phytoplankton depends on a single limiting substance. 

Research Results. For the ODE system (7), we calculate the initial conditions and parameters of the equations 

at which the stationary regimes occur. Let us take the initial concentration values:  
1

0Fq = 2.5 mg/l,  
2

0Fq = 2.6 mg/l, 

 
3

0Fq = 0.91 mg/l,  0POPq = 0.07 mg/l,  0DOPq = 0.07 mg/l,  
4

0POq = 0.005 mg/l,  
4

0NHq = 0.11 mg/l,  
2

0NOq

= 0.0178 mg/l,  
3

0NOq = 0.304 mg/l,  0Siq = 0.4 mg/l; coefficients: 
iNFK = 2.8 day-1,

iF RK = 0.15 day -1, 
iF DK = 0.05 day -

1, 
iF EK = 0.15 day -1, KPD = 0.015 day -1, KPN = 0.02 day -1, KDN = 0.1 day -1, K42 = 0.9 day -1, K23 = 2.5 day -1, Kpsi = 1.46 

day -1, sP = 0.01, sN = 0.016, sSi = 0.023, 
4POK = 0.024, 

3NOK = 3.0, 
4NHK = 2.0, SiK  = 3.0. 

 

The obtained stationary modes of the ODE system (7) on the assumption that the development of phytoplank-

ton is limited by a single nutrient (phosphorus, nitrogen or silica) are shown in Fig. 2–4, respectively. Fig. 2 describes 

the effect of phosphorus on the development of various phytoplankton species; Fig. 3 describes the effect of nitrogen on 

the development of various phytoplankton species; Fig. 4 describes the effect of nitrogen on diatom development. 
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phosphorus, nitrogen and silica); then each of the equations (1) is simplified; and as a result, we get the following sys-
tem of ordinary differential equations (ODE): 

 (1 )i

i i i i i i i
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dq
C K q K q K q

dt
    , 1,3i  ,  (7) 
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dq
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 

 4

4

23 3
4

42
1 13 2 4

( )
1

( , , )i i i i i i

NH N
N F F R F N F D F E F NH

i iN
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dt f NO NO NH q q

    


  

 
   
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3 3

2
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1
3

3 2 4
23

1 3 2 4

, ,
1

, ,i i i

NO NON
N F F R F NO

i N NO NO

dq qf NO NO NH
s C K q K q

dt f NO NO NH q q
   


 , 

 
3 3 3 3 3

1Si
Si F F R F Si F D F

dq
s C K q s K q

dt
   . 

We solve the system of ordinary differential equations by the Runge – Kutta method [15–17]. We will conduct 

several numerical experiments, assuming that the development of phytoplankton depends on a single limiting substance. 

Research Results. For the ODE system (7), we calculate the initial conditions and parameters of the equations 

at which the stationary regimes occur. Let us take the initial concentration values:  
1

0Fq = 2.5 mg/l,  
2

0Fq = 2.6 mg/l, 

 
3

0Fq = 0.91 mg/l,  0POPq = 0.07 mg/l,  0DOPq = 0.07 mg/l,  
4

0POq = 0.005 mg/l,  
4

0NHq = 0.11 mg/l,  
2

0NOq

= 0.0178 mg/l,  
3

0NOq = 0.304 mg/l,  0Siq = 0.4 mg/l; coefficients: 
iNFK = 2.8 day-1,

iF RK = 0.15 day -1, 
iF DK = 0.05 day -

1, 
iF EK = 0.15 day -1, KPD = 0.015 day -1, KPN = 0.02 day -1, KDN = 0.1 day -1, K42 = 0.9 day -1, K23 = 2.5 day -1, Kpsi = 1.46 

day -1, sP = 0.01, sN = 0.016, sSi = 0.023, 
4POK = 0.024, 

3NOK = 3.0, 
4NHK = 2.0, SiK  = 3.0. 

 

The obtained stationary modes of the ODE system (7) on the assumption that the development of phytoplank-

ton is limited by a single nutrient (phosphorus, nitrogen or silica) are shown in Fig. 2–4, respectively. Fig. 2 describes 

the effect of phosphorus on the development of various phytoplankton species; Fig. 3 describes the effect of nitrogen on 

the development of various phytoplankton species; Fig. 4 describes the effect of nitrogen on diatom development. 
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 Fig. 2. Stationary mode of ODE system under assumption that phytoplankton development is limited by phosphorus:  
a) green algae (ChV), b) green-blue algae (AF-A), c) diatom (SC), d) suspended organic phosphorus (POP), e) soluble 

organic phosphorus (DOP), f) phosphates (PO4) 
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Fig. 3. Stationary mode of ODE system under assumption that phytoplankton development is limited by nitrogen:  
a) green algae (ChV), b) green-blue algae (AF-A), c) diatom (SC), d) ammonium (NH4), e) nitrites (NO2), f) nitrates (NO3). 

 
           
 

 
 

Fig.4. Stationary mode of ODE system under assumption that phytoplankton (diatoms) development is limited by silica: 
a) diatom (SC), b) silica (Si). 
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Fig.4. Stationary mode of ODE system under assumption that phytoplankton (diatoms) development is limited by silica: 
a) diatom (SC), b) silica (Si). 
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The result of the computational experiment shows that with the above values of the initial concentrations and 

parameters of the equations, stationary modes occur for the ODE system (7), which describes the case of a spatially 
uniform distribution of substances. The obtained values will be used in further simulation of the spatially inhomogene-
ous distribution of substances, saltiness and temperature considering the movement of the aquatic environment [18]. 

Conclusion. A mathematical model of the transformation of forms of phosphorus, nitrogen and silica in the 
problem of phytoplankton dynamics is studied in the paper. The case of spatially uniform distribution of substances 
(phytoplankton, forms of phosphorus, nitrogen and silica) is considered. The system is divided into three systems of 
ordinary differential equations, each of which simulates the dependence of phytoplankton growth on a single nutrient. 
These systems are solved by the Runge-Kutta method (Fig. 2–4); stationary modes are obtained, for which the values of 
the system parameters and initial conditions are determined. 

The results obtained will be used for the further simulation of the phytoplankton dynamics considering the 
transformation of phosphorus, nitrogen and silica compounds, taking into account diffusion-convection, saltiness, and 
temperature. 
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МАШИНОСТРОЕНИЕ И МАШИНОВЕДЕНИЕ 
MACHINE BUILDING AND MACHINE SCIENCE 
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Study on oil pilot circuit of adaptive hydraulic drive of tool advance in mobile drilling 
machine * 

V. S. Sidorenko1, V. I. Grishchenko2, S. V. Rakulenko 3, M.S. Poleshkin4, D.D. Dymochkin 5  
1,2,3,4,5 Don State Technical University, Rostov-on-Don, Russian Federation 

Исследование гидравлического контура управления адаптивного гидропривода подачи инструмента 
мобильной буровой машины 

В. С. Сидоренко1, В. И. Грищенко2, С. В. Ракуленко3, М. С. Полешкин4, Д. Д. Дымочкин5  
1,2,3,4,5Донской государственный технический университет, г. Ростов-на-Дону, Российская Федерация 

Introduction. An adaptive hydraulic drive of the tool advance 
in a mobile drilling machine is studied on the example of the 
URB-2.5 installation. A typical technological cycle of the 
mobile drilling machine is considered; the performance 
criteria are defined. An original design of the adaptive 
hydraulic drive is proposed on the basis of the analysis. 
Adaptation of the hydraulic drive of the tool advance is 
carried out using an adjustable volumetric hydraulic motor 
with a hydraulic control circuit under discontinuous loads on 
the tool during the drilling process. 
Materials and Methods. Through a preliminary 
computational experiment in the Matlab Simulink program, 
the following parameters of the control loop devices were 
determined: a hydromechanical sensor and a hydraulically 
controlled valve, on the basis of which the experimental setup 
was implemented. The performed multifactor experiment 
allowed identifying the processes in the original hydraulic 
control circuit of the hydraulic motor under various modes of 
tool loading. 
Research Results. The kinematic and power characteristics of 
the hydromechanical system of a mobile drilling rig, the 
hydraulic control effect on the settings of the hydraulic 
control circuit devices were obtained and determined. The 
results enabled to specify the rational ranges of the 
hydromechanical system operation for a typical work cycle. 
Discussion and Conclusions. The results obtained can be 
used to create hydraulic systems of new drilling machines 
with various characteristics. The application of the developed 
techniques of research and processing of their results will 
reduce the time and costs involved in designing adaptive 
hydraulic systems for mobile technological machines, 
creating prototypes and conducting commissioning 
procedures. 

 Введение. Статья посвящена исследованию адаптивного 
гидропривода подачи инструмента мобильной буровой 
машины на примере установки УРБ-2,5. Рассмотрен 
типовой технологический цикл мобильной буровой 
машины, определены критерии функционирования. По 
результатам анализа предложено оригинальное 
схемотехническое решение адаптивного гидропривода. 
Адаптации гидропривода подачи инструмента 
осуществляется при помощи регулируемого объемного 
гидродвигателя с контуром гидравлического  управления 
при изменяющейся нагрузке на инструменте в процессе 
бурения. 
Материалы и методы. Предварительным вычислительным 
экспериментом в программе Matlab Simulink определены 
параметры устройств контура управления: 
гидромеханического датчика и гидроуправлямого клапана, 
на основе которых реализована экспериментальная 
установка. Выполненный многофакторный эксперимент 
позволил идентифицировать процессы в оригинальном 
гидравлическом контуре управления гидромотором при 
различных режимах нагружения инструмента. 
Результаты исследования. Получены и определены 
кинематические и силовые характеристики 
гидромеханической системы мобильной буровой установки, 
влияние гидравлического управления на параметры 
настройки устройств контура. Результаты позволили 
определить рациональные диапазоны функционирования 
гидромеханической системы для типового рабочего цикла. 
Обсуждение и заключения. Полученные результаты могут 
быть использованы при создании гидросистем новых 
буровых машин с различными характеристиками. 
Использование разработанных методик исследования и 
обработки их результатов позволит сократить затраты 
времени и средств при проектировании адаптивных 
гидросистем мобильных технологических машин, создании 
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Introduction. Dynamic development of natural resources requires the improvement of existing and the 

creation of new automated complexes of processing equipment for drilling production with improved mechanical and 

energy characteristics. Analysis of the known circuit design solutions of hydromechanical systems (HMS) of mobile 

drilling machines (MDM) identified the key feature of their construction — a multi-engine system, in which it is 

important to consider the effect of the tool feed drive and the main motion drive during the technological cycle [1–4]. 

At this, the quality, productivity and safety of operation depend much on how the kinematic and force parameters (V, 

M, etc.) are matched under changing the tool loads [4, 5]. In view of the above, the work objective was to increase the 

efficiency of the hydromechanical system of MDM working motions through developing and studying its hydraulic 

control circuit. 

Performance Criteria. In the drilling process, an important criterion is the fulfillment of the basic production 

requirement — operation matching of the main motion and feed drive, which would ensure a stable tool advance 

revolution [6].  

Using the basic laws of similarity of various process cycles, it is easy to apply the above reasoning to the 

technique of drilling various wells [7, 8].  

The performance (ПО) is determined as follows:        

 ПО = 1/ТОЦ     (1) 

 ПСЦ = ПО·kц kц = LСК / LОЦ    (2) 

 ТОЦ = ТМАШ + ТВС + ТПЗ + ТОБСЛ + ТРЕМ.  (3) 

 ТМАШ = LОЦ / Vn; Vn = So·nИ  (4) 

 nИ = 1000· VБУР / 3,14·DИ.  (5) 

ТОЦ is reference cycle time; ТПЗ is time of adjustment of the next reference operation cycle (increasing the tool 

length); ТМАШ is machine time spent on the cutting operation (drilling) when moving the tool by the value of LОЦ with 

Vn speed. 

When the condition (S0 = const) is fulfilled, the tool life corresponds to ТН = [ТИН] standard with DИ diameter 

and nИ frequency of tool rotation. In this case, the number of tool changes throughout LСК = LОЦ·kц drilling depth is 

reduced. 

ТВС is time spent on installation, commissioning operations, and tool change. It is regulated by the equipment 

type [7]; 

ТОБСЛ is scheduled time of change (replacement) of the tool after the development of its technological stability 

(ТН);  

ТРЕМ is time for eliminating failures, it is reduced with the increased reliability; VБУР, So are standards for 

drilling soils of various categories by σi or from the practice of drilling in each region [5]. 
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The tool life and capacity depend directly on the stability of Sо(t) value (working process flow per revolution) 

[7, 9]. This is achieved in case, when Sм(t) minute feed rate performed by the drive of the MDM dependent feed, 

decreases synchronously with reducing the tool n(t) rotational speed. When the elastic deformations are not considered 

in the kinematic tool feed chain, then the feed amount is determined as follows:  

  𝑆𝑆0(𝑡𝑡) = 2𝜋𝜋∙𝑣𝑣(𝑡𝑡)
𝜔𝜔(𝑡𝑡)   (6) 

   𝑆𝑆М(𝑡𝑡) = 𝑣𝑣(𝑡𝑡)
60    (7) 

 𝜔𝜔(𝑡𝑡) = 2𝜋𝜋 ∙ 𝑛𝑛(𝑡𝑡)  (8) 

where 𝑣𝑣(𝑡𝑡) is linear tool advance speed, m/s; 𝜔𝜔(𝑡𝑡) = 2𝜋𝜋 ∙ 𝑛𝑛(𝑡𝑡)  are angular velocities of tool rotation, rad/s; 𝑛𝑛(𝑡𝑡) is tool 

rotation frequency, rev/s. 

       As is well known, the possibilities of rigid stabilization of each of the working motions under the conditions of 

hydraulic drive application are limited. In the technological machines of this type, the task of adapting a volumetric 

hydraulic drive is not solved automatically, but is done manually by the operator [3, 10]. 

Circuit Solution. On the basis of the previously proposed structural scheme [11], as well as the analysis of 

typical MDM operation cycles, the MDM URB-2.5 schematic hybrid (Fig. 1) is proposed. It considers the behavior and 

composition of its mechanical subsystem.  

The machine power system consists of hydraulic fixed axial-piston pumps (H1, H4), installed on the chassis 

transfer gear through power take-offs (PTO). The PTO control is electro-pneumatic and it is performed through 

switches installed in the cab of the auto chassis [10, 12]. 

The hydraulic control circuit (HCC) of the installation receives hydraulic energy from H2 two-stage pump 

driven by an electric motor. The electric motor receives power from the auto chassis generator. The first section of H2 

directs the hydraulic energy to GMD1 sensor, the second one – to the hydraulically operated valve (HOV). 

The operation of both HCC circuits occurs off-load, so overheating of H2 two-stage pump motor is excluded. 

Each two-stage pump has a safety relief valve with electrical control (KP2, KP3). Pressure is controlled by MN3 and 

MN5 gauges respectively. HCC has its own closed hydraulic tank (B2) [13]. The main hydraulic tank is B1 tank 

equipped with F1, F2, F3 drain filters, TO1 and TO2 heat exchangers. 

The MDM hydraulic system (HS) is divided into two large circuits. The auxiliary circuit includes an outrigger 

drive (ГЦ1, ГЦ2), a mast lift-lower drive (ГЦ 3), and a winch drive (ГМ 3). The main contour includes a drive of the 

tool main motion (rotary table) and a feed drive (Fig. 1). 
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Fig. 1. Hydraulic schematic diagram of MDM URB-2.5 

The tool feed drive entering the main circuit receives hydraulic energy from the hydraulic pump (H1). The 
pump is equipped with an electrically-controlled relief valve (КП1). Operating pressure is monitored by the pressure 
gauge (MH2). Reverse movement, stop are provided by a three-position electrically-controlled valve (P2) with a closed 
center. The hydromotor (ГМ1) of the feed drive, adjustable through mechanical transmission, provides a longitudinal 
feed of the drilling tool. The heat exchanger (TO1) and filter (Ф1) provide filtration and conditioning of the working 
fluid. 

The pump (H4) is rotated in the same way as the pump (H1) (Fig. 1). The valve (P3) initiates start, stop of the 
main drive or feed rate increase under the rapid traverse of the feed drive. In this case, the upper position of the valve is 
turned on, and the flow of the pump (H4) enters the drive supply circuit through the check valve (KO1), and is summed 
with the flow of the pump (H1) providing a quick lowering or lifting of the tool from the well. When the pump (H4) 
operates on the main drive (P3 in the lower position), the check valve (KO1) prevents the working fluid from being 
drained out of the supply circuit into the tank (B1) [13]. 

Outrigger Drive Mast Lifting Drive Winch Drive 

Feed Drive 

Main Motion 
Drive 
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A similar function is performed by the check valve (KO3) when the pump is operated on the feed drive. The 

valve (Р4) provides reverse of the drive main motion. Using the choke (ДР2), the tool rotation speed is adjusted (at 
idle).  

The heat exchanger (TO2) and the drain filter (Ф3) provide filtration and conditioning of the working fluid of 
the rotational drive circuit. 

The HCC circuit includes two original devices – a hydraulically controlled valve (HOV) (4) and a hydraulic 
multiparameter sensor (HMS) (5) (Fig. 2) [14]. Under the rapid traverse of the feed drive described above, the pump 
(H2) (Fig. 1) is automatically shut off by the control system (АПМ). 

 

 
Fig. 2. MDM general view: 1 is adjustable hydraulic motor; 2 is tool feed drive; 3 is uncontrolled hydraulic motor; 4 is 

HOV valve; 5 is HMS sensor; 6 is gearbox; 7 is driveshaft; 8 is coupling; 9 is auto chassis; 10 is system of outriggers; 11 is tool; 12 
is main motion drive; 13 is double drum winch; 14 is hydraulic cylinder of mast lifting (lowering); 15 is swivel; 16 is mast. 

The HCC principle of operation (Fig. 2) as part of the MDM hydraulic system is as follows: the shaft (HMS) 
(5) is mechanically connected to the shaft (ГМ2) through the gearbox (6). Pressure fluctuation at the HMS input (5) is 

B 

B 

A 
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transmitted to the control input of the HOV (4) which is adjusted – by selecting springs – to the mode of operation 
whereby, at its output, the average operating pressure proportional to the oscillation amplitude and, accordingly, to the 
rotational speed of the hydromotor shaft (ГМ1) is formed. 

With resistance moment increment on the hydromotor shaft (ГМ2), the shaft rotation speed and the oscillation 
frequency at the HMD input decrease, and the pressure amplitude increases. As it increases, the average value of 
opening the HOV valve, which supplies a greater amount of fluid from the H2 to the gearbox (ГМ1) of the feed drive, 
increases. The control pressure (Ру) at the HOV input increases, which provides an increase in the hydraulic motor 
capacity and reduces the feed speed. The mechanism of the HCC contour as a component of the HMS with a dependent 
tool advance, as well as the operation principle of the (АПМ) unit, is considered in [15]. 

The accumulator (АК) smoothes the pressure control pulsation (Ру) at the hydraulic motor (ГМ1) input 
control. Using the setting of the chokes (ДР1, ДР2) and the selection of the pressure valve (KO3), the limiting values of 
the tool feed rate and rotation speed are adjusted, and the required functional relationship between the working motion 
speeds is formed. 

The original HOV differs in function of continuous regulation of the valve flow section. Therefore, it is 
possible to control the performance of the hydromotor at all speeds.  

Experimental Study. To identify the HMS parameters operating under the specified conditions, special bench 
equipment and accessories are developed [13]. The hydromotor flow rate was determined using a turbine sensor-flow 
meter connected through the converter board (ЦАП-АЦП). The adjustment ranges of the parameters under the study are 
shown in Table 1.  

Table 1 
Parameter ranges under HMS study  

No. Parameter Designation Range 
Unit of 

measurement 
Control device 

1 Nozzle diameter dсп 0.5–1.2 mm Plug gauge 
2 Choke flange dдр 0.8–2 mm Plug gauge 

3 
Gap between nozzle and 

modulator 
yз 0.2–1 mm Dial gauge 

4 RPM nгмд 5–60 rpm 
Rotation velocity 

sensor 

5 Flow through HMS Qгмд 0.5–20 l/min 
Flow gage, 
gage tank 

6 Pressure in HMS pгмд 0.5–5 MPa Pressure gauge 

7 
Characteristic design factor 

of HMS flow section 
xд 2–8 mm Slide gage 

The traverse speed and acceleration of the shaft (ГМ) (feed drive) was determined by sequential differentiation 
of motion over time using the following formulas implemented by post-processing of data in the PowerGraph program 
[8, 11, 16]: 

 𝜔𝜔(𝑡𝑡) = 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 , (9) 

  𝜀𝜀(𝑡𝑡) = 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 ,  (10) 

where 𝜔𝜔 is angular velocity, rad/s; ε is angular acceleration of (ГМ), rad/s2.   

         The results of the obtained experimental data processing through the known methods [17, 18] are presented in Fig. 
3–9. 

The graph in Fig. 3 explains the pressure fluctuation amplitude response of the HMS under a change in the 
hydromotor (ГМ1) speed variation within the range of 45–125 rad/s. The data were obtained when testing nozzles with 
the diameters: dсп = 2, 4, 6 mm. 

As a result, the dependence of the pressure change was almost linear in nature, and it fell as the speed 
increased, which was associated with the non-stationary mode of the working fluid outflow through the flapper-nozzle 
unit. 
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Fig.3. Dependence of pressure fluctuation value (PД) on ω speed of rotation of hydromotor (ГМ1), approximation: 1 is  

PД=0.14ω2-3ω+24.8; 2 is PД=0.36ω2-3.84ω+20.4; 3 is PД=0.21ω2-2.8ω+16.6. 

The results presented in Fig. 4 show that with an increase in the characteristic structural parameter of the flow 
section (ГМД ХД) from 2 to 8 mm, the control pressure level changes from 1.9 to 1.4 MPa. This enables to make 
recommendations for further optimization of the HMS flow path [19], in particular, for some increase in (ХД). 
However, its further increase is impractical because it increases the geometric dimensions of the modulator disk. 

 
Fig. 4. Dependence control pressure (Pу) variation on effect of characteristic structural parameter of cross section of 

flow part (ГМД XД), approximation: PУ=1.65XД+20.75 
 

Fig. 5 shows the effect of the design features of (ХД) on the maximum pressure amplitude (Pдmax) used for the 
hydraulic control circuit during advance to the HOV.  

 

Fig.5. Dependence of change in maximum amplitude of control pressure (PД.MAX) on effect of characteristic design parameter of flow 
section of (ГМД XД), approximation: PДMAX=21.46XД
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During identification, an important step was the determination in the HCC circuit: HMS – HOV, the degree of 

impact of each control component setting. Thus, the HOV tuning property, under the control loop performance, is its 

spring constant (Cпр), the selection of which significantly affects the sensitivity of the control subsystem [20]. 

The characteristic built in Fig. 6 and approximated by the results of the experiment, is linear, and explains the 

magnitude of the maximum control pressure drop from 1.7 to 1.4 MPa under changing the HOV spring force. 

 
Fig. 6. Dependence of maximum control pressure (Pу.max) variation on magnitude of HOV spring force, approximation: 

PУMAX=1.5CP+18.5 

 

The second tuning element in the circuit with the HOV is an adjustable choke in the shunt line (Fig. 1). Its 

setting parameter is the flow area regulated within the range from 2.5 • 10-7 to 7.5 • 10-7 m2. The results of the 
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Fig. 8. tу dependence of HCC response time on ω angular rotation velocity of hydromotor (ГМ1) shaft, approximation: 

 tУ=-0.002ω2-0.4ω+0.83 
 

Since HCC is a part of the MDM hydraulic system, its length has a special impact on the quality and time of 
transient processes [16]. In order to determine the degree of impact on the above parameters, the pressure variation time 
in the control line with varying of its volume was studied (Fig. 9). 

 
Fig. 9. tу dependence of HCC response time on W volume in control flow line, approximation:  

tУ=-0.02ω3+0.1ω2+0.12ω+0.5 

The results enable to determine the critical value of the flow line volume: W = 24·10-4 м3, over which the HCC 
response time does not exceed 1.5 s; that is due to wave processes taking place in the pipeline, as well as to the 
parameters of the lines themselves [20]. 

Conclusions. As a result of the research, the requirements were developed, and the HMS generalized structure 
of the MDM working motions was proposed, which made it possible to increase the efficiency of drilling production 
through introducing an internal kinematic hydromechanical connection between the main motion and the tool feed 
movement. 

A hydraulic control circuit is developed and implemented on the basis of a multi-parameter sensor and a 
hydraulically controlled valve, which ensures the coordination of working motions under the discontinuous process 
duty. Considers the characteristic features of the drilling process, the configuration of the reference operating cycle, 
which allowed for the development of an automated system for driving work motions, is proposed. 
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Effect of organic acid concentration in lubricant on tribological characteristics of friction 
couple* 

V. E. Burlakova1, E. G. Drogan2** 

1,2 Don State Technical University, Rostov-on-Don, Russian Federation 

Влияние концентрации органической кислоты в составе смазки на трибологические характеристики 
пары трения 

В. Э. Бурлакова1, Е. Г. Дроган2 

1,2 Донской государственный технический университет, г. Ростов-на-Дону, Российская Федерация 

Introduction. The possibility of using monocarboxylic acids as 

a lubricant composition additive, and the effect of their 

concentration in lubricant on the evolution of the friction 

factor of a brass-steel couple, as well as the morphology of the 

film surface under friction is considered. The work objective is 

to study the effect of the concentration of carboxylic acids in 

the lubricant composition on the evolution of the friction 

factor of copper – steel alloy. 

Materials and Methods. Tribological studies of a brass-steel 

friction couple in aqueous solutions of monocarboxylic acids 

with the concentrations of 0.025; 0.05; 0.1; 0.2; 0.5 mol/l are 

carried out. Using scanning electron microscopy, we have 

studied the morphology of the servovite film surface that is 

formed on a steel disk after frictional interaction of a brass-

steel couple in aqueous solutions of acids with the 

concentration of 0.1 mol/l. 

Research Results. Tribological characteristics of the brass-

steel tribocoupling in aqueous solutions of carboxylic acids of 

various concentrations are studied. The optimum acid 

concentration in the lubricant composition is specified. 

Herewith, a selective transfer and a wearless friction regime 

are implemented under friction of the brass 59–steel 40X 

couple. A decrease in the friction ratio to 0.009 and 0.007 is 

found out under friction in aqueous solutions of valeric and 

caproic acids, respectively. The formation of an anti-friction 

film on the steel surface is identified through the scanning 

electron microscopy. It is established that the film formed in 

an aqueous solution of caproic acid has a denser structure in 

  Введение. Статья посвящена исследованию возможности 
использования в качестве присадки к смазочной 
композиции одноосновных карбоновых кислот и 
изучению их влияния на эволюцию коэффициента трения 
пары латунь-сталь, а также изучению морфологии 
формирующихся при трении поверхности пленок.  
Целью работы являлось изучение влияния концентрации 
карбоновых кислот в составе смазочной композиции на 
эволюцию коэффициента трения пары сплав медь-сталь. 
Материалы и методы. Проведены трибологические 
исследования пары трения латунь-сталь в водных 
растворах одноосновных карбоновых кислот с 
концентрациями 0,025; 0,05; 0,1; 0,2; 0,5 моль/л. С 
помощью растровой электронной микроскопии изучена 
морфология поверхности сервовитной пленки, 
формирующейся на стальном диске после фрикционного 
взаимодействия пары трения латунь-сталь в водных 
растворах кислот с концентрацией 0,1 моль/л. 
Результаты исследования. Изучены трибологические 
характеристики трибосопряжения латунь-сталь в водных 
растворах карбоновых кислот различной концентрации. 
Установлена оптимальная концентрация кислоты в 
составе смазки, при которой в результате трения пары 
латунь 59-сталь 40Х реализуется избирательный перенос 
и достигается режим безызносного трения. Обнаружено 
снижение коэффициента трения до 0,009 и 0,007 при 
трении в водных растворах валериановой и капроновой 
кислот соответственно. С помощью растровой 
электронной микроскопии выявлено формирование на 
стальной поверхности антифрикционной пленки. 
Установлено, что пленка, формирующаяся в водном 
растворе капроновой кислоты, имеет более плотную 
структуру, в сравнении с пленкой, формирующейся при 
трении в водных растворах масляной и капроновой 
кислот. 
 

                                                 
* The research is done within the frame of the independent R&D. 
 E-mail: vburlakova@donstu.ru, ekaterina.drogan@gmail.com  
 Работа выполнена в рамках инициативной НИР. 

Maxim
Штамп



M
ac

hi
ne

 b
ui

ld
in

g 
an

d 
m

ac
hi

ne
 sc

ie
nc

e

25

Vestnik of Don State Technical University. 2019. Vol. 19, no. 1, pp. 24–30.   ISSN 1992-5980 eISSN 1992-6006 
Вестник Донского государственного технического университета. 2019. Т. 19, № 1. C. 24–30.   ISSN 1992-5980 eISSN 1992-6006 

 

 

МАШИНОСТРОЕНИЕ И МАШИНОВЕДЕНИЕ 
MACHINE BUILDING AND MACHINE SCIENCE 

 

UDC 621.893  https://doi.org/10.23947/1992-5980-2019-19-1-24-30 

Effect of organic acid concentration in lubricant on tribological characteristics of friction 
couple* 

V. E. Burlakova1, E. G. Drogan2** 

1,2 Don State Technical University, Rostov-on-Don, Russian Federation 

Влияние концентрации органической кислоты в составе смазки на трибологические характеристики 
пары трения 

В. Э. Бурлакова1, Е. Г. Дроган2 

1,2 Донской государственный технический университет, г. Ростов-на-Дону, Российская Федерация 
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to study the effect of the concentration of carboxylic acids in 

the lubricant composition on the evolution of the friction 

factor of copper – steel alloy. 
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with the concentrations of 0.025; 0.05; 0.1; 0.2; 0.5 mol/l are 

carried out. Using scanning electron microscopy, we have 

studied the morphology of the servovite film surface that is 
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concentration of 0.1 mol/l. 
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стальной поверхности антифрикционной пленки. 
Установлено, что пленка, формирующаяся в водном 
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comparison with the film formed under friction in aqueous 

solutions of butyric and caproic acids. 

Discussion and Conclusions. Thus, the tribological studies of 

a brass-steel friction couple in aqueous acid solutions show 

that the optimum molar acid concentration in the lubricant 

composition is 0.1 mol/l. At this acid concentration, the values 

of the friction factor characteristic of the wearless mode are 

attained. 

Обсуждение и заключения. В результате трибологических 
исследований пары трения латунь-сталь в водных 
растворах кислот выявлено, что оптимальной молярной 
концентрацией кислоты в составе смазки является 
концентрация 0,1 моль/л. При этой концентрации кислоты 
достигаются значения коэффициента трения, характерные 
для режима безызносности. Выявлено, что изменение 
концентрации кислоты приводит либо к увеличению 
значений коэффициента трению, либо к незначительному 
его снижению. При этом увеличение концентрации 
кислоты сопровождается коррозионными процессами на 
поверхности пары трения. 

   

Keywords: friction factor, wear, selective transfer, servovite 
film, carboxylic acid, friction surface topography. 

 Ключевые слова: коэффициент трения, износ, 
избирательный перенос, сервовитная пленка, карбоновая 
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Introduction. Modern high-developing machine-building industry advances new demands on lubricants. Most 
conventional methods of the friction and wear control are based on the use of solid and liquid lubricants [1–4]. The 
principal function of lubrication in friction units is to keep two contacting surfaces of machine parts from wear. To 
perform the necessary functions, basic fluids need modification by functional additives that change the antiwear 
properties of base oils through improving their lubricity among other. For this reason, additives are an integral part of 
the design of modern lubricants. The studies [2–7] show that to reduce friction and wear, both nanoparticles of metals 
and various organic components are used as additives to lubricant compositions. Some of them contribute to the 
formation of protective antifriction films on the tribocontact surfaces due to the presence of metal powders with particle 
sizes in the micro-range and nanoscale in the lubricant composition [7–9]; others – as a result of selective dissolution of 
tribo-conjugated surfaces (in the case of copper-steel alloy friction pair) under friction [10–17]. As is known, the 
lubricating medium plays a critical role in the selective transfer of copper to the steel surface under frictional 
interaction. For example, during the copper alloy – steel friction, various polar compounds, including carboxylic acids, 
are formed in the aqueous-glycerin medium. It was interesting to study the possibility of using them as additives to the 
lubricant composition for implementing a selective transfer and wearless friction. 

Materials and Methods. The evolution of the friction factor of the “brass 59-aqueous solution of carboxylic 
acid – 40X steel” system was investigated on the AE-5 type face friction machine. Aqueous solutions of saturated 
monobasic carboxylic acids with the general formula: R–COOH (R = CnH2n+1), with the concentrations of 0.025–0.5 
mol/l were used as a lubricant composition. Before the tribological studies, samples of steel 40X and brass 59 were 
cleaned with abrasive paper, washed with distilled water, degreased with hexane, and air-dried. The friction assembly 
consisted of a steel rigidly fixed disk and three movable brass fingers arranged in a circle at the angle of 120° relative 
to each other. A friction couple of a ring steel specimen and brass fingers was placed in the lubricant composition into 
the working part of the friction machine made in the form of a textolite bath. A PHYWE Cobra force sensor was 
attached to the front face of the working part of the friction machine for continuous recording of the friction variation. 
Tribological studies were carried out under the following modes: sliding speed of the specimen was 0.45 m/s; axial 
load was 1.7 MPa; test time was 10 hours; temperature of the working environment was 37° C; slide path was 15,260 
m. 
       The morphology of the servo film was studied using the scanning electron microscopy (SEM) on a Carl ZEISS 
microscope in the Electron and Optical Microscopy Laboratory and the Center for Collective Use of Scientific 
Equipment, REC “Materials” (http: //nano.donstu.ru). The studies were conducted under high vacuum conditions. 
Accelerating voltage under the scanning mode was 1–3 kV. 

Research Results. The dependence of the friction factor on the concentration of carboxylic acid for various 
volume acid densities under the brass-steel couple friction is given in Fig. 1 and in Table 1. From the analysis of the 
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data obtained, it follows that the dependence in Fig. 1 is nonmonotonic, with a minimum concentration of acid in the 
solution of 0.1 mol/l. 

Table 1 

Dependence of friction factor on acid concentration in lubricant 

Lubricant 
composition, acid 

solution 

Acid chemical formula: R-
COOH, where R 

Acid concentration, mol/l 
0.025 0.05 0.1 0.2 0.5 

friction factor, µ 
Formic -H 0.307 0.348 0.274 0.391 0.545 

Acetic -CH3 0.285 0.312 0.258 0.367 0.462 

Propionic -CH2CH3 0.195 0.129 0.087 0.239 0.335 

Butyric -CH2CH2CH3 0.112 0.083 0.037 0.184 0.307 

Valeric -CH2CH2CH2CH3 0.071 0.031 0.009 0.045 0.154 

Caproic -CH2CH2CH2CH2CH3 0.054 0.016 0.007 0.028 0.126 

         Studying the effect of acid concentration on the friction factor variation in the solution shows that strengthening of 
formic and acetic acids in the lubricant composition from 0.025 mol/l to 0.05 mol/l leads to the increase in the acidity of 
the medium and, consequently, to an increase of the values of the friction factor from 0.3 to 0.35. 

As a result of frictional interaction, tribocorrosion occurs on the metal surface in the tribosystem. A further 
increase in the acid concentration to 0.1 mol/l causes a decrease in the friction factor, and then it is accompanied by its 
sharp increase and strong wear of friction couple materials as a result of the adhesion-mechanical interaction of the 
protrusions of the surface microrelief (Fig. 1, 2). 

 

Fig. 1. Dependence of friction factor (µ) on acid concentration (C) in lubricant composition under friction of brass-steel couple: 1 is 
formic acid, 2 is acetic acid, 3 is propionic acid, 4 is butyric acid, 5 is valeric acid, 6 is caproic acid 

  
Fig. 2. Evolution of friction factor (µ) on concentration (C) in “brass-aqueous solution of acetic acid-steel” system 
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A similar dependence of the friction factor on the acid concentration in the lubricant composition is also 

observed under friction of a brass-steel couple in aqueous solutions of propionic and butyric acids (Fig. 3). 

 
Fig. 3. Evolution of friction factor (µ) on concentration (C) in “brass-aqueous solution of butyric acid-steel” system 

At this, the friction factor decreases significantly at the acid concentration of 0.1 mol/l and does not exceed 0.1. 
A further increase in the acid concentration in the lubricant composition, as well as in the case of formic and acetic 
acids, is accompanied by its sharp increase (Fig. 1). As a result, wear products are formed in the lubricating fluid 
volume. In this case, the friction surface is subjected to corrosion-mechanical wear, and the friction factor has rather 
high values from 0.15 to 0.35 (Fig. 3). 

Analysis of the friction factor variation of a brass-steel couple in aqueous solutions of valeric and caproic acids 
with the concentrations of 0.025 and 0.05 mol/l determines rather low value to 0.07 (Fig. 1, 4).  

Application of valeric and caproic acids in a lubricant composition with the concentration of 0.1 mol/l enables 
to obtain the lowest values of the friction factor to 0.007; optimal conditions for self-organization on the steel surface; 
the formation of a visually detectable servovite film [13, 18]; and the establishment of a wear-free mode in the 
tribological system. At this, reduction of the friction factor in the copper-steel alloy couple is associated with the best 
damping of tribo-film stresses caused by friction. 

  
Fig. 4. Evolution of friction factor (µ) on concentration (C) in “brass-aqueous solution of caproic acid-steel” system 
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increases, while the acid molecules run parallel to the surface reducing the friction factor as compared to the values for 
clean friction surfaces. The generated boundary layers at low acid concentrations reduce the friction factor. With further 
raise of the acid concentration, molecules are arranged perpendicular to the surface; the adsorbed layer increases the 
surface roughness; and the friction factor grows. The closedness of intermolecular bindings inside the adsorption layer 
leads to low surface energy and virtual absence of secondary adsorption of acids or other components [19–21]. 

Analysis of the results obtained through the scanning electron microscopy (SEM) indicates drastic structural 
changes in the friction surface in acid aqueous solutions when moving from formic to caproic acid (Fig. 4). As can be 
seen from the SEM visualization of the results obtained, with the relative movement of two surfaces in an aqueous 
solution of acetic and butyric acids, the surface of the tribocontact has a heterogeneous structure with a large number of 
pores and irregularities resulting from mechanochemical corrosion; as well as the occurrence of wear particles on the 
friction surface which causes abrasive wear of rubbing metals. At this, cracks and scratches appear on the friction 
surface, which significantly reduces wear resistance of the material. Micrographs of the sample surface after friction in 
aqueous solutions of acetic and butyric acids show major roughness of the friction track, which leads to an increase in 
the friction factor (Fig. 4a, b). The friction force growth also provokes an increase in temperature in the friction unit, 
and, as a result, thermal stress of the metal, which is also one of the causes of the crack formation, both on the material 
surface and in its volume. 

 
Fig. 5. SEM results of servovite film obtained under friction in “brass-aqueous solution of acid-steel” system:  

(а) is acetic acid, (b) is butyric acid, (c) is caproic acid 

When an aqueous solution of caproic acid is used as a lubricant composition under friction of a copper alloy 
over steel, the formation of a copper non-oxidizing layer on the surface of a steel disk is observed (Fig. 4c) [22]. This 
effect is explained by the catalytic effect of copper, which converts the lubricant monomers into polymers, ensuring that 
copper remains in an unoxidized state [12]. Copper film, which is formed through friction in an aqueous solution of 
caproic acid, has a dense structure with a minimum number of pores, ensuring wearless friction. 

Conclusion. As a result of the tribological studies of a brass-steel friction couple in acid aqueous solutions, the 
optimum acid concentration in the lubricant composition was found. It is established that a change in the acid 
concentration causes a change in its adsorption on the friction surface, leading to a change in the morphology of the 
tribo-conjugated surfaces. 
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copper remains in an unoxidized state [12]. Copper film, which is formed through friction in an aqueous solution of 
caproic acid, has a dense structure with a minimum number of pores, ensuring wearless friction. 

Conclusion. As a result of the tribological studies of a brass-steel friction couple in acid aqueous solutions, the 
optimum acid concentration in the lubricant composition was found. It is established that a change in the acid 
concentration causes a change in its adsorption on the friction surface, leading to a change in the morphology of the 
tribo-conjugated surfaces. 
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Burlakova V. E. and the others. Effect of organic acid concentration in lubricant on tribological characteristics of friction couple 
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Introduction. The electrodeposition of composite electrochem-
ical coatings from electrolyte-colloid nickel plating containing 
ultradisperse zirconium boride powder is studied. The work 
objectives are as follows: to study mechanical-and-physical 
properties of the composites based on nickel and nanostruc-
tured zirconium boride, and to determine optimal conditions 
for the application of such electrochemical coatings. 
Materials and Methods. Microhardness of composite electro-
chemical coatings was measured using PMT-3 microhardness 
tester on samples with the layer thickness of 30 μm under the 
indentation load of 100 g. A three-ball machine was used to 
determine wear resistance of the coatings. Sample tests were 
carried out under dry friction modes and with the use of 3% 
RV coolant. WSD values were measured by MIR-3 TU 3-
3.1954-86 microscope. To determine the internal stresses in 
the coating, we used a flexible cathode method up to GOST 
9.302-88. 
Research Results. The electrolyte-colloid composition and 
modes of electrodeposition of composite nickel - nanostruc-
tured zirconium boride coatings are developed. Mechanical-
and-physical properties (microhardness, wear resistance and 
internal stresses) of the obtained composite electrochemical 
coatings are analyzed. Recommendations for use of the devel-
oped electrolyte and the application of a composite coating on 
machine parts for their surface hardening are formulated. 
Discussion and Conclusions.  Ni–ZrB2 CEC (composite elec-
trochemical coating) has high microhardness (10–11 hPa at the 
indentation load of 100 g), which exceeds the microhardness 
of pure nickel by 1.5–2 times. As the microhardness increases, 
the internal stresses of Ni–ZrB2 CEC decrease. The proposed 
coatings were compared to chromium ones deposited from the 
environmentally hazardous electrolytes. The wear resistance of 

 Введение. Исследован процесс электроосаждения компо-
зитных электрохимических покрытий из электролита-
коллоида никелирования, содержащего ультрадисперсный 
порошок диборида циркония. 
Цели работы: исследование физико-механических свойств 
композитов на основе никеля и наноструктурного дибори-
да циркония, а также определение оптимальных условий 
нанесения такого электрохимического покрытия. 
Материалы и методы. Микротвердость композитных 
электрохимических покрытий измеряли с помощью мик-
ротвердомера ПМТ-3 на образцах с толщиной слоя 30 мкм 
при нагрузке на индентор 100 г. Для определения износо-
стойкости покрытий использовали трехшариковую маши-
ну трения. Испытания образцов проводили в режимах 
сухого трения и с применением 3 % смазочно-
охлаждающей жидкости РВ. Значения диаметра пятна 
износа измерили под микроскопом МИР-3 ТУ 3-3.1954-86. 
Для определения внутренних напряжений в покрытии 
воспользовались методом гибкого катода в соответствии с 
ГОСТ 9.302-88. 
Результаты исследования. Разработан состав электроли-
та-коллоида и режимы электроосаждения композитных 
покрытий никель — наноструктурный диборид циркония. 
Проведен анализ физико-механических свойств (микро-
твердость, износостойкость и внутренние напряжения) 
полученных композитных электрохимических покрытий. 
Сформулированы рекомендации по использованию разра-
ботанного электролита и нанесению композитного покры-
тия на детали машин для их поверхностного упрочнения. 
Обсуждение и заключение. КЭП Ni–ZrB2 имеет высокую 
микротвердость (10–11 гПа при нагрузке на индентор 
100 г), что превышает микротвердость чистого никеля в 
1,5–2 раза. При возрастании микротвердости снижаются 
внутренние напряжения КЭП Ni–ZrB2. Предлагаемые по-
крытия сравнивались с хромовыми, осаждаемыми из эко-
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Ni–ZrB2 CEC is 2–5 times higher than that of chromium coat-
ings. Thus, instead of chromic coatings, it is recommended to 
use the proposed composition for surface hardening of parts of 
the specialty machinery and industrial equipment. 

логически опасных электролитов. Износостойкость КЭП 
Ni–ZrB2 в 2–5 раз больше, чем у хромовых покрытий. Та-
ким образом, рекомендуется вместо хромовых покрытий 
использовать предлагаемый состав для поверхностного 
упрочнения деталей специальной техники и промышлен-
ного оборудования. 

   

Keywords: electrolyte, composite electrochemical coating, 
nickel, zirconium boride, microhardness, wear resistance, 
internal stresses. 
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ческое покрытие, никель, диборид циркония, микротвер-
дость, износостойкость, внутренние напряжения. 
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Introduction. Composite materials are widely used to strengthen the surface of typical nodes and parts of the 
petroleum-gas field, processing and other industrial equipment. As a result of a combination (composition) of dissimilar 
substances, a new material appears whose characteristics differ from the properties of its components [1]. 

To improve the performance properties of electroplating, particulate fillers are introduced into the solution. 
Thus, a composite electrochemical plating (CEP) with a matrix of the base metal is obtained. Precisely the creation of 
the CEP is one of the current areas of modern electroplating. To obtain the CEP, dispersed particles of various sizes and 
types from electrolytes codeposit simultaneously with metals. These particles are included in the coating; they improve 
drastically the operational properties (hardness, wear resistance, corrosion resistance) of the coatings, and give them 
new qualities (anti-friction, magnetic, catalytic). 

Various technologies of producing nickel-based CEP [2–5] are known. The selection of technique is deter-
mined by the operating conditions of the composite coating (CC). At this, wealth of fillers for obtaining coatings with 
specific performance properties complicates the choice of dispersed particles [3, 5–9]. In [2, 3, 6–8, 10], the physicome-
chanical properties of various nickel-based CC with particulate fillers (for example, nanocarbon material taunite, alumi-
num oxide, silicon carbide, graphite, etc.) are considered. In the mentioned works, in particular, it was noted what de-
termines the structural and morphological characteristics of the CEP [7–9], their resistance to corrosion [7, 11], the co-
efficient of sliding friction [8], heat resistance, microhardness, and other properties [11] . Conditions and modes of CC 
deposition, composition of electrolytes, nature and degree of fineness of powder or other additive materials are men-
tioned as determining factors. The use of micropowders with a grain size of more than 1 μm and ultrafine powders or 
suspensions can change the nature of the codeposition of particles with the excreted metal, and, therefore, the character-
istics of the CEP [9]. 

The use of micropowders with a grain size of more than 1 μm and ultra-disperse powders or suspensions can 
change the nature of the codeposition of particles with the excreted metal, and, consequently, the characteristics of the 
CEP [9]. During the dispersion phase, the properties of electrolytes and coatings from them gain a number of ad-
vantages [12, 13, 14] critical from the point of view of the applicability. 

Nickel CC obtained from electrolytes with additives based on zirconium dioxide to improve surface morpholo-
gy, microhardness, heat resistance and other properties [5, 15] are of interest. Zirconium boride (ZrB2) as an additive to 
electrolytes for obtaining CC was not studied. However, it is known that zirconium and boron compounds improve 
drastically the mechanical and processing properties of electroplating [16]. . This work objective is to study the physi-
comechanical properties of the CEP based on nickel and nanostructured ZrB2, as well as to determine the optimal condi-
tions for its deposition.  

Materials and Methods. Reagents of Aldrich Company and distilled water were used for the fabrication of 
electrolytes. The content of ZrB2 in the coating was determined by the weight (gravimetric) method. The CEP micro-
hardness was measured with PMT-3 microhardness tester. For this purpose, samples with the layer thickness of 30 μm 
were used under the indentation load of 100 g. 

The current output of the coatings was obtained using a copper coulometer. The wear resistance of the coatings 
was determined on a three-ball friction machine. Samples were tested under dry friction modes and with the use of 3% 
RV coolant [17]. The wear resistance of the CEP was investigated as follows. The balls of steel ShKh 15 with the area 
of 0.05 dm2 were covered with 30 μm thickness coating. Washers of St 45 steel served as a counterbody. The wear scat 
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Introduction. Composite materials are widely used to strengthen the surface of typical nodes and parts of the 
petroleum-gas field, processing and other industrial equipment. As a result of a combination (composition) of dissimilar 
substances, a new material appears whose characteristics differ from the properties of its components [1]. 

To improve the performance properties of electroplating, particulate fillers are introduced into the solution. 
Thus, a composite electrochemical plating (CEP) with a matrix of the base metal is obtained. Precisely the creation of 
the CEP is one of the current areas of modern electroplating. To obtain the CEP, dispersed particles of various sizes and 
types from electrolytes codeposit simultaneously with metals. These particles are included in the coating; they improve 
drastically the operational properties (hardness, wear resistance, corrosion resistance) of the coatings, and give them 
new qualities (anti-friction, magnetic, catalytic). 

Various technologies of producing nickel-based CEP [2–5] are known. The selection of technique is deter-
mined by the operating conditions of the composite coating (CC). At this, wealth of fillers for obtaining coatings with 
specific performance properties complicates the choice of dispersed particles [3, 5–9]. In [2, 3, 6–8, 10], the physicome-
chanical properties of various nickel-based CC with particulate fillers (for example, nanocarbon material taunite, alumi-
num oxide, silicon carbide, graphite, etc.) are considered. In the mentioned works, in particular, it was noted what de-
termines the structural and morphological characteristics of the CEP [7–9], their resistance to corrosion [7, 11], the co-
efficient of sliding friction [8], heat resistance, microhardness, and other properties [11] . Conditions and modes of CC 
deposition, composition of electrolytes, nature and degree of fineness of powder or other additive materials are men-
tioned as determining factors. The use of micropowders with a grain size of more than 1 μm and ultrafine powders or 
suspensions can change the nature of the codeposition of particles with the excreted metal, and, therefore, the character-
istics of the CEP [9]. 

The use of micropowders with a grain size of more than 1 μm and ultra-disperse powders or suspensions can 
change the nature of the codeposition of particles with the excreted metal, and, consequently, the characteristics of the 
CEP [9]. During the dispersion phase, the properties of electrolytes and coatings from them gain a number of ad-
vantages [12, 13, 14] critical from the point of view of the applicability. 

Nickel CC obtained from electrolytes with additives based on zirconium dioxide to improve surface morpholo-
gy, microhardness, heat resistance and other properties [5, 15] are of interest. Zirconium boride (ZrB2) as an additive to 
electrolytes for obtaining CC was not studied. However, it is known that zirconium and boron compounds improve 
drastically the mechanical and processing properties of electroplating [16]. . This work objective is to study the physi-
comechanical properties of the CEP based on nickel and nanostructured ZrB2, as well as to determine the optimal condi-
tions for its deposition.  

Materials and Methods. Reagents of Aldrich Company and distilled water were used for the fabrication of 
electrolytes. The content of ZrB2 in the coating was determined by the weight (gravimetric) method. The CEP micro-
hardness was measured with PMT-3 microhardness tester. For this purpose, samples with the layer thickness of 30 μm 
were used under the indentation load of 100 g. 

The current output of the coatings was obtained using a copper coulometer. The wear resistance of the coatings 
was determined on a three-ball friction machine. Samples were tested under dry friction modes and with the use of 3% 
RV coolant [17]. The wear resistance of the CEP was investigated as follows. The balls of steel ShKh 15 with the area 
of 0.05 dm2 were covered with 30 μm thickness coating. Washers of St 45 steel served as a counterbody. The wear scat 
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diameter was measured using MIR-3 TU3-3.1954-86 microscope. To determine the internal stresses in the coating, we 
used the flexible cathode method in accordance with GOST 9.302-88. 

Research Results. The electroplating process and some features of the CEC with ultradisperse powder (UDP) 
ZrB2 (0.04–0.06 µm) are studied. The creation of nickel-based CEC with certain physical and mechanical characteristics 
requires consideration of several factors. In this case, first and foremost, the challenge of the interaction of the dispersed 
phase, introduced earlier into the electrolyte, and colloid particles formed in the solution under the electrolysis or in the 
preparation of electrolyte is considered [12, 13]. 

For the studies, sulfate-chloride nickel plating electrolyte-colloid of the following composition was used, g/l: 
nickel sulfate – 250, nickel chloride – 60, α-aminoacetic acid – 20. ZrB2 concentration varied from 1 to 60 g/l. 

The optimal electrolysis conditions in the presence of ZrB2 UDP are specified. For this purpose, ranges of the 
cathode current density and the electrolyte pH, in which the CEC of good quality is formed, are determined. In the elec-
trolyte composition under study, α-aminoacetic acid was present as an additive agent. Its maximum buffer properties 
were shown at pH 2–2.5: in this case, light matte coatings of good quality were formed. The presence of an effective 
additive agent in the electrolyte allows for electrolysis at the high cathode current density. 

If ZrB2, is absent in the electrolyte, then the limiting value of the cathode current density is 2 A/dm2. When this 
value is exceeded, a dark contour is formed on the test samples. This indicates alkalization in the cathode layer, the 
formation of nickel hydroxide in a coarsely dispersed form, and its inclusion in the coating [12]. In this case, the physi-
comechanical properties of the precipitation deteriorate, their fragility increases, and the coating cracks along the edges 
of the cathode. 

The introduction of ZrB2 UDP in the electrolyte affects drastically the limiting value of the current density. 
Good precipitates are formed above the permissible current density characteristic of the electrolyte under study without 
adding ZrB2. In the experiments, coatings without a dark contour were obtained at 3; 4; 6 and 8 A/dm2. At the current 
density above 4 A/dm2, dendrites were formed at the corners of the cathode. Their appearance means that the delivery 
of nickel ions is the limiting stage of the process [12]. The concentration polarization is eliminated under increasing the 
concentration of nickel salts in the electrolyte. At the nickel sulfate concentration of 300 g/l and high current densities, 
dendrites were not formed at the cathode. 

The change in the current efficiency of the coating depending on the cathode current density is due to the ap-
pearance of dendrites at the cathode. With increasing current density, the current efficiency increases, reaches the max-
imum value at 3 A/dm2, and then decreases sharply (Fig. 1). 

 
Fig. 1. Dependence of current efficiency of CEC Ni–ZrB2 on cathode current density. Powder concentration in electrolyte is 40 g/l; 

electrolyte temperature is 50 °C; pH 2 

When washing the samples, the dendrites are partially lost; as a result, the current output values of the coating 
decrease at the current density above 4 A/dm2. The effect of increasing the upper value of the current density in the 
presence of ZrB2 can be explained by the high degree of its dispersion. The particle size of the powder is comparable 
with the thickness of the electrical double layer, therefore, when particles move near the cathode surface, they can fall 
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into the double layer zone. In this case, colloidal nickel compounds are involved in the cathode layer. They are formed 
in the electrolyte under the preparation and electrodeposition, and they prevent sudden alkalization in the process of 
electrolysis. 

The buffer capacity of the electrolyte remains almost unchanged with the addition of ZrB2. pH in the cathode 
layer seems to decrease due to the addition of new portions of ZrB2 from the electrolyte volume. The probability of this 
phenomenon is confirmed by the fact that the upper value of the operating current density does not increase in the pres-
ence of ZrB2 micropowders (5 μm) in the electrolyte of similar composition. 

The optimal concentration of ZrB2 in the electrolyte was determined from its content in the coating and from 
the microhardness values of the CEC. It was established that in the CEC under study, the content of ZrB2 reached max-
imum (1.1 wt.%) when its concentration in the electrolyte was 40–60 g/l. With an increase in the cathode current densi-
ty at all the studied concentrations of ZrB2 additive into the electrolyte, the content of ZrB2 in the CEC increases to the 
maximum limit (1.1 wt.%). CEC with stable microhardness characteristics is formed when ZrB2 concentration in elec-
trolyte is 30–40 g/l. 

For production and cost reasons, the powder concentration should not exceed 40 kg/m3. Otherwise: 
- mixing efficiency of the electrolyte decreases; 
- it is difficult to exclude the presence of particles in the workpiece surface areas which are hard-to-reach for 

the electrolyte circulation;  
- quality of coatings deteriorates. 

           The dependence of the ZrB2 content in the CEC on its concentration in the electrolyte is considered. It is shown 
that when the concentration of ZrB2 particles is 10 g/l with the grain size of 2–9 µm, the distance between the ZrB2 par-
ticles in the coating is approximately 1/3 of the distance between the particles in the electrolyte. As the ZrB2 concentra-
tion increases by 10–20 times, the distance between the particles in the electrolyte decreases, and the coating remains 
almost unchanged. The concentration of ZrB2 in the electrolyte can be significantly reduced, and the content of particles 
in the coating will not decrease. Thus, the use of electrolytes with a high concentration of ZrB2 is impractical, since the 
maximum content of ZrB2 in the coating is reached at its lower concentration in the electrolyte. 
         The microhardness of the CEC with ZrB2 rises with increasing the powder concentration in the electrolyte. It 
reaches its highest value (11 GPa) at the ZrB2 UDP concentration of 50–60 g/l and the current density of 5–6 A/dm2. At 
low current densities (0.5 A/dm2 and 1 A/dm2), the microhardness gradually grows with increasing the concentration of 
the second phase. At the current densities above 2 A/dm2, the microhardness of the CEC increases sharply, and already 
at the ZrB2 concentration of 1 g/l it exceeds the microhardness of pure nickel by 1.5–2 times. 

The increase in the CEC microhardness in the presence of the ultradisperse second phase is explained not only 
by the inclusion of solid and colloidal nickel particles in the coating, but also by a decrease in the crystalline grain at 
high current densities, as well as by the dispersion hardening of the nickel matrix. There is an opinion that a necessary 
condition for the dispersion hardening of the coating is the occurrence of ultrafine particles in it, which prevent recrys-
tallization and the formation of coarse grains [18]. On the one hand, submicrometer-sized particles inhibit the growth of 
crystal grains; on the other hand, they form agglomerates in the electrolyte and cannot penetrate into in the coating as 
separate particles. Evidently, some part of the second phase is included in the sediment (CEC) in the form of individual 
particles and stimulates the formation of a finely-crystalline structure of a nickel matrix with high hardness. The proba-
bility of this phenomenon cannot be denied if for no reason than because particles of the same nature, differing in the 
dispersion degree, exhibit different ability to increase the microhardness of the CEC. 

The possibility of obtaining CEC with a low content of the second phase and high hardness takes on particular 
importance for increasing the wear resistance of the surface, since, in this case, the matrix must have specific elasticity. 
A significant increase in the volumetric content of solid particles causes the fragility of materials. Thus, the use of UDP 
to obtain wear-resistant coatings is based on the practice. Equally important is the reduction of the consumption of the 
second phase, and, consequently, the process efficiency.  

It is known that the hardness of coatings allows for indirect assertions about some physical and mechanical 
properties of the CEC. In some cases, it correlates adequately with wear resistance [4]. However, maximum microhard-
ness does not always correspond to high wear resistance. The latter depends on the interaction of various factors of the 
process, as well as on the specific friction conditions. Hence, the wear resistance of the CEC with ZrB2 was compared to 
chrome galvanic coatings traditionally used as wear resistant [19]. At this, both lubricated and unlubricated friction 
modes were considered. According to the results obtained, the service lifetime of the parts with Ni – ZrB2 coating is 2–5 
times longer than that of the parts with hard chrome plating. 
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into the double layer zone. In this case, colloidal nickel compounds are involved in the cathode layer. They are formed 
in the electrolyte under the preparation and electrodeposition, and they prevent sudden alkalization in the process of 
electrolysis. 

The buffer capacity of the electrolyte remains almost unchanged with the addition of ZrB2. pH in the cathode 
layer seems to decrease due to the addition of new portions of ZrB2 from the electrolyte volume. The probability of this 
phenomenon is confirmed by the fact that the upper value of the operating current density does not increase in the pres-
ence of ZrB2 micropowders (5 μm) in the electrolyte of similar composition. 

The optimal concentration of ZrB2 in the electrolyte was determined from its content in the coating and from 
the microhardness values of the CEC. It was established that in the CEC under study, the content of ZrB2 reached max-
imum (1.1 wt.%) when its concentration in the electrolyte was 40–60 g/l. With an increase in the cathode current densi-
ty at all the studied concentrations of ZrB2 additive into the electrolyte, the content of ZrB2 in the CEC increases to the 
maximum limit (1.1 wt.%). CEC with stable microhardness characteristics is formed when ZrB2 concentration in elec-
trolyte is 30–40 g/l. 

For production and cost reasons, the powder concentration should not exceed 40 kg/m3. Otherwise: 
- mixing efficiency of the electrolyte decreases; 
- it is difficult to exclude the presence of particles in the workpiece surface areas which are hard-to-reach for 

the electrolyte circulation;  
- quality of coatings deteriorates. 

           The dependence of the ZrB2 content in the CEC on its concentration in the electrolyte is considered. It is shown 
that when the concentration of ZrB2 particles is 10 g/l with the grain size of 2–9 µm, the distance between the ZrB2 par-
ticles in the coating is approximately 1/3 of the distance between the particles in the electrolyte. As the ZrB2 concentra-
tion increases by 10–20 times, the distance between the particles in the electrolyte decreases, and the coating remains 
almost unchanged. The concentration of ZrB2 in the electrolyte can be significantly reduced, and the content of particles 
in the coating will not decrease. Thus, the use of electrolytes with a high concentration of ZrB2 is impractical, since the 
maximum content of ZrB2 in the coating is reached at its lower concentration in the electrolyte. 
         The microhardness of the CEC with ZrB2 rises with increasing the powder concentration in the electrolyte. It 
reaches its highest value (11 GPa) at the ZrB2 UDP concentration of 50–60 g/l and the current density of 5–6 A/dm2. At 
low current densities (0.5 A/dm2 and 1 A/dm2), the microhardness gradually grows with increasing the concentration of 
the second phase. At the current densities above 2 A/dm2, the microhardness of the CEC increases sharply, and already 
at the ZrB2 concentration of 1 g/l it exceeds the microhardness of pure nickel by 1.5–2 times. 

The increase in the CEC microhardness in the presence of the ultradisperse second phase is explained not only 
by the inclusion of solid and colloidal nickel particles in the coating, but also by a decrease in the crystalline grain at 
high current densities, as well as by the dispersion hardening of the nickel matrix. There is an opinion that a necessary 
condition for the dispersion hardening of the coating is the occurrence of ultrafine particles in it, which prevent recrys-
tallization and the formation of coarse grains [18]. On the one hand, submicrometer-sized particles inhibit the growth of 
crystal grains; on the other hand, they form agglomerates in the electrolyte and cannot penetrate into in the coating as 
separate particles. Evidently, some part of the second phase is included in the sediment (CEC) in the form of individual 
particles and stimulates the formation of a finely-crystalline structure of a nickel matrix with high hardness. The proba-
bility of this phenomenon cannot be denied if for no reason than because particles of the same nature, differing in the 
dispersion degree, exhibit different ability to increase the microhardness of the CEC. 

The possibility of obtaining CEC with a low content of the second phase and high hardness takes on particular 
importance for increasing the wear resistance of the surface, since, in this case, the matrix must have specific elasticity. 
A significant increase in the volumetric content of solid particles causes the fragility of materials. Thus, the use of UDP 
to obtain wear-resistant coatings is based on the practice. Equally important is the reduction of the consumption of the 
second phase, and, consequently, the process efficiency.  

It is known that the hardness of coatings allows for indirect assertions about some physical and mechanical 
properties of the CEC. In some cases, it correlates adequately with wear resistance [4]. However, maximum microhard-
ness does not always correspond to high wear resistance. The latter depends on the interaction of various factors of the 
process, as well as on the specific friction conditions. Hence, the wear resistance of the CEC with ZrB2 was compared to 
chrome galvanic coatings traditionally used as wear resistant [19]. At this, both lubricated and unlubricated friction 
modes were considered. According to the results obtained, the service lifetime of the parts with Ni – ZrB2 coating is 2–5 
times longer than that of the parts with hard chrome plating. 
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Internal stresses of the Ni–ZrB2 composite coatings decrease with an increase in the ZrB2 concentration in the 

electrolyte and the coating thickness. Differences in the internal stress values of nickel CEC grow with increasing the 
sediment thickness (Fig. 2). 

 
Fig. 2. Dependence of internal stresses on coating thickness and zirconium boride concentration in electrolyte, g/l:  

1 — 30; 2 — 5; 3 — without second phase. Cathodic current density is 2 A/dm2; electrolyte temperature is 50°C; pH 2 

For galvanic coatings, the following regularity is peculiar: the finer the crystal grain and the higher the hard-
ness, the greater the value of the internal stresses. In the presence of ZrB2, the microhardness of the coatings increases 
sharply, and the internal stresses decrease. To explain this common pattern mismatch, it is necessary to consider the 
effect of the second-phase particles (particles of ZrB2 UDP and colloidal particles formed in the electrolyte) on the pre-
cipitation hydrogenization ratio. The discharge of the hydrogen ions (and, consequently, a more complete removal of 
the molecular hydrogen) occurs faster on the second-phase particles than on the surface of nickel. So, the degree of pre-
cipitation hydrogenization decreases, which leads to a reduction of the internal voltage of the coating. 

Discussion and Conclusions. In summary, the authors of the paper propose the following composition of 
nickel sulfate-chloride electrolyte-colloid for deposition of the nickel-based CEC and nanostructured ZrB2, g/l: nickel 
sulfate - 250; nickel chloride - 60; α-aminoacetic acid - 20; ZrB2 UDP - 30–40. The electrolysis mode is as follows: 
cathode current density is 2–4 A/dm2; electrolyte pH is 2–2.6; temperature is 50° C; it is necessary to mix the electrolyte 
during the electrolysis process. 

The electrolyte composition is developed; and the process condition for the application of the nickel-based 
CEC with the addition of ZrB2 is established. The physical and mechanical properties of the obtained Ni – ZrB2 CEC are 
studied: microhardness, wear resistance, and internal stresses. 

CEC has high microhardness (10–11 GPa with the indentation load of 100 g), which is 1.5–2 times higher than 
the microhardness of pure nickel. The wear resistance is 2–5 times more than that of chrome coatings. As microhard-
ness increases, the internal stresses of the Ni – ZrB2 CEC decrease. 
Considering the listed parameters, the proposed method can be used for surface hardening of parts for specialty machin-
ery and industrial equipment. 
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Introduction. The dynamic interaction features in mechanical 

oscillating systems, whose structure includes additional 

couplings, are considered. In practice, such cases occur when 

using various optional mechanisms and motion translation 

devices under the formation of technical objects. The study 

objective is to develop a method for constructing mathematical 

models in the problems of dynamics of the mechanical 

oscillating systems with optional devices and features in the 

system of external disturbing factors. 

Materials and Methods. The techniques used to study 

properties of the systems and the dynamic effects are based on 

the ideas of structural mathematical modeling. It is believed 

that the mechanical oscillating system, considered as a design 

model of a technical object, can be compared to the 

dynamically equivalent automatic control system. The 

mathematical apparatus of the automatic control theory is 

used. 

Research Results. A method for constructing mathematical 

models is developed. The essential analytical relations for 

plotting oscillating systems are obtained, which enable to form 

a methodological basis for the integral estimation and 

comparative analysis of the initial system properties in various 

dynamic states. Dynamic properties of the two-degree-of-

freedom systems within the framework of the computer 

simulation are investigated. The implementability of dynamic 

oscillation damping mode simultaneously in two coordinates 

with the joint action of two in-phase kinematic perturbations in 

the mechanical oscillating systems is shown.  

Discussion and Conclusions. The possibilities of new dynamic 

effects, which are associated with the change in the system 

 Введение. Рассматриваются особенности динамических 
взаимодействий в механических колебательных системах, 
в структуре которых имеются дополнительные связи. 
Практически такие ситуации возникают при 
использовании в формировании технических объектов 
различных дополнительных механизмов и устройств для 
преобразования движения. Цель исследования 
заключается в разработке метода построения 
математических моделей в задачах динамики 
механических колебательных систем с дополнительными 
устройствами и особенностями в системе внешних 
возмущающих факторов. 
Методы, используемые для исследования свойств систем 
и изучения динамических эффектов, основаны на идеях 
структурного математического моделирования. 
Полагается, что механической колебательной системе, 
рассматриваемой в качестве расчетной схемы 
технического объекта, можно сопоставить эквивалентную 
в динамическом отношении систему автоматического 
управления. Используется математический аппарат теории 
автоматического управления. 
Результаты исследования. Разработан метод построения 
математических моделей. Получены необходимые 
аналитические соотношения для построения частотных 
диаграмм колебательных систем, позволяющие 
сформировать методологическую основу для 
интегральной оценки и сравнительного анализа свойств 
исходных систем в различных динамических состояниях. 
Проведены исследования динамических свойств систем с 
двумя степенями свободы в рамках вычислительного 
моделирования. Доказаны возможности реализации в 
механических колебательных системах режимов 
динамического гашения колебаний одновременно по двум 
координатам при совместном действии двух синфазных 
кинематических возмущений. 
Обсуждение и заключения.  Отмечены возможности 
проявления новых динамических эффектов, которые 
связаны с изменением структуры системы при 
определенных формах динамических взаимодействий. 
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structure under certain forms of dynamic interactions, are 

noted. The study is of interest to experts in machine dynamics, 

robotics, mechatronics, nano and mesomechanics. 

Работа представляет интерес для специалистов в области 
динамики машин, робототехники, мехатроники, нано- и 
мезомеханики. 
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Introduction. Dynamic oscillation damping (DOD) is widely used in practice to change the state of technical 
objects and the local action on the forms of component interaction of mechanical oscillatory systems. In the papers [1–
3], the features of the approaches to the implementation of the dynamic oscillation damping modes were considered, 
options of the design and engineering solutions and calculation technique of the system parameters were proposed. 

A variety of dynamic tasks predetermines a wide variability of the proposed solutions, within the framework of 
which the dynamic features of the protected objects, the conditions of external disturbances of the original system and 
the design and engineering modes of the dynamic oscillation damping are considered [4–8]. 

DOD is used in the tasks of protecting instrumentation systems and tooling [9, 10]. However, some aspects of 
evaluating the dynamic properties of vibration protection systems have not obtained a proper level and detail of 
representations in the formulation of research tasks and parameter analysis for dynamic absorbers. This may be due to 
the introduction and use of additional links, considering the characteristics of external influences, as well as the effect of 
the simultaneous joint action of several external disturbing factors. 

In this paper, we develop a method of constructing mathematical models and the formation of dynamic 
oscillation damping effects in the chain mechanical oscillating two-degrees-of-freedom systems.  

I. Background. The original system is shown in Fig. 1. It represents two inertia members (m1 and m2), which 
are interconnected by the elastic elements with rigidities (k1, k2, k3) and additional links in the form of motion 
translation devices (MTD) with reduced masses (L1, L2, L3). The system performs small oscillations under the action of 
external in-phase harmonic effects. Resistant forces are not considered. 

1y 2y

1k 3k2k1m 2m
1L 2L 3L

1z 2z1Q 2Q

 
 

Fig. 1. Flowsheet of technical object in form of two-degrees-of-freedom lumped system  

To describe the motion, the coordinate system (y1, y2) is used in a fixed basis. Suppose that the kinetic and 
potential energies of the system are determined by the following expressions: 

 2 2 2 2 2
1 1 2 2 1 1 1 2 2 1 3 2 2

1 1 1 1 1T ( ) ( ) ( )
2 2 2 2 2

m y m y L y z L y y L y z        ,   (1) 

  2 2 2
1 1 1 2 2 1 3 2 2

1 1 1П ( ) ( ) ( )
2 2 2

k y z k y y k y z      .    (2) 

The set of differential equations of the system motion in the time domain is obtained on the basis of the 
formalism of the Lagrange equations of second kind, and it has the form: 
 1 1 2 1 1 1 2 2 2 2 2 1 1 1 1 1( ) ( )m L L y y k k y L k y L z k z Q         ,  (3) 

 2 2 3 2 2 2 3 1 2 2 1 3 2 3 2 2( ) ( )m L L y y k k y L k y L z k z Q         .  (4) 
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After the Laplace transformations under zero-initial conditions [11], the equation set (3)–(4) can be represented 

by a structural mathematical model in the form of a circuit that is dynamically equivalent to the automatic control 
system [12, 13] shown in Fig.2. 

21
2

211 )(
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1
2
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32

2
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1Q 2Q
2

2
2 kpL 

 
Fig. 2. Structural mathematical model of mechanical system shown in Fig. 1 

 
II. Mathematical Models Development. The type of transfer functions depends on the nature of external 

disturbances, that is, on whether the disturbances are force ( 1Q  and 2Q ) or kinematic ( 1z  and 2z ). Further on, suppose 

that the force external actions ( 1Q  and 2Q ) have connectivity determined by the ratio 

 2 1Q Q  ,   (5) 
where α is coefficient of connectivity of external in-phase harmonic actions. 
         For kinematic effects ( 1z  and 2z ), it is assumed that 

 2 1z z  ,    (6) 
where β is coefficient of connectivity of kinematic disturbances.  

The connectivity coefficients (α and β) can have positive, negative, and zero values. Special cases of the effect 
of external disturbances can be considered through zeroing α and β properly. 

1. The case of joint force perturbation at β ≠ 0 ( 1 0Q   and 2 0Q  ) is considered. The transfer functions of the 
system in this case take the form:  

 
1 2

2 2 2 2
1 1 2 2 3 2 3 3 3 2 21

1
0 1

( )[( ) ] ( )( )
( )

( )Q Q

L p k m L L p k k L p k L p kyW p
z A p 

       
  ,    (7) 

 
1 2

2 2 2 2
3 3 1 1 2 1 2 1 1 2 22

2
0 1

( )[( ) ] ( )( )
( )

( )Q Q

L p k m L L p k k L p k L p kyW p
z A p 

        
  ,    (8) 

where 
 2 2 2 2

1 1 2 1 2 2 2 3 2 3 2 2( ) [( ) ] [( ) ] ( )A p m L L p k k m L L p k k L p k                 (9) 
is a system frequency standard equation. 

When considering the transfer functions (7), (8), it is assumed that the dynamic mode of oscillation damping is 
determined by the conditions for zeroing numerators (7), (8). Coordinate may cause two frequencies of dynamic 
oscillation damping. Along the coordinate ( 1y ), the occurrence of two DOD frequencies is possible. Along the 

coordinate ( 2y ), it is also possible to implement two DOD modes due to the virtual existence of roots of the biquadratic 
frequency equation. 

Assuming that the variable factor is β (coefficient of connectivity), a frequency diagram can be developed 
considering the following frequencies: 
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After the Laplace transformations under zero-initial conditions [11], the equation set (3)–(4) can be represented 

by a structural mathematical model in the form of a circuit that is dynamically equivalent to the automatic control 
system [12, 13] shown in Fig.2. 
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Fig. 2. Structural mathematical model of mechanical system shown in Fig. 1 

 
II. Mathematical Models Development. The type of transfer functions depends on the nature of external 

disturbances, that is, on whether the disturbances are force ( 1Q  and 2Q ) or kinematic ( 1z  and 2z ). Further on, suppose 

that the force external actions ( 1Q  and 2Q ) have connectivity determined by the ratio 

 2 1Q Q  ,   (5) 
where α is coefficient of connectivity of external in-phase harmonic actions. 
         For kinematic effects ( 1z  and 2z ), it is assumed that 

 2 1z z  ,    (6) 
where β is coefficient of connectivity of kinematic disturbances.  

The connectivity coefficients (α and β) can have positive, negative, and zero values. Special cases of the effect 
of external disturbances can be considered through zeroing α and β properly. 

1. The case of joint force perturbation at β ≠ 0 ( 1 0Q   and 2 0Q  ) is considered. The transfer functions of the 
system in this case take the form:  
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determined by the conditions for zeroing numerators (7), (8). Coordinate may cause two frequencies of dynamic 
oscillation damping. Along the coordinate ( 1y ), the occurrence of two DOD frequencies is possible. Along the 

coordinate ( 2y ), it is also possible to implement two DOD modes due to the virtual existence of roots of the biquadratic 
frequency equation. 

Assuming that the variable factor is β (coefficient of connectivity), a frequency diagram can be developed 
considering the following frequencies: 
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and in 2y coordinate: 
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To construct a frequency diagram, the following parameters of the model problem are accepted: m1 = 10 kg; m2 
= 10 kg; k1 = 5000 N/m; k2 = 10000 N/m; k3 = 15000 N/m; L1 = 5 kg; L2 = 10 kg; L3 = 10 kg. 

The modes of dynamic oscillation damping in 1y  and 2y coordinates are determined not only by the parameters 
of elastic inertia members, but also by the specificities of the external actions formation, in particular, by the 
connectivity value. 

From the equations (13), (14), corresponding DOD frequencies can be found showing that two dynamic 
oscillation damping frequencies can be found in each of 1y  and 2y coordinates. The frequencies values, as it follows 
from (13) - (14), depend on the connectivity coefficient of kinematic disturbances (β). Fig. 3 shows the system 
frequency diagram. 

 
Fig.3. System frequency diagram shown in Fig. 1  

            In the diagram, the solid line (───) corresponds to 2
1 дин ( )  dependency graph. Since the frequency equations 

(13) - (14) are biquadratic, each of the equations has two roots. This is displayed in two graphs. For 2
1 дин ( )  graph of 

dependences, the solid line is marked with special symbols (×××), and for the second root, respectively (◦◦◦◦); 2
1 дин ( ) 

dependency graphs are touching in t. (E). Again, 2
2 дин ( )  dependency graphs are represented by dashed lines (─ ─ ─). 

2
2 дин ( )  dependency graph consists of two non-contiguous blocks. Mutual intersections of 2

1 дин ( )  and 2
2 дин ( ) 

dependency diagrams occur in tt. (1), (2), (3). Each of the considered points determines the amplitude-frequency 
characteristics associated with the DOD modes features. 

In the usual formulation of studying the dynamic oscillation damping, that is, under the action of a single 
perturbing factor correlated with a certain coordinate, one DOD frequency is determined in the two-degrees-of-freedom 
system. Such a frequency is determined by the partial frequency values of that system block, the movement of which 
demonstrates the dynamic oscillation damping (that is, “zeroing” the value of the corresponding coordinate). 

Under the action of several simultaneous disturbances, it becomes possible to implement two DOD modes in 
each of the coordinates for the system as a whole. When additional links are introduced into the system, in particular, on 
the basis of the MTD, specific properties occur when the dynamic oscillation damping becomes possible simultaneously 
in two coordinates. 

III. Comparative analysis of dynamic properties of the systems in the DOD modes. 
1. Fig. 4 shows frequency-response characteristics (FRC) of the system, which manifest themselves under the 

conditions corresponding to the intersection of 2
1 дин ( )  and 2

2 дин ( )  graphs in t. (1) in Fig. 3. The intersection 
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corresponds to the case when β = 0. The solid line (───) in Fig. 4 corresponds to 1

1

( )
y
z

  dependency graph; the dotted 

line (∙∙∙∙∙∙∙∙) corresponds to 2

1

( )y
z

 graph. The parameters of the system as a whole are also shown in Fig. 4. 

 
Fig. 4. Frequency-response characteristics of the system for parameters determined by t. in Fig.3 

        In t. (1) in Fig. 4, the frequency of the DOD mode is determined when 1y  and 2y coordinate values are 
simultaneously “zeroed out”. 

        It is possible to implement another DOD mode in 1y  coordinate corresponding to 1

1

( )y
z

 graph in t. (2) (Fig. 4). At 

this, the FRC reflect the properties of two-degrees-of-freedom systems. As follows from the FRC, it is possible to 
implement two DOD modes in tt. (1) and (2) in 1y coordinate. For the FRC corresponding to 2y  coordinate, it is also 

possible to create two DOD modes at the double intersection of 2

1

( )y
z

  graph by the abscissa line after 2
2 соб

eigenfrequency. Thus, with non-degenerate FRC for each of 1y  and 2y  coordinates, two DOD modes can be 
implemented; while at one of the frequencies, there is simultaneous DOD in two coordinates. 

2. Fig. 5 shows the system FRC at 1
2

   , from which it follows that it becomes possible to restructure the 

system when one degree of freedom degrades at certain parameter ratios. In this case, in each of 1y and 2y coordinates 
(points (1) and (2) in Fig. 5), it is possible to implement the DOD modes, but this occurs when the system “degrades”; 
under the conditions when FRC ω → ∞ acquire limiting properties. 

 

Fig. 5. Frequency-response characteristics of the system at 
1
2

    corresponding to t. (3) in Fig.3 

         3. Fig. 6 shows the system FRC at 1
34

   which corresponds to t. (2) in Fig. 3. For the given state of the system 

determined by the parameter values, a structural transformation of the system is also characteristic; the system 
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“degrades” to the status of a one-degree-of-freedom system. For the system on a whole, in each of the coordinates, the 
DOD implementation is possible, which corresponds to t. (1) and t. (2) in the graphs shown in Fig. 6. 

 

 

Fig. 6. Frequency-response characteristics of the system at 
1
34

   corresponding to t. (2) in Fig. 3 

In the high frequency area (ω → ∞), the system acquires limiting properties; at this, in comparison with the 

previous example, when 1
2

   , the oscillation amplitudes ratio will have a different sign at 1
34

  . Consequently, 

changes in system parameters under the simultaneous action of two forces can change drastically the dynamic 
properties of the mechanical oscillatory systems. 

Conclusion. The simultaneous action of external disturbances in the presence of additional links in the system, 
implemented by the MTD under the kinematic disturbance, can have a great impact on the change in the dynamic 
properties of the mechanical oscillatory systems with several degrees of freedom. So, the authors in this paper have 
obtained the following research results: 

1. A technique of constructing mathematical models based on the use of methods of structural mathematical 
simulation, in which the mechanical oscillatory system is compared to the dynamically equivalent automatic control 
system, is proposed; 

2. A technique for constructing frequency diagrams that allows for the integral estimation of the 
interdependence of frequency characteristics is proposed for the case when the system parameters and their perturbation 
conditions for various power factors change; 

3. The analytical conditions for the implementation of the DOD modes simultaneously in two coordinates 
under the action of two interlinked disturbing factors are obtained; 

4. The possibilities to control the structural states when the original mechanical oscillatory system can change 
the number of degrees of freedom and the system of its dynamic properties are proposed. 
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Development of digital twin of CNC unit based on machine learning methods* 
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Introduction. It is shown that the digital twin (electronic pass-

port) of a CNC machine is developed as a cyber-physical sys-

tem. The work objective is to create neural network models to 

determine the operation of a CNC machine, its performance 

and dynamic stability under cutting. 

Materials and Methods. The development of mathematical 

models of machining processes using a sensor system and the 

Industrial Internet of Things is considered. Machine learning 

methods valid for the implementation of the above tasks are 

evaluated. A neural network model of dynamic stability of the 

cutting process is proposed, which enables to optimize the 

machining process at the stage of work preparation. On the 

basis of nonlinear dynamics approaches, the attractors of the 

dynamic cutting system are reconstructed, and their fractal 

dimensions are determined. Optimal characteristics of the 

equipment are selected by input parameters and debugging of 

the planned process based on digital twins. 

Research Results. Using machine learning methods allowed us 

to create and explore neural network models of technological 

systems for cutting, and the software for their implementation. 

The possibility of applying decision trees for the problem of 

diagnosing and classifying malfunctions of CNC machines is 

shown. 

Discussion and Conclusions. In real production, the technolo-

gy of digital twins enables to optimize processing conditions 

considering the technical and dynamic state of CNC machines. 

This provides a highly accurate assessment of the production 

capacity of the enterprise under the development of the pro-

duction program. In addition, equipment failures can be identi-

fied in real time on the basis of the intelligent analysis of the 

distributed sensor system data. 

 Введение. В статье показано, что цифровой двойник (элек-
тронный паспорт) станка с ЧПУ разрабатывается как ки-
берфизическая система. 
Цель работы — создание нейросетевых моделей, опреде-
ляющих функционирование станка с ЧПУ, его производи-
тельность и динамическую устойчивость при резании. 
Материалы и методы. Рассматриваются вопросы созда-
ния математических моделей процессов механической 
обработки с использованием системы сенсоров и про-
мышленного интернета вещей. Оценены методы машин-
ного обучения, подходящие для реализации названных 
задач. Предложена нейросетевая модель динамической 
устойчивости процесса резания, позволяющая оптимизи-
ровать процесс механической обработки на этапе техноло-
гической подготовки производства. На основе подходов 
нелинейной динамики реконструированы аттракторы ди-
намической системы резания и определены их фракталь-
ные размерности. Выбраны оптимальные характеристики 
оборудования по входным параметрам и отладке планиру-
емого технологического процесса на основе цифровых 
двойников. 
Результаты исследований. Использование методов ма-
шинного обучения позволило создать и исследовать 
нейросетевые модели технологических систем обработки 
резанием и программное обеспечение для их реализации. 
Показана возможность применения деревьев решений для 
задачи диагностики и классификации неисправностей 
станков с ЧПУ. 
Обсуждение и заключения. В реальном производстве тех-
нология цифровых двойников позволяет оптимизировать 
режимы обработки с учетом технического и динамическо-
го состояния станков с ЧПУ. Это обеспечивает высоко-
точную оценку производственных мощностей предприя-
тия при составлении производственной программы. Кроме 
того, на основе интеллектуального анализа данных систе-
мы распределенных сенсоров можно выявить неисправно-
сти оборудования в режиме реального времени. 

                                                
* The  research is done within the frame of independent R&D. 
** E-mail: Uru.40@mail.ru, dmitsanych@gmail.com, ansv-maksim@rambler.ru, Foxi-16@mail.ru  
*** Работа выполнена в рамках инициативной НИР. 
 
 

Maxim
Штамп



ht
tp

://
ve

st
ni

k.
do

ns
tu

.ru

46

Vestnik of Don State Technical University. 2019. Vol. 19, no. 1, pp. 45–55.   ISSN 1992-5980 eISSN 1992-6006 
Вестник Донского государственного технического университета. 2019. Т. 19, № 1. C. 45–55.   ISSN 1992-5980 eISSN 1992-6006 

 
Keywords: cyber-physical system, neural network model, big 
data, Internet of Things, digital twin. 

 
 
 

Ключевые слова: киберфизическая система, нейросете-
вая модель, большие данные, интернет вещей, цифровой 
двойник. 

For citation: Yu.G. Kabaldin, et al. Development of digital 
twin of CNC unit based on machine learning methods.  Vest-
nik of DSTU, 2019, vol. 19, no. 1, pp. 45–55 
https://doi.org/10.23947/1992-5980-2019-19-1-45-55 

 

 Образец для цитирования: Разработка цифрового двой-
ника станка с ЧПУ на основе методов машинного обуче-
ния / Ю. Г. Кабалдин [и др.] // Вестник Донского гос. техн. 
ун-та. — 2019. — Т. 19, № 1. — С. 45–55. 
https://doi.org/10.23947/1992-5980-2019-19-1-45-55 

Introduction. The single core control platform proposed in [1] serves as the basis for the development of a 
new generation of the processing equipment control systems, and it also provides improvement of the numerical control 
systems (CNC) for digital productions. Open CNC systems of machines with long-lived computational resources and 
high speed processing of a large database (DB), embedded neural processor modules and communication modules with 
industrial Internet can be such a platform. In the latter case, we are talking about the applicability of cloud technologies 
for processing large amounts of data on enterprise servers (local networks) and providers. All this will create the basis 
of intelligent control for a wide range of the CNC process equipment. 

Since the nineties of the 20th century [2], the authors of the presented research have been developing software 
products for intelligent control of the processing equipment. In particular, the criteria were proposed for evaluating the 
dynamic stability of the cutting process, based on the methods of nonlinear dynamics and fractal analysis of the vi-
broacoustic emission (VAE) signals. The authors have created a single platform for enhancing various technological 
equipment with CNC systems. It is implemented through embedding high-performance computing modules and deep 
learning of artificial neural networks into the CNC systems using CUDA nVidia technologies. In the framework of this 
work, the CNC process equipment accomplished with sensors is studied.  It applies cloud technologies for collecting 
and processing information using the developed techniques. Such systems will be considered as cyber-physical ones [3]. 

It is assumed that the platform developed by the authors will become the basis for digitalization at all levels of 
the enterprise. To this end, it should not only analyze the data of equipment, systems, and devices, but also use the in-
formation obtained in this way to reduce time on market launch of new products, to increase production flexibility, 
product quality and efficiency of production processes. 

Digital twin is a new word in the modeling of equipment, processes and production planning [3]. This is a set 
of mathematical models that describe reliably the processes and interrelationships on a single object and within an entire 
production enterprise using big data analysis and machine learning. 

The leader in the application of digital twins is Siemens [3]. According to its definition, a digital twin is an en-
semble of mathematical models. They characterize various equipment conditions, production and business processes 
over time, in accordance with current production conditions.  Neural network circuits hold a specific place among such 
mathematical models; i.e. a neural network model of a process or product is its digital twin [2].  

The base unit of the digital production is a cyber-physical system (CPS) [1]. Its high adaptive and intellectual 
capabilities are due to the following features: 

- associated perception of information, 
- ongoing training 
- assessment of the current condition and forecasting of the future one. 
CPS is able to analyze multidimensional data considering even hidden factors of the real production. Based on 

this data, it can autonomously solve optimization problems and make right decisions. Therefore, CPS is the key element 
in creating a digital twin. In this case, the following is meant by the digital twin:  

- a set of mathematical models that characterize various equipment conditions, production processes over time, 
according to the current production conditions; 

- detailed 3D assembly object models, reflecting connections and interactions between nodes. 
From this point of view, a digital twin can be considered as a digital identity of the CPS, an electronic passport, 

which records all the data on the materials being processed, the performed technological operations, and testing. 
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Currently, digital twins are mainly created for commercial purposes. They operate successfully in the oil and 

gas industry. At the same time, there is no data on the twins of the equipment of machining industries based on CPS in 
the literature. 

Digital twins based on CPS can be obtained through the following: 
- traditional analytical approaches based on the mathematical description of physical processes; 
- modern statistical methods including machine learning. 
Materials and Methods. Machine learning methods used to build statistical models can be divided into three 

groups: regression analysis models, classification models, and outlier detection models [4–6] (Table 1). 
Table 1 

Basic Machine Learning Methods 
Regression analysis Classification Outlier detection 
Linear regression Logistic regression Support vector method 

Bayesian regression Decision Trees Forest Principal component analysis 
Decision Trees Forest Decision Jungles K-means 

Decision Trees Decision Trees Neural networks 
Quantile Fast Forest Regression Support vector method Kohonen self-organizing maps 

Neural networks Bayes point machine  
Poisson regression One-vs-All  
Ordinal regression Neural networks  

The selection of the machine learning method depends on the size, quality and nature of the data, as well as on 
the type of tasks to be solved. The existing methods require different computational performance, and they have varying 
degrees of accuracy. Mostly, they are evaluated by the possibility to achieve accurate approximation of the data and to 
identify the boundaries in the data space. The method of artificial neural networks (ANN) is the most universal and ac-
curate one, it enables to operate a large amount of data and to build non-linear dependences. Neural networks use a 
large number of settings, which opens up possibilities for creating highly accurate models of processes operating in the 
regression analysis, classification, and outlier detection modes. 

The basic method for analyzing model quality is cross-validation. It allows for evaluating the statistical quality 
of the source data through constructing and comparing several models obtained from different training and verification 
samples. When building models of complex objects and systems, it is required to reduce the data dimensionality and 
eliminate the effect of multicollinearity of variables. The solution to such problems is possible due to the application of 
the principal component method, which represents multidimensional data in the form of a limited number of compo-
nents. Such a generalized approach can be applied to eliminate retraining of models. The basic methods of machine 
learning are presented in Table 1. 

To improve the quality of the model, bagging and boosting algorithms are used. It is about building not one 
model, but a set of models solving the same task. The result of this work is a kind of integral assessment of the probabil-
ity of some event. This assessment can be presented as a synergistic result of a set of models, each of which individually 
performs poorly. Thus, a digital twin can be a set of statistical models that use various combinations of the machine 
learning methods and have passed through various stages of verification and improvement.  

So, in general, a digital twin based on the CPS is a multifactor model of the equipment [1], which includes an 
ensemble of electronic (i.e., neural network) models. In this case, the following neural networks will be decisive: those 
of dynamic stability of the cutting process, of cutting forces, and of the machined surface roughness. Cutting forces 
cause elastic pressing in the “tool - workpiece” system, which specifies errors in shape and size. 

To solve this problem, a complex of statistical models was developed using machine learning methods. The re-
sulting models are the basis for the digital twin of the CNC lathes. They provide solving the regression analysis prob-
lems to predict the dynamics of the cutting process under various machining conditions, roughness of the machined 
surface, and cutting forces. In addition, these models help to solve the classification problems for evaluating the ma-
chine current condition. A process diagram of creating a digital twin is shown in Fig. 1. 
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Fig.1. Process diagram of creating a digital twin of CNC machine 

Consider in more detail the neural network model of the cutting process dynamics. The training set was ob-

tained on the basis of telemetry data collected under machining through the distributed sensor system of the VAE sig-

nal, dynamometer, and Industrial Internet of Things technology (IIoT). The number of sensors, their type and spatial 

orientation were determined in accordance with the equipment layout. The presence of a large number of sensors with 

different spatial orientation in the system is explained by the heterogeneity of materials and structures, the signal propa-

gation features, as well as the possibility of restructuring the oscillatory system under operation. Hence, the application 

of a heterogeneous sensor system could obtain the most complete dynamic picture of the processes in the n-dimensional 

“state – time” space. The standard TCP/IP protocol and JSON (JavaScript Object Notation) were used as the data trans-

ceiving protocol within the IIoT network. 

Analog and digital band pass filters, as well as wavelet filters, were used for the signal preprocessing. The ap-

plication of wavelet filters provided: 

- elimination of the noise term impact in the VAE signals; 

- identification of periodic and chaotic components based on the entropy factors. 

Data pre-processing has been performed on an “edge” device (Edge), which calculates the values of the VAE 

signal parameters and forms data packets for pushing them to the virtual cloud storage. The development of mathemati-

cal models based on the machine learning methods requires structuring and data separation. However, considering the 

IIoT technology aspects, the construction of relational DB is not always possible; therefore, an approach based on 

NoSQL technologies was applied. For this, data storage and processing were implemented on a virtual server that simu-

lates the operation of a computing cluster. A special distributed, scalable file system was deployed on this server. 

Freeware utilities, libraries and the Hadoop project frameworks (one of the most successful and common big 

data technologies) were used as a basis. In particular, the Hadoop Common software shell manages the HDFS distribut-

ed file system and the HBase database [4]. To perform the distributed computing and processing of large volumes of 

data, MapReduce was used, which provides automatic parallelization and distribution of tasks on a cluster. nVidia 

CUDA graphics processors were used to speed up the training of neural network models. 

Research Results. A recurrent INS with the sigmoidal neuron activation function was selected to create a sta-

tistical model of the cutting dynamics. The data obtained under the industrial equipment operation was used as a train-

ing set. During training, the backpropagation algorithm was used. At the end of the learning process, the model obtained 

was verified on the basis of the mean square derivation values. Fig. 2 shows the monotonous decrease of error. Moreo-

ver, its distribution is normal, and it is near zero value, which implies good quality of the model obtained. 

 

Industrial Internet of Things 
Things 
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a) 

 
b) 

Fig. 2. Assessment of model quality obtained: diagram of training error distribution (a); dependence of root-mean-square 
 error on learning iteration (b) 

The ANN obtained (Fig. 3) consists of 17 input neurons that acquire information on processing conditions and 
on the previous dynamic condition. 
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Fig. 3. Neural network model of dynamic stability of cutting process 

The output layer of neurons gives information on the dynamic state of the cutting system. The hidden layer is 
formed by 38 neurons. This ANN is able to simulate the cutting system dynamics for various machining conditions at 
given instants. 

To assess the adequacy of the neural network model, a simulation of the machining process was carried out at a 
CNC turning center. A shaft of stainless 12X18H10T steel fixed on both sides in the center, as shown in Fig. 4, a, was 
used as the workpiece. 
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d) 

Fig. 4. Neural network simulation results: 
 treatment scheme (a), prototype cutting process (b), real-world cutting process (c), cutting process after optimization (d) 

The modes were defined in accordance with the production standards for machining parts of this type on a 
CNC lathe. The simulation of the tool motion relative to the workpiece was provided by a variable on the ANN input 
layer responsible for the machine support position along Z axis. This variable spacing was 0.01 mm at the distance from 
0 to 350 mm. Thus, the dynamic state of the cutting system was obtained for 35 thousand tool positions on Z axis. The 
recorded dynamic states are reflected in the corresponding spectrogram (see Fig. 4, b): there are two dominant self-
oscillation frequencies (3.5 kHz and 6.5 kHz) and two phase transitions. 

To confirm the simulation results, a full-scale experiment was carried out with similar processing conditions 
and recording of the VAE signal. According to the experimental data obtained, a spectrogram of the machining process 
was constructed (see Fig. 4, c). It also shows two dominant frequencies in the 3.5 kHz and 6.5 kHz areas and two phase 
transitions. As a result, the simulation error in different machining areas was from 3% to 7%. As can be seen from Fig. 
4, the proposed production standards do not allow obtaining a product of a given quality. This may be the cause of de-
fects, and, considering the workpiece runout, – of tool breakage. 

The use of the above-mentioned norms leads to an inadequate assessment of the plant capacity and, according-
ly, to a poor-quality formation of the production program. Removal of this disadvantage at the design-engineering stage 
is fraught with additional time and financial expenditures. Therefore, the modes factored in the norms of production are 
adjusted. For this, the optimal values of the technological conditions vector are calculated using the ANN and the gradi-
ent descent method. Objective optimization functions were the VAE signal amplitudes, fractal dimension and infor-
mation entropy, which should tend to a minimum. The processing speed and the bevel value on the face surface were 
selected as optimization parameters. Upon completion of the optimization process, new treatment modes were obtained: 
V = 90 m/min; S = 0.1 mm/rev; f γ = 0.2 mm. 

These modes were also evaluated according to the results of a full-scale experiment with recording and pro-
cessing the VAE signal. As can be seen from Fig. 4, d, optimization of the processing conditions made it possible to 
increase the dynamic stability of the cutting process through reducing the amplitude of self-oscillations by half, and the 
fractal dimension (Df = 1.1). Hence, the dynamic machining quality was improved without loss of productivity. 

In a similar way, models were obtained for predicting the roughness values of the machined surface and cutting 
forces. Cutting forces determine the processing accuracy, causing an elastic pressing of the part and tool, and, conse-
quently, the part shape error. These neural network models are multilayered artificial neural feedforward networks (Fig. 
5). 
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b) 

 
c) 

Fig. 5. Distribution of amplitude values of sensor signal: As_1 (a), As_2 (b), As_3 (c) 

Neural network models as part of the digital twin are applicable not only under real production conditions, but 

also when choosing and justifying the purchase of equipment. At this stage, it is possible to select the optimal character-

istics of the equipment and debug the planned process on digital twins. 

To assess the current condition of the equipment, a classification model was developed using decision trees [5]. 

Values of the VAE signal amplitude at different points of time from three sensors located on the tool (As_1), at the 

front spindle support (As_3) and at the rear center (As_2) were selected as attributes for decision-making. Three condi-

tions were used as classes: Normal, Tool wear, and Abnormal. Any condition, when the quality of the treated surface 

and the operation of the equipment were unsatisfactory, was implied as abnormal. The criterion for tool wear was con-

sidered bevel on the rear surface (h = 0.15 mm). Upon receiving the learning sample, an exploratory data analysis was 

performed. 

Fig. 5 shows the correspondence of the distribution of the VAE signal amplitude values of the As_1 sensor to 

the three groups of conditions. The data obtained from this sensor differentiates well the normal condition and tool 

wear. However, the values corresponding to the abnormal condition have intersections with data from the other groups. 

Therefore, the information from the As_1 sensor cannot be used with high accuracy to classify conditions. 

Fig. 5, b, characterizes the distribution of signal amplitude values from the As_2 sensor. The data obtained 

have low information value due to two shortcomings: 
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- intersections of the values of the abnormal condition group with other classes; 

- weak differentiation of the normal condition and tool wear (this is due to their close location). 

Fig. 5, c, shows the distribution of signal amplitude values from the As_3 sensor. The information from this 

sensor identifies well the values of the abnormal condition, while there are no intersections of the values of all classes of 

conditions. Thus, the exploratory data analysis enables to draw a conclusion on the possibility of obtaining a statistical 

model for the classification of the CNC machine condition. 

The CART algorithm was used to train the model [3]. It divides the data into specific subsets at different lev-

els. The objective minimization function of informational entropy is used as a separation criterion. Hence, each new 

level has a more specific content of attributes. A set of all levels obtained is represented as a hierarchical tree structure 

consisting of nodes and branches, and the branching conforms to the standard logical rules. 

From the entire set of attributes, a value of the division condition for the root node is chosen, which better min-

imizes the informational entropy values. Then, branches are built from each node received, and a similar division into 

new nodes takes place. Such branching may continue until all values of the training sample are classified. In general, 

such a tree will represent a complex branched structure that ideally classifies the current sample. However, it may show 

very low accuracy when working with new data. Therefore, it is necessary to optimize the tree size. It can be carried out 

using a cross-validation, on the basis of which several candidate trees are built, and, in total, the tree that showed the 

best result is selected. Alongside with this, pruning is performed until this procedure increases dramatically the error. 

Fig. 6 shows the model obtained for classifying the equipment condition based on the readings of the VAE 

sensors using a decision tree. 

 
Fig. 6. Decision tree for classifying equipment condition 

The first condition chosen is the VAE signal amplitude readings from the As_3 sensor. If the VAE amplitude is 

greater than or equal to 2.3, then the condition is uniquely abnormal. This judgment is supported by the exploratory data 

analysis. In the contrary case, the subsequent splitting occurs, and the data from the As_1 sensor determines the classifi-

cation. If the VAE amplitude of the As_1 sensor is less than 2.1, the condition is considered normal; if it is more, then 

we are talking about the tool wear. 

As can be seen from Fig. 6, the decision-making does not take into account readings of the As_2 sensor. Low 

information content of the signal from this sensor was also detected under the exploratory analysis. 
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High accuracy of the determination of the abnormal operation mode based on the analysis of the signal from 

the As_3 sensor may be related to the place of its installation (front spindle support). Most likely, the dynamic processes 

in the spindle assembly caused this condition, which also affected the machining quality. On considering the nonlinear 

processes of oscillations dispersion in the elastic machine system, this information reached other sensors in already 

heavily distorted form. 

At this, the As_1 sensor mounted on the tool specifies its wear with high accuracy. This can be explained by 

the dominant role of the cutter in the general oscillatory system. 

The As_2 sensor mounted on the rear center records information for classifying the condition with the least ef-

ficiency. This can be explained by the distance of As_2 from the main dynamic processes. 

Hence, the described method can be applied not only to the task of classifying the equipment condition, but to 

the determination of the optimal number of sensors and their locations. However, it is necessary to consider the possi-

bility of restructuring dynamic processes in the cutting system when changing processing conditions and natural tear 

wear of machine parts.    

Discussion and Conclusions. The use of digital equipment twins under manufacturing planning reveals bot-

tlenecks in the technological operations, improves product quality, and reduces tool breakage and equipment failure 

risks. Digital twins can optimize the processing modes taking into account the technical and dynamic condition of each 

production unit. This approach provides a highly accurate assessment of the production facilities under the development 

of the production program. Besides that, real-time equipment faults are detected through the intelligent data analysis of 

the distributed sensor system. 
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МАШИНОСТРОЕНИЕ И МАШИНОВЕДЕНИЕ 
MACHINE BUILDING AND MACHINE SCIENCE 
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Risk-based approach in “personnel-machinery-production environment” system at the 
facilities running tower cranes*  
E. V. Yegelskaya1, A. A. Korotkiy2, E. A. Panfilova3, A. A. Kinzhibalov4** 

1,2,3,4 Don State Technical University, Rostov-on-Don, Russian Federation 
Риск-ориентированный подход в системе «персонал-механизмы-производственная среда» на объектах, 
эксплуатирующих башенные краны*** 

Е. В. Егельская1, А. А. Короткий2, Э. А. Панфилова3, А. А. Кинжибалов4** 

1,2,3,4Донской государственный технический университет, г. Ростов-на-Дону, Российская Федерация  

 Introduction. The paper discusses the applicability of a risk-
based approach in the “personnel-machinery-production 
environment” system at the facilities running tower cranes 
through the introduction of IT-technologies that provide open 
communication of the staff, management team of the operating 
organizations, and the National Supervisory Authority, to 
reduce the accident rate. 
Materials and Methods. An example of a hazardous 
production facility running tower cranes is given. Materials on 
the analysis of operational status of tower cranes within the 
framework of the current legislation in the field of industrial 
safety are used. The necessity for innovations and 
transformations, one of whose methods is the risk-based 
approach allowing for the implementation of all required 
levels of control, is identified. 
Research Results. The stages of introduction of the risk-
oriented approach for tower crane operators implemented 
through IT-technologies using Web-applications on safety 
management under the tower crane operation based on the 
hazard analysis and risk assessment in gamut, algorithmically 
associated with the electronic block key of its local security 
system, are determined. 
Discussion and Conclusions. The application of a risk-based 
approach in the “personnel-machinery-production 
environment” system at the facilities running tower cranes 
through the introduction of IT-technologies will ensure the 
proper operation of all departments and each participant of the 
operation, as well as provide Supervisory bodies with an 
opportunity to access information on the operation for the 
implementation of control and supervision functions remotely. 

  Введение. В статье рассматривается возможность 
применения риск-ориентированного подхода в системе 
«персонал-механизмы-производственная среда» на 
объектах, использующих башенные краны посредством 
внедрения IT-технологий, обеспечивающих открытое 
взаимодействие персонала, руководящего состава 
эксплуатирующих организаций и государственных 
надзорных органов в целях снижения уровня аварийности. 
Материалы и методы. Приведен пример опасного 
производственного объекта, эксплуатирующего башенные 
краны. Использованы материалы анализа состояния 
эксплуатации башенных кранов в условиях действующего 
законодательства в области промышленной безопасности, 
выявлена необходимость инноваций и преобразований, 
одним из составляющих методов которых является риск-
ориентированный подход, позволяющий реализовать все 
необходимые уровни контроля. 
Результаты исследования. Определены этапы внедрения 
риск-ориентированного подхода для машинистов 
башенного крана, реализованного посредством IT-
технологий с использованием Web-приложений по 
управлению безопасностью при эксплуатации башенного 
крана на основе анализа опасностей и оценки риска в 
цветовой гамме, алгоритмически связанной с 
электронным ключом блокировки его локальной системы 
безопасности. 
Обсуждение и заключения. Применение риск-
ориентированного подхода в системе «персонал-
механизмы-производственная среда» на объектах, 
эксплуатирующих башенные краны посредством 
внедрения IT-технологий, позволит обеспечить надежное 
функционирование всех подразделений и каждого 
участника работ по эксплуатации, а также предоставит 
возможность надзорным органам получать доступ к 
информации по эксплуатации для осуществления 
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based approach in the “personnel-machinery-production 
environment” system at the facilities running tower cranes 
through the introduction of IT-technologies that provide open 
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reduce the accident rate. 
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          Introduction. The first decades of the XXI century were marked by serious achievements in science and 
technology, modernization and improvement of digital technologies, production processes and engineering capacities of 
the production potential of Russia, which serves to strengthen the economy of the state and to improve the living 
standards of the citizens. 
        Against the background of the above achievements and prospects, issues of the operational safety and the 
professional competence of personnel at the production facilities, as well as supervision of the safe operation of 
hazardous production facilities (HPF), are challenge problems. 

The HPF condition as a whole is estimated by such indicators as accident rate and injury. The level of safety of 
the HPF is under the state control and is supported by Federal Law No. 116 [1]. Since its adoption in 1997, there has 
been a transition from the deterministic to probabilistic risk assessment. New techniques for analyzing technically 
challenging and hazardous objects are introduced [2]; it is supposed to evaluate them by the parameters of risk, 
survivability and safety (Fig. 1). 

 
Fig. 1. History of development of methods for calculating HPF 

Research Results. Consider HPF running lifting devices, in particular, tower cranes. At present, such an object 
is ranged in the fourth hazard class (low hazard). In this regard, it is exempted from periodic inspections by the federal 
executive authority in the field of industrial safety, and the responsibility for complying with the industrial safety 
requirements rests in full with the owner or operator. The discussion of adequacy of the internal control over 
compliance with industrial safety requirements without the participation of supervisory authorities was held at different 
levels. 

The recent rise in accidents and injuries at the facilities running tower cranes, has led to the tightening of 
administrative measures, namely:  

- Order of Rostekhnadzor No. 146 of April 12, 2016, changes the Federal norms and rules for lifting devices 
under the operation of tower cranes. Article No. 141 assigned for the participation of an inspector of 
Rostechnadzor in the commission for decision-making on the possibility of bringing tower cranes in 
operation[3]; 

- Instruction of the Government of the Russian Federation No. АХ-П9-682 of February 8, 2017, “On the 
organization and conduct of unscheduled inspections of the enterprises running tower cranes from 2017 to 
2019” regulates the procedure of random checks. 
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Additionally, the draft law proposes to classify enterprises using tower cranes to the third hazard class. This 
will allow for scheduled oversight activities against these facilities every three years. The operating organizations 
themselves also consider this measure appropriate. 
         The need for transformation and innovation in the field of industrial safety has come to a head. Significant 
measures are as follows: the introduction of a risk-based approach during the organization and implementation of all 
types of state control (supervision) from 2018 (introduced by Federal Law No. 246-FZ of July 13, 2015) [4]; using the 
information and communication technologies to perform the duties in an electronic form during the implementation of 
state control (supervision). The regulating document is the Decree of the Government of the Russian Federation No. 
482 of April 21, 2018, “On the State Information System of “Typical Cloud Solution to Automation of Control 
(supervisory) Activities” [5]. 

The following tasks of the state policy in the field of industrial safety are formulated, among other documents, 
by the Decree of President of the Russian Federation “On the Fundamentals of the State Policy of the Russian 
Federation in the Field of Industrial Safety for the Period to 2025 and for the Future” of May 06, 2018: introduction of a 
risk-oriented approach under organizing the federal state control (supervision) in the field of industrial safety; 
annulment of obsolete, redundant and duplicate industrial safety requirements [6].  

The operation of tower cranes is carried out, as a rule, at construction sites geographically distant from the 
workplaces of managers and experts, which allows the crane operator to make autonomous decision on the work 
commencement and performance. Periodic on-site visits of specialists responsible for the operable state do not allow for 
an objective situation assessment, which leads to numerous emergencies and injuries.  

The functions of a tower crane driver, indicated in the production instruction, presuppose a certain algorithm of 
his actions before work starting, related to the determination of the technical readiness of the crane for safe operation.  

The statistics of most accidents with tower cranes and the results of their investigations reflect the failed state 
of cranes (nonoperable condition of separate units), which is not recorded in the duty log during the inspection of the 
crane operator. Consequently, a specialist responsible for the operational condition of the lifting device has no 
information of it because of non-compliance with the instructions by a crane operator. The enterprise management 
learns about the incidents that have already happened as fait accompli — during the investigation of the causes of 
accidents (injuries). 

Multi-level control and interaction of all participants engaged in the industrial safety under the operation of 
tower cranes (Fig. 2) can be considered the only solution to safety problems. 

 
Fig. 2. Personnel and managers interaction algorithm 
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The application of a risk-based approach provides the methods of organization and implementation of all levels 

of control, including measures of preventive control of the compliance with safety requirements concerning facilities 
operating tower cranes. This approach can be implemented through IT technology using Web applications. These 
applications help to manage safety when operating a technical facility based on hazard analysis and risk assessment in 
color gamut. An algorithmic connection with the electronic block key of the local safety system is made. Thus, the 
compliance with the standards established by law in the field of HPF industrial safety is ensured through the remote 
technologies. 

One of the steps of introducing a risk-based approach will be the implementation of electronic checklists for 
meeting industrial safety requirements through individual mobile devices. At this, information on the fulfillment of the 
security requirements is sent in real-time via the Internet to individual mobile devices to the manager, specialists and 
service personnel (Fig. 3). 

 

Fig. 3. Electronic checklists in the form of mobile applications 

The next step involves monitoring and confirming the fulfillment of security requirements, determined by the 
duty and working instructions through individual mobile devices, where prompts in the form of tables on the controlled 
action and its scheduled time should popup (Fig. 4.) 

 

Fig. 4. Mobile screen with popup checklists 

The next step includes processing of the language data from managers, specialists and service personnel, as 
well as digital information obtained from the coordinate protection of the crane in the cloud space using a risk 
assessment algorithm based on the theory of fuzzy sets of L. A. Zade. 

The software to assess risk under the crane operation is displayed as a color gamut, for example, of three colors 
according to the scheme: 

 red - “work prohibited”; 
 yellow - “work permissive, actions required”; 
 green - “work permissive ”. 
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Fig. 5. Risk assessment under crane operation in color gamut 

Crucially, the access to information on existing violations should be implemented using an appropriate login 
and password, which is confidential information. This will enable to establish causes of the unfavorable cases (accident, 
incident), as well as a concrete employee who has failed to fulfill his duty or working instructions (Fig. 6). 

  

  

  
Fig. 6. Steps of displaying risk-based approach algorithm on mobile devices 

One of the stages of the implementation of the risk-based approach is to monitor the crane operation by the 
video surveillance signal through a remote CCTV camera – a “black-box” recorder. Its signal is transmitted via the 
Internet to the cloud space where the video information is stored (Fig. 7). 
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Fig. 7. Displaying panorama of object on mobile device using video surveillance 

Conclusion. The application of the risk-based approach in the “personnel-machinery-production environment” 
system at the facilities running tower cranes through the introduction of IT-technologies will ensure reliable operation 
of all departments and each participant of the operation. This will provide supervisors with the ability to remotely 
access to operating information for the implementation of the control and supervisory functions. Reducing the number 
of accidents and injuries during the tower cranes operation can be achieved only under the condition of open interaction 
of the personnel, management and supervisory authorities. 
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Deep convolution neural network model in problem of crack segmentation on asphalt images* 

B. V. Sobol1, A. N. Soloviev2, P. V. Vasiliev3, L. A. Podkolzina4** 
1, 2, 3, 4 Don State Technical University, Rostov-on-Don, Russian Federation  
Модель глубокой сверточной нейронной сети в задаче сегментации трещин на  изображениях асфальта * 

†  

Б. В. Соболь1, А. Н. Соловьев2, П. В. Васильев3, Л. А. Подколзина4 
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 Introduction. Early defect illumination (cracks, chips, etc.) in 

the high traffic load sections enables to reduce the risk under 

emergency conditions. Various photographic and video moni-

toring techniques are used in the pavement managing system. 

Manual evaluation and analysis of the data obtained may take 

unacceptably long time. Thus, it is necessary to improve the 

conditional assessment schemes of the monitor objects through 

the autovision. 

Materials and Methods. The authors have proposed a model of 

a deep convolution neural network for identifying defects on 

the road pavement images. The model is implemented as an 

optimized version of the most popular, at this time, fully con-

volution neural networks (FCNN). The teaching selection 

design and a two-stage network learning process considering 

the specifics of the problem being solved are shown. Keras 

and TensorFlow frameworks were used for the software im-

plementation of the proposed architecture. 

Research Results. The application of the proposed architecture 

is effective even under the conditions of a limited amount of 

the source data. Fine precision is observed. The model can be 

used in various segmentation tasks. According to the metrics, 

FCNN shows the following defect identification results: IoU - 

0.3488, Dice - 0.7381.  

Discussion and Conclusions. The results can be used in the 

monitoring, modeling and forecasting process of the road 

pavement wear. 

 Введение. Своевременное устранение дефектов (трещин, 
сколов и пр.) на участках повышенной нагрузки дорожно-
го полотна позволяет снизить риск возникновения ава-
рийных ситуаций. В настоящее время для контроля состо-
яния дорожного покрытия применяются различные мето-
ды фото- и видеонаблюдения. Оценка и анализ получен-
ных данных в ручном режиме могут занять недопустимо 
много времени. Таким образом, необходимо совершен-
ствовать процедуры осмотра и оценки состояния объектов 
контроля с помощью технического зрения. 
Материалы и методы. Авторами предложена модель глу-
бокой сверточной нейронной сети для идентификации 
дефектов на изображениях дорожного покрытия. Модель 
реализована как оптимизированный вариант наиболее 
популярных на данный момент полностью сверточных 
нейронных сетей (FCNN). Показано построение обучаю-
щей выборки и двухэтапный процесс обучения сети с уче-
том специфики решаемой задачи. Для программной реа-
лизации предложенной архитектуры использовались 
фреймворки Keras и TensorFlow. 
Результаты исследования. Применение предложенной 
архитектуры эффективно даже в условиях ограниченного 
объема исходных данных. Отмечена высокая степень по-
вторяемости результатов. 
Модель может быть использована в различных задачах 
сегментации. Согласно метрикам, FCNN показывает сле-
дующие результаты идентификации дефектов: IoU — 
0,3488, Dice — 0,7381. 
Обсуждение и заключения. Полученные результаты могут 
быть использованы в процессе мониторинга, моделирова-
ния и прогнозирования процессов износа дорожных по-
крытий. 

   
Keywords: artificial neural networks, defect identification, 
segmentation, road pavement, cracks, IoU, Dice. 

 Ключевые слова: искусственные нейронные сети, иден-
тификация дефектов, сегментация, дорожное покрытие, 
трещины, IoU, Dice. 
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Introduction. The road pavement wear requires regular monitoring. Efficient monitoring strategies allow for 
the timely detection of problem areas. This approach improves significantly the efficiency of road maintenance, reduces 
maintenance costs and provides continuous operation. Technologies for identifying critical features of the condition of 
the road surface have developed from the manual photofixation methods to the high-speed digital technology [1].  

Russia is one of the five countries with the longest automobile roads. To provide photo- and video monitoring 
of such a large-scale infrastructure special systems are required. They should be reliable and easy-to-use on-line sys-
tems. It seems clear that in this case it is not about solutions that involve the data analysis in manual mode. Such an 
approach is unacceptable due to the considerable time spent on information processing and low quality of the analysis. 

The authors of the paper propose a new technological solution in the field of machine learning. Its implementa-
tion enables to automate the process of road surface quality assessment. To this end, the convolution neural network is 
trained on the data marked up manually. The system learns to recognize and evaluate the basic failure modes of the 
monitor objects by this means. 

Research Digest. Many papers describe the improvement of algorithms for detecting defects in the structural 
components and infrastructure facilities. To solve this problem, computer vision capabilities are widely used. Their con-
tinuous improvement is supported by the development of sensing technologies, hardware and software. However, it 
should be recognized that at present, computer vision is used sparingly. This is due to many factors, including: 

- heterogeneity of defects, 
- variety of types of surfaces, 
- complexity of the background, 
- junctions. 
The authors of a number of publications investigate automated methods for detecting cracks in images and 

propose their own solutions [2–9]. Some works consider the specifics of monitoring objects of road transportation infra-
structure [10, 11], as well as bridges and structural systems [12, 13]. 

Until recently, mostly manual monitoring techniques were used to solve these problems, such as: 
- morphological operations [13], 
- analysis of geometric features [6], 
- application of Gabor filters [14], 
- wavelet transforms [15], 
- building of histograms of oriented gradients (HOG) [16], 
- texture analysis, 
- machine learning [4]. 

         However, currently, the listed tool is used more and more seldom. It is replaced by a global spread of neural net-
work technologies and machine learning supported by the computational capabilities of graphic processors. 

A convolution neural network (CNN) is a multi-layered artificial neural network architecture designed specifi-
cally for imaging [17]. In this case, a subsampling layer (pooling layer) allows local capable fields to be realized 
through convolution layers and invariance with respect to small geometric strains.  

This architecture demonstrates outstanding results in solving the following recognition problems: 
- handwritten numbers [18], 
- house numbers based on the Google Street View house number (SVHN) dataset [19], 
- road signs [20].  
The computation power rise of graphics processors allows for the use of deeper architectures of machine learn-

ing models [21]. Now it is possible to avoid retraining [22]. This is facilitated by the development of such modern tech-
niques as data augmentation, regularization, etc. 
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- wavelet transforms [15], 
- building of histograms of oriented gradients (HOG) [16], 
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- machine learning [4]. 

         However, currently, the listed tool is used more and more seldom. It is replaced by a global spread of neural net-
work technologies and machine learning supported by the computational capabilities of graphic processors. 

A convolution neural network (CNN) is a multi-layered artificial neural network architecture designed specifi-
cally for imaging [17]. In this case, a subsampling layer (pooling layer) allows local capable fields to be realized 
through convolution layers and invariance with respect to small geometric strains.  

This architecture demonstrates outstanding results in solving the following recognition problems: 
- handwritten numbers [18], 
- house numbers based on the Google Street View house number (SVHN) dataset [19], 
- road signs [20].  
The computation power rise of graphics processors allows for the use of deeper architectures of machine learn-

ing models [21]. Now it is possible to avoid retraining [22]. This is facilitated by the development of such modern tech-
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Improving convolution neural networks opens up the possibility of more efficient study and generalization of 
the features of images (for example, image classification [23], object search [24], vehicle detection [25]). 

The flexibility and prospects of deep learning for the tasks of automatic detection of pavement cracks is shown 
in [26, 27]. 

In [28], the application of neural networks for the automatic detection and classification of cracks in asphalt is 
considered. The authors propose to use the universe mean and dispersion of the grayscale values. With consideration to 
these indicators, the image is divided into fragments, and then each cell is classified as a crack. Motivation for using the 
fall weight deflectometers (FWD) to assess asphalt cracks was shown. In 98% of cases, the system detects effectively a 
crack in the image. 

In [29], the use of a neural network for the detection of defects was investigated. The advantages of the method 
of clustering pixels as objects were clarified. It enables to increase identification accuracy and reduce noise. 

In [30], the authors used a deep learning architecture that includes the VGG-16 model. It was previously 
trained to identify features that allow distinguishing between classes of images. The model demonstrated excellent 
recognition quality even under working with images from the areas unknown to it.CNN VGG-16 was used as a deep 
feature generator of pavement images. The authors taught only the last layer of the classifier. They experimented with 
different models of machine learning, and showed their strengths and weaknesses. 

In [31], the use of CNN in an applied robotics problem is shown. It is referred to the autonomous detection and 
assessment of cracks and damages in the sewer pipe. CNN filters the data and localizes the cracks, which provides ob-
taining a characteristic of their geometrics. 

The objective of [32] is to automate the sequential detection of chips and to give numeric representation of 
damage in metro networks. For that, an integrated model that implements a hybrid algorithm and an interactive 3D rep-
resentation is created. Chipping depth prediction is supported by regression analysis. 

The paper [33] provides an overview and assessment of promising approaches that automatically detect cracks 
and corrosion in the civil infrastructure systems. 

In [34], an effective CNN-based architecture for detecting pavement cracks on a three-dimensional asphalt sur-
face is described. The CrackNet architecture provides high precision of the data processing through an ingenious meth-
od of representing the road surface geometry. CrackNet consists of five layers and includes more than a million of 
trainable parameters. The experiments using 200 test 3D-images have shown that the CrackNet accuracy can reach 
90.13%. 

Offered Method. To identify defects in pavement images, it is necessary to determine what a defect is and 
what is not. In other words, the image segmentation should be carried out, and the appropriate classes should be identi-
fied. Recently, this type of problem has been effectively solved through purposely developed architectures of the convo-
lution neural networks, such as SegNet [35] and U-Net [36]. 

The specifics of pavement images involve a small range of gray shades and a minor difference between the 
background and the target object. Also, the task is complicated by noise, defects and the occurrence of foreign objects 
in the image. 

Various data sets are used to learn neural networks [7, 37]. These sets include original pavement images and 
their corresponding mask images with or without defects. Images with defects on the road surface are specific, so the 
authors offer their own simplified model of a deep convolution neural network. For image segmentation, a fully convo-
lution neural network (FCNN) [38] with an encoder-decoder structure is proposed. The image of the road surface is fed 
to the system input, and the output is a binary image. A segmented image showing the presence or absence of defects is 
resulted. 

Architecture of Deep Convolution Neural Network. Fig. 1 shows the architecture of the proposed deep con-
volution neural network. 
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Fig. 1. Architecture of proposed network 

The neural network consists of two parts, convolution and deconvolution. The convolution part converts the 
input image into a multi-dimensional representation of features. In other words, it performs the function of extracting 
features. The deconvolution network serves as a generator, which creates a segmented image based on the characteris-
tics obtained from the convolution network. The last convolution network layer with a sigmoid activation function gen-
erates a segmented image — a map of probabilities of the defect of the same size as that in the input picture. 

The first part of the network consists of five convolution layers with filter sets (256, 128, 64, 64, 64). The 
“batch normalization” (BN) tool [39] is used. ReLU, rectified linear unit, is used as the activation functions. Then, of 
subsampling (pooling) layers with a 2×2 window follow. In passing through this layer, the image is decreased by half. 
The second part of the network is a mirror image of the first. The image size needs to be restored to the original one and 
to form a probability map based on the input image features. To this end, upsampling layers are used in combination 
with the convolution layers. The proposed neural network has 10 convolution layers and 929665 trainable parameters. 

Dataset Generation. The CrackForest data set [7] is used for training the constructed model. Its augmentation 
(artificial increase of the dataset) is carried out, since the training and operation of the neural network is based on the 
path-based approach, which involves the use of randomly clipping elements of the original images. 

So, the data set consists of 117 images. It is divided into training, test and validation samples. Fragments of 
64×64 are randomly selected for each image of the training and test samples. The studies have shown that gamma cor-
rection of images improves the neural network quality within the framework of the task. Each image fragment under-
goes rotation, reflection, and deformation. The optimal ratio of fragments with and without defect was established as 
95% to 5%. At this, defects that occupy at least 5% of the image area are considered. The sample size affects the learn-
ing process and the network quality. The optimal ratio was established as follows: 15 200 fragments of the training 
sample and 3 968 – of the test one. Fig. 2 shows the images and the corresponding masks used for training the neural 
network. 

  

 
Fig. 2. Images and binary masks obtained from data augmentation 

Convolution network 
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The second part of the network is a mirror image of the first. The image size needs to be restored to the original one and 
to form a probability map based on the input image features. To this end, upsampling layers are used in combination 
with the convolution layers. The proposed neural network has 10 convolution layers and 929665 trainable parameters. 

Dataset Generation. The CrackForest data set [7] is used for training the constructed model. Its augmentation 
(artificial increase of the dataset) is carried out, since the training and operation of the neural network is based on the 
path-based approach, which involves the use of randomly clipping elements of the original images. 

So, the data set consists of 117 images. It is divided into training, test and validation samples. Fragments of 
64×64 are randomly selected for each image of the training and test samples. The studies have shown that gamma cor-
rection of images improves the neural network quality within the framework of the task. Each image fragment under-
goes rotation, reflection, and deformation. The optimal ratio of fragments with and without defect was established as 
95% to 5%. At this, defects that occupy at least 5% of the image area are considered. The sample size affects the learn-
ing process and the network quality. The optimal ratio was established as follows: 15 200 fragments of the training 
sample and 3 968 – of the test one. Fig. 2 shows the images and the corresponding masks used for training the neural 
network. 

  

 
Fig. 2. Images and binary masks obtained from data augmentation 

Convolution network 
Convolution network 

Deconvolution network 
Convolution network 

Input picture 
Convolution layer + BN + ReLU 

Convolution layer + Sigmoid 

Subsampling layer (MaxPooling) 

Resolution increase layer (UpSampling) 

Sobol B. V., et al. Deep convolution neural network model in problem of crack segmentation on asphalt images 
Соболь Б. В. и др. Модель глубокой сверточной нейронной сети в задаче сегментации трещин на изображениях асфальта 

 

 

Neural Network Training. Intersection metrics between two detections (intersection over union, IoU, Jaccard 

index) and an equivalent binary similarity measure (Sörensen-Dice coefficient) are used to train and evaluate the neural 

network. The function 1 − 𝐽𝐽 is used as cost: 

𝐽𝐽(𝐴𝐴, 𝐵𝐵) = |𝐴𝐴∩𝐵𝐵|
|𝐴𝐴∪𝐵𝐵| , 𝑆𝑆(𝐴𝐴, 𝐵𝐵) =

2|𝐴𝐴∩𝐵𝐵|
|𝐴𝐴|+|𝐵𝐵|. 

The initialization of weights in the layers of the neural network is carried out through the Glorot method [40]. 

To reduce the internal covariance shift, the batch is normalized through normalizing the input distributions of each lay-

er. Adam-algorithm (stochastic optimization method) is used for learning [41]. 

At the first stage, the neural network is trained on a small amount of data (30% of the core set) during 5 

epochs. At the second stage, the network is trained on the full amount of data during the required number of epochs. 

The learning rate varies with each epoch according to the established dependence (Fig. 3). 

 

Fig. 3. Variation of network learning rate depending on epoch 

As part of the task, it was established that the optimal number of training epochs is 25 (5 epochs at the first 

stage of training, and 20 – at the second one). With more epochs, the neural network accuracy did not change crucially. 

Keras and TensorFlow frameworks were used for the implementation of the developed architecture of deep 

CNN. 

Research Results. After training the neural network, it is validated on test data. Each image fragment is fed to 

the network input, and the output is a generated map of the defect probabilities. Fig. 4 shows the results of the trained 

network performance and their comparison with the true values from the test sample. 

Epoch 
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Fig. 4. Results of trained neural network performance 

In Fig. 4, the data is produced in four columns: 
1) image under study, 
2) neural network output, 
3) manually identified defect, 
4) difference between 2) and 3). 
Assume that the networks are compared with the true values. The values of IoU and Dice metrics are condi-

tioned by the specific ratios of the following factors: 
- area of the defect and area of the whole image, 
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- binary (one-bit) mask and real (4-byte) generated image. 
It should be noted that when using IoU for defectless fragments, the metric values are 0 (Fig. 5).  

 
Fig. 5. Number of images identified with specified degree of accuracy 

The prepared data set quality affects drastically the learning and the neural network output. In some cases, the 
neural network indicates a defect, although the true image does not have it, or vice versa. This affects the overall as-
sessment of the model quality. In general, the accuracy evaluation of the neural network according to the proposed met-
rics can be subjective, so you should not take the data from Fig. 4 as absolute. 

Some models of FCN networks are evaluated in the framework of the presented paper. The results are shown 
in Table 1. 

Table 1 
Accuracy of some neural networks 

Network Architecture Accuracy 

10 layers (256, 128, 64, 64, 64, …), 929 665 parameters Dice: 73.81 %, IoU: 34.88 % 

16 layers (32, 32, 16, 16, 16, 8, 8, 8, …), 43 441 parameters Dice: 70.40 %, IoU: 33.24 % 

12 layers (32, 32, 16, 16, 8, 8, …), 37 537 parameters Dice: 67.57 %, IoU: 32.12 % 
 

Here, the number of filters on the first part of the network is indicated in brackets. The number of filters on the 
second part of the network is flipped (see Fig. 1). 

A sliding window method with a specified step that regulates the processing speed and detailing is used to pro-
cess high-resolution images. This is how the resulting defect probability map for the whole image is developed. Several 
images from the validation set and the result of their processing by the neural network are shown in Fig. 6.  

Accuracy, % 



ht
tp

://
ve

st
ni

k.
do

ns
tu

.ru

70

Vestnik of Don State Technical University. 2019. Vol. 19, no. 1, pp. 63–73.   ISSN 1992-5980 eISSN 1992-6006 
Вестник Донского государственного технического университета. 2019. Т. 19, № 1. C. 63–73.   ISSN 1992-5980 eISSN 1992-6006 

 

 
Fig. 6. Validation images processed by trained FCN 

Discussion and Conclusions. A model of deep convolution neural network is proposed for identifying defects 
in pavement images. The model is implemented as a simplified and optimized version of the most popular on-the-day 
FCN networks. The techniques for constructing a training set and a two-stage network learning process considering the 
specifics of the current problem are described. The work done shows that the use of such architectures is successful 
with a small amount of the input data. Fine precision is registered. The described model can be used in various segmen-
tation tasks. According to the metrics, FCNN shows the following results: IoU - 0.3488, Dice - 0.7381. 
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Introduction. Digital data and analytics transform the role of 
the production equipment maintenance. Analytical information 
of sensors placed on the product allows continuous monitoring 
of the production machines operation and their timely servic-
ing. Thus, defects in technical equipment are identified, the 
analysis of which enables to develop algorithms for monitor-
ing and forecasting, and to prevent equipment from overshoot-
ing the limits of the safe operation. 
Materials and Methods. Basic digitalization principles and the 
digital images structure are presented. A mathematical method 
is used to describe the digital image vector and the control 
system algorithm. 
Research Results. The achievements of the known systems of 
maintenance and digitalization of various machines are sum-
marized. The application of a dynamic digital image made it 
possible to determine the desired levels of the production facil-
ities maintenance. An optional version of monitoring the 
equipment state within the framework of the production digi-
talization concept is shown. It is based on the proposed algo-
rithm for an autonomous control of the process state. 
Discussion and Conclusions. The construction of machine 
digital images in accordance with the main stages of its life 
cycle is described. The task of automated maintenance of ma-
chine tools based on digitalization is considered. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Введение. Цифровые данные и аналитика преобразуют 
роль технического обслуживания производственного обо-
рудования. Аналитическая информация датчиков, разме-
щенных на изделии, позволяет непрерывно наблюдать 
функционирование технологических машин и своевре-
менно обслуживать их. Так, выявляются дефекты техни-
ческого оснащения, анализ которых позволяет разрабаты-
вать алгоритмы мониторинга, прогнозирования и преду-
преждать выход оборудования за пределы надежной 
работы. 
Материалы и методы. Представлены основные принципы 
цифровизации и структура построения цифровых образов. 
Используется математический метод описания вектора 
цифровых образов и алгоритмизации системы управления. 
Результаты исследования. Обобщены достижения из-
вестных систем технического обслуживания и цифровиза-
ции различных машин. Использование динамического 
цифрового образа позволило определить необходимые 
уровни для поддержания работоспособности технологиче-
ских объектов. Показан возможный вариант мониторинга 
состояния оборудования в рамках концепции цифровиза-
ции производства. Он основан на предложенном алгорит-
ме автономного управления технологическим состоянием. 
Обсуждение и заключение. Описано построение 
цифровых образов станка в соответствии с основными 
стадиями его жизненного цикла. Рассмотрена 
задача автоматизированного поддержания работоспособ-
ности станков на базе цифровизации. 

   
Keywords: monitoring, digitalization, autonomous control, 
maintenance, digital image. 
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Introduction. At the present stage of development of engineering and technology, issues of the production 
digitalization, in particular, the life-cycle management of production machines, the independent management of their 
operation and maintenance, are particularly sensitive. According to K. Schwab, Head of the World Economic Forum, 
digital data and analytics transform the role of servicing [1]. We are talking about the analytical information of sensors 
placed on the product. It helps to conduct continuous monitoring, and to study equipment operation and its mainte-
nance. Thus, defects in the equipment are identified, the analysis of which enables to develop monitoring algorithms, to 
make forecasts, and to prevent equipment from going beyond the limits of reliable operation. This approach generally 
improves the efficiency of production processes. Description of the product operation based on digitalization allows for 
the creation of digital twins of machines for various purposes. The concept of “digital twin” includes a temporal infor-
mation copy of an object, artificial intelligence, information technologies, and software. All these components are in-
volved in the creation and support of intelligent digital models (DM) of complex technical products. 

Publications devoted to this topic represent research in the field of intellectual monitoring and control of the 
technical condition of machines and machine tool systems [2–14]. 

Metal-cutting machines are provided with new properties that allow them to meet the growing demands for 
speed and accuracy of cutting, reliability and safety of operation under the conditions of fast-speed processes. As in 
mechatronics in general, in machine tools, a number of organizational and technology principles related to digitalization 
is implemented. Some of them are listed below. 

Openness and controllability. A machine is an open, self-controlled system connected with the outdoor envi-
ronment. Information on the state of the equipment, the outdoor environment is used for control, and the object behavior 
is simulated. 

Originality of properties of the entire machine system. The characteristic of a system object extends further 
than a sum of features of its components. The system obtains properties that none of its components possesses. In other 
words, the functions of the components can synthesize new properties of the system. 

Self-sufficiency of the system. The system and its elements can function independently of external systems. 
Intelligent management. Procedures for controlling an object (machine) are based on an analysis of its states 

and manufacturing situations using information technologies and knowledge processing mechanisms. 
Information and intellectual support of the machine operation includes procedures for maintenance and repair. 

The development of digital automated diagnostic and control systems involves the creation of specific software for in-
formation processing integrated with an external network communication environment. 

Main Part. In the presented paper, the digital embodiment of an object will be called its digital image (DI). 
The machine DI corresponds to various methods of constructing digital models (Digital model). The model se-

lection is determined by the object life cycle stage – from design to disposal (Fig. 1).  
. 

 
Fig. 1. Stages of representation of machine digital images  

According to the notation of Fig. 1 and considering the sequence of transformations, an ordered set of digital 
models of the machine state during the life cycle is as follows: 

Dm = (Di, Ds, Dp, Ds+). 

initial Di 

situation Ds 

perfectioning Dp 

during succeeding operational period Ds+ 
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According to the standard rules and test methods, the work on creating Di includes the formation of an initial 

database for assessing the machine quality. These include the following: performance accuracy factors, dynamic charac-
teristics, thermal deformations, reliability rating estimates. The database (DB) of the initial state of the machine forms 
the basis of the temporal machine DI built on the principles of the e-Mind Machine (e-MM) [10, 11]. 

If we are talking about the machine in use, its state is considered under processing typical test parts or on test 
modes subject to the technical requirements and a test program. The structure of the machine DI in the operation pro-
cesses (Ds), considering the e-MM, is shown in Fig. 2.  

 

 
 

Fig. 2. Structure of machine dynamic DI at service stage (Ds) 

The DI state specificity is determined by the alternation of the operation, maintenance and repair processes. 
The DI intelligence depends on the knowledge system (KS) located in the blocks of the machine temporal DI. 

Solutions based on the embedded expert systems (ES) and information obtained from the diagnostic and moni-
toring units are synthesized in the modules for controlling the machine technical state. They identify the measured pa-
rameters of the machine, the process and its result, which enables to diagnose and evaluate the state of processes and 
devices. In this case, a situational assessment of the system state, which is necessary for the management, adequate to 
the current situation, is performed, and the results are predicted. Based on the decisions made, control actions are gener-
ated corresponding to the block assignments. Considering the huge amounts of stored data, optimizing analysis tech-
niques can be used under the system operation — for example, online diagnostics with the aid of Mel-frequency 
cepstral coefficients [12]. 

At this, it is important to apply not quantitative, but qualitative assessments and concepts based on fuzzy pro-
cedures of processing, accumulating and applying knowledge and meta-knowledge. It is advisable to use temporal ES. 
First, they work in real time. Secondly, training and adaptation algorithms are built into such ES, and they are able to 
improve the performance of the machine subsystems. 

Under the intelligent control with the KS units during the machine operation period, complete information on 
the DI state can be represented as an ordered set (vector) of possible states of the machine system and control: 

 , , , ,w i v z uS S S S S S . 

Here, , , , ,w i v z uS S S S S  are, respectively, sets of states of the machining process, the tool, the technical state of the 
machine components, the state of the product (workpiece - part) and control. The set of admissible vectors ( S ) is 

called the admissible set of DI states, and we denote it as S . KS synthesizes sets of time-ordered regulated actions: 

U Up . They provide transformation of the vector of the DI initial condition S S*  from a hypothetically identi-

fied admissible set of states ( S ) to the specified goal state gS S . This search is based on the analysis of knowledge 

about the functionality of a specific machine tool system. Actually, KS should realize λS  indication: 

λ : | ,λS S gS S U U S S 
  
 

   *
p , 

which, out of the set of admissible controls (U ), finds such control (U Up ) that corresponds to the of the initial state 

vector ( *S S ) and to the specified goal state ( gS S ). In this case, U Up control enables the transition of the ma-

chine from *S S state to gS S state. The management apparatus (U Up ) is based on the formalisms of fuzzy alge-

MODULE 

1. Machine state 
monitoring 

2. Observation and 
Control KS 

BLOCKS 

3. Diagnosis 

4. Monitoring 

5. Machine state 
management 
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bra and fuzzy sets. This approach allows for the formulation of a plausible hypothesis about the organization of the ap-
propriate behavior of the machine tool system. In this case, a coherent transition from one state to another is observed, 
and at each transition, information about changes in the machine DI is generated [15]: 

,S S I 
  
 

1
PU

j– j j . 

Here, S 1j– is DI state at the beginning of j-th transition;  S j  is DI state obtained as a result of j-th transition; I j are 

changes to be made in the descriptions of DI state obtained as a result of j-th transition; U p  is control ensuring the tran-

sition from S 1j– state to S j state. 

       The current state ( S j ) obtained as a result of the j-th transition is determined by the state of: 

- product (workpiece - part) ( Szj ), 

- tool subsystems ( Sij ), 

- object ( Svj ). 

That is 

 , ,S S S Szj zj ij vj . 

Models of technical condition management, built on this KS base, are the framework for building a digital sys-
tem for autonomous control of machine tools. 

Developers and researchers pay serious attention to the automated maintenance of machine operability, espe-
cially, under the conditions of computerization of production and improvement of information support [1]. 

The digitalization systems developed for the technological machines maintenance require the application of in-
tegrated and/or remote software and hardware support components. These systems are created to fulfill the following 
tasks: 

- to obtain information on the equipment state in real time, 
- to forecast the development of the state of various devices/units (D/U), 
- to give the personnel warning of emergency and other dangerous equipment conditions, 
- to carry out self-maintenance and troubleshooting, 
- to conduct maintenance or updating of the control programs in the process of equipment operation. 
 
Within the framework of the e-MM concept, an automated autonomous control of the technical state of ma-

chine tools (AUTS) was created [16]. AUTS means independent automated control. Special tools and informational 
links allow it to assess the state and role of the machine. Based on these estimates, the AUTS provides certain signals or 
acts on a specific machine device to maintain or restore its operability.  

The AUTS features are listed below. 
First, the system should be equipped with a sufficient number of sensors that transmit reliable information on 

the status of units and devices. 
Secondly, when recognizing the obtained data, it is necessary to exclude noise and determine the parameters 

informatively describing the state of the equipment. 
Thirdly, the forecasting systems should flexibly adjust the indicators in real time, focusing on the information 

obtained from the diagnostic unit. 
Fourthly, the decision should include the possibility of reducing the risk from the machinery breakdown or 

wear reduction of the equipment components, and it should comply with the selected treatment program with minimal 
departure from the optimal process. 

In view of the above, the structure of the system and the autonomous control of the machines technical state is 
developed [15]. The algorithm of the state monitoring system is presented in Fig. 3. 
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Fig. 3. Flowchart of state monitoring system (AUTS) 

The algorithm provides the following actions. 
1. 1. Search for information on the D/U inheriting states (i.e., at the preceding stage –  n - 1) in the 

knowledge system, and basing the n stage states into the monitoring unit DB.  
 
2. Obtaining current operational data of diagnostics of the D/U state at n stage. 
3. Creation (change) of the current image of the D/U state in the working memory of the knowledge system of 

n – KSn   stage of the machine condition monitoring unit. 
4. Determination of the ES belonging to the KS of the monitoring unit, and tendencies of changes in the D/U 

state. 
5. Comparison of the obtained state estimates with the parameters of the fuzzy boundaries of the D/U operabil-

ity state extracted from the database. 
6. Predictable assessment of the preservation of permissible state parameters within the limits of the D/I opera-

bility under the condition of work on the input control program of the CNC device. 

start 

yes 

yes 

yes 

no 

no 

no 

end 
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Tugengold A. K., et al. Production machines maintenance based on digitalization 
Тугенгольд А. К. и др. Техническое обслуживание технологических машин на базе цифровизации 

 
7. Estimation of the accessibility of fail-safety under the condition of correction of the processing program 

components. 
8. Decision-making on the accessibility of fail-safety. 
9. Decision-making on technical condition management. 
10. Correction of the D/I state without processing interrupt. 
11. Part process shutdown for the correction (restoration) of the state. 
12. Selection of the offline means to prevent (eliminate) malfunction of the D/U or external services. 
13. Conducting off-line servicing. 
14. Support call to the external services for troubleshooting of the technical condition. 
15. Diagnosis and assessment of the D/I status after maintenance. 
16. Logging and input of the list of the operations performed and the resulting assessments of the D/I state to 
the KS. Accumulation of experience in assessing the technical condition and autonomous state control in the 
KS. 
In this case, the decision-making and autonomous control of actions to maintain working capacity is made on 

the basis of the presented approach to the digitalization of machine tools, and this is the key feature of the unit for moni-
toring the object state and of the algorithm for monitoring the AUTS state. 

Conclusion. The construction of machine digital images in accordance with the main stages of its life cycle is 
proposed. The automated maintenance of machine tools based on digitalization through the creation of autonomous 
technical condition control systems is considered. These systems transmit information on the equipment state in real 
time, signalize purposefully about the equipment state, and maintain (restore) its performance. 
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objective function specifics* 

E. N. Ostroukh1, Yu. O. Chernyshev2, L. N. Evich3, P. A. Panasenko4** 

1,2,3Don State Technical University, Rostov-on-Don, Russian Federation 
4Krasnodar Higher Military School named after General of the Army S. M. Shtemenko, Krasnodar, Russian Federation 
К вопросу эффективности методов и алгоритмов решения оптимизационных задач с учетом специфики 
целевой функции 
Е. Н. Остроух1, Ю. О. Чернышев2, Л. Н. Евич3, П. А. Панасенко4 
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4 Краснодарское высшее военное училище имени генерала армии С. М. Штеменко, г. Краснодар, Российская Федерация 

Introduction. The estimation of efficiency of methods and 
algorithms for solving optimization problems with a vector 
criterion and a set of nonlinear constraints is considered. The 
approach that allows proceeding to an optimization problem 
with a single objective function (i.e., an unconditional optimi-
zation problem) after equivalent transformations is described. 
However, the objective function obtained in this way has 
properties (nonlinearity, multimodality, ravine, high dimen-
sion) that do not allow classical methods to be used to solve it. 
The presented work objective is to develop hybrid methods, 
based on combinations of the algorithms inspired by wildlife 
with other approaches (gravitational and gradient) for the solu-
tion to this problem. 
Materials and Methods. New methods to solve the specified 
problem are developed. A computer experiment was conduct-
ed on a number of test functions; its analysis was performed, 
showing the efficiency of various combinations on various 
functions. 
Research Results. The efficiency of hybrid algorithms that 
combine the following approaches is evaluated: genetic and 
immune; methods of swarm intelligence and genetic and im-
mune; immune and swarm with gravity and gradient. 
Discussion and Conclusions. The hybrid algorithms in optimi-
zation problems are studied. In particular, decisions can be 
made on their basis under the management of compound ob-
jects in the military and industrial sectors, in the creation of 
innovative projects related to the digital economy. It is estab-
lished that the type of the objective function affects the result 
much more than the combination of algorithms. 
 

 Введение. Статья посвящена оценке эффективности мето-
дов и алгоритмов решения оптимизационных задач с век-
торным критерием и системой нелинейных ограничений. 
Описан подход, позволяющий после проведения эквива-
лентных преобразований перейти к оптимизационной 
задаче с одной целевой функцией (т. е. к задаче безуслов-
ной оптимизации). Однако полученная таким способом 
целевая функция обладает свойствами (нелинейность, 
мультимодальность, овражность, большая размерность), 
не позволяющими использовать для ее решения классиче-
ские методы. 
Цель представленного исследования — разработать для 
решения данной задачи гибридные методы, основанные на 
комбинациях алгоритмов, инспирированных живой при-
родой, с другими подходами (гравитационным и гради-
ентным). 
Материалы и методы. Созданы новые методы для реше-
ния указанной задачи. Проведен компьютерный экспери-
мент на ряде тестовых функций, выполнен его анализ, 
показывающий эффективность различных комбинаций на 
различных функциях. 
Результаты исследования. Оценена эффективность ги-
бридных алгоритмов, которые комбинируют следующие 
подходы: генетический с иммунным; методы роевого ин-
теллекта с генетическими и иммунными; иммунные и 
роевые с гравитационным и градиентным. 
Обсуждение и заключение. Изучены возможности гибрид-
ных алгоритмов в оптимизационных задачах. В частности, 
на их основе могут приниматься решения при управлении 
сложными объектами в военной и промышленной сферах, 
при создании инновационных проектов, связанных с циф-
ровой экономикой. Установлено, что вид целевой функ-
ции влияет на результат гораздо более существенно, чем 
комбинация алгоритмов. 
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 Introduction. A general optimization problem is multicriteria with a number of restrictions in the form of 
equations and inequalities. To solve a multicriteria task, the following types of algorithms are used: 

- a posteriori (sequential assignment algorithms); 
- aprior; 
- sensing; 
- adaptive; 
- approximation algorithms based on estimated accuracy of Pareto frontier. 

The listed approaches enable to narrow down the initial set of feasible solutions to one or several points [1, 2]. 
        Let us identify the features of the methods mentioned above. The use of a posteriori, aprior, and adaptive algo-
rithms reduces the initial problem with a vector criterion to the problem with a single objective function, which can be 
solved through bioinspired algorithms or their combinations. The sensing method requires a lot of computational re-
sources. The approximation approach is characterized by high efficiency, which is due to the possibility of parallelizing 
the computational process [2]. 
      The solution to the unconditional optimization problem is based on one of two algorithms: penalty functions and 
(or) sliding tolerance. Both of these approaches are well represented in [2] and [3]. The task is to find the global opti-
mum of the unconstrained function. 
      Note features of the objective function which helps to describe a large class of technical and economic problems. 
The objective function is often non-linear, in most cases it is not differentiable, not unimodal, and it has a complex to-
pology of the tolerance region. Therefore, to find the global optimum of the presented problem, the authors of this paper 
have created hybrid algorithms. At this, pairs can combine: 
- two bioinspired algorithms; 
- a bioinspired and a classical algorithms; 
- a bioinspired algorithm and one based on physical laws. 
      Thus, a hybrid based on Fourier series and a firefly algorithm was proposed in [4]. In [5], gradient and immune al-
gorithms are combined, and in [6], swarm and gravity algorithms are paired. The combination of genetic and swarm 
approaches [7, 8, 9] was also considered for solving various optimization problems with an objective function (includ-
ing the problems of learning neural networks of various topology). 

The efficiency criterion of the bioinspired algorithm should be considered the number of iterations (steps) at 
which: 

- the algorithm finds a result close enough to the optimum, 
- the number of steps (time) is acceptable, 
- the required accuracy of the algorithm is provided. 
Materials and Methods. The combinations of bioinspired algorithms developed by the authors [4–10] were 

tested on Rosenbrock, Rastrigin, Griewank, and Schwefel [2] functions. It should be noted that the combinations rein-
forced the advantages of each algorithm of the pair and leveled their shortcomings. For each function, the hybrid 
showed the best performance and accuracy compared to single algorithms. However, the hybrids that produced the most 
effective result on one test function work much more poorly with other test functions. This observation leads to the fol-
lowing conclusion: the efficiency of bioinspired algorithms and their combinations with other algorithms depends much 
more on the objective function than on the features of the combination of algorithms. The same conclusion can be 
drawn from the NFL theorem (short for “no free lunch”) [11]. 

Consider that it is necessary to find the global optimum of some function that has the properties described 
above. There is a bank of bioinspired algorithms and (or) their combinations. And there is a bank with an objective 
function that does not have the unimodality property, with a large number of variables and parameters. What algorithm 
can solve the optimization problem for this function as smoothly as possible? For what types of functions will this algo-
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 Introduction. A general optimization problem is multicriteria with a number of restrictions in the form of 
equations and inequalities. To solve a multicriteria task, the following types of algorithms are used: 

- a posteriori (sequential assignment algorithms); 
- aprior; 
- sensing; 
- adaptive; 
- approximation algorithms based on estimated accuracy of Pareto frontier. 

The listed approaches enable to narrow down the initial set of feasible solutions to one or several points [1, 2]. 
        Let us identify the features of the methods mentioned above. The use of a posteriori, aprior, and adaptive algo-
rithms reduces the initial problem with a vector criterion to the problem with a single objective function, which can be 
solved through bioinspired algorithms or their combinations. The sensing method requires a lot of computational re-
sources. The approximation approach is characterized by high efficiency, which is due to the possibility of parallelizing 
the computational process [2]. 
      The solution to the unconditional optimization problem is based on one of two algorithms: penalty functions and 
(or) sliding tolerance. Both of these approaches are well represented in [2] and [3]. The task is to find the global opti-
mum of the unconstrained function. 
      Note features of the objective function which helps to describe a large class of technical and economic problems. 
The objective function is often non-linear, in most cases it is not differentiable, not unimodal, and it has a complex to-
pology of the tolerance region. Therefore, to find the global optimum of the presented problem, the authors of this paper 
have created hybrid algorithms. At this, pairs can combine: 
- two bioinspired algorithms; 
- a bioinspired and a classical algorithms; 
- a bioinspired algorithm and one based on physical laws. 
      Thus, a hybrid based on Fourier series and a firefly algorithm was proposed in [4]. In [5], gradient and immune al-
gorithms are combined, and in [6], swarm and gravity algorithms are paired. The combination of genetic and swarm 
approaches [7, 8, 9] was also considered for solving various optimization problems with an objective function (includ-
ing the problems of learning neural networks of various topology). 

The efficiency criterion of the bioinspired algorithm should be considered the number of iterations (steps) at 
which: 

- the algorithm finds a result close enough to the optimum, 
- the number of steps (time) is acceptable, 
- the required accuracy of the algorithm is provided. 
Materials and Methods. The combinations of bioinspired algorithms developed by the authors [4–10] were 

tested on Rosenbrock, Rastrigin, Griewank, and Schwefel [2] functions. It should be noted that the combinations rein-
forced the advantages of each algorithm of the pair and leveled their shortcomings. For each function, the hybrid 
showed the best performance and accuracy compared to single algorithms. However, the hybrids that produced the most 
effective result on one test function work much more poorly with other test functions. This observation leads to the fol-
lowing conclusion: the efficiency of bioinspired algorithms and their combinations with other algorithms depends much 
more on the objective function than on the features of the combination of algorithms. The same conclusion can be 
drawn from the NFL theorem (short for “no free lunch”) [11]. 

Consider that it is necessary to find the global optimum of some function that has the properties described 
above. There is a bank of bioinspired algorithms and (or) their combinations. And there is a bank with an objective 
function that does not have the unimodality property, with a large number of variables and parameters. What algorithm 
can solve the optimization problem for this function as smoothly as possible? For what types of functions will this algo-
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rithm show the best result, and for which of them will it be inappropriate? It is obvious that it is impossible to develop 
such an algorithm. Algorithms may perform well on one function and be completely unacceptable for other functions. 

Concerning the structure of bioinspired algorithms, it should be noted that a large number of empirical parame-
ters used by them does not enable to evaluate the efficiency of such algorithms and their combinations in advance. (The 
opposite example is deterministic algorithms that successfully solve problems with linear, quadratic, strictly convex, 
unimodal functions). 

For alternative estimates of bioinspired algorithms, public libraries with test problems are used, which allow 
comparing the known and new algorithms and their combinations [11, 12]. Sobolev Institute of Mathematics is one of 
the largest collections of test problems [12]. It presents various approaches to solving complex NP-complete optimiza-
tion problems considering estimates of computational complexity. Among other libraries, narrow-focus ones can be 
noted: an open-source library for GAlib genetic algorithms [13]; libraries for building EAlib [14], Perl [15] evolutionary 
algorithms, and Java frameworks [16]. 

Research Results. The study on the features of genetic and population algorithms, performed by the authors, 
makes it possible to define the following advantages and disadvantages. 

Genetic algorithms (GA) are based on the identity of the behavior principles of biological and technical sys-
tems. The GA use the principle of choosing the best decisions from the population available, which allows us to find the 
optimal solution to the problem. These algorithms give good diversity, as far as the information on solution point sets is 
processed in parallel.  In these points, the optimum is based on the application of the objective function, and not on its 
various increments.  

Ant colony optimizations simulate the principles of vital activity of the ant colony. There, the principle of au-
tonomous functioning of each agent is combined with the activities of the colony as a whole, which allows solving ra-
ther complex optimization problems. The combination of ant colony algorithms with local search algorithms enables to 
quickly find the starting points of the optimum search. Such algorithms give the best results for large-scale problems. In 
terms of efficiency, they are very close to the problem-oriented and metaheuristic algorithms. This approach has shown 
good results in solving various practical tasks, for example, problems of traveling salesman, of optimal design of elec-
tronics, etc. Due to the possibility of using adjustable parameters, ant colony algorithms are applied in solving distribu-
tion and transport problems. 

The following positive features of ant colony algorithms should be noted: 
- for some tasks, they provide a more efficient solution than genetic ones or algorithms based on neural net-

works; 
- the genetic algorithm stores information only about the previous generation, whereas ant algorithms store in-

formation about the entire colony, which is more efficient; 
- random routing in the ant colony algorithm enables to exclude non-optimal initial solutions; 
- the selection of parameters responsible for changing the optimization step enables to successfully use this al-

gorithm in dynamic applications. 
   The disadvantages of ant colony algorithms include the following: 
- theoretical analysis is difficult due to a sequence of random decisions, which is caused by changes in proba-

bility distributions during iterations; 
- the algorithm convergence time cannot be predetermined, and to solve this problem, the ant algorithm is sup-

plemented by local search methods; 
- free parameters for work adjustment under solving a specific task are determined only experimentally. 
When identifying extremes for composite multidimensional nonmonotonic functions, the swarm algorithms 

with equal probability determine the optimal element (an element with given properties) at any iteration. These algo-
rithms are effectively used to optimize nonmonotonic functions in NP-complete problems, including distribution and 
transport ones. They are searching the only optimal element that determines the extremum (or sets of such elements). 
The swarm algorithm implements a search in the neighborhood of the best and selected sites in parallel. At this, it does 
not have any of the drawbacks of evolutionary methods, for example, it does not require a significant amount of 
memory to store a population of solutions. 

Discussion and Conclusion. Analysis of the known hybrid algorithms has shown the following. One combina-
tion can give a good result on some test function (for example, Rosenbrock), but this hybrid will be significantly less 
efficient than other combinations on the other function. Hence, it is fair to say that the type of the objective function has 
much more significant impact on the result than a combination of algorithms. Therefore, the study of the form and type 
of the objective function enables to select the best combination. 
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Introduction. The fast program algorithm of arithmetic coding 
proposed in the paper is for the compression of digital images. It is 
shown how the complexity of the arithmetic coder algorithm de-
pends on the complexity measures (the input size is not consid-
ered). In the course of work, the most computationally complex 
parts of the arithmetic coder algorithm are determined. Perfor-
mance optimization of their software implementation is carried 
out. Codecs with the new algorithm compress photo and video 
records obtained through the remote probing of water bodies 
without frame-to-frame difference. 
Materials and Methods. In the presented paper, a selection of 
satellite images of the Azov Sea area was used. At this, the soft-
ware algorithm of the arithmetic coder was optimized; a theoreti-
cal study was conducted; and a computational experiment was 
performed. 
Research Results. The performance of the software implementa-
tion of the arithmetic coder is increased by the example of the 
VP9 video codec. Numerous launches of reference and modified 
codecs were made to measure the runtime. Comparison of the 
average time of their execution showed that the modified codec 
performance is 5.21% higher. The overall performance improve-
ment for arithmetic decoding was 7.33%. 
Discussion and Conclusions. Increase in the speed of the latest 
digital photo and video image compression algorithms allows 
them to be used on mobile computing platforms, also as part of 
the onboard electronics of unmanned aerial vehicles. The theoreti-
cal results of this work extend tools of the average-case complexi-
ty analysis of the algorithm. They can be used in case where the 
number of algorithm steps depends not only on the input size, but 
also on non-measurable criteria (for example, on the common 
RAM access scheme from parallel processors). 

 Введение. Предложенный в статье быстрый программный 
алгоритм арифметического кодирования предназначен для 
сжатия цифровых изображений. Показано, каким образом 
сложность алгоритма арифметического кодера зависит от кри-
териев сложности (при этом размер входа не учитывается). В 
процессе работы определены наиболее вычислительно слож-
ные части алгоритма арифметического кодера. Выполнена 
оптимизация производительности их программной реализа-
ции. 
Кодеки с новым алгоритмом сжимают без учета межкадровой 
разницы фото- и видеоматериалы, полученные при дистанци-
онном зондировании водных объектов. 
Материалы и методы. В представленной научной работе ис-
пользована подборка спутниковых снимков акватории Азов-
ского моря. При этом оптимизирован программный алгоритм 
арифметического кодера, проведено теоретическое исследова-
ние, выполнен вычислительный эксперимент.  
Результаты исследования. Увеличена производительность 
программной реализации арифметического кодера на примере 
видеокодека VP9. Для измерения времени выполнения произ-
ведены многочисленные запуски эталонного и модифициро-
ванного кодеков. Сравнение среднего времени их исполнения 
показало, что производительность модифицированного кодека 
на 5,21 % выше. Прирост общей производительности для 
арифметического декодирования составил 7,33 %. 
Обсуждение и заключения. Увеличение скорости работы но-
вейших алгоритмов сжатия цифровых фото- и видеоизображе-
ний позволяет применять их на мобильных вычислительных 
платформах, в том числе в составе бортовой электроники бес-
пилотных летательных аппаратов. Теоретические результаты 
данной работы расширяют методы анализа сложности алго-
ритма в среднем случае. Они могут использоваться в ситуации, 
когда количество шагов алгоритма зависит не только от разме-
ров входа, но и от неизмеримых критериев (например, от схе-
мы обращения к общей оперативной памяти со стороны па-
раллельных процессоров). 
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арифметического декодирования составил 7,33 %. 
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вейших алгоритмов сжатия цифровых фото- и видеоизображе-
ний позволяет применять их на мобильных вычислительных 
платформах, в том числе в составе бортовой электроники бес-
пилотных летательных аппаратов. Теоретические результаты 
данной работы расширяют методы анализа сложности алго-
ритма в среднем случае. Они могут использоваться в ситуации, 
когда количество шагов алгоритма зависит не только от разме-
ров входа, но и от неизмеримых критериев (например, от схе-
мы обращения к общей оперативной памяти со стороны па-
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Introduction. Monitoring of the condition of the water body is often carried out through unmanned aerial vehi-
cles (UAV), conducting aerial photography in the visible and infrared bands. The performance capabilities of the mo-
bile camera, which the UAV has, impose a number of restrictions on the equipment that processes and stores the foot-
age until the UAV returns. Specifically, the following factors should be considered. 

1. Energy efficiency of the equipment that encodes the footage since it depends on the off-line operation time of 
the UAV. 

2. Coding gain of photo and video data during the flight. High resolution images occupy a significant amount of 
the software memory, and this limits the amount of information that a UAV can accumulate. 

Virtually all equipment for photo and video hardware supports the most common codec for compressing JPEG 
images. However, it is inferior to the most modern HEVC and VP9 codecs, which not only support video sequences, but 
also allow for better compression of single images. Thus, GoogleVP9 shows similar JPEG visual quality by the SSIM 
metric (structural similarity) and at the same time compresses images by 25–34% stronger [1]. 

Compared to the same JPEG, HEVC codec enables to improve the compression rate by 10–44% in PSNR metric 
(peak signal-to-noise ratio) [2]. However, a high compression ratio with a smaller bitstream size results in greater com-
putational complexity of the HEVC and VP9 codecs [3, 4]. The architecture of the JPEG codec is presented in general 
in Fig. 1. 

 
Fig. 1. JPEG codec flow chart 

Here, VLC means compression through variable-length codes (variable length coding). The input frame is divid-

ed into blocks of fixed size (8×8). Each of them is subjected to direct discrete cosine transform (DCT), quantization of 

transform coefficients and subsequent entropic compression using the Huffman algorithm [4]. Discrete cosine transform 

is performed in the integer form [5]. Since the adoption of the JPEG standard in 1992, a number of fast algorithms have 

been developed. They allow the conversion to be carried out entirely in the CPU registers. Huffman’s entropy compres-

sion is also not a complicated problem, so, even mobile processors in program mode can compress and decode JPEG 

images [6]. 

HEVC [6] and VP9 are fundamentally similar, and they are hybrid block codecs with splitting a frame into 

blocks of indeterminate length, intraframe prediction, discrete transform, and subsequent filtering to eliminate blocking 

artifacts. The blockdiagram of the HEVC codec is shown in Fig. 2.   
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Fig. 2. HEVC codec flowchart 

Here, the abbreviation SAO denotes the sample adaptive offset. In addition to the above image reconstruction al-
gorithms, both codecs use context-adaptive binary arithmetic entropy coding, which is much more complicated than 
Huffman compression. With a high level of visual quality, it is arithmetic coding that occupies a significant part of the 
total decoder operation time. In general, the flowchart of the arithmetic coder is shown in Fig. 3. 

 
Fig. 3. Arithmetic coder flowchart 

Codecs of a new generation are supposed to be used, among other things, for compressing images obtained 
through remote sensing of natural objects. In this case, it is necessary to optimize the operation of hybrid block codecs 
to ensure the processing of photo and video UAV data in real time. It is necessary to put more focus on the optimization 
of binary context-adaptive arithmetic coding, due to its essential complexity. 

The objective of this study is to speed up the operation of the arithmetic decoder on mobile processors of the 
ARM architecture. This will improve the performance of Google VP9 video codecs and will allow for their application 
in the UAV on-board electronics for remote sensing of water bodies. The use of enhanced tools for compressing photos 
and videos obtained from aerial photography enables to increase the amount of stored data, improve their visual quality 
and resolution. 

Main Part. Core components of a modern video codec include the binarization of syntactic elements of the 
bitstream and the adaptive binary encoding of these elements into the bitstream. This stage is not safe for the 
vectorization and parallelization, but it can be optimized through the statistical analysis of the input data. The main way 
to predict the running time of a program is to analyze the complexity of the corresponding algorithm. Distinction is 
provided between complexity at the best, worst and average case.  ⊐ 𝑥𝑥 is input data of 𝐴𝐴 algorithm which is used to 
calculate the output of 𝑦𝑦 algorithm. The time function of the algorithm is denoted by 𝐶𝐶𝐴𝐴

𝑇𝑇(𝑥𝑥), and the memory cost 
function – by 𝐶𝐶𝐴𝐴

𝑆𝑆(𝑥𝑥). In the worst case, we will call 𝑇𝑇𝐴𝐴(𝑛𝑛) =  max‖𝑥𝑥‖=𝑛𝑛 𝐶𝐶𝐴𝐴
𝑇𝑇(𝑥𝑥) functions of numeric argument the time 

and space complexity 𝐴𝐴  
𝑆𝑆𝐴𝐴(𝑛𝑛) =  max‖𝑥𝑥‖=𝑛𝑛 𝐶𝐶𝐴𝐴

𝑆𝑆(𝑥𝑥). 
Consider a finite set of 𝑛𝑛 size inputs: 

𝑋𝑋𝑛𝑛 =  {𝑥𝑥: ‖𝑥𝑥‖ = 𝑛𝑛}. 
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∀𝑥𝑥 ∈ 𝑋𝑋𝑛𝑛 corresponds to the probability: 

𝑃𝑃𝑛𝑛(𝑥𝑥) ∈ [0,1]: ∑ 𝑃𝑃𝑛𝑛(𝑥𝑥) = 1𝑥𝑥∈𝑋𝑋𝑛𝑛 . 
The following expectation is called the average-case complexity: 

𝑇𝑇𝐴𝐴 = ∑ 𝑃𝑃𝑛𝑛(𝑥𝑥)𝐶𝐶𝐴𝐴
𝑇𝑇(𝑥𝑥)𝑥𝑥∈𝑋𝑋𝑛𝑛 , 

𝑆𝑆𝐴𝐴 = ∑ 𝑃𝑃𝑛𝑛(𝑥𝑥)𝐶𝐶𝐴𝐴
𝑆𝑆(𝑥𝑥)𝑥𝑥∈𝑋𝑋𝑛𝑛 . 

The described approach is classical for analyzing average-case complexity of the algorithm, and it is described in 
detail in [7, 8]. Note the reasons why the application of this method in practice may be difficult or impractical. 

1. Difference between the number of steps of the algorithm in theory and the number of processor cycles re-
quired to perform the step in practice. Thus, the majority of modern central processors produce addition and multiplica-
tion per cycle, while the remainder of the division is calculated for dozens of cycles. 

2. Hardware features of the memory system. Modern computers use a multi-level memory hierarchy. Its compo-
nents operate at different speeds. Memory calls take considerably longer than register operations. 

3. Optimizing compilers and hardware planners. When building executable files, optimizing compilers transform 
dramatically the code without changing the program state engine. CPU hardware schedulers change the procedure of 
executing instructions for greater performance and predict conditional transitions, while cache controllers read from 
memory in blocks. 

4. In case of the software algorithms implementation on the general-purpose processors, software components 
interfere. For example, the task scheduler shares processor time, and parallel processes that have multiple threads can 
run on a variable number of processor cores. 

The proposed modification of the algorithm complexity serves as a theoretical addition to practical tools for 
measuring performance, such as, for example, profiling and instrumentation of the program code. For the first time, the 
method of splitting the algorithm inputs into complexity classes was presented in [9]. Consider 𝐴𝐴 algorithm and a set of 
all possible inputs:  

𝐺𝐺: {𝑔𝑔1, 𝑔𝑔2 … }, 
and also all possible samples from 𝐺𝐺, different in size and composition: 

𝑔𝑔𝑖𝑖: {𝑔𝑔𝑖𝑖
1, 𝑔𝑔𝑖𝑖

2 … }. 
A set of criteria for the complexity measure of the algorithm implementation (for example, the number of processor 
cycles, run-time, etc.): 

∝𝑖𝑖: 𝑔𝑔𝑖𝑖 → ℝ. 
A set of complexity measures: 

𝛢𝛢: {∝1, ∝2 … }. 
This set has the following properties. 

1. ∀∝1, ∝2∈ 𝛢𝛢: ∝1≠∝2 — all 𝛢𝛢 elements are different.  
2. ∀∝𝑖𝑖∈ 𝛢𝛢 splits 𝐺𝐺 into the set of  equivalence complexity classes  

𝐺𝐺(α𝑖𝑖) = {𝑔𝑔𝑖𝑖
1 ∩  𝑔𝑔𝑖𝑖

2 … }  
3. All samples from 𝐺𝐺(α𝑖𝑖) are equally complex: 

⊐ α𝑖𝑖 ∈ 𝛢𝛢, 𝑔𝑔𝑖𝑖
𝑘𝑘 ∈ 𝐺𝐺(α𝑖𝑖), α𝑖𝑖: 𝑔𝑔𝑖𝑖

𝑘𝑘 → 𝑟𝑟𝑖𝑖, 𝑘𝑘 ∈ [0, ‖𝐺𝐺(α𝑖𝑖)‖], 𝑟𝑟𝑖𝑖 ∈ ℝ. 
Thus, all elements of 𝛢𝛢 are different, and they can be reordered so that the complexity function of the criterion is 

nondecreasing throughout the whole set of criteria. The expected complexity is similar to the estimates of the average-
case complexity of the algorithm for the discrete and continuous probability of complexity. For the discrete case: 

𝑅𝑅(𝛢𝛢) = ∑ 𝑟𝑟𝑖𝑖α𝑖𝑖∈𝛢𝛢 𝑝𝑝𝑖𝑖 , 
for the continuous case: 

𝑅𝑅(𝛢𝛢) = ∫ 𝑟𝑟𝛢𝛢 𝑑𝑑𝑑𝑑(𝑟𝑟). 
The method in question is applicable for analyzing the complexity of an arithmetic codec. The process of entro-

py compression [10, 11] can be divided into component parts. 
1. Binarization or conversion of the coded character (syntactic element of the compressed bitstream) into a string 

made up of zeros and ones (bit string). 
2. Context modeling for compressing syntactic elements in the normal mode. This step is not performed for syn-

tactic elements whose statistical distribution is close to normal, and they are coded in the bypass mode. 
3. Arithmetic coding of a bit string. 
Consider in more detail the arithmetic decoding scheme of the Google VP9 codec, namely the part that is associ-

ated with the subexponential coding of syntactic elements. 
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Imagine an algorithm of the subexponential coding in general [12]. The first step includes the calculation of the 

variables: 

𝑏𝑏 = { 𝑘𝑘: 𝑛𝑛 < 2𝑘𝑘

⌊log2 𝑛𝑛⌋: 𝑛𝑛 ≥ 2𝑘𝑘, 

𝑢𝑢 = { 0: 𝑛𝑛 < 2𝑘𝑘

𝑏𝑏 − 𝑘𝑘 + 1: 𝑛𝑛 ≥ 2𝑘𝑘, 
where k is parametrical value,  it is 4 for the Google VP9 codec. 

In the second step, the unary code 𝑢𝑢(𝑢𝑢 + 1) bit is complemented by 𝑛𝑛 low-order bits. The code length is equal 
to: 

𝑢𝑢 + 1 + 𝑛𝑛 = { 𝑘𝑘 + 1: 𝑛𝑛 < 2𝑘𝑘

2⌊log2 𝑛𝑛⌋ − 𝑘𝑘 + 2: 𝑛𝑛 ≥ 2𝑘𝑘. 

Hence, literal decoding is reduced to decoding the bits that compose it in the loop. To optimize the performance 
of this algorithm, it is important to know the probability distribution of literal lengths. Literals occupying the largest 
number of bits in a compressed bitstream (such as inverse transform coefficients and motion vectors) are coded in se-
ries, so there is a high probability that the distribution of literal lengths in a compressed bitstream will be constant with 
multiple repeats of elements of the same value. To test this hypothesis, experimental data on the distribution of literal 
lengths in a set of satellite images of the Sea of Azov is acquired (Table 1). 

Table 1 
Literal length, bit 1 2 3 4 5 6 

Probability, % 0.94 0 67.35 18.25 0 13.46 
 

The literals of 3, 4, and 6 bits in length are most probable. The maximum possible literal length for this sequence 
is just 6 bits. This fact is essential for software optimization of the function of subexponential decoding of a literal. As 
part of optimizing a real codec, the run-time criterion is of prime interest. To obtain the set of difficulties∶  {𝑟𝑟0, . . . , 𝑟𝑟4} , 
we will profile the program performance.  

A set of unique elements (R) will make up a set of criteria of the run-time complexity ( 𝛢𝛢 ).  
The following approaches that are based on the data obtained are applied for the optimization.  
1. Memoization of calculating the literal length to decode a series of literals of equal length. 
2. Unwinding of a cycle of subexponential decoding of a literal. 
3. More efficient algorithm for calculating the number of bits in a literal. 
4. More efficient use of the processor registers immediately within the arithmetic decoding function. 
The implementation of points 1 and 4 is fairly obvious; therefore, we consider in more detail points 2 and 3. 

Compiling of a decoded literal by bits decoded from a compressed bitstream occurs within the subexponential decoding 
function. In this case, the bottleneck is a loop with varying number of iterations. It can be replaced with a switch-case 
set without break at the end. This technique is known as the Duff’s device method. It allows replacing several loop iter-
ations through sequentially execution of the instructions without the need for conditional transitions. The bit shift 
amount is a constant that does not need to be read from the register - loop counter. 
 

Code Listing 1: The original literal decoding function 
static int vp9_read_literal(vp9_reader *br, int bits) 
{ 
int z = 0, bit; 
 for (bit = bits – 1; bit >= 0; bit –) 
   z |= vp9_read_bit(br) << bit; 
return z; 
} 

 
Code Listing 2: Modified literal decoding function 
static int vp9_read_literal(vp9_reader *br, int bits) { 
 register int z = 0; 
 switch(bits -1){ 
   case 6: z |= vp9_read(br, 128) << 6; 
   case 5: z |= vp9_read(br, 128) << 5; 
   case 4: z |= vp9_read(br, 128) << 4; 
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Imagine an algorithm of the subexponential coding in general [12]. The first step includes the calculation of the 

variables: 

𝑏𝑏 = { 𝑘𝑘: 𝑛𝑛 < 2𝑘𝑘

⌊log2 𝑛𝑛⌋: 𝑛𝑛 ≥ 2𝑘𝑘, 

𝑢𝑢 = { 0: 𝑛𝑛 < 2𝑘𝑘

𝑏𝑏 − 𝑘𝑘 + 1: 𝑛𝑛 ≥ 2𝑘𝑘, 
where k is parametrical value,  it is 4 for the Google VP9 codec. 

In the second step, the unary code 𝑢𝑢(𝑢𝑢 + 1) bit is complemented by 𝑛𝑛 low-order bits. The code length is equal 
to: 

𝑢𝑢 + 1 + 𝑛𝑛 = { 𝑘𝑘 + 1: 𝑛𝑛 < 2𝑘𝑘

2⌊log2 𝑛𝑛⌋ − 𝑘𝑘 + 2: 𝑛𝑛 ≥ 2𝑘𝑘. 

Hence, literal decoding is reduced to decoding the bits that compose it in the loop. To optimize the performance 
of this algorithm, it is important to know the probability distribution of literal lengths. Literals occupying the largest 
number of bits in a compressed bitstream (such as inverse transform coefficients and motion vectors) are coded in se-
ries, so there is a high probability that the distribution of literal lengths in a compressed bitstream will be constant with 
multiple repeats of elements of the same value. To test this hypothesis, experimental data on the distribution of literal 
lengths in a set of satellite images of the Sea of Azov is acquired (Table 1). 

Table 1 
Literal length, bit 1 2 3 4 5 6 

Probability, % 0.94 0 67.35 18.25 0 13.46 
 

The literals of 3, 4, and 6 bits in length are most probable. The maximum possible literal length for this sequence 
is just 6 bits. This fact is essential for software optimization of the function of subexponential decoding of a literal. As 
part of optimizing a real codec, the run-time criterion is of prime interest. To obtain the set of difficulties∶  {𝑟𝑟0, . . . , 𝑟𝑟4} , 
we will profile the program performance.  

A set of unique elements (R) will make up a set of criteria of the run-time complexity ( 𝛢𝛢 ).  
The following approaches that are based on the data obtained are applied for the optimization.  
1. Memoization of calculating the literal length to decode a series of literals of equal length. 
2. Unwinding of a cycle of subexponential decoding of a literal. 
3. More efficient algorithm for calculating the number of bits in a literal. 
4. More efficient use of the processor registers immediately within the arithmetic decoding function. 
The implementation of points 1 and 4 is fairly obvious; therefore, we consider in more detail points 2 and 3. 

Compiling of a decoded literal by bits decoded from a compressed bitstream occurs within the subexponential decoding 
function. In this case, the bottleneck is a loop with varying number of iterations. It can be replaced with a switch-case 
set without break at the end. This technique is known as the Duff’s device method. It allows replacing several loop iter-
ations through sequentially execution of the instructions without the need for conditional transitions. The bit shift 
amount is a constant that does not need to be read from the register - loop counter. 
 

Code Listing 1: The original literal decoding function 
static int vp9_read_literal(vp9_reader *br, int bits) 
{ 
int z = 0, bit; 
 for (bit = bits – 1; bit >= 0; bit –) 
   z |= vp9_read_bit(br) << bit; 
return z; 
} 

 
Code Listing 2: Modified literal decoding function 
static int vp9_read_literal(vp9_reader *br, int bits) { 
 register int z = 0; 
 switch(bits -1){ 
   case 6: z |= vp9_read(br, 128) << 6; 
   case 5: z |= vp9_read(br, 128) << 5; 
   case 4: z |= vp9_read(br, 128) << 4; 

Arzumanyan R. V. Arithmetic coder optimization for compressing images obtained through remote probing of water 
bodies Арзуманян Р. В. Оптимизация арифметического кодера для сжатия изображений, полученных при дистанционном 

 
   case 3: z |= vp9_read(br, 128) << 3; 
   case 2: z |= vp9_read(br, 128) << 2; 
   case 1: z |= vp9_read(br, 128) << 1; 
   case 0: z |= vp9_read(br, 128); 
break; 
} 
return z; 
} 

 
Another bottleneck is the calculation of the number of literal bits in the while loop [13]. This is a worse solution 

because the number of loop iterations is unpredictable. Instead, a fast bit-counting algorithm was used [14, 15], which 
performs the calculation for a fixed number of steps without conditional transitions. 
 

Code Listing 3: Fast counting of the number of bits in a literal 
Unsig ned intv; // 32-bit argument 
Register unsig ned intr; // variable for the number of bits 
register unsigned int shift; 
r = (v > 0xFFFF) << 4; 
v >>= r; 
shift = (v > 0xFF) << 3; 
v >>= shift; 
r |= shift; 
shift = (v > 0xF) << 2; 
v >>= shift; 
r |= shift; 
shift = (v > 0x3) << 1; 
v >>= shift; 
r |= shift; 
r |= (v >> 1); 

 
Numerous starts of the reference and modified codecs were made to measure the runtime. In this case, their av-

erage run-time was compared. It has been found that the performance of the modified codec is 5.21% higher. The in-
crease in overall performance for arithmetic decoding was 7.33%. 

Conclusions. The operation of the arithmetic coder as a component of the video codec has been optimized 
using the example of the Google VP9 standard. To solve this problem, a modification of the method for analyzing the 
average-case complexity of algorithm has been proposed. The approach is based on the partitioning of the set of inputs 
into equivalence complexity classes. The considered method enables to predict the average-case complexity of the 
algorithm when the number of steps of the algorithm and the time of its execution depend on difficult-to-measure 
parameters, which is typical of the context-adaptive arithmetic coding. The proposed method has been applied to 
optimize the speed of the arithmetic binary coder (using the example of the Google VP9 codec) for the image 
compression problems obtained under remote sensing of water bodies. The research results make it possible to apply 
advanced methods of compressing photo and video data obtained through the aerial photography of water bodies. Thus, 
it is possible to increase an amount of the accumulated data, to improve the visual quality and resolution of the footage 
by 25–34% (according to the SSIM visual quality metric) and to increase the speed of the arithmetic coder by 7%. 
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Introduction. The solution to the problem on the centroidal 

motion control synthesis (guidance problem) of an unmanned 

aerial vehicle (UAV) with long-range capabilities in the boost 

phase is considered. Control condition requires optimum fuel 

consumption. The principle of dynamic programming consid-

ering the restrictions to the vector modulus of the thrust output 

is used to solve the problem. The implementation of terminal 

guidance requires the formation of control as a function of the 

object state at the end of the ascent phase. The attainment of 

these boundary conditions determines the further transition to 

the ballistic flight phase. 

Materials and Methods. Bellman’s principle of dynamic pro-

gramming is the most reasonable from the point of view of the 

implementability of the computationally efficient on-board 

algorithms and the solution to the problems in the form of 

synthesis. With natural scarcity of thrust and energy resources 

on board, this principle enables to obtain solutions free from 

the switching functions. In this case, the optimal control is a 

smooth function (without derivative discontinuity) of the cur-

rent and final parameters of the UAV.  

Research Results. A new algorithmic method for the synthesis 

of terminal motion control is developed. Its difference is that 

the UAV movement control in the ascent phase is formed by 

the function of the motion actual and terminal parameters. 

This ensures movement along an energetically optimal 

trajectory into the given region of space. The problem solution 

results enable to build closed terminal guidance algorithms for 

   
Введение.  Статья посвящена решению задачи синтеза 
управления движением центра масс (задача наведения) 
беспилотного летательного аппарата (БЛА) с большой 
дальностью полета на разгонном участке. Условие управ-
ления: оптимальный расход топлива. Для решения задачи 
используется принцип динамического программирования 
с учетом ограничений на модуль вектора тяги двигателя. 
Реализация терминального наведения требует формирова-
ния управления как функции состояния объекта в конце 
участка выведения. Достижение этих граничных условий 
определяет дальнейший переход к баллистической фазе 
полета. 
Материалы и методы. Принцип динамического програм-
мирования Беллмана является наиболее рациональным с 
точки зрения реализуемости эффективных в вычислитель-
ном отношении бортовых алгоритмов и решения задачи в 
форме синтеза. При естественной ограниченности вели-
чины тяги и энергетических ресурсов на борту данный 
принцип позволяет получить решения, не содержащие 
функции переключения. Оптимальное управление в этом 
случае является гладкой функцией (без разрыва производ-
ной) текущих и конечных параметров БЛА. 
Результаты исследования. Разработан новый 
алгоритмический способ синтеза терминального 
управления движения. Его отличие в том, что управление 
движением БЛА на разгонном участке траектории 
формируется функцией текущих и конечных параметров 
движения. Таким образом обеспечивается движение по 
энергетически оптимальной траектории в заданную 
область пространства. Результаты решения задачи 
позволяют строить замкнутые алгоритмы терминального 
наведения для разгонного участка траектории БЛА с 
большой дальностью полета. Такие алгоритмы обладают 
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the boost phase of the UAV trajectory with long-range 

capabilities. Such algorithms have good convergence and 

injection accuracy due to the prediction of parameters during 

the flight at a shorter time interval. 

Discussion and Conclusions. The most preferred is the 

principle of dynamic programming. It should be used when 

solving the problem on the centroidal motion control synthesis 

(guidance problem) of the UAV with long-range capabilities 

in the boost phase. 

хорошей сходимостью и точностью выведения за счет 
прогнозирования параметров в процессе полета на 
сокращающемся интервале времени.  
Обсуждение и заключения. Наиболее предпочтительным 
представляется принцип динамического 
программирования. Именно его следует использовать при 
решении задачи синтеза оптимального по расходу топлива 
управления движением центра масс (задача наведения) 
БЛА с большой дальностью полета на разгонном участке. 

   
Keywords: unmanned aerial vehicle (UAV), terminal guid-
ance, direction cosines, pitching angle, angle of attack, bound-
ary conditions, boost phase, ballistic flight phase. 
 

 Ключевые слова: беспилотный летательный аппарат 
(БЛА), терминальное наведение, направляющие косинусы, 
угол тангажа, угол атаки, граничные условия, разгонный 
участок, баллистическая фаза полета. 
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Introduction. Currently, the capabilities and scope of applicability of the unmanned aerial vehicles (UAV) 
have increased significantly. This is primarily due to the UAV flying range extension. Vehicles with a ballistic phase of 
flight should be provided with the control in various areas, including the UAV positioning. For the control design, it is 
reasonable to apply the principle of terminal guidance. The control should be developed as a function of the terminal 
motion variables, and not as a temporal function. 

A great many publications are devoted to this problem solution, but the task described above holds relevance. 
In particular, the development of highly computationally efficient algorithmic methods of terminal guidance is of inter-
est. At the same time, the features universal for various types of launch vehicles should be considered. They have adap-
tive features and in a certain sense meet the optimality requirements.  

Considering the guidance task, such a control, which uses the minimum amount of fuel, is valuable. The syn-
thesis of optimal control is based on the use of the Bellman dynamic programming method [1]. 

Materials and Methods. The solution to the problem of the synthesis of optimal control of the UAV motion in 
the boost phase of power-on flight has been studied in many papers. However, the optimal control solution obtained in 
most cases is reduced to the implementation of a time or parametric program. We will solve the problem of finding the 
optimal control in the UAV ascent phase in the following formulation. The UAV motion parameters are known as X0, 
Y0, Z0 coordinates of the current path point, obtained through solving the problem of navigation. Xк, Yк, Zк parameters of 
the final point satisfy the boundary state that fixes the transition to the ballistic phase of flight determined by the hyper-
surface in the phase space. The condition of Sk (Xк, Yк, Zк) = 0 is satisfied by a whole set of finite parameters. It is re-
quired to synthesize optimal control in the task of UAV guidance, which ensures its transfer from the initial state to the 
hypersurface of the final conditions. 

The optimality criterion is the amount of fuel consumed in the boost phase: 
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m t m t dt  ,  (1) 

where ( )m t  is fuel mass flow rate. 
The following system of differential equations is adopted as a mathematical model of the centroidal motion: 

 R(t) V(t) ,  (2) 

( ) ( ) ( ) ( )wV t W t E t g r  , 

where ( )R t  is radius-vector, ( )g r  is terrestrial attraction vector, ( )W t  is module of control acceleration vector. 

          The module of the control acceleration vector ( ( )W t ) is a specified temporal function, and it is determined by the 

UAV engine performance. Unknown is the unit vector of control acceleration – ( )wE t . When solving the optimization 
problem, it will determine the required properties of the UAV guided motion in the boost phase. There is no need in the 
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the boost phase of the UAV trajectory with long-range 

capabilities. Such algorithms have good convergence and 

injection accuracy due to the prediction of parameters during 

the flight at a shorter time interval. 

Discussion and Conclusions. The most preferred is the 

principle of dynamic programming. It should be used when 

solving the problem on the centroidal motion control synthesis 

(guidance problem) of the UAV with long-range capabilities 

in the boost phase. 
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Introduction. Currently, the capabilities and scope of applicability of the unmanned aerial vehicles (UAV) 
have increased significantly. This is primarily due to the UAV flying range extension. Vehicles with a ballistic phase of 
flight should be provided with the control in various areas, including the UAV positioning. For the control design, it is 
reasonable to apply the principle of terminal guidance. The control should be developed as a function of the terminal 
motion variables, and not as a temporal function. 

A great many publications are devoted to this problem solution, but the task described above holds relevance. 
In particular, the development of highly computationally efficient algorithmic methods of terminal guidance is of inter-
est. At the same time, the features universal for various types of launch vehicles should be considered. They have adap-
tive features and in a certain sense meet the optimality requirements.  

Considering the guidance task, such a control, which uses the minimum amount of fuel, is valuable. The syn-
thesis of optimal control is based on the use of the Bellman dynamic programming method [1]. 

Materials and Methods. The solution to the problem of the synthesis of optimal control of the UAV motion in 
the boost phase of power-on flight has been studied in many papers. However, the optimal control solution obtained in 
most cases is reduced to the implementation of a time or parametric program. We will solve the problem of finding the 
optimal control in the UAV ascent phase in the following formulation. The UAV motion parameters are known as X0, 
Y0, Z0 coordinates of the current path point, obtained through solving the problem of navigation. Xк, Yк, Zк parameters of 
the final point satisfy the boundary state that fixes the transition to the ballistic phase of flight determined by the hyper-
surface in the phase space. The condition of Sk (Xк, Yк, Zк) = 0 is satisfied by a whole set of finite parameters. It is re-
quired to synthesize optimal control in the task of UAV guidance, which ensures its transfer from the initial state to the 
hypersurface of the final conditions. 

The optimality criterion is the amount of fuel consumed in the boost phase: 
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where ( )m t  is fuel mass flow rate. 
The following system of differential equations is adopted as a mathematical model of the centroidal motion: 

 R(t) V(t) ,  (2) 

( ) ( ) ( ) ( )wV t W t E t g r  , 

where ( )R t  is radius-vector, ( )g r  is terrestrial attraction vector, ( )W t  is module of control acceleration vector. 

          The module of the control acceleration vector ( ( )W t ) is a specified temporal function, and it is determined by the 

UAV engine performance. Unknown is the unit vector of control acceleration – ( )wE t . When solving the optimization 
problem, it will determine the required properties of the UAV guided motion in the boost phase. There is no need in the 
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thrust vector control (in a sense, this is apparent acceleration amount – ( )W t ). A more rational approach is to maximize 
this value for the engine booster. This ensures the application of the solutions obtained for the case of using solid fuel 
engines. The UAV engine performance is stable enough, and at ( )m t  = const constant fuel-flow rate, the optimal con-
trol is determined by the combustion duration. In this case, the functional (1) will be a function of the upper limit of 
integration. Hence, the problem of minimizing the fuel amount turns into an equivalent task of minimizing the flight 
time, and speed-of-response will be the optimality criterion. The task of the synthesis is to find the orientation of the 
thrust vector of the UAV engine, which is determined by the direction cosines of the thrust vector ( ( )P t ) as a function 
of the current parameters and the final state. 

We admit two assumptions. The first is as follows. Since a large part of the boost phase lies outside the dense 
atmosphere, we will not consider the angle rate of evolution of the thrust vector in space (longitudinal axis of the UAV) 
as constraint. The second assumption is the following. Assume that the UAV motion is passing in a predetermined 
plane. 

The UAV final state for the transition to the ballistic phase of flight is fixed by satisfying the following bound-
ary condition [2]:  
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  (3) 

Here, , , ,k k ц цx y x y  are, respectively, the coordinates of the initial point and the point of the starting of the UAV opera-

tion on the final path segment. The current value of the boundary condition ( 1 0( )kS t ) is a measure of non-compliance 
with the condition (3). A mathematical notation for this condition corresponds to the hypersurface, which is a smooth 
function of phase coordinates and describes the entire family of possible UAV ascent trajectories [2]. 
         The boundary conditions are specified for the central field of attraction. For this case, the equations of the UAV 
motion will have the following form: 
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Here, 0 зf M    is constant of the central field of the earth’s attraction equal to the product of the gravitational con-

stant (f) and the mass of the Earth (Мз); 2 2 1/2
1 3 1 2 3 4( ) , , , , x yr x x x x x V x y x V      ; P is thrust vector value; XA  is aero-

dynamic drag force; YА is aerodynamic lift. 
         Since the UAV is fitted up with a steerable thruster, its direction cosines will determine its pointing. In this case, 
the handling constraint will be determined by the ratio: 

     1/22 2 0
1 2( ) ( )cos ( ) ( )cos ( ) ( )P t P t t P t t P t     .  (5) 

The handling constraint (5) is “hypersphere restriction”. This implies the solution in which optimal control is 
not piecewise constant, without switching. In this case, the time optimal ascent trajectory in the phase space has no “an-
gles” and no discontinuities of the derivative. The time optimal control will be a nonlinear, continuous function of the 
boundary conditions (3) [3]. 

The synthesis task is formulated as follows. The control object from an arbitrary current state, taken as the ini-
tial one and determined by the current value (S1k) at the time (t0), is transferred to the hypersurface of the boundary con-
dition S1k = 0 at the time (tk). This takes into account the control acceleration amount (engine thrust module). It is re-
quired to find the optimal control in the form of synthesis, which provides such a transfer in the shortest possible time. 

The plant state at the final instance satisfies the boundary condition [ ( )] 0ik kS X t  and determines the moment 
of transition to the ballistic phase of flight. 

In accordance with R. Bellman’s dynamic programming principle [4], the necessary and sufficient condition 
for optimality of the formulated problem will be the ratio:  
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Considering the mathematical model of the object specified by the system (4), the dynamic programming equa-
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tion [4] with the optimality criterion, is determined by the relation:  
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where x 1 2P cos , cos .yP P P     

Due to the methodology of Bellman’s dynamic programming, the minimization can be carried out through the 
application of the Schwartz inequality [3] to the relation (5). This will significantly simplify the solution to the optimi-
zation problem. Then, the expression (7) with regard to inequality (5) will be determined by the relation: 
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In this case, the Hamilton-Jacobi equation will be as follows: 
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          The equation (9) is solved considering the given boundary condition: 
 1 2 3 4 1( , , , ) kx x x x S .  (10) 

The calculation of the partial derivatives of S for phase variables ( 1 2 3 4, , ,x x x x ) gives the following dependenc-
es: 
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Through substituting the relations (11) into (9) and performing simple transformations, we obtain the depend-
ence: 
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with the boundary conditions 
 0 *

1 1 2 3 4 1( ) 0, at ( , , , ) kT S x x x x S  . (13) 

The expression in curly brackets in (12), denoted by ( )iS x , can be written in a compact form: 
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The equation (14) with boundary conditions (13) can be solved in various ways, for example, by the method of 
characteristics [5]. However, it is more rational to use the following method. 

The expression (11) defines the optimal control structure [6]: 
  

 
( ) ( ),

( ) ( ),

опт
opt
опт опт

P x PE x
W x WE x

 
 

  (15) 

where ( )E x  is unit thrust vector. 
The ratio (15) in the scalar form: 
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tion [4] with the optimality criterion, is determined by the relation:  

 
0 0 0 0

0 0
2 1 4 33 3u U

1 2 3 4

1 1min 1x y

T T T Tx x P x x P
x r m x x r m x

                         
, (7) 

where x 1 2P cos , cos .yP P P     
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The equation (9) and relations (17) can be put in a more convenient form for the following reasons. According 
to the formation of a set of perturbed trajectories, through varying the control, it is possible to construct a hypersurface 
with equal ascent time, that is, an isochronous surface, in the phase space. Indeed, for each phase trajectory point, we 
will calculate the optimality criterion value: J(t1), J(t2) ,…, J(tk). 

Hence, we obtain a set of trajectories for each t [tн,tk]. Owing to the continuity of the dependence of x(t) and J 
on the variable control, a set of trajectories forms a surface in the phase space (X). This boundary surface formed by the 
set of vectors x[ti,J(ti)], is convex and smooth. For transition conditions to the ballistic flight phase, the isochronous 
surface has a tangency point with the hypersurface of the boundary conditions. 

Under the qualitative implementation of the optimal control, the distance in the phase space between the hyper-
surface of the boundary conditions Sk = 0 and the isochronous surface T (x, Rц, t) = 0 will decrease. During some time, 
the two surfaces will have a common point (Fig. 1). 

 
Fig. 1. Geometric interpretation of hypersurfaces in phase space under guidance in boost phase 

At the point Sk and T0, they have a common tangency, that is, their gradients coincide in the phase space. In this 
way: 

- existence of the optimal trajectory xopt (t) and optimal control uopt (t) is noted; 
- termination of the boost phase of the trajectory (t = tk) and the transition to the ballistic flight phase are deter-

mined. 
At the tangency point, the isochronous surface and the hypersurface of the boundary conditions have a com-

mon tangency and a normal. Mathematically, the condition for the existence of a common normal is determined by the 
expression [2]: 
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i i

ST A
x x

   
   

    
,  (18) 

where А is constant determined from the analysis of the convexity of both hypersurfaces. 
         From the relations (11) and (18), we transform (17). We obtain the expression for the direction cosines of the 
thrust vector as a function of the current and final motion parameters:  
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where 1cosA   , 2cosB   . 
From the relations (19), (20), it is easy to obtain a parameter natural for this UAV type to determine the orien-

tation vector of the control acceleration (in a certain sense, of the thrust vector), the pitching angle: 
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In our case, the UAV motion takes place in the given plane, and the yaw angle is ( ) 0S  . Using the proposed 
methodology for the synthesis of terminal optimal control, an algorithm for calculating the pitching angle was devel-
oped [2], and the computational simulation of the UAV flight was carried out [7]. 

Research Results. The numerical studies have been conducted using the software that implements the pro-
posed method. We are talking about the algorithmic software for terminal guidance of ballistic aircraft based on the 
solution to boundary problems of ballistics. The corresponding computer program was registered in 2013. 

When modeling, a hypothetical accelerating tool was used with the characteristics and initial conditions for the 
UAV launch ascent, given in [8]. 

The initial conditions of the simulation and the calculation results of the early ascent are given in Table 1. 

Table 1 
Initial conditions for UAV launch ascent 

t x/vx y/vy z/vz wx/tang wy/tet w1/alf 

0.0000 0.0 
5.6323 

0.0 
–0.0000 

0.0 
322.6757 

0.0000 
90.00 

0.0000 
0.00 

0.0000 
0.000 

0.5537 3.1 
5.6323 

3.1 
11.1626 

178.7 
322.6756 

–0.0000 
90.00 

16.6000 
1.98 

16.6000 
–0.048 

3.4580 34.7 
21.4565 

120.9 
69.4705 

1115.8 
322.6727 

15.8242 
69.34 

103.4286 
12.13 

105.3386 
–7.881 

13.0193 832.4 
155.6274 

1683.4 
259.0827 

4200.8 
322.6335 

150.0000 
60.00 

386.9131 
35.91 

419.3209 
0.011 

23.0193 3384.5 
368.3725 

5300.4 
464.9493 

7426.8 
322.5441 

362.7748 
50.02 

690.8797 
43.59 

790.8281 
–2.076 

33.0193 8469.9 
662.2567 

11009.1 
679.2317 

10651.6 
322.4053 

656.7462 
43.44 

1003.1187 
42.79 

1219.9140 
–2.582 

43.0193 16923.8 
1044.7345 

18956.0 
915.1428 

13874.7 
322.2176 

1039.4134 
38.74 

1336.7768 
40.11 

1727.7590 
–2.677 

50.9898 26729.1 
1429.1498 

27089.4 
1131.2610 

16442.2 
322.0334 

1424.0909 
36.01 

1630.6058 
37.94 

2211.8627 
–2.501 

 
Fig. 2 shows the pitching-angle profile in the boost flight phase. 
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In our case, the UAV motion takes place in the given plane, and the yaw angle is ( ) 0S  . Using the proposed 
methodology for the synthesis of terminal optimal control, an algorithm for calculating the pitching angle was devel-
oped [2], and the computational simulation of the UAV flight was carried out [7]. 

Research Results. The numerical studies have been conducted using the software that implements the pro-
posed method. We are talking about the algorithmic software for terminal guidance of ballistic aircraft based on the 
solution to boundary problems of ballistics. The corresponding computer program was registered in 2013. 

When modeling, a hypothetical accelerating tool was used with the characteristics and initial conditions for the 
UAV launch ascent, given in [8]. 

The initial conditions of the simulation and the calculation results of the early ascent are given in Table 1. 

Table 1 
Initial conditions for UAV launch ascent 

t x/vx y/vy z/vz wx/tang wy/tet w1/alf 
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Fig. 2 shows the pitching-angle profile in the boost flight phase. 
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Dependence of pitching and attack angles on apparent speed rate 

 
   pitching angle  attack angle 

Dependence of UAV entrance angle on apparent speed rate 

 
   UAV entrance angle 

Fig. 2. Variation of UAV pitching and entrance angles 

Fuller information on the simulation results given in [8] is as follows. 
1. The resulting control is suboptimal due to the use of boundary conditions in an analytical form. To improve 

the accuracy of the boundary conditions in the navigation algorithm, it is necessary to introduce an up-date algorithm, 
which is based on attracting more accurate models of the Earth’s gravitational field. Hence, the launch ascent accuracy 
will be improved. 

2. The effect of random disturbances is compensated by the adaptive properties of terminal guidance, as well 
as by predicting the motion parameters and the formation of control at a decreasing time interval each time until the end 
of the launch ascent process. 

3. The obtained estimates under modeling allowed us to rationally select the discreteness of the navigation 
and guidance algorithms and thereby limit the range of requirements for the FMC during its implementation. 

4.  The implementability of guidance algorithms based on the developed methodology on modern onboard 
computers creates no difficulties. The required response rate is (1–1.5)×106 k.o./s. 

Discussion and Conclusions. Thus, the principle of dynamic programming seems to be most preferable. It 
should be used when solving the problem on the centroidal motion control synthesis (guidance problem) of the UAV 
with long-range capabilities in the boost phase. The well-known remark on the applicability of dynamic programming, 
the so-called “curse of dimensionality”, is inappropriate in the task of developing control as a function of the final state 
[5]. In addition, the use of boundary conditions in an analytical form simplifies essentially the formation of suboptimal 
control and enables to change strategically the flight missions. This scales up the applicability of this algorithm for 
UAV of various purposes. 
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