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Abstract

The article is dedicated to the analytical study of the improved mathematical model of the hydraulic drive
of the mechanism for overturning a container with municipal solid waste into a garbage truck, taking into account
the wear of friction pairs. As a result of the analysis of the performed numerical studies of the nonlinear improved
mathematical model of the hydraulic drive of the mechanism for overturning a container with municipal solid
waste into a garbage truck, taking into account the wear of friction pairs, a linearized version of this model was
developed in the form of a system of ordinary linear differential equations of the 2nd order. To carry out design
calculations of new garbage truck designs, approximate analytical dependencies were obtained for the pressure in
the hydraulic cylinder pressure line, the angular velocity and the angle of container overturning on time were
obtained based on the proposed linearized mathematical model of the hydraulic drive of the container overturning
mechanism in the technological operation of loading municipal solid waste into the garbage truck during the 1st
phase — overturning the container to the equilibrium position, taking into account the wear of friction pairs. A
regression equation was obtained, which allows to approximately determine the duration of the 1st phase — the
rotation of the container to the equilibrium position during its overturning in the technological operation of loading
municipal solid waste into a garbage truck, taking into account the wear of friction pairs, which can be used during
design calculations of new garbage truck designs taking into account the wear of working bodies without the need
to study the nonlinear mathematical model of the drive, as well as during optimization of the main parameters of
the hydraulic drive. It was established that the analytical study of the linearized improved mathematical model of
the hydraulic drive of the mechanism for loading municipal solid waste into a garbage truck, taking into account
the wear of friction pairs during the 2nd phase — pouring waste from the container into the body of the garbage
truck requires further research.

Keywords: linearized mathematical model, consideration of wear, Laplace transformation, hydraulic drive,
wear, friction units, container overturning mechanism, garbage truck, solid waste.

Introduction

Among the current tasks facing modern municipal engineering in Ukraine, the improvement of mobile
manipulator-type equipment, which includes garbage trucks, is particularly important [1]. In this field, ensuring
increased wear resistance, reliability, and durability of machine parts is so important, since these characteristics
directly affect the efficiency of equipment operation, reduce repair and maintenance costs, and increase the service
life of equipment under conditions of intensive use [2, 3]. In Ukraine, the process of collecting and transporting
municipal solid waste (MSW) to places of further processing or disposal is mainly carried out using body garbage
trucks. The main working body of such machines is loading mechanisms designed in the form of hydraulically
driven manipulators [4]. Currently, there are about 3700 garbage trucks in operation, which not only transport
waste but also compact it. This significantly reduces transportation costs and the area of landfills required for waste
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disposal, which is important both economically and environmentally. During the technological operation of MSW
loading into the body of a garbage truck, friction components, in particular hinge joints and hydraulic cylinders of
the manipulator, are subjected to significant loads. The intensive wear of these elements is due to a number of
factors: the large weight of waste containers, which can reach 500 kg, the need for mechanisms to operate in
reverse mode with reciprocating movements, and the high number of operating cycles performed during a single
trip. An additional complicating factor is the operating conditions, which are characterized by significant
fluctuations in relative humidity and temperature, as well as an increased level of dust in the environment. The
combination of these factors leads to accelerated wear of working elements, which negatively affects the reliability
and durability of garbage trucks. Deterioration of the operational characteristics of parts or insufficient lubrication
leads to increased friction forces in the manipulator’s hinge joints. This, in turn, causes an increase in the level of
vibration in the system, which negatively affects its dynamic stability and reduces the mechanism’s ability to
withstand high loads under conditions of reversible friction. Accelerated wear of friction components not only
reduces the efficiency of the garbage truck manipulator, but also creates potential risks for the safe operation of
the equipment. This situation can lead to emergency operating modes that threaten the health of operators and can
also have a negative impact on the environment in the event of uncontrolled spillage or leakage of solid waste.
According to the Resolution No. 265 of the Cabinet of Ministers of Ukraine [5], one of the key areas of
development of public utilities is the introduction of modern, highly efficient garbage trucks. Such vehicles are
considered a central link in the system of technical means for the collection, transportation, and primary processing
of solid waste. The use of the latest models of equipment not only optimizes logistics processes and reduces
operating costs, but also contributes to the comprehensive solution of a number of pressing environmental
problems related to waste management. In addition, the modernization of the garbage truck fleet ensures an
increase in the overall reliability and efficiency of the country’s public utilities, which is of strategic importance
for the sustainable development of settlements. The planning of the renewal, maintenance, and repair of garbage
trucks is facilitated by the determination of approximate analytical dependencies of the main power and kinematic
characteristics of the hydraulic drive of the mechanism for overturning containers with solid household waste into
a garbage truck, taking into account the wear of friction pair.

Analysis of recent research and publications

In the article [6], a structural analysis of the wear parts of a garbage truck is presented. The authors of the
paper [7] proposed a method for diagnosing faults associated with the wear of the hydraulic cylinder seal and
internal leaks of the working fluid, based on the fusion of energy characteristics. In the paper [8], a scheme of a
robotic manipulator was developed, its 3D geometric model was created using SOLIDWORKS, and the motion
analysis was performed. During the design of structural optimization, key parameters such as stress and
deformation of the robotic manipulator were analyzed in detail, and objective functions and constraints were
established for optimizing and improving its structure. This allows to reduce the failure rate of the manipulator
during long-term high-intensity operation and better achieve joint operation with other systems of the garbage
truck to increase the overall efficiency of MSW collection and transportation.

In the study [9], a method for optimizing the operation of a robotic cell is presented, which involves
changing the position of the robot manipulator within the working area for programs with a fixed trajectory of the
endpoint. The main goal was to reduce the total wear of the manipulator joints and prevent their uneven loading,
when individual joints are subjected to greater stress compared to others. The assessment of wear was carried out
by approximating the integral of the mechanical work of each joint along the entire trajectory, which is determined
through angular velocities and applied torques. The proposed approach is based on the usage of dynamic modeling,
which allows determining the torques and rotation speeds of the joints in different positions of the robot. The
results of the study showed that the optimal location of the manipulator base allows reducing the overall level of
wear of its joints by 22-53%, depending on the configuration of the trajectory of movement.

In the article [10], a mathematical model was developed that allows determining the optimal geometric
parameters of the manipulator’s structural elements, taking into account the maximum boom reach, load capacity
and a number of other kinematic characteristics of the machine. Such a model is an important tool for design
engineers, since it provides the possibility of rational selection of dimensional parameters of structural elements
in order to increase the efficiency of the manipulator and ensure its reliability during operation. At the same time,
special attention was paid to the peculiarities of the operation of articulated joints that operate in a cyclic mode,
which is typical for manipulator-type machines. It was established that under such conditions, the formation of a
complete hydrodynamic friction mode is impossible, since the lubrication process occurs mainly in the semi-dry
and boundary friction modes. This leads to increased requirements for the properties of the materials of the parts,
the quality of the surface finish and the efficiency of the lubrication system, since it is these factors that determine
the wear resistance and durability of articulated joints in real operating conditions. Unlike the steady-state mode
of hydrodynamic friction, the operation of sliding bearings in conditions of semi-dry or boundary friction is
accompanied by more intense wear of the friction surfaces. This leads to a gradual loss of kinematic accuracy, the
appearance of additional dynamic loads, impact loads and vibrations, which, in turn, cause the development of
fretting corrosion and premature destruction of parts. To reduce the friction force, it is proposed to use special
coatings of the conjugate elements of the manipulator hinges, in particular lead, phosphate and indium. It has been
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proven that the intensity of contact wear can be significantly reduced by using lubricants based on oils and fats, as
well as greases, which at a temperature of 25 °C acquire a thick, ointment-like consistency. In addition, the
feasibility of using phosphate and anodic metal coatings has been determined, which contribute to better retention
of lubricants on friction surfaces, increasing their efficiency and durability of components.

In the work [11], a detailed analysis of the main types of wear of hinged joints used in the structures of
forest manipulators was carried out. The obtained research results made it possible to determine promising
directions for increasing their wear resistance, which can be used by design engineers in order to extend the
working life of the mentioned units depending on the specific operating conditions and requirements for the
equipment. Particular attention is paid to the fact that manipulator machines mostly operate in difficult climatic
conditions with sharp fluctuations in ambient temperature. Such factors significantly affect the stability of the
properties of lubricants and the operational characteristics of the structural materials of the hinges, which
ultimately causes accelerated wear and a decrease in the durability of the machines. Under conditions of reduced
temperatures, the properties of the materials of friction pairs undergo significant changes. In particular, an increase
in their fragility, a decrease in the yield point, and an increase in the rigidity of the working surfaces are observed.
This leads to a complication of the processes of movement and annihilation of dislocations in the crystal lattice of
the material, which is accompanied by the appearance of exoelectronic emission and a significant acceleration of
the wear processes of friction surfaces. An additional negative factor is a change in the characteristics of lubricants:
at low temperatures they can lose their fluidity, turn into a solid state or significantly increase their viscosity. As a
result, the lubricant loses its ability to form a reliable film between the working surfaces, which sharply reduces
its protective and antifriction properties and leads to an intensification of wear processes. In the summer, when the
ambient temperature reaches high values, intensive heating of lubricants occurs, which leads to a decrease in their
viscosity and subsequent spontaneous leakage from the friction zone. This negatively affects the processes of
lubrication and cooling of working surfaces, since the ability of the lubricant to form a stable protective film
decreases, and the risk of overheating of the contacting elements increases. As a result, wear processes are
intensified and the durability of hinged units is reduced. To prevent such undesirable phenomena, it is proposed to
use special sealing devices that are capable of simultaneously performing several important functions: to protect
the hinged joints of manipulators from the penetration of dust, moisture and aggressive impurities that can cause
corrosive destruction of surfaces; to keep the lubricant in the friction zone, preventing its premature leakage. The
conducted studies have confirmed the feasibility of integrating contact and labyrinth sealing elements into the
design of hinges, which, due to their design specifics, provide more reliable protection of units from the negative
effects of the operating environment and increase the service life of manipulators.

In the article [12], the method of synthesis of the trajectory of the manipulation robot movement taking into
account its degrees of mobility is considered. It is shown that the bending of the rod causes support reactions in
the contact zone, similar to the beam on two supports. Based on the determined contact pressure, it is possible to
estimate the potential wear processes of the surfaces of the hydraulic cylinder, rod and stuffing box. It is established
that even in the conditions of complete absence of danger of loss of strength by the rod during bending, contact
stresses, which reach approximately one third of the material strength limit, can significantly accelerate the wear
of friction surfaces. This approach allows to more accurately explain the reasons for the formation of characteristic
wear patterns and to determine the features of their identification.

In the paper [13], it is shown that when developing new promising designs of articulated joints, it is
necessary to apply a comprehensive approach to the selection of scientific and technical solutions, since their
performance is influenced by a significant number of parameters. Such an approach creates opportunities for the
formation of new design solutions that can provide increased reliability and durability of articulated joints of
manipulators of logging machines. The implementation of such solutions allows to significantly improve both
mechanical and tribotechnical characteristics of joints, as well as to optimize the thermal mode of their operation,
which is an important factor in increasing the efficiency of equipment operation.

The article [14] presents the results of the analysis of the design features of the grippers of the body garbage
trucks and the study of their reliability. Based on the conducted research, a calculation model of the garbage truck
was developed, which was considered as an oscillatory system. During the analysis process, the features of the
oscillations of the garbage truck frame during operation were established, and the dependencies of the formation
of forces in the interaction of the elements of the “grip — tank — gripper” system were also revealed. The research
showed that the greatest loads correspond to the traction and rod of the hydraulic cylinder, and these loads increase
with increasing of container mass. At the same time, a change in the mass of the garbage truck itself does not affect
the magnitude or amplitude of the loads, but leads to a change in their frequency characteristic. During operational
observations, it was established that the main cause of garbage truck failures is wear and corrosion of the working
surfaces of the equipment parts. In particular, 32% of all failures in the hydraulic drive system occur on hydraulic
cylinders. Failures of these units are associated with wear of the working surfaces of the mating parts, deformations
of the rod and cylinder under the action of operational loads arising from uneven loading of the body, as well as
abrasive wear in difficult operating conditions. The main factor in failures of the hydraulic drive is intensive wear
of the working surfaces of key parts of its design, in particular spools and housings of hydraulic distributors, as
well as hydraulic cylinder rods. An additional factor of degradation is hydroabrasive damage, which occurs as a
result of untimely replacement of the working hydraulic fluid and the use of poor-quality or worn sealing elements,
such as hydraulic cylinder seals. This leads to the penetration of dust particles and wear products into the sliding
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zone, which significantly accelerates the destruction of the working surfaces. To increase the service life and
restore the performance of parts, it is recommended to use the technology of chrome plating in cold self-regulating
electrolyte, which ensures the production of chrome coatings with high quality of the deposit, increased wear
resistance and sufficient productivity, which makes it one of the most promising methods of restoring worn
elements of hydraulic drives.

Analytical study of the mathematical model of grinding of polymer waste in the grinding chamber of a
rotary crusher with continuous classification of the finished product, carried out in [15], made it possible to
determine with high accuracy the particle sizes of the final product, the crusher productivity, and energy
consumption at different values of the rotor angular rotation speed, the initial waste sizes, the crusher design

parameters, and the chamber loading modes.
In the article [16], an algorithm for numerical-analytical study of the dynamics of a planar six-bar linkage mechanism of a sewing
machine thread take-up mechanism is proposed, which is based on the numerical solution of the differential equation of motion of the

mechanism, and computer modeling of this mechanism is also carried out in Mathcad software.

In the paper [17], on the basis of analytical study of a mathematical model, the dependencies of the
functioning of vibration and vibro-impact machines based on a hydropulse drive with a single-stage pulsator valve
were determined.

In the materials of the article [18], an improved nonlinear mathematical model of the hydraulic drive
operation of the mechanism for loading solid waste into a garbage truck during container overturning is proposed,
which takes into account the wear of friction pairs and allowed to numerically study the dynamics of this drive
during start-up and determine that taking into account the wear of friction pairs significantly affects the main
parameters of the hydraulic drive for container overturning during MSW loading into a garbage truck. It was
established that the duration of container overturning during MSW loading increases in a power-law dependence
with increasing wear of the hydraulic cylinder.

The work [19] is dedicated to the determination of analytical dependencies that describe the quality
indicators of transient processes of the hydraulic drive, which ensures the overturning of the container during the
MSW loading into the garbage truck. In the article [20], a linearized mathematical model of the hydraulic drive
for overturning the container during the technological operation of loading MSW into the garbage truck is proposed
and analytically studied. However, this mathematical model does not take into account the wear of friction pairs.

However, in the process of analyzing known publications, authors did not find a linearized improved
mathematical model of the hydraulic drive of the mechanism for overturning a MSW container into a garbage
truck, taking into account the wear of friction pairs and the results of its analytical study.

Aims of the article

Analytical study of a linearized improved mathematical model of a hydraulic drive for a solid waste
container overturning mechanism in garbage truck, taking into account the wear of friction pairs to obtain
analytical dependencies of the main power and kinematic characteristics of this hydraulic drive in a steady-state
mode of operation, which can be used when conducting design calculations of new garbage truck designs, taking
into account the wear of the working bodies.

Methods

During the analytical study of the linearized improved mathematical model of the hydraulic drive of the
mechanism for overturning a container with MSW in garbage truck, taking into account the wear of friction pairs,
the following methods were used: operator calculus using the Laplace transformation to solve a system of ordinary
linear differential equations, linearization of nonlinear dependencies, decomposition of complex expressions into
simpler fractions, as well as computer modeling methods. To plot the graphs, the computer program "MatModel"
described in [19] was used, which implements the 4th-order Runge-Kutta-Felberg numerical method with a
variable integration step.

Results

Fig. 1 shows a calculation diagram of a linearized improved mathematical model of a hydraulic drive for
overturning a container during the technological operation of MSW loading into a garbage truck, taking into
account the wear of friction pairs when using the rear scheme of MSW loading. The diagram shows the following
structural elements: C — container, G — gripper, L — lever, HC — hydraulic cylinder, HD — hydraulic distributor,
P — hydraulic pump, SV — safety valve, F — filter, T — tank with working fluid, as well as the main geometric,
kinematic and power parameters: p; , p2, p3, ps— pressures at the pump outlet, at the hydraulic cylinder inlet, at
the hydraulic cylinder outlet and at the filter inlet, respectively; Wi, W, , W3, W4 — volumes of pipelines between
the pump and the hydraulic distributor, the hydraulic distributor and the hydraulic cylinder inlet, the hydraulic
cylinder outlet and the hydraulic distributor, the hydraulic distributor and the filter; Op —actual pump flow rate;
Sp— cross-sectional area of the distributor opening; Sy — surface area of the filter element; D , d — piston and rod
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diameters; J — moment of inertia of moving elements; G¢ —container weight; R — radius of rotation of moving
elements; /p — distance between the centers of rotation of the gripper and the rod; / — the height of the container;
o — angle between the axes of the lever and the cylinder arm, y— angle that takes into account the deviation of the
center of mass position; & — angle between the gripping arm and the horizontal; A — angle of inclination of the
container wall; w— the angle between the axis of the cylinder arm and the axis passing between the centers of
rotation of the gripper and the hydraulic cylinder; ¢ — grip rotation angle.

Fig. 1. Calculation scheme of the linearized improved mathematical model of the hydraulic drive for overturning the
container during the technological operation of MSW loading, taking into account the wear of friction pairs

Analysis of the conducted studies of the nonlinear mathematical model [18] showed that p; = p>= p12, and
the influence of pressure in the drain lines and viscous friction forces on the operation of the hydraulic drive is
insignificant. The process of overturning the container during the technological operation of MSW loading into a
garbage truck can be divided into two phases:

1. The phase of overturning the container to the equilibrium position (6 +@ -4 < 7 /2).

2. Phase of pouring MSW from the container into the body of the garbage truck (5+¢p—1 > 7 /2).

Thus, the system of differential equations of the nonlinear mathematical model is transformed into such
systems of differential equations that correspond to the phases adopted above. The phase of rotation of the
container to the equilibrium position can be described by a system of differential equations:

Oy = Z%Smlp sin(p+w )+ o, py, +0¢0(1—e’ﬁ“’)+1<W12 dg;z ; (1
. d*p ’
PuSylysin(p+a)=J % +GRcos(p+5—7) )

where Wi, = W1 + Wa; 09 — coefficient of working fluid losses due to flow from the high-pressure region to
the low-pressure region, m> /(N-sec); a,, B-— coefficients of approximation of the dependence of working fluid
losses on the duration of the friction pair wear process (o, = 4.054-10 4; B,= 128.1).

In order to linearize the trigonometric functions of the system of differential equations, let’s make the
following substitutions:

cos(p+8 —y)=cos(wyt +5-7); 3)

sin(p+ a)~ sin(@, + @); 4)

sin(p+y)~sin(@ +v), ()

®, ~ ZSQ'PR = const, (6)
Cl1

where @, — the averaged value of the angular velocity of the container in the 1st approximation, rad/sec;
Sci = TE(D2 —d? )/ 4 — area of the rod cavity of the hydraulic cylinder, m?; @, = (71'/ 244-0 )/ 2— averaged in
the first approximation value of the container overturning angle for the first phase, rad.
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Therefore, the linearized mathematical model of the hydraulic drive of the first phase of container
overturning for the operation of MSW loading into a garbage truck has the following form:

Oy =208l sin(@, + W)+ Gopy, + o (l—eP )+ KW, dg;z ; (7
PiSeil, sin(@, + o) = chi—(; + GR cos(m,t) cos(8 —y) — GR sin(w,?)sin(5 — ) ©)

do

where @ = 7 # const — instantaneous value of the angular velocity of container overturning, rad/sec.
t

For further study of the linearized mathematical model, we will use the Laplace transformation, according
to which we obtain the following:

Yo\ P(s)sKW,,; )
+B

(o)

@ _ Q(5)250l, sin(@, + )+ P(s)5, + -2 —
B S S

P(s)Sel, sin(@, + o) = Q(s)sJ + SOR 505(82_ v)_ ""’Gstm(i’ =i} (10)
s% +m? 52+ w?

Substituting equation (10) into equation (9), we obtain:

—b,s* +b,s> +b,s* +b;s+b,
s(s+ 8, )(s2 + o, XaZS2 +a,s+ ao)

Q,(s)= , (11

where a, = KW,,J ; a,=0,J ; a, =281} sin(@, + o)sin(@, +y); b, = KW,,GRcos(5 —y);
by = 0pScil, sin(@, + o) = (KW,,B, + 0, )GR cos (8 —v) + KW,,00,GRsin(8 — 7):
b, = (QP — 0 )BGSCllp Sin(61 + OL)_ Bso,®GR Sin(8 - Y)"' (KW12BG + Gy )(DOGR Sin(5 - Y);
by = QpiScil, sin(@; + o)+ B,oo@,GRsIn(S — 7). by = (0p — 0ty JBe®3Scil,, sin(e, + ) (12)

By the method of decomposing expression (11) into simpler fractions after reduction to the canonical
form, we obtain

1 1 s D s+a/(2a,)
Q =A—+F B =1 1 2
O = o s e T @)l + ldaa, — a2 ) (aa?)

C o n 4E, —Dia V4a,a, — a12 /(2(12)

s :
@, 8* + @ 2\/4(10(12 —a} [S +4q /(2a2 )]2 + (4a0a2 —aj )/(4(122)

+

(13)

where 4 =i2; E, =-b, _(Al +Bl)al +F](ﬂga2 _al)_claz; D, z_aZ(AI +F +Bl);
By,
Ji- Alaowg (ao +B,a,— aza’oz) a’g (ﬂjalaz _ﬂcralz +aa + Ba, — ,Baazwg) .
Cl = _Fi B
G B, G,
e
B, = b +4 = +C e e +F bot _b_4; I, =p,a, _wg(ﬂaag +a; _2ﬂaaoa2);

_ |
2 2
Bra,, Bra @, a, a, a,

G = alzwg +(a0 _azwg); H, =pf,a, _wg(ﬂaaZ +a1);‘]1 =p.q wg(bs +:Bab4)+(a0 _a2w§xb1 +180'a)§b4)
o 1J, —A]aoa)g {I1 (ao + f.a, —a2w§)+ G, [ﬁa(ao +ﬂaal)—a)§(a, +ﬂga2)]}— N

1 ﬂo‘a)é {H1G1ﬂ0a2 -1 lﬁa (ﬂaaﬂz - a12 +a,— azwg)"' aya, J} (14)

.y G {ﬂo—woz [albz - B,b, (ao —a,0; )]+ H b, }

Then we can find the original image of (13):
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- C D, .t Vda,a, —a}
@, (1) = A + Fe ™ + B, cos(wyt )+ —Lsin(w,t)+ —-e > cos| “—22—1¢ |+
(00 az 2612 (15)

AE —Da, - . |+4a,a,—a’
+1—112e 24, sin #t
2\4a,a, —a, 2a,

Excluding insignificant coefficients in expression (15), which have a higher order of smallness, and taking
into account the accepted notations according to (6), (12), (14), the angular velocity of container overturning,
taking into account the wear of friction pairs during the first phase, is described by the following equation:

(1) =

0,—a, 1+ 25%115 Sin(@l ‘Hl)sm(@l +‘I/) y
PAYE Sin(¢1 + \V) BoCo/

X {1 - 6721:;/1; COS|:SCIlp \/2$m (61 il OL)Sin(@l hi W)t:|}

KW,,J

(16)

After substituting the substitution sin (@ + oc)sin (6 + \V) ~ sin? [6 +(o+vy)/ 2] into equation (16):

2sglzgsin2((pl+°°;"’j o .
o (N~ g”._oﬁ’ 1+ l—e > cos| S/, sin((pl-i-wj —t .(17)
282,02 sin(@; +y) B0 2 NKW,J

To determine the container overturning angle, taking into account the wear of friction pairs during the first
phase, we integrate equation (17) and, taking into account the initial conditions ¢(0) = 0, we obtain the following:

282,10, sin? 61+(x+\|1 -,
= Q=% |y, 2 e T x
i 2817 sin(Q, + ) BoCoJ 8KW,,S&1; sin2[@, + (o +y)/ 2]+ Jo?2

(18)

(= aty 2 s
x<2KW,,Jo, cos| Sl sin| @, + t|—4KYSW5 Sl N 2T x
{ 1240 |: nitp [(Pl > j KW,,J :| 12 Dcitp

+szin{SCllp sin(q)l+a+2\v] KV; Jt}}+t>.
12

Excluding insignificant coefficients in expression (18), which have a higher order of smallness, we obtain
a simplified equation for the change in the container overturning angle taking into account the wear of friction
pairs during the first phase:

[~  a
><s1n((pl +

272 «cin 2len
(Pl(t) ~ QH — 0Oy ){1 4 ZSCIZp s [(Pl + (O(‘+\V)/2]}t (19)

282,03 sin(@, + Boco/

From equation (19), we determine the duration of container overturning, taking into account the wear of
friction pairs during the first phase:

2821,B.00J Sin(@] +\V)

. 20
(0p —a, ){BGGOJ +282,12 sin?[@, + (ot + )/ 2]} 1 ¢

L~

Solving the system of equations (9, 10) with respect to P(s) after reduction to the canonical form, we obtain:
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B +J —-C, —-F E
Pl(S):Alpl"'[lp 1 +—~ - = = 2 1 _Dlp 2 : z_i 2600 2
s s+ p, KW, s ro,(Km,) Vst rep @, 87+ Q1)
G, s+al/(2a2) 3 4H,, - G, q 4aya, —a; /(2a2)

a, [s +a, /(2a2 )]2 + (4a0a2 — alz )/(4a§) 2. /4a0a2 - alz [s +q, /(Za2 )]2 + (4410512 - al2 )/(44122)’

where 4, =[0p — oty =248l sin(@, +v)|/o 5 B, =— KW,[0p — 0ty —24,Seil, sin(@, +w)]/o, ;
28501, KW,y (Bio, — CKW,, )sin (@, + ) _ 25cil, (Bioy, — CiKW, )sin(@, + )

C,= s Dy, ;
of + KMo i + K*Whos
_ 2SCIZp (BIKVVIZ(Dg + CIGO)Sin($l + \V) . _ 2SCIZp (El (alKle - az)_ Dlaosz)Sin(6l + \V) .
v c; + K* W35 v aKW,,0, — a,65 — ayK*Wp3
_ 280l KWa(Dioy — EKW,)sin(@ +w). o _ 25ul,4, (Do, — EKW,, )sin(@, +y)
v a,KW,,6, — a,65 — a,K*Wp3 v a, KW ,0, _azaé —aOKZWé
_ % —2RScl,sin(@+y) KW,|ou, —2FSel, sin(@, + )] @)
v oy — KW B, v KW,Bs — o,
Next, we can find the original image of (21)
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Neglecting the insignificant coefficients of equation (23), which have a higher order of smallness, and
taking into account the notations according to (6), (12), (14), (22) and the initial conditions p(0) = 0, the pressure
in the hydraulic cylinder pressure line, taking into account the wear of the friction pairs during the first phase, can
be described by the following equation:
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o~ KW,B, Seil,sin(@, + o) Sa,psm(@l+a;wj\!2m VKWt

xl,,sin((P1+a+W)t—arcsin{ %o + GRC(.)S(i_Y) }Salpsm[(pl+(a+W)/2],}2KW'2 .
2 G, —KW,B, SCllpsm((pl+a) O J

Comparison of the results obtained using nonlinear and linearized mathematical models of the hydraulic
drive for overturning the container during the technological operation of loading MSW into a garbage truck, taking
into account the wear in friction pairs, as well as using equations obtained as a result of the analytical solution of
the linearized model, is shown in Fig. 2.

When comparing the characteristics of container overturning obtained using a nonlinear mathematical
model and equations (16), (19), (24), as a result of analytical solution of the linearized mathematical model of the
hydraulic drive for container overturning in the technological operation of MSW loading into a garbage truck,
taking into account the wear of friction pairs, the error is about 10% at the beginning of the movement and
decreases to 2-5% at the end of the movement compared to the nonlinear mathematical model, which is acceptable
for performing preliminary design calculations. If necessary, the values of the main parameters can be specified at
the final stage of design using a nonlinear mathematical model.

The obtained regression equation (20) allows to approximately determine the duration of the 1st phase —
the rotation of the container to the equilibrium position during the container overturning during the technological
operation of MSW loading into a garbage truck, taking into account the wear of friction pairs, which can be used
when conducting design calculations of new garbage truck designs, taking into account the wear of working bodies
without the need to study the nonlinear mathematical model of the drive, as well as when optimizing the main
parameters of the hydraulic drive.
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Fig. 2. Comparison of results obtained using nonlinear ( ) and linearized (— — —) mathematical models of the

hydraulic drive for overturning the container during the technological operation of MSW loading into a garbage
truck, taking into account the wear of friction pairs, as well as using the equations obtained as a result of its analytical
solution (**): a) —change in pressure in the hydraulic cylinder; b) —change in angular velocity; c) —angle of rotation

Analytical study of the linearized improved mathematical model of the hydraulic drive of the mechanism
for MSW loading into a garbage truck, taking into account the wear of friction pairs during the 2nd phase — pouring
solid waste from the container into the body of the garbage truck, requires further research.

Conclusions

To carry out design calculations of new garbage truck designs, approximate analytical dependences of the
pressure in the hydraulic cylinder pressure line, the angular velocity and the angle of container overturning on time
were obtained. It was based on the proposed linearized mathematical model of the hydraulic drive of the container
overturning mechanism in the technological operation of loading municipal solid waste into the garbage truck
during the 1st phase: overturning the container to the equilibrium position, taking into account the wear of friction
pairs. A regression equation was obtained, which allows to approximately determine the duration of the 1st phase
— the rotation of the container to the equilibrium position during its overturning during the technological operation
of loading of municipal solid waste (MSW) into a garbage truck, taking into account the wear of friction pairs,
which can be used during design calculations of new garbage truck designs taking into account the wear of working
bodies without the need to study the nonlinear mathematical model of the drive, as well as during optimization of
the main parameters of the hydraulic drive. It was established that the analytical study of the linearized improved
mathematical model of the hydraulic drive of the mechanism for MSW loading into a garbage truck, taking into
account the wear of friction pairs during the 2nd phase — pouring waste from the container into the body of the
garbage truck, requires further research.
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Bepeswok O.B., CaByask B.I., XapxkeBcbkuii B.O., IBano C.IL., SIBopcbkuii B.€. Ananituune
JOCIHI/DKEHHST  MOJIeJi T1IPONPHBONY MEXaHi3My IepeBepTaHHS KOHTelHepa 3 NMOOYTOBUMH BiIXOZaMH Y
CMITTEBO3 13 ypaxyBaHHIM 3HOCY Tap TePTsL.

CraTTs IpUCBsUYEHA AHATITHIHOMY IOCIIHKEHHIO yIOCKOHAIICHOI MAaTeMaTHYIHOI MOJENI TiqpOTPUBOLY
MeXaHi3My TepeBepTaHHS KOHTEHHEpa 3 TBEPANMH ITOOYTOBUMHE BiIXOJAMH Y CMITTEBO3 i3 ypaXyBaHHAM 3HOCY
map TepTs. Y pe3yNbTaTi aHalli3y BUKOHAHUX YHCIOBHX JOCIIKEHb HENIHIHHOT yJOCKOHAIEHOT MaTeMaTHIHOT
MO/IeJNi TIAPOTIPUBOIY MEXaHI3My IIepeBepTaHHS KOHTEIHEepa 3 TBEPANMHU ITOOYTOBUMH BiIXOAaMHU Y CMITTEBO3 13
ypaxyBaHHIM 3HOCY Iap TepTs, pO3pOOJIEHO JiHeapu30BaHy Bepcito i€l Moaeni y GpopMi CHCTEMH 3BUYalHUX
TMHIMHUX AudepeHianbHuX PiBHAHB IPYroro MOpSaKy. JIs mpoBeneHHS MPOEKTHHUX PO3PaXyHKIB HOBUX
KOHCTPYKIIH CMITTEBO3IB OTPUMaHO HaOJMKeHI aHaNITH4HI 3aJeXHOCTI THCKYy B HaNipHIA Marictpalii
TiIPOLMIIIH/APA, KYTOBOI HIBHIKOCTI Ta KyTa NepeBepTaHHsS KOHTEWHepa Bil yacy Ha OCHOBI 3alpOIOHOBAHOI
JiHEeapU30BaHOI MaTEeMaTHYHOI MOJEINI TiPONPUBOIY MEXaHi3My IlepeBepTaHHs KOHTeHepa Ha TEXHOJIOTIUHiH
oreparlii 3aBaHTa)XEHHsI TBEPAMX MOOYTOBUX BIXO/IB Y CMiTTEBO3 TiJ yac 1-1 pasum — moBopoTy KoHTeHHepa /10
TIOJIO’KEHHS PIBHOBATH 13 ypaxyBaHHAM 3HOCY map TepTs. OnepikaHe piBHSHHS perpecii, ke J03BoJIsi€ HAOIMKEHO
BU3HAYUTH TpHBAIICTh 1-1 pa3u — mOBOPOTY KOHTEIHEepa O TOJIOKEHHS PiBHOBATHU i Yac HOro mepeBepTaHHs
Ha TEXHOJOT1YHIH omeparlii 3aBaHTa)kKeHHS TBepAUX MOOYTOBUX BIAXOIIB Y CMITTEBO3 i3 YpaxyBaHHSIM 3HOCY Tap
TepTs, MO MOXXe OyTH BHUKOPHUCTAHO IiJ Yac MPOBEJCHHS NPOSKTHUX PO3PaxyHKiB HOBHX KOHCTPYKIIi
CMITTEBO3IB 13 ypaxyBaHHSM 3HOCY BHKOHABUMX OpraHiB 0e3 HEOOXiTHOCTI MOCHiKeHHA HeNiHiHHOI
MaTeMaTHYHOI MOJENi NMPHUBOAY HOTO POOOYMX OpraHiB, a TaKOX I Yac ONTHMI3alii OCHOBHUX IapaMeTpiB
rigporpuBoay. BcTaHOBIIEHO, MO aHANITHYHE MOCTIIKEHHS JIiHEAPHU30BAHOI YJOCKOHAJIEHOI MaTeMaTHYHOL
MOJIeTI TiIPONPHBOLY MEXaHi3My 3aBaHTa)KEHHS TBEPAMX MOOYTOBHX BiJXOJIB Yy CMITTEBO3 13 YpaxyBaHHSIM
3HOCY Tap TepTs mix yac 2-1 a3y — BUCUIIAHHS BIAXO/IB 13 KOHTECHHEPA B KY30B CMITTEBO3a BUMarae IpOBEICHHS
NOJAJBIINX OCIIIKEHb.

KarouoBi cjioBa: JtiHeapu3oBaHa MaTeMaTHYHA MOJICNb, YpaXyBaHHS 3HOCY, IEPETBOPEHHS 3a
Jlarmmacom, TigponpUBO/I, 3HOC, BY3JIM TEPTs, MEXaHi3M MMEpPEeBEPTaHHS KOHTEHHEpa, CMITTEBO3, TBEP/i MOOYTOBI
BiIX0IM



