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MATHEMATICAL MODEL OF THE CLOSED-LOOP SYSTEM OF EXCAVATOR
BUCKET POSITIONING

Purpose. Study on energy consumption of mechatronic systems of mining excavators during the full production cycle, develop-
ment of energy efficiency criterium for the production cycle of mining excavators, which ensures an increase in the technical and
economic indicators of the operation of powerful mining equipment.

Methodology. Mathematical modeling of electro-mechanical system of “front shovel” excavator, determination indicators of
the production cycle, development of the criterion of energy efficiency of the mining excavator’s operating cycle taking into ac-
count the theory of technical systems efficiency.

Findings. A mathematical model of a complete electro-mechanical system of an excavator with “generator-engine” electric
drive has been developed, which includes a model of the mechanical part of the excavator. The closed-loop bucket positioning
system makes it possible to implement various movement trajectories during the operating cycle. Numerical characteristics of
energy consumption and duration for various movement trajectories of the working bodies of the excavator are obtained. A new
criterion of energy efficiency of mechatronic systems of mining excavators is proposed.

Originality. For the first time, a mathematical model has been proposed of an integral electro-mechanical system of an excava-
tor according to the “front shovel” scheme, which includes models of electric drives of all mechanisms and a synchronous drive
motor, as well as a model of the mechanical part of the excavator; this makes it possible to increase the accuracy of determining the
excavator’s energy consumption and the operating cycle time. A criterion of energy efficiency is proposed, which takes into account
the amount of resource costs, the overall result and the duration of the excavator’s operating cycle.

Practical value. A mathematical model of the electromechanical system of an excavator with an electric drive according to the
“generator-motor” system has been developed, which, taking into account the solution of the direct and inverse problems of the
kinematics of the mechanical system of the excavator, makes it possible to compare parameters of various trajectories of movement
of the excavator. The implementation of a closed system for positioning the excavator bucket in three-dimensional space was pro-
posed, which creates conditions for increasing the level of automation of mining excavators. A criterion of the energy efficiency of
the excavator’s technological cycle is proposed, which takes into account resource costs and the technological cycle duration.

Keywords: excavator, mathematical model, trajectory parameters, energy efficiency

Introduction. Excavators play an important role in open pit
mining. The most powerful excavators are used in open pit
mining for both stripping activity, rock mass transfer and
dump formation [1].

In the mining industry, the transition to a new generation
of production equipment is characterized by a functional and
constructive combination of electromechanical converters
with energy and information components with a high level of
organization of control processes. During continuous devel-
opment and complication of interconnected electrical, me-
chanical, electromechanical, and control systems, modern
excavation machinery is being transformed into a mechatronic
complex [2]. For mechatronic complexes of mining machines,
due to their significant installed capacity, the energy efficiency
of their operation is of particular importance.

Increasing the efficiency of using the electrical energy in
industry and, consequently, in mechatronic systems of mining
machines is a defining trend in the development of technical
systems in the near future [3].

An analysis of modern scientific and technical literature
shows that currently there are no developments of automatic
control systems for the movement of the working bodies of
mining excavators. In fact, the functions of controlling the
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movement of the mining machines’ working bodies are as-
signed to the man-machine complex in which defining actions
are assigned to the operator. Such a decision makes it impos-
sible to analyze and synthesize control systems, which ensure
the rational use of electricity in mechatronic systems, and lim-
its the maximum achievable energy characteristics of mecha-
tronic systems of mining machines.

In this regard, the development of automatic control sys-
tems for the movement of working bodies for mining machines
that minimize the influence of the operator, is becoming the
main direction in the development of electromechanical sys-
tems for mining equipment in general, and mining excavators
in particular. At present, this task is of particular relevance in
connection with the fundamental renewal of both the power
equipment of excavator electric drives and technical controls.

Literature review. The analysis of modern scientific and
technical literature demonstrates the significant interest of re-
searchers in various problems of the operation of excavators.
Work [4] is devoted to the kinematic analysis of the mechani-
cal part of the excavator according to the “backhoe” scheme
for closed-loop position control systems. In [5], the features of
the interconnected operation of the mechanical part of the
main mechanisms of the excavator according to the “front
shovel” scheme are considered.

In [6], the problem of the influence of variable loads on the
technical condition and reliability of the elements of the crowd
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mechanism and the excavator as a whole is studied. Various
aspects of the problem of developing autonomous or remotely
controlled excavator systems are considered.

Works [7] consider the influence of the qualification of the
operator on productivity and energy consumption of excavator.

The work [8] is devoted to the problems of analyzing the
wear of excavator equipment; in [9], the wear of the elements
of the bucket and the crowd mechanism that directly interact
with the rock mass is considered in more detail.

Energy calculation remains the most complex and critical
stage in the design of mechatronic systems. Currently, it is car-
ried out using particular methods [10], which do not take into
account the settings of control devices and the features of pow-
er converters.

For electric drive systems with semiconductor converters,
operation of which causes distortions in the shape of currents
and voltages, both calculations and measurements of energy
characteristics are difficult, since models and estimates of the
parameters of electric power processes for nonlinear systems do
not have unambiguous and generally accepted definitions [11].

In [12], the problems of synthesis of mechatronic control
systems that are optimal in terms of minimum energy con-
sumption are considered, which is a complex task that depends
on the size and configuration of the mechatronic system.

It should be noted that now there are no generally accepted
definitions of the energy efficiency of technical systems and
criteria for its determination in the scientific community.

As shown in [13], a minimum of energy consumption is
not identical to an increase in the energy efficiency of technical
systems.

In [14], a criterion for the energy efficiency of the process
of starting powerful electric drives is proposed, taking into ac-
count various types of resource costs, the cumulative result
and the duration of the starting process.

In modern scientific and technical literature, there are no
works devoted to the synthesis of a closed-loop system for au-
tomatic control of the position of a “front shovel” excavator
bucket, which limits the perspectives for optimizing this type
of equipment.

Purpose. The purpose of the work is to create a mathemat-
ical model of a closed-loop excavator bucket positioning sys-
tem based on the solution of the direct and inverse problems of
the kinematics of the mechanical part of the excavator accord-
ing to the “front shovel” scheme to determine and further op-
timize technical and economic indicators during the produc-
tion cycle of mining excavators.

To achieve this goal, it is necessary to solve the following
tasks:

- to obtain solutions of the direct and inverse kinematic
problems of the mechanical part of the “front shovel” excava-
tor, linking the position of the individual mechanisms of the
excavator with the position of the bucket in three-dimensional
space;

- to develop mathematical models of closed-loop control
systems for the positioning of individual mechanisms of the
excavator;

- to develop a mathematical model of energy consumption
of the electromechanical system of the excavator during the
full production cycle;

- to determine the numerical characteristics of the main
types of resource costs and the duration of the full production
cycle for various trajectories of the bucket.

Justification of the design scheme of the mathematical model
of the excavator’s electromechanical system. The choice of the
type of excavator equipment is determined by the mining and
geological conditions of minerals extraction: the shape and
depth of deposits, the hardness of mined ore, the adopted de-
velopment scheme and other factors. At the mining enterprises
of Ukraine, which are characterized by high hardness of the ex-
tracted iron ore raw materials, electric excavators according to
the “front shovel” scheme are most common. At the enterprises

of South and North America, hydraulic excavators according to
the “backhoe” scheme have become more common.

Currently, two electric drive systems are the most common
for the main mechanisms of an excavator: an electric drive ac-
cording to the “generator-motor” system (Ward Leonard Sys-
tem), and the “thyristor converter-motor” (TC-DC) electric
drive succeeding it. Despite the popularity and simplicity of
mathematical modeling of a DC machine, the development of
a model of a complete electromechanical system of an excava-
tor is not an easy task, which is due to the complex composi-
tion of electromechanical equipment, the widespread use of
multi-motor electric drives, and the presence of complex rela-
tionships between individual mechanisms in the mechanical
part of the excavator [5].

The most common types of powerful mining excavators in
the conditions of Ukrainian mining enterprises are front shovel
excavators — EKG-5, EKG-8, EKG-10, EKG-12.5, EKG-20.
These excavators have a similar design of the main mechanisms,
differing in geometric dimensions and minor structural elements.

The following investigation will be carried out in relation
to the EKG-8I excavator; in our opinion, it is the most com-
mon model of a mining excavator in the conditions of the
Kryvyi Rih iron ore basin.

The current structure of the fleet of excavators in operation in
the quarries of the Kryvyi Rih iron ore basin is shown in Table 1.

As can be seen from Table 1, about 65 % of the excavator
fleet are EKG-8 and EKG-10 excavators, which have the same
design dimensions and composition of electromechanical
equipment.

Geometric dimensions and technical characteristics of the
electromechanical equipment of the EKG-8I excavator. Further
calculations will be performed on the example of one of the
most common excavators of the EKG-81 type with an electric
drive according to the “generator-motor” system.

Simplified kinematic diagram of the mechanisms of the
“front shovel” excavator is presented in Fig. 1. The position of
the excavator bucket in space is completely described by the
three-dimensional coordinates of the digging point K.

The design and overall dimensions of the EKG-8I excava-
tor are given in Table 2.

Below, Tables 3—5 show the technical characteristics of the
electrical equipment of the excavator, that are necessary for the
implementation of the mathematical model of the excavator.

Direct and inverse problems of excavator kinematics accord-
ing to the “firont shovel” scheme. The hoist of the excavator shov-
el, Fig. 1, is carried out by changing the swing angle ¢, around
the axis passing through point 1, perpendicular to the plane of
the figure. The extension and retraction of the shovel occurs
during linear movement in the saddle bearing located at point
1, and is carried out by linear movement of the shovel L. The
platform rotates around a vertical axis passing through its cen-
ter of mass and is carried out by changing the swing angle @ .

Since the working bodies of the excavator perform two dif-
ferent swing movements, it is most natural to consider the
movement of the working bodies of the excavator in a spherical
coordinate system.

The center of the spherical coordinate system of the exca-
vator is located at point O on the axis of swing of the platform
at a height equal to the height of the attachment of the bottom
of the boom, Fig. 2.

In this case, the coordinate ¢ will be equal to the angle of
swing of the excavator platform, the coordinate will be equal to
the length of the segment 0K, the coordinate 9 will be equal to
the angle KOX (angle o).

With such an arrangement of the center of the coordinate
system and the accepted direction of the coordinate axes in
Cartesian orthogonal coordinate system, the excavator standing
level is characterized by a negative value of the Z coordinate.

Direct problem of excavator kinematics. 1t is necessary to de-
termine the Cartesian coordinates of the position of the bucket
position point K(X, Y, Z) from the given values of the control
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Table 1

Structure of the excavator fleet of the Kryvyi Rih iron ore basin

Company EKG-5 | EKG-8 | EKG-10 | EKG-12 (waElSliilng Hydraulics | Total
excavator)
Inhulets HZK 2 10 25 7 - - 44
Pivdennyi HZK 7 13 14 - - 1 35
Tsentralnyi HZK (Petrovskyi and Artemivskyi quarries) — 9 5 8 2 - 24
Tsentralnyi HZK (Hleevatskyi quarry) — 9 3 4 2 — 18
Arcelor 7 4 9 1 - 3 24
Pivnichnyi HZK (Pervomaiskyi and Annovskyi quarries) 7 16 6 11 1 2 43
TOTAL 23 61 62 31 5 6 188
Share of excavator type, % 12.23 32.45 32.98 16.49 2.66 3.19 100
Table 2

Design dimensions of the EKG-8I excavator

Fig. 1. Simplified kinematic diagram of the mechanisms of the
“front shovel” excavator

coordinates of the excavator — linear movement of the shovel
Ly, the angle of the boom ¢ p, the swing angle of the platform ¢.
Let us examine how the coordinates » and 3 of the spheri-
cal coordinate system are related to the angle of the boom ¢,
and the linear movement of the shovel L.
Let us determine the coordinates of point Kin the Z0Y co-
ordinate system.

Parameter Value
Boom length, m 13.35
¢, — Boom angle, deg 47
Handle length, m 11.425
Stick stroke, m 4.3
L ymin — minimum value of the stick stroke, m 0
L ymax — maximum value of the stick stroke, m 4.3
®pmin — Minimum value of the elevation angle, deg -90
@ pmax — Maximum value of the elevation angle, deg 45
@ 7min — Minimum value of the swing angle, deg 0
O rmax — Maximum value of the swing angle, deg 120
(determined by the parameters of the coalface)

Table 3

Specifications of the synchronous drive motor
SDE 2-15-34-6U2

{KX =Ryt Ly -cos(@ )+ (Ly +N))-coslep) | Motor model SDE 2-15-34-6U2
Ky =L,y -sin(@,)+(Ly +Ny)-sin(ep) Power, KWt 630
Then the spherical coordinates of the point can be defined Rated stator voltage, V 6000
as follows Rated current, A 71
r= \/m ; 2 Rated swing speed, rpm 1000
9=arctan(K, / Ky). Efficiency, % 93.8
Table 4
Specifications of generators EKG-81
No. Drive Hoist Crowd Swing
1 Generator type PEM-151-8K PEM-2000M PEM-141-4K
2 | Rated generator power, kW 500 115 250
3 Rated swing speed, rpm 1000 1000 1000
4 | Rated armature voltage, V 560 330 630
5 Rated armature current, A 895 348 397
6 | Rated efficiency, % 0.932 0.92 0.925
7 | Number of pole pairs 3 2 2
8 | Armature winding resistance, R,g, Ohm 0.0075 0.0112 0.0355
9 | Resistance of additional poles Rypg, Ohm 0.00153 0.00385 0.0054
10 | Compensation winding resistance Rewg, Ohm 0.00516 - 0.0139
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Table 5
Specifications of drive motors EKG-8I

Drive Hoist Crowd Swing
Motor type 2 x DE-816 | DE-816 | 2 x VE-812
Rated power, kW 2x 190 100 2 x 100
Rated swing speed, rpm 720 750 750
Rated voltage, V 2 x 300 305 2 x 305
Number of pole pairs 2 2 2
Armature winding 2 x 0.0055 0.014 2x0.014
resistance, Ohm
Resistance of additional 0.0032 0.009 2 x0.009
poles, Ohm

K

I, ‘
L ey ——————— oy B

_ J y

Y

— X

Fig. 2. Spherical coordinate system associated with the excava-
tor platform

The transition from a spherical coordinate system to three-
dimensional Cartesian coordinates is carried out using well-
known expressions

X =r-cos(9)-cos(or)
Y =r-cos(8)-sin(o;) . 3)
Z =r-sin(9)

Formulas (1—3) give us a closed-loop solution to the direct
problem of the excavator kinematics and determine the equa-
tion for converting the control coordinates of the excavator
(Ly, ©p, 7) into the Cartesian coordinates of the digging point
KX, Y, Z).

Inverse problem of excavator kinematics. It is necessary to
determine the control coordinates of the excavator (Ly, @p,
¢7) according to the given Cartesian position coordinates of
the digging point K(X, Y, Z).

The transition to spherical coordinates from Cartesian co-
ordinates is carried out using well-known expressions

=atan L
Pr X

8= atan(zj. 4
NX2+Y?
r=NX?>+Y2+2?
Using equation (2), we obtain the following relations

1

\/1+tg2(9).

K. - tg(8)

2 letg2®)

K., =
®)]

And finally, based on equations (1), we obtain

o o s
Ky —Ry— L,y -cos(p,)
LN:K)(_RO_LAN'COS((PA)_N1 ) 6)

cos(¢,)

=atan z
Or 5%

When solving the inverse problem of the excavator kine-
matics, we must take into account the fact that not all points in
space (X, Y, Z) are achievable, which is due to the existence of
design restrictions on the coordinates of the excavator.

Therefore, equations (4—6) must be supplemented by the
following restrictions

Lyin<Ly<L
(PPmin S(pP S(meax . (7)
(mein < (pT < (meax

Equations (4—6), taking into account restrictions (7), give
us a closed-loop solution of the inverse problem of the excava-
tor kinematics.

Modeling of closed-loop control systems for the position of
individual excavator mechanisms. To implement a mathemati-
cal model of both individual mechanisms of an excavator and
an integral electromechanical system of an excavator, it is ad-
visable to use the MATLAB/Simulink program using the Sim-
Power library, since it contains pre-made implementations of
the elements we need (power transformers, DC electrical ma-
chines, semiconductor converters of various types) and pro-
vides the ability to automatically generate a system of equa-
tions for multicomponent systems with different schemes for
connecting individual elements.

To ensure the adequacy of the mathematical model of the
electromechanical system of the excavator, we present the
mathematical models of the electric drives of the individual
mechanisms of the excavator, Fig. 4, and the drive synchro-
nous motor, Fig. 5, and the results of their work.

Mathematical modeling of the main elements of the elec-
tromechanical system of an excavator — DC machines and a
synchronous drive motor — is a well-known studied problem,
the solution of which is given in [15]. For mathematical mod-
eling of the working processes of a drive synchronous motor,
we use the well-known system of Park-Gorev equations in the
orthogonal coordinate system d, g, 0 [16].

Of particular interest is the accepted version of the imple-
mentation of a closed-loop system for controlling the position
of individual mechanisms of the excavator.

Fig. 3, a shows the implementation of a closed-loop con-
trol system for the position of a two-motor electric drive of the
excavator platform swing mechanism. The closed-loop con-
trol system in this case is implemented according to the archi-
tecture of a classical control system with a common adder and
negative feedback. Position control systems for other mecha-
nisms are constructed similarly.

Fig. 3, b shows the results of mathematical modeling of the
process of turning the platform at an angle of 120 degrees and
returning to its original position. The numerical results of the
angular velocity, armature current and generator voltage,
shown in the corresponding graphs, coincide with the specifi-
cations of the electrical machines given in Tables 3, 4, which
confirms the adequacy of the proposed implementation of a
closed-loop position control system. The static and dynamic
indicators of the quality of the position control of the turning
mechanism are satisfactory and can be improved by compli-
cating the structure of the position controller and its settings.

The results of modeling other mechanisms of the excavator
are not given due to the limited scope of the publication and
their triviality.

N max
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Fig. 3. Implementation of a closed-loop control system for the position of the excavator platform swing mechanism:
a — block diagram of a closed-loop ACS; b — time diagrams for working out the movements of the excavator platform

In order to combine the mathematical models of individu-
al mechanisms into an integral electromechanical system of
the excavator, it is necessary to perform the following opera-
tions: connect the mechanical input of the DC generator units
to the output of the angular velocity of the synchronous motor;
determine the moment of resistance on the shaft of the drive
synchronous motor. The moment of resistance on the SM
shaft is equal to the total load from the DC generators of indi-
vidual mechanisms and can be calculated by the expression

Uy-1,+Up-1.+Uy-1,

@®)

Ty =
Opsu
where Uy, Iy, Ug, I, Ug, I are voltages and currents of gen-
erators of hoist, crowd and swing respectively; o, g, iS an angu-
lar velocity of a synchronous motor.

The power consumption of the excavator is calculated as
the total energy consumed from the supply network: at the ter-
minals of the SM stator in the case of the Ward Leonard Sys-
tem electric drive, or on the primary winding of the mains
transformer in the case of the TP-D electric drive.

Fig. 4 shows the proposed enlarged block diagram of a
closed-loop ACS of the positioning of the excavator bucket,
which includes a subsystem for generating the required trajec-
tory of the bucket, determining the task for the position of in-
dividual mechanisms of the excavator by solving the inverse
problem of the kinematics of the excavator, closed-loop con-
trol systems for the position of individual mechanisms, a sub-
system for calculating the consumed electricity from the mains.

The positions of individual mechanisms of the excavator
calculated during mathematical modeling using equations

(1-3) for the direct problem of kinematics make it possible to
calculate the current position of the bucket in three-dimen-
sional space and use the data obtained to implement a closed-
loop control system for the position of the excavator bucket.

By setting the required trajectory of the bucket in three-
dimensional space in the form of an array of points through
which the bucket must pass, we, using the equations for solv-
ing the inverse problem of kinematics (4—7), calculate the
necessary tasks for the position of individual mechanisms of
the excavator, which are worked out by closed-loop control
systems for the position of individual mechanisms.

The resulting implementation of the model of the integral
electromechanical system of the excavator, including equa-
tions for solving the direct and inverse problems of the kine-
matics of the “face shovel” excavator, is shown in Fig. 5.

When performing the technological cycle of moving cargo
with a help of an excavator, there are three characteristic points
of the trajectory through which the bucket will necessarily
pass: I — the digging start point; 2 — the digging completion
point; 3 — the point of unloading the bucket into the vehicle.

The processes of moving the bucket from point 2 to
point 3, as well as from point 3 to point /, can be carried out
along various trajectories, the process of moving the bucket in
these modes is controlled by the driver, and the excavator’s en-
ergy consumption indicators significantly depend on the driv-
er’s qualifications.

As an example, consider two bucket trajectories.

Trajectory 1. This trajectory is realized with the sequential
movement of individual mechanisms. The sequence of move-
ments is as follows: digging — turning to the unloading posi-

v

Solving the inverse
problem of the ki tics

ACS hoist mechanism ]

Solving the direct
problem of the
kinematics of the

Eelectric drive of

Setting the trajectory
of the bucket, optimal
according to the
selected criterion

> bucket, the definition of —
the task for the position of
the electric drives of
individual mechanisms

Power supply network
with a subsystem for
calculating the
consumed energy

of the movement of the T

bucket movement,
I determining its current

“ Eelectric drive of ||
swing mechanism

coordinates

Eelectric drive of

crowd mechanism

l

Fig. 4. Enlarged structural diagram of a closed-loop ACS for the positioning of the excavator bucket
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Fig. 5. Mathematical model of the complete electromechanical system of an excavator with electric drives of the main mechanisms ac-

cording to the Leonard system

tion — lowering the bucket to the unloading point — turning to
the starting position — lowering the bucket to the starting
point.

Trajectory 2. The sequence of movements is as follows:
digging — moving to the unloading point along a straight-line
trajectory — moving to the starting position along a straight-

Excavator bucket trajectory.
Length = 107.22 m.

50

3144 NS Y S S WS S S— —
£ 3142 : - : - - - 3 |
2 1
5314

33138
3136

x10°

line trajectory. The implementation of such a trajectory re-
quires the simultaneous coordinated operation of the electric
drives of individual mechanisms.

Fig. 6 shows three-dimensional trajectories of the excavator
bucket during the execution of the first ¢ and second b trajecto-
ries, as well as time diagrams of the effective value of the stator

Excavator bucket trajectory.
Length = 76.91 m.
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Fig. 6. Diagrams of the excavator operation during the full technological cycle:

a, b — trajectories of bucket; ¢, d — corresponding motion and power consumption diagrams of the drive synchronous motor
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Table 6
Excavator performance indicators when performing different

trajectories
. Energy consumption, Trajectory Travel
Trajectory kVA'‘h length, m time, s
Trajectory 1 2.7547 106.04 40
Trajectory 2 3.3842 76.91 31

current of the SM, A, the angular velocity and moment of the
moving SM, the instantaneous total power, VA, and the power
consumed from the beginning of the production cycle, VA's,
during the execution of the first ¢ and second d trajectories.

A comparative analysis of the performance of the excavator
when performing different trajectories is shown in Table 6.

As can be seen from Table 6, the length of trajectory 2 is
reduced by 27.4 %, the execution time of trajectory 2 is re-
duced by 22.5 % compared to trajectory 1, but the power con-
sumption of the excavator increases by 22.8 %.

From the obtained results, it can be hypothesized that the
control for maximum speed is in conflict with the control for
minimum power consumption.

The choice of the optimal trajectory of the excavator buck-
et requires the development of a special combined criterion
that would take into account not only the change in energy
consumption, but also the change in the performance of the
excavator with a change in the length and duration of the tech-
nological cycle and is the subject of further research.

Conclusions. At the mining enterprises of Ukraine, which
are characterized by high hardness of the extracted iron ore
raw materials, electric excavators according to the “front shov-
el” scheme with the “generator-motor” system electric drive
and the “TP-D” system electric drive succeeding it are most
widely used.

Mathematical models of electric drives according to the
G-M system of individual mechanisms of excavators and a drive
synchronous motor are given. Combining the obtained models
and taking into account the equations of the kinematics of the
mechanical part of the excavator according to the “front shovel”
scheme, a mathematical model of the integral electromechani-
cal system of the excavator was obtained which makes it possible
to proceed to the solution of the problem of creating a closed-
loop system for controlling the position of the excavator bucket,
to analyze the interconnected operation of individual mecha-
nisms when performing the full technological cycle of the exca-
vator; to determine the parameters of various trajectories of the
bucket during the execution of the technological cycle.

It is shown that the reduction in the duration of the tech-
nological cycle of the excavator leads to an increase in the en-
ergy consumption of the excavator as a whole. With a reduc-
tion in the duration of the technological cycle by 22.5 %, the
power consumption of the excavator increases by 22.8 %.

The choice of the optimal trajectory of the excavator buck-
et requires the development of a combined criterion that would
take into account not only the change in energy consumption,
but also the change in the performance of the excavator with a
change in the length and duration of the technological cycle.
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Mera. JlocmimkKeHHsI eHeprocnoXuBaHHSI MEXaTPOHHUX
CHCTEM Kap’€pHMX E€KCKaBaTOPiB MPY BUKOHAHHI ITOBHOTO
eKCIUTyaTaliifHOro LMKIy, po3po0Ka KPUTEpilo eHepreThu-
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HOI e(hbeKTUBHOCTI eKCIUIyaTaliifHOro LIMKIIY Kap’€EPHUX eKC-
KaBaTopiB, 1110 3a0e3Ieuye MiABUILIEHHS TEXHIKO-EKOHOMIU-
HUX MTOKA3HUKIB eKCIUTyaTallii MOTY»KHOT0 ripHUY0100yBHO-
ro o0JaIHaHHS.

Metoauka. MateMaTUyHE MOJEIIOBAHHS €JeKTpoMexa-
HIYHOI CHCTeMM eKCKaBaTopa 3a CXeMOIO «IIpsiMa JIoTaTa»,
BU3HAUCHHSI MOKA3HUKIB €KCIUTyaTalliiHOTO LIMKITY, pO3p00-
Ka KpUTEPil0 eHEPreTUIHOI e(DEeKTUBHOCTI eKCIUTyaTalliitHO-
ro LMKy Kap>€pHOTrO €KCKaBaTopa 3 ypaxyBaHHSM Teopii
e(eKTUBHOCTI TEXHIYHUX CUCTEM.

Pe3yabTaTu. Po3pobieHa MmaTeMaTuuHa MOJIEJb LiTiCHOL
eJIeKTPOMEXaHIYHOI CUCTEMU eKCKaBaTopa 3 eJIeKTPOIpU-
BOIOM <«T'€HEepaTOp—IBUTYH», III0 BKJIIOYAE MOIETh MeXa-
HIYHOI YacTUHU eKcKaBaTopa. 3aMKHEHa CUCTeMa yIpaB-
JIIHHS TIOJIOKEHHSIM OKPEMUX MEeXaHi3MiB J03BOJIsIE pealli-
30BYBATH Pi3Hi TPAEKTOPIi PyXy B XOIi BUKOHAHHS €KCILIya-
TauifiHoro uukiay. OTpuMaHi YMCIOBI XapaKTepPUCTUKU
€HEeproCIOXUBAHHS Ta TPUBAIOCTI JJISI PI3HUX TPAEKTOPIl
pyXy pobouux opraHiB ekckaBaTopa. 3alpOINOHOBAHO HO-
BUII KPUTEPiii eHepreTMIHOI e(PEKTUBHOCTI MEXaTPOHHUX
CUCTEM Kap’€pHUX €KCKaBaTOPIB.

HayxkoBa HoBHM3HA. YTiepiiie 3alIpONOHOBAaHA MaTeMaTUY-
Ha MOJIeJIb LiTiCHOT eJIeKTPOMEXaHiYHOT CUCTEMU €KCKaBaTo-

pa 3a CXEMOIO «IIpsiMa JIONAaTa», O BKIJIIOYAE MOJAENI eJleK-
TPOMPUBO/IIB YCiX MEXaHi3MiB i MPUBITHOTO CUHXPOHHOTO
JIBUTYHA, 2 TAKOX MOZEJIb MEXaHIYHO1 YACTUHU €KCKaBaTopa,
10 TO3BOJIMJIO MilBULIIUTH TOYHICTb BU3HAUYEHHS €HEProc-
MOXMBAHHS €KCKaBaTopa i 4yacy BUKOHAHHS eKCIUTyaTalliii-
HOTO LIMKJTY. 3alpOIOHOBAHO KPUTEPiii eHEPreTUUHOI ehek-
TUBHOCTI, 110 BPAaxOBY€ BEJIMYMHY PECYpPCHUX BUTpAT, Cy-
KYITHOTO pe3yJibTaTy Ta TPUBAJIOCTI BUKOHAHHS €KCILIyaTa-
LIITHOTO LIMKITy eKCKaBaTopa.

IIpakTiyna 3HaunmicTs. Po3pobiiena MmaTemMaTuHa MO-
JIeJIb €JIEKTPOMEXAHIUHOI CUCTEMU €KCKaBaTopa 3 eJeKTPO-
MPUBOJIOM IO CUCTEMi «T€HEpPaTOP—IBUTYH», 1110, 3 Ypaxy-
BaHHSM BUPIllLIEHHS TIPSMOI Ta 3BOPOTHOI 3a7avi KiHeMaTu-
KM MEXaHIYHOi CUCTEMM €KCKaBaTopa, 103BOJISIE MOPiBHIO-
BaTU NMapaMeTpU Pi3HUX TPAEKTOPIN MepeMilleHHsl eKcKa-
BaTopa. 3anpornoHOBaHO KPUTEPiii eHEPreTUUHOI e(PEKTUB-
HOCTi BAKOHAHHS$ TEXHOJIOTIUHOTO LUKJTy EKCKaBaToOpa, 1110
BPaXOBY€ PECYpPCHi BUTPATU Ta TPUBAJICTh TEXHOJOTIYHOTO
LUKITY.

KurouoBi ciioBa: exckagamop, mamemamuuna mooens, na-
pamempu mpaeKkmopii, eHepeemuuHa egpeKkmueHicmo
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