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ASSESSMENT OF HUMAN-OPERATOR’S INFLUENCE
ON TECHNICAL AND ECONOMIC INDICATORS
OF THE EXCAVATOR PRODUCTION CYCLE

Purpose. Determining the influence of the parameters of the human-operator transfer function on the duration of
the technological operation and the cyclic energy consumption of the electromechanical system of a straight shovel
excavator equipped with electric drives of various types in order to further improve the human-machine control sys-
tem of open-pit excavators by compensating for the inertia and nonlinearity of the human-operator characteristics.

Methodology. Mathematical modeling of the human-machine control system of an excavator equipped with elec-
tric drives of various types, taking into account the dynamic characteristics of the human-operator, establishing re-
gression dependencies of technical and economic indicators of the excavator on the parameters of the equivalent
transfer function of the human-operator using design of experiments.

Findings. The mathematical models of closed-loop control systems for the position of the bucket of a “straight
shovel” excavator with an electric drive according to the Leonard system and a thyristor converter-motor electric drive
have been implemented, which differ in that their structure takes into account the nonlinearity and inertia of the hu-
man operator and its influence on the performance of the human-machine system. Using the methods of the theory
of experiment planning, we obtained regression dependences of the duration of the technological cycle and cycle
energy consumption on the values of the time constant and the delay constant, which characterize the current state of
the human-operator. The obtained regression models made it possible to evaluate the importance of the influence of
various psycho-physiological factors of the human-operator on the technical and economic indicators of the excava-
tor production cycle, which can serve as the basis for further optimization of the operation of mining excavators.

Originality. For the first time, mathematical models of the electromechanical system of an excavator according to
the “straight shovel” scheme are proposed, including models of electric drives of the main mechanisms, a model of
the mechanical part of the excavator and a model of a human-operator, which made it possible to increase the accu-
racy of determining the energy consumption of the excavator and the time of the operating cycle. The regression
models of technical and economic indicators of the excavator production cycle on the delay and inertia of the human-
operator were obtained. It was found that the more influential factor is the transportation delay.

Practical value. Mathematical models of an excavator with an electric drive based on the generator-motor system
and an electric drive based on the thyristor converter-motor-motor system have been developed, including a model of
the mechanical part of the excavator and a model of a human-operator. Regression models of the dependence of the
duration of the excavator production cycle and its energy consumption on the delay and inertia of the human-opera-
tor are obtained. The proposed implementation of the human-machine excavator control system creates prerequisites
for further increasing the level of automation of mining excavators.

Keywords: human-machine system, operator, excavator “direct shovel”, working cycle

Introduction. Technical progress contributed to the
shift in the functional role of human from a direct ex-
ecutor to operator, whose primary function is to control
and manage ergatic production processes in industry,
transportation, and energy sectors [1].

Ergatic systems are widely used in modern industrial
production. A typical example of such systems in the
mining industry are excavators of various types, drilling
rigs and other mining equipment, operated by a human-
operator [2].
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The presence of the “human factor” in ergatic sys-
tems is often considered as a drawback, and this state-
ment has certain justifications. From 40 to 80 % of ac-
cidents and emergencies in various fields of activity oc-
cur due to the human factor, resulting from a lack of
preparedness, unfavorable psychological factors and fa-
tigue [3, 4].

In the ergatic systems of the mining industry, the
negative impact of the human-operator manifests in the
influence of their qualifications on the technical and
economic indicators of production processes.

In [5], analytic data provided by U.S. Department of
Energy (DOE) on energy consumption in the U.S. min-
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ing industry is presented. There is potential to reduce
annual energy consumption from 365 billion kWh per
year to 169 billion kWh per year, which is about 46 % of
the current annual energy consumption. Among the
various factors affecting the energy consumption of
mining equipment, operator practice and performance
are likely to be the most cost-effective factors to im-
prove. Training operators to improve their performance
is a relatively inexpensive and effective approach in
many cases [5].

The work [6] is dedicated to statistical research of in-
dicators of the energy efficiency performance of mining
equipment operators. It has been shown that a low level
of qualification of excavator operator qualification can
lead to an increase in specific energy consumption by
30—40 % [6].

The excavator operator not only determines the opti-
mal trajectory of the excavator’s working elements but
also executes a sequence of actions aimed at implement-
ing the selected trajectory. He is an important part of the
control system and functions as a complex mechanism
that processes information from various sources. The
excavator operator receives and evaluates external data,
analyzes and converts it into control commands based
on his skills and knowledge. The operator performs the
dual task of developing the optimal trajectory of move-
ment of the excavator’s working elements and imple-
menting this trajectory by controlling the electric drives
of individual mechanisms.

Abstracting from the problem of developing the op-
timal trajectory of the excavator movement, in a closed-
loop control system for the excavator’s operation, the
human-operator should be considered as a nonlinear
non-stationary dynamic component of the control sys-
tem, as illustrated in Fig. 1.

In this regard, the task of developing mathematical
models of closed-loop control systems for ergatic me-
chatronic systems of mining machines, which take into
account the influence of the human-operator in the di-
rect control loop, will increase the accuracy and reliabil-
ity of studying the energy processes of such systems.
This defines the relevance of the research. The relevance
of solving this problem becomes particularly significant
with the modernization of both the power equipment of
excavator electric drives and the technical control tools.

Literature review. An analysis of modern scientific
and technical literature demonstrates significant interest
of researchers in various issues related to the excavator
operation. The work [7] is dedicated to solving the direct
and inverse kinematics problem of the mechanical part
of the excavator using the “backhoe” scheme.

The work [8] is devoted to the analysis of human re-
liability to reduce and eliminate human errors, thereby
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Fig. 1. Enlarged structural diagram of the excavator’s er-
gatic control system

increasing the reliability of human-machine systems.
Both qualitative and quantitative approaches are used to
determine operator errors and the contexts in which
tasks are performed. In order to ensure that human reli-
ability analysis results objectively assess human behav-
ior, the quantitative assessment of human error proba-
bility is based on a qualitative analysis of human factors
and task contexts, which is further refined using perfor-
mance-shaping factors.

According to [9], in the context of Industry 4.0, the
study of human-machine interaction dynamics and its
impact on production efficiency is a key issue. The con-
cept of the “Operator 4.0”, i.e. an operator integrated
into a cyber-physical system, requires an in-depth anal-
ysis of human reliability, including an assessment of hu-
man error probability (HEP) while considering various
aspects of the work environment.

In [9], it is noted that the value of human error prob-
ability is influenced by such psychophysiological char-
acteristics of human-operator behavior, such as reaction
delay, dependence of characteristics on control objec-
tives, non-stationarity of operator characteristics, and
significant nonlinearity and stochastic nature of opera-
tor characteristics.

In [10], it was established that employees can harm a
company due to human errors. Human errors are close-
ly related to employee reliability level; low level of em-
ployee reliability leads to defects in finished products.
This study is a qualitative descriptive study using the
Human Error Assessment and Reduction Technique
(HEART) to determine operator reliability level.

The work [11] systematically examines gesture rec-
ognition or motion capture technologies and the use of
gesture data in ergonomic assessment, strategies for
managing complex equipment based on operator ges-
ture and motion identification. An optimization algo-
rithm is developed to find the best solution by minimiz-
ing the ergonomic score function RULA and the cycle
time of each assembly workstation, considering worker
capabilities.

In [12], the delay of a simple psychophysiological
(visual-motor) response (SPPR) was studied as a func-
tion of the waiting time, which was the interval between
the previous response and the next stimulus. The se-
quential approximation was used for the obtained
monotonic dependence. The delay included at least two
components.

Operator control actions have a complex psycho-
physiological nature, and two main components of the
operator’s response are distinguished [13, 14]:

- deterministic, which corresponds to the response
to the input signal of a dynamic element equivalent to a
human-operator;

- remnant (residue), which is the difference between
the actual input signal of the operator and the response
of the linear model.

The statistical parameters of this component signifi-
cantly depend on the type of input signal, task complex-
ity, and ergonomic characteristics of the workplace (op-
erator fatigue) and can vary significantly over time.
However, the cited works lack numerical characteristics
of the dynamic model of the operator.

The mathematical model of the ergatic system oper-
ator should integrate a wide range of biochemical, phys-
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ical, and psychophysiological factors. The structural
and parametric identification of this model can be per-
formed based on experimental research data.

The presence of a large number of empirical coeffi-
cients in these models, which vary over a wide range,
and their identification based on psychophysical mea-
surements, is a complex scientific and technical task.

In modern scientific literature, various approaches
to solving the problem of identifying the mathematical
model of an operator are known.

One of the most common, but not the only, ap-
proach to solving the problems of dynamic identification
of control objects is the use of proven algorithms imple-
mented in the System Identification Toolbox® library
by MathWorks [15].

In [16], the features of operator modeling using C*-
algebras are considered.

The work [17] is devoted to the problem of parameter
identification of Wiener nonlinear dynamical systems
with moving average noise. To improve the convergence
rate, a gradient iterative algorithm is proposed, that re-
places unmeasured variables with their corresponding
iterative estimates and iteratively calculates noise esti-
mates based on the obtained parameter estimates.

In [18], a maximum likelihood estimation algorithm
was developed for estimating the parameters of nonlinear
controlled Hammerstein controlled autoregressive moving
average (CARARMA) systems using Newton iteration.

The work [19] is devoted to comparing the efficiency
of modified versions of metaheuristic algorithms in the
identifying structural dynamic systems. The study con-
sidered the genetic algorithm, the ant colony optimiza-
tion algorithm, and the artificial bee colony algorithm.
Some of these algorithms belong to evolutionary algo-
rithms, while others to swarm algorithms. Simulation
results show that the proposed algorithms provide excel-
lent parameter estimation even with a small number of
measurements and high noise levels.

The article [20] presents the first version of the Mat-
lab Nonparametric System Identification Toolbox. The
library includes both standard nonparametric methods
(based on kernels or orthogonal decompositions) and
new algorithms, including hybrid (parametric-nonpara-
metric) algorithms. The study considers Hammerstein
and Wiener models and their sequential connections.

In [21], the SIT (System Identification Toolbox ®)
library was used for parametric identification of the hu-
man pilot behavior model during flight control on the
X-Plane flight simulator.

In the article [22], the SIT (System Identification
Toolbox ®) library was used to obtain a mathematical
model of a loss-in-weight feeder used in cement pro-
duction process.

In [23], new developments for identifying continu-
ous-time systems with fractional-order models were
proposed.

Purpose of the work. The purpose of the work is to
determine the impact of human-operator mathematical
model characteristics on the technical and economic
performance indicators of the excavator’s operating cycle.

To reach the set purpose, it is necessary to solve the
following tasks:

- to develop a dynamic mathematical model that de-
scribes the nonlinearity and inertia of the human-oper-

ator, perform parametric identification of this dynamic
model;

- to develop mathematical models of a closed-loop
control system for an excavator with different types of
electric drives, containing a dynamic model of a human-
operator in the control loops of the main mechanisms of
the excavator;

- to use experimental design methods to determine
regression dependencies for energy consumption and
production cycle duration on the parameters of the op-
erator’s transfer function.

Experimental study of the human-operator dynamic
model and its identification. This study examined an op-
erator action model featuring two input signals and two
output signals.

Two sets of experiments were conducted. In these
experiments, the operator was required to respond to
two inconsistent step signals that changed at random
times. A total of 20 experiments were carried out to col-
lect data for subsequent statistical analysis.

The Logitech F310 gamepad joystick was used as the
control device, and the operator’s actions were recorded
using MATLAB/Simulink. Fig. 2 shows the block diagram
of the model, which is configured for real-time operation.

Fig. 3 shows an option of the operator’s response to
input signals during the experimental study.

Several alternative hypotheses regarding the struc-
ture of the operator’s dynamic model were explored by
considering different transfer function variants, as
shown in Table 1.

For each experimental series, the transfer function
parameters and the determination coefficient of each
dynamic operator model were identified in accordance
with Table 1.

To perform structural and parametric identification
of the dynamic model of the operator, the built-in
function process of the SIT (System Identification
Toolbox ®) library of MATLAB software was used.

As a conclusion based on the results of the experi-
mental study, we formulate the following statement: in
the simplest one-dimensional version of the tracking
problem, the dynamic mathematical model of the hu-
man-operator can be represented in the form of an ape-
riodic link with a delay of the following form

G(s)= L.e%s.
1+Tp s

By knowing the transfer function of the determinis-
tic component of the human-operator response, as ex-
pressed in equation (1), the instantaneous deviation of
the operator’s actual response from this deterministic
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Fig. 2. MATLAB/Simulink model for recording operator
actions during experimental research
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Fig. 3. An example of operator actions recording in response to a step input during an experimental study

Table 1
Alternative hypotheses about the structure of the dynamic operator model
Model | Model Transfer function of the model Model parameters Determlnatlon
No. name coefficient, %
1 P1D K K,=1.0027; Tp1=0.701; 94.5
G — P o TS 14
=7, T,=0.297
2 P2DU G(s) K, o K,=1.0002; TW=0.5149; 94.52
s)= e lat _ . _
3267, 55T, -5 £=0.91767; Td=0.35
3 P3DU G(s) K, s K,=1.0008; TW=0.4448, 95.6
s)= e d . .
(14+2-5-T, -s+(T}, -5)*)-(1+Tps - 5) Tp;=0.0821; £=0.99445; T,=0

component can be easily determined. This deviation
represents the remnant component of the human-oper-
ator response.

The transfer function of the first part of the remnant
component can be expressed as follows

Kp

.e’Tll'S.
2 +2-E0 s+ 0}

WR(S) =

The structure and parameters of this transfer func-
tion were selected using empirical methods.

Finally, we obtain the following transfer function for
the deterministic part of the operator response

j.e_Td'S‘

Mathematical modeling of an excavator’s electrome-
chanical system, considering the influence of the human
operator. In the authors’ previous work [7], a compre-
hensive mathematical model of the excavator’s electro-
mechanical system, equipped with a Leonard system
electric drive, was developed.

The well-known mathematical model was modified
by incorporating an additional element into the direct
control loop — a dynamic link that describes the actions
of the human-operator.

A new model of a complete electromechanical sys-
tem of an excavator equipped with “thyristor convert-
er — motor” electric drive was also developed.

The technical specifications of the electrical equip-
ment for the EKG-81 excavator, essential for developing
its mathematical model, are provided in [24].

Ko, K,
1+Tp-s $*+2-&-0-s+0}

G(s):[
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Fig. 4 illustrates the proposed models of the excava-
tor’s electromechanical system, incorporating various
types of electric drives and supplemented by a mathe-
matical representation of the human operator.

Comparative diagrams in Fig. 5 depict the execution
of a specified technological cycle alongside energy con-
sumption profiles for the excavator equipped with differ-
ent electric drive types.

Regression models of technical and economic indica-
tors of the excavator production cycle. The change in the
excavator operator’s level of training, as well as the influ-
ence of the operator’s psychophysiological state on his
performance, can be taken into account by modifying
the parameters of the deterministic part of the human-
operator transfer function: the operator time constant
TP1 and the transport delay constant TD.

To study the influence of the human-operator on the
technical and economic indicators of the technological
operation of the excavator, a two-factor experiment was
developed and conducted on the previously proposed
mathematical models of excavators. The experimental
planning method was applied. The following character-
istics of the operator’s transfer function were selected as
factors influencing the result of the experiment: the op-
erator’s time constant TP1 and the transport delay con-
stant TD.

The following indicators were chosen as experiment’s
response variables: duration of the technological cycle
TC, sec; and energy consumption consumed by the ex-
cavator to complete the technological cycle E, kVA - h.

The results of the performed two-factor experiment
are presented in Table 2.
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Fig. 4. Mathematical models of the complete electromechanical system of the excavator:
a — for the “generator-motor” system; b — for the “thyristor converter-motor” system
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Fig. 5. Comparative time diagrams of the technological cycle execution for an excavator with different types of electric
drives:

a — spatial movement of the bucket, G-M; b — full power and consumed electricity, G-M; ¢ — spatial movement of the bucket,
TC-M; d — full power and consumed electricity, TC-M
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Table 2

Two-factor experiment on the influence of operator characteristics on the excavator’s
technological cycle performance

PARAMETERS GM response THC response
No X1 X2 T Tp E Te E Tc
1 2 3 4 5 1 2 1 2
1 0.707 0.707 4.28215 4.28215 5.433 45.05 5.423 41.8
2 —-0.707 0.707 0.81785 4.28215 5.372 45.58 5.333 39.75
3 0.707 -0.707 4.28215 0.81785 5.005 37.41 4.957 34.78
4 —-0.707 -0.707 0.81785 0.81785 4.887 38.75 4.832 33.2
5 -1 0 0.1 2.55 5.117 41.83 4.989 35.84
6 1 0 5 2.55 5.452 45.68 5.405 43.502
7 0 1 2.55 5 5.518 46.8 5.544 39.164
8 0 -1 2.55 0.1 4.72 36.7 4.702 29.181
9 0 0 2.55 2.55 5.261 41.93 5.192 34.289

The results of the two-factor experiment were pro-
cessed using the STATGRAPHICS software. As a result
of processing the mathematical experiment results, sec-
ond-order regression models were obtained for the de-
pendences of the cyclic energy consumption E and the
duration of the technological operation of the excavator
TC on the operator’s time constant 75, and the time
constant of transport delay 7). These regression models
were determined for an excavator equipped with a Leon-
ard electric drive and a “thyristor converter — motor”
electric drive. The visualization of the obtained regres-
sion models is presented in Fig. 6.

Below is the equation of the obtained regression
models.

Dependence of the cyclic energy consumption of an
excavator with an electric drive according to the Leon-
ard system

E, =4.5762+0.0509-T,, +0.2918-T,, +0.0016 -T2 +
+0.00475-T,, - T, —0.0260-T3.
The model’s coefficient of determination is equal to
R=92.25%.
Dependence of the duration of the technological op-

eration of an excavator with an electric drive according
to the Leonard system

TC, =37.0603-1.0172-T, +2.5032-Tp, +
+0.2163-T2, +0.0675-Tp, - T, —0.1177-T3.

The model’s coefficient of determination is equal to
R=79.90 %.

Dependence of the cyclic energy consumption of an
excavator with an electric drive on the “thyristor con-
verter — motor” system

E; =4.5331+0.0712-T, +0.2319-T,, +0.0011- T2, +
+0.0029-T,,-T,-0.0135-T3.

The model’s coefficient of determination is equal to
R=90.49 %.

Dependence of the duration of the technological op-
eration of an excavator with an electric drive on the
“thyristor converter — motor” system

TC, =32.9908-3.8246 T, +1.8012-T, +0.9350- T2 +
+0.0392-T,, - T, +0.0190-T2.

The model’s coefficient of determination is equal to
R=288.87 %.

For all obtained regression models, the coefficient of
determination is more than 80 %, indicating a satisfac-
tory correspondence of the regression models to the ex-
perimental research results.

ANOVA tables were used to check the variability of
all responses for each effect. Statistical significance for
each effect was tested by comparing the mean square
with the experimental error estimate. For all responses,
all effects have P-values greater than 0.05, indicating
that they are significantly different from zero at the
95.0 % confidence level.

It was established that the cyclic energy consump-
tion of an excavator practically does not depend on the
type of electric drive, since the majority of the con-
sumed electrical energy is spent on moving the elements
of the mechanical part of the excavator, and additional
losses in electric drives of different types are comparable
in value.

Fig. 6 shows comparative graphs of the dependence of
the technological cycle duration on the characteristics of
the operator for the two considered electric drive systems.

A comparative analysis of the results of mathemati-
cal modeling for different electric drive systems was per-
formed. The energy consumption of an excavator during
a technological cycle practically does not depend on the
type of electric drive. The duration of the technological
cycle of an excavator equipped with a TC-M electric
drive is significantly (up to 25 %) shorter than for an ex-
cavator with a G-M electric drive, which is due to the
lower inertia of the TC-M electric drive control channel.

Conclusion. A typical example of ergatic systems in
the mining industry are excavators, whose operation is
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Fig. 6. Comparison of regression model surfaces for the
duration of the technological cycle for different types
of excavator drive systems

controlled by a human-operator. The human-opera-
tor of the excavator performs not only the function of
developing the optimal trajectory of movement of the
working bodies of the excavator, but also carries out a
sequence of actions aimed at implementing the cho-
sen trajectory. In ergatic systems of the mining indus-
try, the negative influence of the human-operator is
manifested in the form of the impact of the qualifica-
tions of the human-operator on the technical and eco-
nomic performance indicators of the production pro-
cesses.

Based on the experimental studies of human-opera-
tor actions, structural and parametric dynamic identifi-
cation of the human-operator transfer function was car-
ried out.

Mathematical models have been developed for the
electromechanical system of an excavator equipped with
two types of electric drives: a “generator — motor” sys-
tem and a “thyristor converter — motor” system. These
models incorporate a closed-loop control system for the
excavator bucket position. The control circuits for the
main excavator mechanisms take into account the hu-
man-operator’s transfer function. To facilitate the ex-
perimental study of these mathematical models, a cen-
tral rotatable composite design was formulated using
design of experiment methods.

Based on the results of processing the mathematical
modeling results, regression dependences of the cyclic
energy consumption and the duration of the technologi-
cal operation of the excavator on the operator’s time
constant Tp; and the operator’s transport delay time
constant 77, were obtained.

It was established that the cyclic energy consump-
tion of an excavator depends to a small extent on the
type of electric drive, since the main part of the con-
sumed electricity is spent on moving the elements of the
mechanical part of the excavator, which depends solely
on the shape of the bucket’s trajectory.

It was found that the technological cycle of an exca-
vator equipped with a thyristor converter-motor electric
drive is significantly shorter — by up to 25 % — compared
to an excavator with a generator-motor electric drive.
This reduction is attributed to the higher speed of the
thyristor converter-motor system.

The relationship between energy consumption and
the duration of the excavator’s technological cycle, in re-
lation to the parameters of the operator’s transfer func-
tion, exhibits a similar pattern for both types of electric

drive systems considered. It was established that the
transport delay time constant 7} has a more significant
impact on the performance indicators of the excavator
compared to the operator’s reaction time constant 7p,.
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Meta. BusHaueHHs1 BIUIMBY MapameTpiB Iepena-
BaJIbHO1 (PYHKIIiT JIOAMHU-ONEpaTOpa Ha TPUBAIICTb
TEXHOJIOTIYHOI omepalii Ta LUKJIOBE €HEePrOoCIOXU-
BaHHS €JIEKTPOMEXaHiYHOI CUCTeMU eKcKaBaTopa 3a
CXEMOIO «IIpsiMa JioraTa», 00JaJHAHOTO eJIeKTPONpu-
BOJIAMU Pi3HUX TUIIIB, 3 METOIO MOAAIBIIOIO YI0CKO-
HaJeHHS JIIOAMHO-MAIMHHOI CUCTEMU KepyBaHHS
Kap’epHUMU €KCKaBaTOpaMu IIUISIXOM KOMITEHCYBaH-
HS iHEpUiMHOCTI i HEeMiHIMHOCTI XapaKTepUCTUK JIIO-
IUHU-OIIepaTopa.

Metoauka. MaremMaTuuHe MOJETIOBAHHSI JTIONUHO-
MAaIllMHHOI CHUCTEMHU KepyBaHHSI €KCKaBaTopoM, 00-
JIATHAHOTO eJIEKTPOIIPMBOIAMH Pi3HUX THUIIIB, 3 ypaxy-
BaHHSIM TUHAMIYHUX XapaKTepUCTUK JIIOIUHU-OTIepa-

TOpa, BCTAHOBJIEHHSI perpeciilHuX 3a/IeXKHOCTe TeXHi-
KO-€KOHOMIYHUMX TTOKa3HUKiB eKcKaBaTopa Bil mapa-
METPiB €KBiBaJIeHTHOI MepeaaBaibHOI (PYHKIIIT JIIOAM-
HU-OIepaTopa i3 3aCTOCYBaHHSIM METO/IB MJIaHYBaHHS
€KCIIepUMEHTY.

Pe3ynbTaTu. PeanizoBaHi MaTeMaTU4Hi Momeni 3a-
MKHYTHUX CUCTEM KepyBaHHSI TTOJIOKEHHSIM KOBIIIA €KC-
KaBaTopa «IIpsiMa JIOTaTa» 3 eJIEKTPOIIPUBOIOM 3a CHC-
TeMoro JIeoHapaa Ta eIeKTPOIIPUBOIOM «TUPUCTOPHUIA
TepeTBOPIOBAY-IBUTYH», IO BiIPi3HSIIOTHCS THM, IO
B iXHill CTPYKTYpi BPaXOBaHO HEJIiHIMHICTb i iHEpLiii-
HICTb JIIOMWMHU-OIepaTopa Ta il BIUIMB Ha MOKAa3HUKU
poOOTH JIOIMHO-MAIIMHHOI cUucTeMU. I3 3acTocyBaH-
HSIM METOJiB TeOopii MJaHyBaHHS €KCIIEPUMEHTY OyJIu
OTpUMaHi perpeciiiHi 3aJeXXHOCTI TPUBAJIOCTI TEXHO-
JIOTIYHOTO WMKIY 1 ILIMKJIOBOTO €HEProCIOXUBaHHS
Bill 3HaUEHb TOCTIMHOT Yacy i MOCTiiiHOT 3aMi3HIOBaH-
HSI, 110 XapaKTepM3yIOTb IOTOYHUI CTaH JIIOIMHU-
omnepaTopa. OTpuMaHi perpeciiiHi Moaei nanau 3Mory
OLIIHUTY BaXKJIMBIiCTb BIUIMBY Pi3HUX ITCUX0}i3ioaoriu-
HUX YUHHMKIB POOOTU JIIOAMHU-OMEpaTopa Ha TEeXHi-
KO-€KOHOMIiUHi MOKa3HUKU BUPOOHUYOTO LIUKITY €KC-
KaBaTopa, 110 MOXe CJIYTyBaTH OCHOBOIO JJIs1 TTOJaIb-
1101 ONTUMI3allii pOOOTH Kap’€pHUX €KCKaBaTOPIB.

HaykoBa HoBM3HA. Yreple 3amporoHOBaHiI Marte-
MaTUYHi MOJIeJli eJeKTPOMeXaHiYHOI CUCTEMU eKCKa-
BaTopa 3a CXEMOIO «IIpsiMa JIoMaTa», 110 BKJIYalOTh
MOJIeJIi eJIEKTPONPUBOIIB OCHOBHUX MEXaHi3MiB, MO-
JIeJIb MeXaHiYHO1 YaCTUHM €KCKaBaTopa il MOIEb JII0-
TUHU-O0IIepaTopa, 110 AaJI0 3MOTY MiABUIIUTH TOUYHICTh
BU3HAUYCHHST €HEPrOCIIOXKMBAaHHS eKCKaBaTopa i Jacy
BUKOHAHHS eKCIUTyaTalliifHoro mukiay. OTpuMaHi pe-
rpecifiHi Mozeli 3aJIeXXHOCTI TeXHiKO-€KOHOMIYHUX
IMOKA3HMKIB BUPOOHNYOTO LIMKITy eKCKaBaTopa Bif 3a-
Mi3HIOBaHHSI Ta iHEPUIMHOCTI JIOAMHU-OINepaTopa.
BcraHoBneHo, 110 Oifbll  BIIMBOBUM  (haKTOPOM
€ TPaHCITOPTHE 3arMi3HIOBaHHSI.

IIpakTuuna 3HauuMicTb. Po3poOsieHi MaTeMaTWyYHi
MOJIeJli eKCKaBaTopa 3 eJIeKTPOIPHUBOIOM 33 CUCTEMOIO
«T€HEepaTOp-ABUTYH» 1 €JIEKTPONPUBOIOM 3a CHUCTE-
MOIO «TUPUCTOPHUI MEPEeTBOPIOBAY-IBUTYH-IBUTYH»,
1110 BKJIIOYAIOTh MOJIEJb MEXaHIUHOI YACTUHU €KCKaBa-
TOpa Ta MOJIeNIb JIoAUHU-onepaTopa. OTpuMaHi perpe-
CifiHI Momeai 3a/JIeXKHOCTI TPMBAJIOCTI BUPOOHUYOIO
LIMKIIy €KCKaBaTopa Ta MOT0 €HepProCIOXWBAHHS Bil
3alli3HIOBaHHSI 1 iHEPUIHHOCTI JIOAMHU-OINepaTopa.
3anporioHoOBaHa peajizalis JIOIMHO-MAIIUHHOI CUC-
TeMU KepyBaHHSI €eKCKaBaTOPOM CTBOPIOE TepeIyMOBU
ISl TIOAAJIbLIOrO TiABUILEHHST pPiBHSI aBTOMaTM3allil
Kap’€pHUX €KCKaBaTOPiB.

KmouoBi cioBa:  .roduno-mawunna — cucmema,
onepamop, eKcKasamop «npama 10nama», pooOHULl YUk
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