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Abstract — This article surveys an analysis of dynamic processes of the rope electric drives
such as hoisting-and-transport mechanisms using computer simulation, considering the effect
of sagging of the rope. A comparison of the accuracy of the obtained computer models with
and without the nonlinearity of its elasticity coefficient is considered. Structural models with
the use the libraries of MATLAB + Simulink mathematical program proposed to solve this
problem.
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Introduction

The analysis of the nonlinear systems' dynamics is a rather complicated task in the research
of control systems of electromechanical objects. In this case, according to the authors, it is
promising to use modern means of computer simulation, which, however, requires solving
problems of creating mathematical and computer models of investigated objects for this purpose.
In computer simulations, in many cases, they try to avoid additional complication of models
because of an increase in the order of the equations system that describe the behavior of the
object, and taking into account nonlinearities of the investigated object. It is rationally, as
practice shows that, the complication of the model of the investigated system has its rational
limits, above which the effect of improving accuracy is negligible. This phenomenon is due to a
number of factors, which described in the famous scientific and technical sources, as discussed
below.

Analysis of previous studies and publications

Any computer model is a behavior approximation of the object being studied. As is known
from the applied mathematics, the accuracy of approximation virtually ceases to increase with an
increase in its order above the 3"-4™ while the numerical stability of the approximants is
reduced [1]. This is confirmed in [2], [3], where the ineffectiveness of approximations above the
3-4™ order in the problems of modeling and processing of information is shown. Thus, it is
known that the approximation by polynomials above the 5™ order in practice is not used as a
result of the increase in the variability of approximation and the reduction of its numerical
stability [4-6]. Moreover, in [7] it is shown that the 5™-order linear model provides practically
the same accuracy of the reproduction of dynamic processes as the non-linear model of the 11
order. That is why it is an interesting task to study the practical impact of the complication of the
computer model on the accuracy of reproduction of dynamic processes.

The complications of models are often avoided during modeling of excavating electric
drives, which are traditionally characterized by a rather complicated behavior due to the presence
of both high order equations describing the control system and the electromechanical part, and
the presence of smooth and hard nonlinearities. Taking into account such nonlinearities as the
backlash in mechanical transmissions, the characteristics of the magnetization of electric



apparatuses and machines, allows us to obtain more adequate reproduction of the behavior of
real objects in a computer model. However, it is immediately noticeably complicated both by the
model itself and by the numerical method's decision-making process due to "jamming” on
discontinuous sections of nonlinearities [4], [6].

The complexity of the formation of nonlinear models, in particular, in the excavator
electric motor, is confirmed by the lack of publications, which addresses the problem of taking
into account such a significant nonlinearity as the sagging of ropes in the drives of digging
mechanisms of powerful dragline excavators. This applies equally to older publications (for
example, [8], [9]), and modern scientific research [10], [11]. Even the emergence of such
powerful simulation tools like MATLAB + Simulink that used in the work mentioned, did not
lead to more advanced models that take into account the mentioned sagging effect of ropes.

Formulation of the problem

Thus, the task of research is to compare means of computer simulation of the dynamics of
an electric drive, taking into account and without considering the nonlinearities of the
mechanical part, namely, the effect of the sagging of the rope.

Main material

The main factor to consider when creating a mathematical description of a sagging rope
model is the factor of its variable elasticity, depending on the size of sagging. It should be noted
that for the sagging rope, Hooke's law is not enforced. When deducing, the basic equations of
statics for the system in balance are used:
¢ the sum of the projections of all external forces on the coordinate axis is zero: X =0; XY = 0;
e the sum of the torques of all external forces or their projections for any point is zero: TM = 0.

Consider the part of the rope, cutting it at the lower point of O and at any point D with the
coordinates (x; y). The cut off parts of the rope replaced by the corresponding forces according
to the method [12, 13]: the force H acts at the lower point of the sagging curve, and at the point
D — the force Tx (see Fig. 1).
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Fig. 1. External forces acting on the segment of the rope

For ropes, the tangent to the sagging curve at any point has a small angle with a horizontal
straight line. This makes it possible to take the weight of this area evenly distributed horizontally
and replace the concentrated force px acting in the middle of the considered section, that is, at a
distance of x/2 from the points O and D. The force Tx is considered to be equal to the



gravitational force at the lowest point H (Fig. 1) according to [12, 13]. This assumes that the rope
is an ideal flexible thread.

The direction of the force action of H at point D is opposite to the direction of the same
force at the lowest point of the curve of the sagging rope, because of the properties of an ideal
flexible thread; it can only work on stretching only. In this case, the equation of the forces of

forces relative to point D is written as follows:
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Having solved this equation with respect to the amount of sagging in, we obtain the basic
equation of the curve of sagging of the rope [12, 13]:
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where p — the unit load on the rope;
H — gravity at the lower point of the sagging curve;

In practical calculations, not the force, but the tension in the rope o, and not the single load,
but the specific — y are used. Substituting in the previous formula p = yF and H = 6F, we obtain:
Cpxt yFex®yex?
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To determine the sagging arrow fy in the simplest case, namely, for the same height of the

hanging points, we need to substitute the value of x = 1/2 in formula (1), then we will have the
value of the sagging arrow f [14]:
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where g — weight of the rope;
T — force in the rope.

The rigidity of the "slack” from the sagging rope is determined by differentiation in length
[15]: Cn = du/dl = 12qf 3. The stiffness of the rope, respectively, is a combination of linear
stiffness (in accordance with Hooke's law) and a nonlinear component of the rope sagging, and
will be in accordance with [15]:
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It should be noted that in the case of different heights of the hanging points, the sagging
curve of the wire will be asymmetrical and the lower point of the sagging curve will not be in the
middle of the passage, but closer to either point A or to point B. In this case, it is necessary to
determine three different types of arrows of sagging:

1) f. — the sagging arrow is in the middle of the span and can calculate by the formula (2)
for the arrow of sagging at the same height of the points of the suspension of the wire;

2) fo — the sag of the wire, which is measured relative to the ordinate of the lower point A
of the suspension, is given by the formula:



a 8o , (4)
3) f, — the sagging wire of the wire, which is measured relative to the ordinate of the
highest point of the footing B, is calculated by the formula:
2
8o (5)
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Fig. 2. Curve of sagging rope with different height of suspension points

As can be seen from the obtained formulas (3) - (5), the description of the sagging ropes is
a rather complicated mathematical problem, therefore, in the first stage of computer modeling, it
will be logical to use a simplification. In connection with this, for the used in the article
computer models of the mechanical part, the following assumptions adopted:

« the rope is elastic and subject to Hooke's law;

« the rope is the perfect thread;

« the rope has the same suspension points.

In this case, the structural model of the rope stiffness variable due to its sagging based on
formula (3) and will have the implementation shown in Fig. 3. The specific values of the model
parameters correspond to the hoist drive of the Soviet excavator-dragline EIII-15/90 as example.
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Fig. 3. Implementation of the computer model of the sagging rope by the formula (3)

For comparison of dynamic properties, a standard two-mass model of the hoist drive with
constant elasticity is used, which is realized according to the well-known method [10, 11, 16],



and therefore, it is not shown separately to save space. The assumptions adopted for the model of
the electric drive of the excavator-dragline EI11-15/90, which based on the Ward-Leonard system
with magnetic amplifiers, are traditional [16]. Such a simplification of the models of the drive
elements explained by the purpose of research — the difference in the behavior of two types of
models of the mechanical part of the dragline drive researched. The traditional linear and taking
into account the sagging of the rope by the method [15] studied as the easiest in the first stage of
research, as already reported above. In both models, the same models of lifting electrons are used
with the same task and load, however the difference lies in the implementation of models of the
mechanical part.

Using the developed computer model, the process of starting the lifting of the bucket of the
excavator-dragline, including the moment of its separation from the ground, explored. The
resulting transients plotted and one of them (relative stiffness of the rope) shown below in Fig. 4.
In particular, the graph of the relative elasticity of rope was interesting for analysis. There is that
the effect of the rope sagging in this model is present only in the initial stage of the start, when
the "weakness" of the rope was taken. Accordingly, further models of both systems behave in the
same way.
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Fig. 4. A graph of the relative elasticity (stiffness) of the rope during the start

The analysis of the obtained results of the research showed that the option of taking into
account the sagging effect in [15] in the case of its application to the drive of raising the dragline
excavator is ineffective in terms of increasing the accuracy of reproduction of transients. Despite
the noticeable complication of the cable system model (see Fig. 3), differences in the behavior of
both methods of its simulation were not found, which is explained by the rapid process of
selecting the rope slack in the model of the drive, after which the mechanical systems already
have a similar behavior .

Conclusions

The application of the simplified model of the rope sagging by the method [15] leads to an
unjustified complication of the computer model without the expected effect of increasing
accuracy. Thus, it is possible to consider the use of a linear model of the rope drives without
justification of the sagging effect of the rope.
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