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Abstract: The productivity of machining in the production of machine parts is determined by the time spent
on shaping surfaces according to the drawing and the number of machining stages required to achieve the
specified accuracy of the part from workpieces of varying accuracy. Due to the well-known property of the
technological system related to the technological inheritance of errors from the workpiece to the part, the
refinement of the workpiece dimensions is carried out in several stages. The required number of machining
(refining) stages for the workpiece depends both on the characteristics of the technological system itself and
on the degree of variation in the workpiece's input parameters and its machining conditions. In addition, since
the process of reducing the workpiece error depends on the dispersion of its dimensions, the required number
of machining stages to achieve the specified accuracy is primarily determined by the change in the dimension
of the dynamic setup at each stage. At the same time, the dimension itself is typically adjusted by changing the
static setup. The dimension of the dynamic setup arises due to the elastic displacements of the elements of the
technological system under the influence of cutting forces. The greater the difference between the dynamic
setup dimension and the setup dimension (static setup dimension), the larger the error in the resulting
dimension. Errors caused by fluctuations in the dynamic setup dimensions are difficult to compensate for, as
they depend on many parameters: the strength properties of the material being machined, cutting conditions,
cutting tool parameters and its wear, the rigidity of the technological system, and others. The article presents
an approach to finding combinations of technological process parameters that ensure the shortest production
time for parts and the specified accuracy. For parametric optimization, the identified patterns of the influence
of the main technological process parameters on the refinement coefficient of the workpiece dimensions at
each machining stage are discussed.

Keywords: machining stages, cutting conditions, turning, properties of the material being machined

Introduction.

Considering the technological inheritance of workpiece errors, it is customary to process the
workpiece in several stages (phases) [1]. At each stage, the dimension of the workpiece is refined by
a certain amount — the refinement coefficient. For example, in turning operations, four stages are
typically used: roughing, semi-finishing, finishing, and polishing [2]. The required number of
machining stages depends on the dimensional accuracy of the workpiece and part, the rigidity of the
technological system, the cutting conditions, and other factors. Each machining stage may be
performed in one or several passes. The number of machining stages collectively determines the total
time for completing the technological transition and the technological operation as a whole. This
requires finding the optimal number of machining stages when designing the technological process
[3-14].
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To solve this problem, it is necessary to analyze the influence of individual technological
process parameters on the refinement coefficient of the workpiece at each stage.

The refinement coefficient of the workpiece at each machining stage largely depends on the
load-bearing capacity of the technological system. It determines the magnitude of the error in the
dynamic setup dimension. The greater the cutting force and the lower the rigidity of the technological
system, the smaller the refinement coefficient of the dimensions at that machining stage. In turn, the
components of the cutting force are largely determined by the cutting conditions, and many
researchers suggest finding the optimal values for feed rate and cutting speed [15-17, 18, 19-26]. At
the same time, decisions regarding the number of stages and the refinement coefficient of dimensions
at each stage are made by the machining engineer, guided by their experience.

The task of determining the optimal values of the refinement coefficients at each machining
stage is reduced to finding the conditions that ensure the shortest total machining time while achieving
the specified dimensional accuracy. To optimize the magnitude of the refinement coefficient and
determine the required number of machining stages, it is necessary to identify the degree of influence
of the main parameters of the technological system on them.

The influence of the feed rate on the refinement coefficient in turning operations. Technological
limitations that must be considered during turning operations include restrictions on the power of the
machine's main drive, the strength of the feed drive mechanism, the maximum torque, and the strength
of the tool holder and cutting insert. Technological limitations also include restrictions on the required
accuracy and surface roughness of the machined surface. Additionally, there are limitations related
to the design features of the machines, such as the ranges of feed values and spindle speed.

The search for the optimal option can be illustrated by an example of machining a cylindrical
surface with a diameter of @60h10, length L = 40 mm, and a required surface roughness of Ra = 2.5
um for a "Bushing" part made of steel 45 (oi = 1380 MPa) on a 16K20T1 machine using a cutting
tool with a T15K®6 insert, 2101-0637, according to GOST 18883-73.

The required 10th grade from a 16th grade workpiece with a surface diameter of 60 mm can be
achieved in 4 machining stages, with a refinement coefficient of 1 grade at each stage. The refinement
route for this case can be represented as a sequence of grades: 16 — 14 — 13 — 12 — 10. The task
of selecting the optimal number of machining stages and corresponding cutting conditions is reduced
to a discrete problem of determining the shortest time path for refinement between the specified
accuracy of the part and the workpiece.

The time required for each machining stage depends on the feed rate and the length of the
working stroke. For feed rate values chosen in consideration of all restrictions, the main time for the
corresponding stages is provided in Table 1.

Table 1. Main time spent on machining stages

No | Machining stages, grade Main time, min
1 16—14 0,073
2 16— 13 0,2

3 16— 12 0,44
4 | 16— 10 1,3

5 14 —13 0,093
6 14 —12 0,11
7 14 —10 0,8

8 13 —12 0,105
9 13 —10 0,5
10 | 1210 0,27
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From Table 2, it can be seen that it is not always advantageous to work with the maximum
permissible feed rate, as in this case, the accuracy requirements for the workpiece at each machining
stage increase, leading to a higher number of stages. For example, if all machining stages are
performed with the maximum feed rate allowed by the limitations, four machining stages will be
required (refinement route 16—14—13—12—10), and the cycle time for automatic operation (Tca)
increases to 0.708 minutes (see Table 2). However, choosing the minimum possible feed rate values,
although it reduces the number of refinement stages, increases the time of each technological
transition. For example, the refinement sequence 16—14—10 results in a cycle time (Tca) Of 0.953
minutes, although the number of stages is only two. In this example, the shortest cycle time (Tca =
0.573 minutes) is achieved with the refinement option over three stages — 16—14—12—10.

Table 2. Options for forming machining stages

No | Refinement route, grade Cycle time, min
1 16— 14— 13— 12—10 0,708

2 16 —-13 —»12 —10 0,695

3 16 —»14 —-12 —>10 0,573

4 16 —»12 —10 0,79

5 16 —-14 —-13 —10 0,786

6 16 —»13 —10 0,78

7 16 —»14 —10 0,953

8 16— 10 1,3

Options with the intermediate 11th grade precision were excluded because the stage 11—10
requires a feed rate of 0.19 mm/rev, which exceeds the permissible limit for surface roughness.

Thus, determining the optimal number of machining stages should be accompanied by the
optimization of cutting conditions (feed rate and cutting speed).

The influence of tool wear on the refinement coefficient of the workpiece. Tool wear leads
to an increase in cutting force, which in turn changes (increases) the dynamic setup dimension of the
specified part dimension. This change in the dynamic setup dimension causes an additional dispersion
field of the performed dimension and deteriorates the machining accuracy.

To determine the extent of the influence of tool wear on the flank surface on the number of
required machining stages, let us refer to the previous example of machining the part "Bushing,"
which has a surface @60h10. We will calculate the automatic machine cycle time according to the
program (Tca) for different refinement sequence options, assuming a wear value (13) of 0.8 mm, which
is the criterion for the standard tool life.

The schemes of machining options with the indication of the time required for each stage are
provided in Tables 1 and 2. Calculations using the direct enumeration method show that, in this case,
the optimal option is machining in four refinement stages (refinement route: 16—14—13—12—10).
This option results in a cycle time of Tca = 0.708 minutes.

If the calculations assume a minimum wear value of 0.05 mm, the time will increase by 24%.

The influence of the principal cutting edge angle on the optimal number of machining
stages. The cutting (cutting edge) angles determine the directions of the components of the cutting
force. Consequently, changes in these angles alter the load on the feed drive mechanism and the
carriage-part assembly. This can lead to additional elastic deformations in the machine elements and
influence the refinement coefficient of the workpiece at different machining stages.

Figure 1 shows graphs of the changes in main time required to perform a single machining
stage of a hypothetical surface, depending on the angle ¢. The graphs indicate that changing the
cutting angle from 30° to 90° increases the main time by a factor of 1.3 to 1.6. This confirms the
practical recommendations of using tools with small principal cutting edge angles for rough
machining. Figure 2 illustrates the dependence of the required number of machining stages on
changes in the cutting angle. The graph confirms the appropriateness of using tools with cutting angles
of 30°—45° for rough stages and angles close to 90° for finishing stages.

6
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Fig. 1. Dependence of the main time of execution of  Fig. 2. Influence of the principal cutting angle on
the rough stage of machining on the cutting angle of the refinement route of the workpiece under the
the tool condition L/D <1

As the rigidity of the technological system decreases, the nature of the influence of the cutting
angle on the target function changes. This is because, with low rigidity of the technological system,
the active limitation on the feed rate is determined by the accuracy of the dynamic setup dimensions.
Figure 3 shows the dependence of the main time on the cutting angle during the machining of a part
with an L/D ratio of 10, while Figure 4 presents the corresponding dependence of the number of
machining stages on this angle. From these graphs, it can be observed that in the case of a low-rigidity
technological system, using a tool with a cutting angle close to 90° results in shorter machining times,
and the required accuracy is achieved in fewer refinement stages. These findings confirm the existing
experience in machining parts, providing indirect validation of the proposed method for determining
the necessary number of machining stages.

Toa, 16-14-12-10-8
min 1
\ Ip— . 15-14-12-8
1.0 \\\/
15-14-8

s

0.5 \\\ 1
16-13 ; —
20 40 60 ¢.deg 30 50 70 ¢, deg

Fig. 3. Effect of cutting edge angle on

. i Fig. 4. Influence of the cutting edge angle on the
machining cycle time at L/D = 10

refinement route of the workpiece under the condition
L/D =10

The influence of the strength properties of the workpiece material on the refinement coefficient
at all machining stages. The intensity of stresses in the cutting zone, i, most accurately characterizes
the material's ability to resist the cutting process. This value is part of the formula for determining the
cutting force and, consequently, directly influences the dimensional accuracy errors of the dynamic
setup.

Figure 5 presents graphs showing the dependence of the main time required to complete a single
machining stage on the stress intensity in the cutting zone (i), obtained through calculations. The

7



Viktor GUZEEV, Nizami YUSUBOV, Heyran ABBASOVA, Ramil DADASHOV
Optimization of the number of machining stages workpieces for mechanical engineering parts
graphs indicate that the influence of oi on machining efficiency varies across different refinement
stages.

This is due to the fact that when determining the feed rate at different stages, different
constraints may be active. For instance, at the finishing stages, the feed rate is limited by surface
roughness requirements. In such cases, higher values of ci allow for the selection of larger feed rates,
which consequently reduces the main transition time. This occurs because, at higher oi values, surface
roughness decreases (at cutting speeds exceeding 100 m/min).

Figure 6 illustrates the influence of stress intensity on the refinement route of the workpiece.

Calculations show that as the rigidity of the technological system (j) increases, the refinement
coefficient for all machining stages rises, while the number of stages decreases.

Since the values of oi and the rigidity of the technological system are most often uncontrollable
parameters, these dependencies can be used to determine the boundary values of i and j for specific
conditions.

Industrial Verification of the Methodology for Determining the Optimal Number of Machining
Stages. The methodology was tested at sixteen enterprises. The verification involved assigning the
calculated number of machining stages and their corresponding cutting conditions in the control
program, followed by machining a batch of parts with these parameters according to the program.
After each machining stage, the resulting dimension was measured. Based on the measurement
results, distribution curves of the dimensions were constructed, and conclusions were drawn about
the accuracy of the machining stage performed. The randomness of the sample parts was verified
using the Pearson criterion.

i
Ty, min / |
26 12 1,2 / 16-14-12-10-9
4
14-13 / /
ol I [ / 16-14-12-9
——____,—— .- ///, 3
@ 16 - 14
/ -

18 8 0,8

16-13-9

/ 13-12
14 6 0,6 7®;4__—__-_-//
®—— 12-10

@ ]
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L s 4
® @ @ 800 1000 1200 G mpa 600 800 1000 o, MPa

Figure 5. Influence of the properties of the machined  Figure 6. The refinement route of the workpiece
material on the main time depending on the properties of the machined
material

Let us examine the data from the methodology testing on specific parts. Table 3 provides the
machining parameters for the part "Bushing”. Workpiece material: Steel 20. Machine tool: ATPr-
2M12SN (ATIIp-2M12CH). Cutting tool: T15K6 2102-0307 in accordance with GOST 6743-61
(T15K6 2102-0307 T'OCT 6743-61).

From Table 3, it is evident that the machining option with the optimal refinement route for the
workpiece reduces the labor intensity of the technological transition by 24%.

To verify compliance with the specified grade at each intermediate machining stage, statistical
control of the intermediate dimensions @55.974 and ¥52,4.0.3 was performed.

Figures 7 and 8 show the graphs of the empirical and theoretical distribution curves of the part
dimensions after the roughing and semi-finishing stages, respectively.
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Table 3. Machining parameters of the "Bushing™ part

Refinement Feed rate, Main time, Time for the
Parameters . .
route, grades mm/rev minutes complex, min.
16
1
13 0,246 0,24
Old parameters of machining ! 0,78
11 0,18 0,33
: 0,143 0,21
16
l
14 0,45 0,13
New parameters of machining ! 0.34 0.174 0,59
12 1 y
: 0,10 0,29
Labor intensity of the new option as a 76.3%
percentage of the current option. 70
T=0,74 ; ' T-03 :
Xt = 54,65 | Xe=52.269 -
Apes= 54,63 . : Apei= 52,25 s
n, ’ + 1
number T ’ n : :
14 : : bl 1
12 : /\_\ : nu"‘:):r : / :
o | / \\ﬁ‘ : K / :
1 1 10
8 2 / w : s i
6 | \ : e L 2 \ |
4 1 1 ] ]
y ¥ 4 T T
2+ ) /S \ : 2 L Vo \ : |
O o on o on o on X o) o ~ —_ wy —_ vy
ol e < ) o e A Diameter. S o = N o Q ¢! Diameter.,
<t <t <t <+ <t <t <t o=t ol ol ol ol ol ol
" v 7o) v " v v mm Wy e} s} Ve Yo} e} vy mm
Fig. 7. Graphs of the density of the dimension Fig. 8. Graphs of the density of the dimension
distribution after the roughing stage of machining  distribution after the semi-finishing stage of
dimension @55.074> 1-empirical curve; 2-theoretical dimension @52,4.03: 1-empirical curve; 2-
curve theoretical curve

An analysis of these statistical data shows that for the roughing stage, the standard deviation of
dimensions (o) is 0.103, and the operation accuracy coefficient (po) is calculated as: po =60/ T =
0.835, indicating sufficient process accuracy. The adjustment accuracy coefficient (1) is 0.027, while
the allowable value of this coefficient under these conditions (1,) is 0.0825.

For the semi-finishing stage (achieving the dimension ©¥52.4-0.3), statistical control of
dimensions revealed the following accuracy data: the standard deviation of dimensions is 0.0374,
the operation accuracy coefficient is 0.748, the adjustment accuracy coefficient is 0.019, with its
allowable value being 0.0378. These data confirm conditions for defect-free work: po < 1,1 <.

The achievement of the final part dimension ¥51.964-0.054 after the finishing stage was
studied by the enterprise during a control operation, and the results showed positive outcomes.

Thus, it can be concluded that the new refinement route for the workpiece and the corresponding
cutting conditions ensure the required machining accuracy and improve its productivity.

Table 4 provides the machining parameters for the part "Support” made of brass LS-59 (JIC-
59) on a 16K20T1 machine tool. The transitions considered include external turning of diameter

9
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¥23,93-0,14 from a stamped workpiece of ¢27(-0,5)"(+0,8), as well as boring transitions from
diameter @17 (-0,8)*(+0,5) to ¥20+0,21 and from diameter @15 (-0,8)"(+0,5) to ¥18-0,18.

Table 4. Parameters for machining the "Support™ part

External turning ©¥23,93.0.14
Refinement | Feed rate, | Maintime, | Time for the
Parameters - .
route, grades | mm/rev minutes complex, min.
16
1
Old parameters of machining 13 0,15 0.118 0,298
!
11 0,10 0,18
16
New parameters of machining ! 0,11 0,11
11 0,16
Labor intensity of the new option as a 374
percentage of the current option.
Boring 918918
16
Old parameters of machining ! 0,10 0,10 0,10
12
16
New parameters of machining ! 0,12 0,083 0,083
12
Labor intensity of the new option as a 83%
percentage of the current option.

The results of the statistical control of dimensions are presented in Figures 9 and 10 as a
comparison of empirical and theoretical distribution curves.

T=0,14 : T=021

Ama= 23,86

Kt = 23,854 |
n, |
number
14 -

12

10 —

Anea= 20,105
i Xowa= 20,104

number

14~

T
o+ [l /4
6 b 61 |
4 \ 4| /
9 . / / \ . 2 j/
< (o] o (=3 ‘:— v o en ~ -—4-—
% x, o 2 Diameter, =2 S, S = = 2 Diameter,
& Q Q Q mm & & & 3 ;5 & mm
Fig. 9. Graphs of the density of the dimension Fig. 10. Graphs of the density of the dimension
distribution after the semi-finishing stage 923,93014: 1- distribution after the semi-finishing stage 920*%% 1-
empirical curve; 2-theoretical curve empirical curve; 2-theoretical curve

For the external turning transition to ©23.93.0.14, the standard deviation was 0.0254, the
technological transition accuracy coefficient was 1.0, and the adjustment accuracy coefficient was
0.043, with an allowable value of 0.045. An analysis of this transition shows that the feed rate in the
new technological process variant can be reduced (since the labor intensity of the transition in the
new variant is 37% of that in the old variant), providing an opportunity to increase the reliability
margin for dimensional accuracy in this transition.

For the boring transition to @207%2!, the standard deviation is 0.039, the process accuracy

10
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coefficient po is 0.97, and the adjustment accuracy coefficient 1 is 0.005, with an allowable value 1, of
0.015. Similar results were obtained for thirty other parts from nine different enterprises.
Conclusion. The application of the optimal design methodology allows for a 15-18% increase
in the productivity of operations performed in mass production and a 60-70% increase in small-batch
and single-item production.
Thus, optimizing the number of machining stages, taking into account rational cutting
conditions, enhances machining productivity and reduces the cost of the operation.
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Abstract: This paper presents a detailed analysis of a reversible thyristor feed drive for industrial
metalworking systems, oriented for application in machine tools with position or contour numerical control,
as well as in copying and milling machines. The drive under consideration is based on a three-phase zero-
reversing scheme, providing a wide dynamic speed control range of the executive motor speed not less than
10000 revolutions, which allows effectively adapting to changes in technological parameters and various
production modes. The application of proportional-integral speed and current regulators in the control loop
contributes to the accuracy, stability and speed of the system under various mechanical loads and transient
modes. The paper offers a comprehensive consideration of structural features, principles of operation and
performance characteristics of reversible thyristor feed drive with P1 controllers. The obtained results allow to
optimize the drive operation in conditions of high precision machining, to expand the functional capabilities
of the machine tool equipment, to reduce the influence of external disturbances and to increase the reliability
of the industrial system as a whole. The basis of the hardware configuration of the drive consists of thyristor
block (BT), control unit (CU), stabilized power supply of control circuits, as well as synchronization
transformer, interacting by means of functional blocks: regulator block (RB), phase shifting device (PSD),
logic block (BL), stabilized power supply block (SPB) and correction block (BC). The described functional
structure simplifies the procedure of initial setting of the drive, tightening the interaction of the system elements
and reducing the risk of uneven operation modes. It is possible to use both conventional electric motors with
normal inertia-torque ratio and motors with increased torque overload capacity or reduced inertia. An important
feature of the proposed solution is a built-in system of protection of power keys against short circuits by using
high-speed maximum protection automatics (MPA), which contributes to increased reliability of operation and
reduces the risk of failure of expensive elements. Additional stability of thyristor switching process is achieved
by using transistor electronic keys, whose operation is synchronized with the supply network due to a special
transformer winding, providing fast and accurate transition between positive and negative half-periods.

Keywords: dynamic programming, mathematical model, object control, system behavior.

Introduction.

Modern high-precision machine-tool equipment, widely used in a dynamically developing
industrial environment, places increased demands on feed and drive systems, which are assigned the
functions of precise positioning, contour control and stable operation under the influence of variable
loads. In the conditions of tough competition, growing production volumes and rates, as well as the
need to optimize operating costs, the development and improvement of power and control systems of
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feed drive for numerically controlled machine tools, including positioning and contouring machines,
as well as copying and milling systems, is of particular relevance [1].

CNC machines minimize the human factor, ensure the continuity of the production process,
increase the accuracy, quality and reproducibility of machining results. To achieve the most efficient
operation of such systems is possible only with a harmonious combination of hardware and software
components, where a special role is played by feed drives that provide flexible control of speed and
position of tools [2]. The use of reversible thyristor feed drives (RTDs) with high dynamic
characteristics, an extended speed range, reliable overload protection and the ability to integrate with
various types of electric motors opens the way to significant improvements in productivity and the
quality of machining complex profiles.

Traditionally, systems with proportional-integral (P1) controllers have been used to control feed
drives. Due to their simplicity, stability and predictability, these controllers are widely used in
industrial automation. Their use in the thyristor feed drive circuit provides a balance between the
accuracy of maintaining the set speed and effective current control, which is especially important for
preventing overloads, maintaining stability in transient modes and ensuring long-term trouble-free
operation of the equipment [3-6]. Achieving a combination of these goals - stability, accuracy,
reliability and a wide control range - is possible through an integrated approach to the design, analysis
and experimental debugging of a reversible thyristor drive with PI controllers.

One of the key factors affecting the quality of control is the correct selection and adjustment of
the functional units of the actuator. The system under study involves the use of many functional units:
regulator unit (RU), phase shifter unit (PSU), logic unit (BL), stabilized power supply unit (SPU) and
correction unit (CU). Each of these assemblies contributes to the combined result of optimizing the
dynamic and static performance of the actuator. In addition, structurally implemented as a panel with
integrated power (thyristor block - BT), control (control unit - CU), as well as additional power supply
and synchronization elements, the feed drive can be easily adapted to different operating conditions.
The presence of control points in functional blocks simplifies the procedure of initial adjustment,
diagnostics and further modernization of the system, providing convenient service and reduced labor
intensity of commissioning works.

Another important aspect is to ensure an adequate level of reliability and safety. Under
conditions of intensive operation in industrial plants, situations in which there is a risk of short circuits
or overloading of power electronics elements inevitably arise. In such cases, the availability of fast-
acting maximum protection using high-speed circuit breakers (CBs) becomes critical to prevent the
failure of expensive components. The introduction of transistor-controlled electronic keys
synchronized to the supply network allows accurate control signals to be generated to the thyristors
and increases the overall level of accuracy and consistency of the drive.

Thus, the objective of this study is to present a comprehensive analysis of the design, principles
of operation, tuning methodology and performance characteristics of the reversible thyristor feed
drive with proportional-integral controllers. The system under consideration is able to provide flexible
and reliable speed and torque control, improve the economic performance of production, reduce
maintenance costs and increase the stability of the technological process [7]. In the course of the study
experimental and theoretical results will be summarized, which allowed to optimize circuit solutions,
simplify the procedure of drive integration into existing production lines, as well as to determine the
areas of further development and improvement of this class of drive devices.
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Formulation of the problem.

Modern reversible thyristor feed drives for controlled metalworking systems require an impact,
accurate and safe algorithm of control pulse generation. This task is complicated by the fact that in
the course of the drive operation it is necessary to provide correct on switching circuit of several logic
blocks, phase shifting device (PSD), logic block (BL), regulator block (RB), as well as transistors,
capacitors, diodes and pulse transformers, sequences. for generation and transmission of control
signals to thyristors. The problem boils down to the strict fulfillment of a set of conditions allowed
by the authorities that at any moment of time only pulses are generated that correspond to the active
group of thyristors even or odd, ensuring their simultaneous switching on, as well as providing a
smooth transition while ensuring the polarity mismatch. In a controlled reversible thyristor drive,
there are a number of input signals, hence nodes and conditions on which the actuation and delivery
of pulses that open the corresponding thyristors depend. The task is reduced to the following: in the
presence of synchronizing signal from synchronizing signal and transformer, control signal (from
regulator unit) and at alternation of polarity of supply voltage, to lead sawtooth voltage correctly, to
compare it with control signal, to form control pulses of thyristors and to provide impossibility of
continuous voltage. switching on of thyristors from even and odd groups [9]. It is necessary to ensure
the correct time order of switching on the keys and prevent simultaneous switching on of thyristors
from the even and odd group, which will lead to reliable switching and safe direction of inverting.

When the polarity of the mismatch is transmitted (signal at the input of the FSU), the Schmidt
trigger returns to the initial state. At this point, the supply of operating pulses of one group is stopped,
but the generation of standby pulses for safe inverting continues for a preset time. Logic and external
elements protect the absence of overlapping operation modes of thyristor groups and minimize the
risk of simultaneous switching on of all keys. To protect the control circuit of thyristors from noise,
diode D7 and capacitor C4 are used to stabilize the shape and level of control pulses. The output
signal of the FSU has an amplitude of about 6 V at a load current of 0.5 A, beyond the safe opening
of thyristors. The functional diagram of the drive is shown in Fig. 1
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Figure 1. Functional diagram of the actuator
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We introduce the following notations and variables:
Synchronization period where T is the period of the line voltage from which half-periods of

T
duration are reached —.

The voltage is formed on the collector of transistor T2 (through the charge and discharge of
capacitor C1 with a slope regulated by potentiometer P4.

Its changes vary according to the law

Y= f(LT)
P4C1

f - function specifying the line changing in time of increase

The control signal Y - control coming to the input of the phase shifting device (PSD) from the
regulator unit (RU). The control signal coming to the input of the DCS (pin 2) is a command that
determines the logic of operation of the PI controllers of pulse frequency and current. The input of
this control signal makes it possible to adjust the moment of the Schmidt trigger, thereby changing
the phase and time of the control pulses to the thyristors. When the difference between the sawtooth
and control signals reaches the trigger threshold, the Schmidt trigger (on transistors T4, T5) switches
from one state to another, generating a rectangular pulse at its output. This rectangular signal is
subsequently differentiated using the circuit. C3, P17, generating the sharp negative pulses required
to trigger transistors T6, T7. In this way, an accurate timestamp is applied to output the control pulse
thyristor.

The power part of the reversible thyristor drive used in numerical or contour program-controlled
machine tools is realized by a three-phase zero-phase scheme, which provides the possibility of
smooth, symmetrical and reliable reversal of the electric motor rotation. This configuration not only
simplifies the transition from one direction of rotation to another, but also contributes to increased
stability of operation during load changes. To protect the thyristor keys from emergency conditions
such as short circuits in the load or mains faults, a high-speed maximum protection with circuit
breaker (CB) is introduced to prevent overheating and failure of expensive semiconductor
components. Formation of control signals for thyristors is based on the operation of an electronic key
reacting to the voltage coming from the synchronizing winding of the transformer. In the initial phase
of each half-period of negative polarity transistor T1 is open, as a result of which capacitor C1 is
rapidly discharged through open transistor T1 and diode D1. This process causes a sharp increase in
the positive potential on the collector of transistor T2, thus forming the initial section of the sawtooth
characteristic, which will later be used for comparison with the control signal. In the opposite half-
period, when the voltage acquires positive polarity, transistor T1 closes, preventing further discharge
of C1. The capacitor now begins to charge through transistor T 2, resulting in a gradual decrease in
the positive potential at its collector. As this potential decreases, the voltage at the base of transistor
T3 also decreases, which begins to close smoothly. As a result, a dynamic sawtooth voltage
dependence is created in the reference point 02 U,,, repeating the trend of voltage change on the

collector of T2. An important aspect of setting up the sawtooth voltage generation unit (VGU) is the
possibility of regulating the charge current of capacitor C1. For this purpose, a potentiometer R4 is
included in the base circuit of transistor T2, which allows changing the sawtooth slope. Thus, by
changing the resistance of R4 it is possible to fine-tune the dynamics of sawtooth signal formation,
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providing the optimal matching of the time characteristics of the system with the requirements of the
technological process.

In addition to the basic function of sawtooth signal generation, the UUT performs the role of a
source of duty pulses generated by differentiation of rectangular signals coming from the output of
transistor T1. These duty pulses are fed to contact 11 of the phase shifting device (PSD), operating
in counter-phase with this PSD. This signal arrangement optimizes the operation of several DCSs
interacting in the same drive system, which is particularly important for reversing or complex
operating modes. The phase-shifting device (PSD) has a Schmidt trigger realized on transistors T4
and T5, a differentiating circuit (C3, R17), and a power amplifier on transistors T6, T7. In the
absence of an input control voltage, transistor T4 is closed and T5 is open, creating the initial steady
state of the trigger. Since T6 and T7 are also closed, the output stage of the device is in the ready
state without generating control pulses. The resulting sleep mode ensures that parasitic triggering is
minimized and protects the thyristors from unnecessary excitation.

The input of transistor T4 receives the sawtooth voltage from transistor T3 and the control
signal from the regulator block (RB), which is fed to pin 2 of the FSU. Here the key comparison takes
place: when the difference between the sawtooth voltage and the control signal reaches the threshold
value, the Schmidt trigger switches over. At this point, a sharp voltage change occurs on the collector
of T5 (reference point 03), which corresponds to the formation of a rectangular pulse. The magnitude
of the control signal determines the moment at which the trigger switches, thereby setting the phase
shift and time reference of the pulses with respect to the line voltage. The rectangular pulses generated
by the Schmidt trigger are differentiated using the circuit C3, R17. At its output appear short
negative pulses, which serve as “triggers” to turn on transistor T6, provided there is no prohibition
signal from the logic block on pin 6 of the FSU. In parallel, the duty pulses from pin 11, generated
by the UUT, are also received here; transistor T6 can be opened either by the operating pulses or by
the duty pulses, depending on the current system logic.

In the presence of an enable signal (pin 12 from the logic block), any incoming pulses can turn
on transistor T6, which together with T7 forms a power amplifier. The load of the amplifier is the
pulse matching transformer T 1. When transistor T7 is triggered, a positive pulse of the specified

shape and amplitude (about 6 V at 0.5 A load) is induced in the secondary winding of the transformer.
This pulse is fed through diode D6 to the control electrode of the thyristor, and a clear and fast control
signal is formed for the power key, which is necessary for stable and predictable control of the drive.
Under conditions of polarity mismatch change of the control signal, the Schmidt trigger returns to the
initial state (T 4 closed, T5 open), which leads to the cessation of operating pulses. At this point, the
system does not remain “blind”: the duty pulses continue to flow for a certain time delay set by the
logic block to avoid sudden inversion in the absence of clear transients and, therefore, prevents
emergencies. To reduce noise in the thyristor control circuit, diode D7 and capacitor C4 are used to
stabilize the shape and level of the signal. The logic block ensures that under no circumstances the
control impulses to the even and odd groups of thyristors can be supplied simultaneously. Consisting
of two identical logic circuits LE1 and LEZ2, the logic block ensures that the thyristors of one group
can be started only after the thyristors of the other group are completely extinguished. The input of
LE1 receives negative pulses from the odd group of FSU, and the input of LE2 receives negative
pulses from the even group. These signals form conditions for charging and discharging of capacitors
associated with transistors T2 (T12), preventing the level required to trigger transistors T3 (T13)
and T4 (T14).
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As a result, transistors T3 (T13) and T4 (T14) remain closed, while T5 (T15) remains open
and saturated. Closed transistors T4 and T14 provide an enable signal to the corresponding “AND”
inputs pin 12 of FSU1, FSU3, FSU5 (for odd-numbered group) or FSU2, FSU4, FSU6 (for even-
numbered group). Open transistors T5 (T15), included in parallel to the differentiating circuit C3,
R17 at the input of transistors T6 of the corresponding groups, provide the formation of the
prohibition signal, which guarantees a clear separation of logic and excludes the simultaneous
appearance of pulses that can cause simultaneous opening of thyristors of even and odd groups. At
the moment the odd group of the FSU is operating, and pulses from transistors T 6 of this group arrive
at the input LE1. Closed transistor T4 of LE1 gives an enable signal to the odd group U, If there

is a need to switch to the even group, the logic will block the odd group, wait for the complete
cessation of its working pulses, and then let the pulses to the even group. This step-by-step switching
logic, which relies on negative and standby pulses, ensures safe and reliable reversal of the motor
rotation direction, minimizing the risk of equipment damage [10].

The described functionality ensures a high level of reliability and accuracy of the thyristor
reversing drive control system. The combination of elements - from the boosters and phase shifters
to logic blocks and power amplifiers - forms a coherent mechanism that reacts to changes in input
signals and external conditions. This realization allows to accurately dose the moment of thyristors
switching on, to prevent the appearance of “conflict” modes of operation and to form stable transients
at direction inversion. All this determines high performance, adaptability and safety of the drive
operation in the conditions of complex industrial tasks. Since the previously discussed theoretical
provisions and structural control schemes of the reversible thyristor drive are much easier to
understand when visualized, it is reasonable to proceed to the illustration of these regularities with
the help of graphs. The construction of graphical dependencies reflecting the change of the sawtooth
signal, control signal and trigger threshold will make it much easier to understand the internal logic
of the system operation. For this purpose, below is a sample program code, which, based on the
specified parameters, will create a visual graph in the Python environment. xTo analyze the
interaction of signals in automatic control systems, a model of a pilot signal accompanied by a control
input is often used. This approach provides a clear visualization of signal dynamics and helps identify
key threshold values for trigger activation. The presented graph, titled, Fig.2. illustrates the sawtooth
pilot signal, control signal, and trigger activation threshold.

import numpy as np
impert matplotlib.pyplot as plt

# Time parameters

t_end = ©.82 # 20 ms

dt = le-5

t = np.arange(@, t_end, dt)

# Parameters for the sawtooth (pilot) signal
f_line = 5@
half_period = 1/(2%f_line)
pilot_signal = np.zeros_like(t)
for i, time_val in enumerate(t):
phi = (time_val % half_period) / half_period
pilot_signal[i] = phi

# Control signal
U_control_level = 8.5
U_control = np.ones_like(t) * U_control_level

# Trigger threshold
threshold = 8.2
thresheld_line = U_control_level + threshold

# Plotting

plt.figure(figsize=(18,5))

plt.plot(t, pilot_signal, label='Sawtooth signal U_pilot', lw=2)
plt.plot(t, U_control, label='Control signal U_control®, lwu=2)
plt.axhline(threshold_line, color='r', linestyle='--', label='Trigger threshold')
plt.xlabel( 'Time, s')

plt.ylabel( 'Voltage, arbitrary units')

plt.title( Sawtooth and control signals with trigger threshold')
plt.legend()

plt.grid(True)

plt.show()

Figure 2. Analysis of pilot and control signals with trigger threshold
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After plotting, we observe the sawtooth signal gradually increases and crosses the period of the
control level, and then with the trigger threshold stability when the trigger transitions from one state
to another, which leads to accurate parameter selection to achieve stable and inexpensive operation
of the driving system, to better understand the prediction.
The chart depicts the voltage versus time for both a sawtooth signal U , and a control signal

U

negative peaks. In contrast, the blue line represents the control signal U ., » which remains relatively

constant throughout the measurement period. The horizontal axis is labeled as "Time, s," indicating
the time interval, while the vertical axis is marked as "Voltage, arbitrary units,” showing the
magnitude of the voltage Fig. 3.

Sawtooth and control signals with trigger threshold

siot - 1he red line corresponds to the sawtooth signal U ., which exhibits alternating positive and

1.0 + Sawtooth signal U_pilot
Control signal U_control
=== Trigger threshold
0.8
»w A
=
=
= 0.6
s
%
o
T 0.4
o]
=
0.2
0.0 +
0.0000 0.0025 0.0050 0.0075 0.0100 0.0125 0.0150 0.0175 0.0200

Time, s

Figure 3. Sawtooth and control signals with trigger threshold

The abscissa axis specifies the time in seconds, e.g. from 0 to 0.02 s (20 ms). The start point is
0 s and the end point is 0.02 s. The time step is so small that the curve looks smooth and continuous.
In the graph there is a curve going from points (0, 0) in low voltage mode to point (0.01, 1), that is,
for half of the period (about 10 ms) the voltage line increases from 0 to 1. Then, starting at 10 ms, the
signal drops back to 0 as the sawtooth signal repeats every half-periodic portion of time. The graph
looks like the “teeth of a sawtooth”: it angles upward, reaches a maximum (1), and then abruptly
zeroes out to 0, forming this rising line. If we consider only one half-period - it is just a line growing
from left to right.

Since we are only looking at 20 ms (and at 50 Hz the half-period is ~10 ms), we see two saw
teeth:

1. From 0 to 10 ms: the line rises smoothly from 0 to 1.

2. Ataround 10 ms, the signal returns to 0 again.

3. From 10 to 20 ms it grows from 0 to 1 again.
On the same chart there is a horizontal straight line at the level of 0.5 on the ordinate axis, a vertical
axis, a flat line (without slope) is drawn along the entire time interval, at half height of the chart,
dividing the visual chart field approximately in half vertically.
Another horizontal dashed or indicating line, for example the color red, is drawn at the level of 0.7 is
0.5 £ 0.2, where 0.5 is the level of the control signal, and 0.2 is the threshold. What is above the
control signal line. It remains at 0.7 continuously throughout the time interval.

e X-axis: time from 0 to 0.02 s.
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e Y-axis: voltage from 0 to just above 1 (to move the 0.7 threshold line and sawtooth signal to 1).
e At the bottom of the graph is a toothy rising signal (sawtooth) that goes from 0 to 1 in 10 ms.
e Just below the height is the control line Ucontrol =0.5.
e Even higher is the dotted line of the trigger threshold at 0.7.

Between 0 and 10 ms the sawtooth signal (the line going up horizontally) crosses the control
signal level (0.5) at about dawn, the threshold line 0.7 a little later, we can see the sawtooth rising and
at a certain point the threshold turns, which corresponds to the trigger time.

As a result, there are three main elements in one graph: the rising sawtooth signal, the horizontal line
of the control signal and the horizontal line of the threshold we can see the relationship between the
sawtooth voltage waveform, the level of the control signal and the trigger threshold.

Solution of the problem

To ensure stable, accurate and safe operation of reversible thyristor feed drive with regard to
the inclusion of “creeping” speed, to preserve the output voltage in the stable power supply unit
(SPU), as well as to prevent unauthorized inclusion of thyristors in the same group at a signal at the
input, a complex system is proposed. It is based on the generator frequency regulator, current,
inverter, logic elements and stabilized power supply unit.

At normal closing of the contacts of the interlock relay R1 is shunted feedback circuits of
amplifiers U1 and U2, as well as the outputs of logic elements LE1 and LE2. Due to this, even
minimal control signals in the actuator are blocked in the absence of applied setpoint voltage, e.g.
when direction relays “B” or “H” are not switched on. This measure ensures that the actuator does
not tend to accelerate to a creeping speed without additional operator or control program assignment.

Formally, we can represent the state of the creeping velocity state through the system.

Let

Y (m)=0, Vmeg[my,m],

where Y (m) - setpoint voltage at the drive input. The interlocking is then ensured:
Y(m)~0, Vmg[my,m,],

detection of the occurrence of non-zero output torque or speed.

The stabilized power supply employs two identical stabilizers that function by using compound
transistors (e.g., T8, T2) as a variable resistor. This approach keeps the output voltage constant,
regardless of load or input voltage fluctuations. The reference circuitry within the regulator analyzes
the difference between the reference voltage (generated by stabilizer D6) and the actual output voltage
taken from dividers R7, R8, RO.

Let
Y =const
is set by stabilizer D6. Output voltage of the stabilizer:
VY B+PR
PS

provided that the resistances R7, R8, R9 are selected accordingly. If for some reason Y, of the set

level, it increases the voltage across the divider, consequently, the input signal on the base of transistor
T3 increases:

Ybase(Tg) =F(Y) > Y;)
This leads to an increase in its collector current:

ase
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RC(T3):KT3 Y (Ts)_Ybase)

base

where K, is the gain of transistor T3.

The rising current of T3 partially locks the composite transistor T8, T2, increasing its differential
resistance P
Prgro(M) = PTrgi;z +AR (R.(T3)),
which leads to voltage drop on T8, T2 and restoration of equilibrium:
Y (m) >Y =const
In this way, the system automatically restores the output voltage to the specified customer in case of
any disturbance.

The current level limits in the drive are set by potentiometers R21, R23, the possibility of
switching between different potentiometers with the machine node selection switch provides flexible
adaptation of the drive under the motor of different power. Formally it can be described as follows:

Let AUC be the control voltage increment for current limitation, aP be the adjustment factor
of the potentiometer. Then:

AU,

Y +
Rin =R (Y—)ap

where R, - level of the new current limitation after adjustment with the potentiometer.

lim
By selecting the switching relay, it is possible to change ap, adjusting to a different motor

power, thus saving time and simplifying the integration of different units.
The amplifier block (Y 1 - frequency controller, Y 2 - current controller, Y 3 - inverter, Y 4 - current

amplifier, Y 5 - current inverter) at least integral amplifiers with a transfer coefficient 10° large input
impedances (>10°Q) are used, which allows minimizing losses and restoring the signal. The low
temperature drift of no more than 10mcV / C°ensures the stability of the system operation in various
temperature regimes. Conditional balanced mode for one of the amplifiers under consideration:

Y =AY, -Y,)
where
A- coefficient transfer, Y,", Y, - input signals.

At A—10°, even a small difference between the inputs results in a significant output signal, which
improves the control accuracy. The temperature drift AU can be estimated as follows:
AU ~10mcV /C°

which, under the right operating conditions, is very small.

Let's move on to plotting the graphs to illustrate how these processes and settings are reflected
over time or when parameters are changed.

The graph below depicts Fig.4 the blocking of minimum control signals when there is no
setpoint. It shows the relationship between signal output and time for two different conditions:
without blocking and with R1 lock no creep speed. This is a crucial tool for analyzing safety system
performance, helping to understand how various parameters affect device operation in real-world
scenarios.

21



Natalia MOKROVA, Viktor ARTEMYEV, Anar HAJIYEV
Design of reversible thyristor feed drive with proportional-integral controllers

Blocking of minimum control signals when there is no setpoint

0.100 A —— No blocking
0.075 A — With R1 lock (no creep speed)
0.050 A

0.025 4

0.000 -

—0.025 A

=0.050

Drive output signal, units

—0.075 A

—0.100 A

T T T T T T

0.0 0.2 0.4 0.6 0.8 1.0
Time, units

Figure 4.Blocking the «creeping» speed

This graph demonstrates the difference between the operation of the actuator with interlocking.
In the absence of setpoint voltage, normal operation of the interlock relay R1 ensures that there are
no even minimal control signals - the output signal remains at zero. Without interlocking, small
oscillations can be seen, which could cause the mechanism to "creep™. This comparison clearly shows
the effectiveness of interlocking in preventing unwanted actuator movement in the absence of a
command. On the previous slide, we examined the theoretical foundations of voltage stabilization
under load conditions, including the impact of various factors such as signal frequency and amplitude.
Now let's move on to a practical example shown in Fig.5.

Output voltage stabilization under load fluctuations

1.0 A

0.8 1

0.6 1

Load fluctuations

0.4 = Stabilizer output

Voltage, units

0.2 1

0.0 1

_0.2 -

0.0 0.2 0.4 0.6 0.8 1.0
Time, units

Figure 5. Output voltage stabilization

Here we see the behaviour of the stabiliser despite load fluctuations, the output voltage remains
constant, the stabiliser successfully smooths out any fluctuations, ensuring stable operation of the
drive units and control electronics, regardless of changing output conditions. Now let's move on to
the practical application of these concepts using this graph. This graph shows the effect of changing

parameter o at the current limit level Fig.6.
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Effect of changing a_R on current limit level

2.00
1.75 A
1.50

1.25 4

1.00 + _
D-?S - -
e 00

0.25 1

I_limit, units

0.00 -

1.0
a R

Figure 6. Flexibility of setting the current limit via «,
Changing the coefficient « affects the level of current limitation. A higher «, increases the
maximum permissible current and a lower ¢ reduces it, as it allows the drive to be adapted to

different motors varying in power and requirements by simply switching potentiometers and selection
relays.

All amplifiers are fitted with oscillating circuits. Zero balancing circuits are provided in
amplifiers U1, U4.

The correction circuits of amplifiers U1 and U2 are located in the correction block (BC). The
level of current limitation is set by potentiometers R21, R23, installed outside the block, and is
determined by the formula:

1 R15

—_— X —

K. R4 ™

where |;, is the level of current limitation;

T

K, - current feedback coefficient equal to the shunt transfer coefficient 1.5-107°V - A - for 50 A

shunt, 75 mV;
U,, is the maximum output voltage of the amplifier U1, coming to the input of U2, i.e. the

voltage determined by resistors R21, R23.
Let's try to map the X-axis in time for several signals:
Enable signal for the odd group of DCFs, up to the moment t, the group is active, then when

the sign of the control voltage on the side of U3 changes, the access is switched off after a pause At;
. Enable signal for even-numbered group of DCFs: it is enabled only after an additional pause At,,
ensuring a smooth transition. Armature current 1 , during odd group operation the current is

maintained at a certain level, then when the operating pulses are stopped and only duty pulses are
applied during At, the current drops rapidly to zero. Events in time, where moment t, - change of

sign of voltage U3, beginning of pauses, moments of removing and setting permissions.
Let's say:
e t =0.01s - change of sign of voltage at the output of U3.

e At =0.003 s - pause during which the current decreases.
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e At,=0.002 s - pause before switching on the even group after At,.

In load distribution control systems, particular attention is paid to the algorithms responsible
for enabling and disabling different groups of components. These algorithms ensure balanced load
distribution and minimize delays during switching operations. The graph below provides a detailed
depiction of the timing of activation signals for the odd and even groups labeled as odd group and
Even group during the control process. Key moments are highlighted on the graph, such as the sign
change of the output signal U3 denoted as t, , the end of the pause for the odd group t+dt,, and the

activation of the even group t+dt, +dt,. These events are visually distinguished using color-coded

markers to simplify identification and analysis.

This visualization helps evaluate the efficiency of switching between groups and identify
potential areas for optimization, such as minimizing pause durations or improving synchronization.
Let us now examine the graph titled Fig. 7 for a more detailed analysis of the system's behavior.

FSU group enable signals over time

1.0 4

. : !
0.8 1 H

—— ©Odd group enable

Ewven group enable

——- t_1 - U3 output sign change

aad t_1+dt_1 - end of odd group pause
—-= t_1+dt_1+dt_2 - even group enabled

0.6 +

Enable level (arb. units)

0.0 1

0.0000 0.0025 0.0050 0.0075 0.0100 0.0125 0.0150 0.0175 0.0200
Time (s)

Figure 7. FSU group enable signals over time

At time t , when the sign of the voltage at the output of U3 changes, the resolution for the odd
group is gradually removed. At first, only duty pulses are applied during At,, then the permission
disappears completely. Only after an additional pause of At, does the resolution change to the even

group. This visual representation underlines the organised sequence of actions aimed at preventing
the impulses of the two thyristor groups from overlapping and guaranteeing safe switching.
The behavior of the armature current | over time plays a crucial role in understanding the

dynamics of the load distribution system. This parameter is directly influenced by the enabling signals
of the odd and even groups, as well as the timing of the system's switching operations. By analyzing
the graph, we can observe how I responds to these control actions, providing insights into system

performance and stability.
The graph titled Fig. 8 armature current 1, over time illustrates the temporal evolution of the

current. Key moments are marked for clarity, including the signal sign change t, and the end of the
odd group's pause t-+dt,. These points signify critical transitions in the control process, directly
impacting I, . The visual representation highlights the decrease in armature current after t, , reflecting

the system's response to the control algorithm. This data is vital for assessing how efficiently the
system handles load transitions and identifying potential improvements in current regulation
mechanisms.
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Armature current |_y over time
T .
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Figure 8. Armature current |, over time
The armature current 1, is maintained at a stable level until t,. At the moment t,, the current is

rapidly discharged by means of duty pulses only. During the time At , the current drops rapidly to

zero, which prevents dangerous transients and guarantees a soft termination of one of the groups.

The dynamics of the pilot signal are instrumental in regulating the system during critical
operational phases, such as pauses and threshold evaluations. The graph titled Fig. 9 pilot signal
during the pause and threshold level, provides a detailed view of the voltage variations of the pilot
signal sawtooth-like in comparison to the threshold U, .

This representation shows the behavior of the pilot signal, characterized by its sawtooth
waveform, alongside the fixed threshold level, marked as a red dashed line. Notably, the intersection
between the pilot signal and the threshold signifies critical triggering points, essential for initiating
specific control actions within the system. From the graph, we observe the periodic nature of the pilot
signal and its ability to reset upon reaching the threshold, which ensures synchronization and stability
in the control process. Analyzing these interactions helps evaluate the system's responsiveness and
the effectiveness of the set threshold in maintaining desired operational conditions. This graphical
insight lays the foundation for optimizing signal configurations and refining system control strategies.

Pilot signal during the pause and threshold level

1.0
Pilot (sawtooth-like) signal

=== U_08 threshold

o
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o
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\

o
Y]

T T T T T T T T T
0.0000 0.0025 0.0050 0.0075 0.0100 0.0125 0.0150 0.0175 0.0200
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Figure 9. Pilot signal during the pause and threshold level

Limiting the maximum level of the control voltage applied to the phase-shifting devices (PSDs)
is carried out by stabiliser D2, which ensures that the amplitude of the input signal does not exceed
the maximum permissible values.

If the system is used in a single motor configuration, a standard jumper is connected between
pins 16-17 of connector 1112 on the external side. If the drive serves several motors with different
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power characteristics, external current limiting potentiometers are connected to pins 16-17 via the
machine unit selection relay. The important prerequisite is the sequence of operation. The voltage
sawtooth device (VDU) and the associated phase-shifting device are placed on a single printed circuit
board, ensuring compactness and reducing noise sensitivity. The VVM consists of an electronic key
on transistor T1, a current stabiliser on transistor T2 and an emitter repeater on transistor T3. The
sawtooth signal is formed during the charging of capacitor C1, and the charging current is set by the
base bias determined by the ratio of resistances R3 and R4. A stable sawtooth slope required for
accurate phase p is provided.

The circuits of logic elements provide modes of mutual blocking and delay of permissive
signals. Thus, open transistor T5 of the LE1 circuit shunts the input of transistor T6 of the even group
of FSU, and also short-circuits the LE2 input on terminals 18-20, forming the prohibition signal U,
for the even group of FSU. Suppose that at time t, at the output of the amplifier U3 of the regulator
block, BR changes the sign of the voltage, as a result of which the working impulses from the odd-
numbered group of DCF cease to arrive at the input LE1. As a result, transistor T2 of the LE1 circuit
closes, and capacitor C1 during the pause At, is charged to the triggering voltage of transistor T3 Uos.

The pause At, is determined by the time constant of the circuit R4C1, as well as by the level of the

signal proportional to the armature current coming from the output of the inverter of the current
amplifier U5 of the BR unit. During this time interval At , only duty pulses are supplied to the

thyristors of the odd group, accelerating the armature current reduction to an acceptable low level.
After the pause At,, transistor T4 opens, removing the permission from the odd group of DCFs, and

the duty pulses are no longer supplied to the corresponding thyristors. C At,, determined by the time
constant of the C2R8 circuit. This time delay At, is critical to guarantee that the current in the

previously operating group is reduced to zero.
At the end of the pause At,, the logic circuit LE2 transfers control to the even group of DCFs.

The operating pulses of this group start to flow from transistors T5 of the even branch to the input of
LE2, forming the signal U,,. When the first pulse in LE2 discharges capacitor C11, and without any

additional delay, the prohibition signal is fed to the odd group of DCF, because the transistor T15,
opening, shunts the input of transistors T6 of the odd group.

The closing of transistor T14 at this moment gives an enable signal for the even group of DCSs.
The operating and standby pulses are fed back to the thyristors of the even group, ensuring a smooth
and safe control transition as well as synchronisation of the drive operating modes during reversing
or changing load conditions.

Results and conclusions.
The use of specialised correction blocks, potentiometers for setting current limiting levels and
machine node selection relays makes the drive extremely flexible. The use of proportional-integral

controllers, amplifiers with high gain of the order of 10°. makes it possible to achieve stable and
accurate maintenance of the set parameters. This results in stabilisation of the speed of rotation,
accurate holding of the allowable current and maintenance of the required accuracy in the control
loop even under significant changes in load or external conditions. The inclusion of an interlock relay
and logic element circuit, as well as the correct organisation of the operating and standby pulses
applied to the thyristors of both groups of DCFs, ensures that the drive will not spontaneously reach
minimum speed in the absence of a setpoint signal. Implementation in the stabilised power supply
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unit of comparison circuits with reference stabilitron and use of compound transistors as variable
resistance ensures constant level of output voltage in case of load fluctuations or changes in input
parameters.
The logic of delays (At,, At,), duty and working pulses, as well as the sawtooth voltage control

ensures a smooth transition between odd and even groups of DCFs during reversing. Transients are
controlled predictably, armature current has time to decrease to a safe level, after which another group
is connected without the risk of overlapping or simultaneous switching on of thyristors of different
branches. This approach minimises the risk of damage, overheating and unwanted mechanical shocks
in the drive. Low temperature drift of integrated amplifiers, optimal selection of resistors, stabilisers
and transistors in stabilisation and correction circuits allow to guarantee stability of control
parameters in a wide range of temperatures and external conditions. As a result, the reliability and
durability of the drive is increased, and the need for frequent adjustments and readjustments is
reduced. All these aspects form a complete, integrated control system for reversible thyristor drive,
characterised by high accuracy, safety, adaptability and stability
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Abstract: The article considers the first problem of dynamics. With a known law of motion of a five-
link flat mechanism, which also includes a higher kinematic pair, unknown forces are determined.
The reaction forces in kinematic pairs and the balancing force applied to the input link of the
mechanism are determined by the graphoanalytical method.

Keywords: kinetostatics, degree of freedom, reaction forces, Assur group, kinematic pair.

Introduction.

Kinetostatic analysis of a mechanical system refers to the first problem of dynamics. In this
problem, unknown forces are determined for a known law of motion of a mechanical system.
Kinetostatic analysis of flat lever mechanisms has been considered in sufficient detail at present.
However, it should be noted that flat mechanisms, which also include higher kinematic pairs, have
not been studied enough.

For example, in [1] flat tensegrity mechanisms with three linear springs are analyzed in detail.
Kinetostatic equations are derived and solved under several load conditions and geometric conditions.
The paper [2] is devoted to the method of numerical solution of a 5-link vehicle suspension
mechanism. The multidimensional Newton method and regularization are used as the mathematical
apparatus. The paper [3] studies a flat tensegrity manipulator consisting of two X-mechanisms
connected in series. Unlike the classical 2-R-linkage, the proposed architecture does not contain
elements subject to bending. The papers [4, 5] consider a vector method for solving one of the
important problems of dynamic analysis of flat lever mechanisms with lower kinematic pairs, which
consists in determining reactions in kinematic pairs and balancing the moment (force) on the driving
link for a given law of motion of the mechanism. In the article [6], the main attention is paid to
determining the force or torque acting on a flat mechanism using a numerical method, when the
acceleration and dynamic properties of the joints are known. The article [7] developed an analytical
interpretation of an approximate method for calculating forces in kinematic pairs taking into account
friction forces for the Assur group of the second class with three rotational pairs. In the paper [8],
dynamic equations of motion are used for kinetic analysis. Vector/scalar equations are solved using
the MathCAD software. The results are verified using the Working Model 2D software. The paper
[9] proposes a new design of a lifting mechanism, the peculiarity of which is that in its structure it
belongs to the Assur group of a high class, which determines the ease of operation and reliability of
the design. For this design, a synthesis of the mechanism was carried out. The work [10] is devoted
to the kinetostatic analysis of the ratchet mechanism acting on the conveyor, which is part of the
MGL-3 solid organic fertilizer spreader, namely, the reactions in the kinematic connections, as well
as the torque in the drive clutch of the mechanism, are determined.
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The conducted literature review shows that despite the numerous works devoted to the
kinetostatic analysis of various mechanisms, a five-link flat mechanism, which has one higher
kinematic pair in its structure, has not been studied.

Formulation and solution of the problem. This paper examines the kinetostatic analysis of a
flat five-link mechanism, which, in addition to the lower ones, includes one higher kinematic pair

(Fig. 1).

Figure 1. Five-link flat mechanism with one higher kinematic pair.

It is known that a five-link flat-lever mechanism has two degrees of freedom. If a known point
of this mechanism moves along a certain trajectory, then this mechanism turns into a mechanism with
one degree of freedom. For example, if a roller is placed at point C and forced to move along the
trajectory shown in Fig. 1 by a dashed line (slot), then the mechanism will have one degree of
freedom. To do this, a slot is made in the fixed post of the mechanism, into which the roller mounted
at point C is placed. Then, when the crank AB rotates, point C will move along this slot, and point D
will perform the required movement. The synthesis and kinematic analysis of this mechanism are
considered in [11].

Here we consider the kinetostatic analysis of the mechanism shown in Fig. 1. It is known that
in Kkinetostatic analysis, unknown forces are determined with a known law of motion of the
mechanism. In this case, the reaction forces in kinematic pairs and the balancing force applied to the
leading link AB are determined.

In kinetostatic analysis, the resistance forces or driving forces, masses, moments of inertia and
the center of mass of the links are specified. According to the known law of motion of the mechanism,
the inertial forces and moments of inertial forces of the links are determined. In the force analysis of
mechanisms, the d'Alembert principle is used. In this case, the inertial forces of the links are added
to the real forces and the problems of dynamics are solved using the equations of statics.

It is known that if the degree of freedom of a kinematic chain is zero, then this chain is statically
determinate. A kinematic chain with zero mobility, which is part of a mechanism, is an Assur group.
Therefore, in a kinetostatic analysis, the mechanism is divided into structural Assur groups and a
primary mechanism. We emphasize that with such a division of the mechanism in the force loading
of each structural group, only the reaction forces in the kinematic pairs will be unknown. In the
composition of the mechanism under consideration (Fig. 1), in addition to the primary mechanism -
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the input link AB with the support, there are two Assur groups. The 4th link - the slider, with the 3rd
link - the connecting rod make up the Assur group of the second class. The 2nd link with the roller is
called a "monad". Its degree of mobility is zero and is statically determinate:

W=3n-2p;,—p,=3-1-2-1-1=0 (1)
First, we consider the force analysis of the structural group consisting of the 4th and 3rd links, which
is connected to the last mechanism (Fig.2).

]_“ !:12

Figure 2. Kinetostatic analysis of a five-link flat mechanism with one higher kinematic pair.
The production resistance force F4, the gravity force G4, and the inertial forces of this link Fis
acting on the output link — the slider are known (Fig.2a). In particular, the gravity force of the 3rd
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link Gs, the inertial force F13, and the moment of inertia Mz are known. The reaction force from the
support to the slider F,, is known in direction. This force is directed normally relative to the motion
of the slider, its value and the point of application x are unknown. In a single-motion rotational
kinematic pair located at point C, the point of application of the reaction force F,; = —F3, arising in
it is known. The direction and modulus are unknown. We will decompose the reaction force F;, into
two components, normal and tangential, known in direction but unknown in value: F;, = F3, + F2,.
The reaction force FJ, is directed along the link CD, F3, is perpendicular to the link CD.

To determine the reaction force of the structural group consisting of the 3rd and 4th links, we
will use the graphoanalytical method. To do this, we first draw up an equation for the moments of
forces acting on the 3rd link relative to point D:

ZMD=F3T2'CD'#1+Gs'h3'lll_Fi3'h’3'lll_Mi3=0 (2)
From here:
, 1
Fi3 - h3+M;; T Gs - hs
FT — 1
32 CD

where y; - is the scale of the position plan.

To determine the values of F,, and F3, based on the selected force scales, we construct a force
polygon (Fig.2b). When constructing a force polygon, the direction of one of the unknown forces is
first noted, for example: F2, ends with the directions of the other unknowns - F,,. To construct a force
polygon, you can use the following vector equation:

FY+FLH+ Gy + Fs+Fu+Gy+F,+Fp=0 (3)

After constructing the force polygon, the values of the unknown forces are determined:

F3p = mn - pp, Fyy = mk - pp,

where up is the scale of the force plan.

From the condition of the slider equilibrium, the points of application of the reaction force
F,,. are determined. To do this, we compose the equations of the moments of forces acting on the
slider:
Gy hy—Fp-x=0,
_ Gy hy

"~ TFo
Reaction forces from the 3rd link to the 2nd link
Fy3 = =F33, F3p = F +F3;, Fzo =mp- pp.

The next stage of the force analysis will be the force analysis of the "monad" - the second link
with the roller (Fig.2c). Since the roller with the fixed link make up a kinematic pair, the reaction
force from the fixed link to the roller F,, will be normal to the elements of the kinematic pair, that is,
normal to the trajectory of point E. Then the point of application and the direction of F,, are known.
The reaction force F, 4, arising at point B from the leading link to the second link is decomposed into
two components:

Fyy = F34 + F3,.

To determine Ff;, we will compose an equation of moments of forces relative to point E.

Y Mg =—FL EB+Fyp-hy+ Gy hy + Fyz + hys —Miz-uilz 0 (4)

Hence,
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/ 1
Fiy 'h2+Gz ’ hz + Fy3 h23 — My —

Hy
~ _EB

The values of the reaction forces F,, and F}; are determined by constructing a force polygon
(Fig.2d). To do this, we use the following vector equation:

Fyo + G_z + Fp + Fo3 + F2T1 + an1 =0 (5)
After constructing the force polygon, we find:
Foo =fg up. Fo1=ef .

At the end of the kinetostatic analysis, the force analysis of the primary mechanism is
considered, i.e. the leading link AB with the support (Fig.2d). From the analysis of this system, the
balancing force Fy the reaction force F,, arising in the kinematic pair between the support and the
link AB are determined. Fy — the balancing force is conditionally applied to point B perpendicular to
link AB. The mass and moment of inertia of the input link AB are not taken into account. Then the
forces acting on the primary mechanism Fy;, F,; and F, intersect at one point. The values of Fy; and

Fy are determined by constructing a force triangle (Fig.2f).

T _—
F21_

Conclusion.

Based on the above, the following conclusions can be made:

1. A kinetostatic analysis of a five-link flat mechanism, which in addition to the lower ones
includes one higher kinematic pair, was carried out using the graphoanalytical method,

2. Adding one higher kinematic pair to a flat lever mechanism with two degrees of freedom
turns it into a mechanism with one degree of freedom;

3. Using the d'Alembert principle, the reaction forces arising in kinematic pairs were
determined,

4. A force analysis of the primary mechanism was considered and the balancing force was
determined.
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Abstract: Features and challenges of multi-tool turning operations are proposed: equipment for multi-tool
turning; the level of utilization of the technological potential of multi-tool machining in mechanical
engineering; achievable machining accuracy; statistics on machining parts with predominant dimensions;
statistics on multi-tool configurations; dimensional-accuracy theory of multi-tool machining. Therefore, the
objectives of developing a design theory for multi-tool machining, considering the capabilities of modern CNC
machines, are substantiated. The article provides information on the development of matrix models for
machining error in multi-tool setups with spatially arranged tools, taking into account the simultaneous effect
of all cutting forces from all tools in the setup and the elastic deformations of the technological system in all
coordinate directions. It is noted that these models were developed both for dimensional distortion models and
scatter field models. The developed full-factorial dimensional distortion model for a dual-carriage setup allows
consideration not only of planar-parallel movements of technological subsystems but also their angular
displacements around reference points. The theoretical solutions obtained were tested and refined directly in
the practice of machine-building plants across various industries. The results of this refinement included
various methodological and regulatory recommendations, as well as the development of a methodology for
determining the comprehensive compliance characteristics of the technological system — the coordinate
compliance matrix and the angular compliance matrix.

Keywords: multi-tool machining, matrix accuracy models, CNC metal-cutting machines, automatic and semi-
automatic lathes, operation concentration, achievable machining accuracy, multi-tool machining accuracy
theory, comprehensive compliance characteristics of the technological system.

Introduction.

Equipment for Multi-Tool Turning Operations. One of the most important factors in improving
the productivity of the technological process is the concentration of operations. The highest efficiency
of operation concentration is achieved through its implementation in multi-tool setups [1-5]. A wide
range of specialized equipment is currently being produced for organizing multi-tool setups. The most
prominent in this regard is the group of turning machines, as turning operations offer the richest
possibilities for organizing multi-tool setups.

The Utilization Level of the Technological Potential of Multi-Tool Machining in Machine
Building. To determine the actual level of utilization of the potential capabilities of multi-tool
automatic turning, N.D. Yusubov [2-4] conducted a special survey of 85 factories across 13 different
branches of machine building. This survey was carried out through the “Manufacturing Technology”
department of South Ural State University using documentation provided by the Central Bureau of
Labor Standards of the Russian Federation (CBLS). It should be noted that this statistical data pertains
to cam-controlled machines. Unfortunately, conducting a similar statistical survey for CNC machines
was not feasible. The survey and subsequent analysis were conducted in two directions [2-4, 7-8]:
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-the achievable level of operation concentration;

-the attainable machining accuracy.

Achievable machining accuracy. Statistics on machining accuracy on turret lathes (TL) for
major types of work at leading machine-building plants [6] show a wide variation in the achievable
accuracy on TLs. For example, when turning external grooves at the Volgograd Tractor Plant
(VGTZ), the accuracy achieved is no higher than grade 13, while at the Minsk Automobile Plant
(MAZ), the accuracy is grade 11.

The achievable accuracy level on turret lathes (TL) is limited to grade 11. However, the most
common accuracy for nearly all types of work is grade 13-12.

As follows from the consolidated statistics on machining accuracy for the main types of
automatic lathes across various branches of machine-building, turret lathes (TL) primarily operate
within the range of grades 14-12. Grade 9 accuracy accounts for 1% of setups, and only the
instrument-making industry provides 5% of setups for grade 9 accuracy. The chemical engineering
industry, on the other hand, does not achieve accuracy higher than grade 12.

Figure 1 shows a diagram of the consolidated statistics on the achievable machining accuracy
on turret lathes (TL).
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Fig. 1. Consolidated Statistics on Machining Accuracy on Turret Lathes

As can be seen from the diagram (Figure 1), turret lathes can typically achieve grade 10
accuracy, although the majority of the statistics fall within the 14-12 grade range. The analysis
indicates that the potential capabilities of turret lathes are utilized to no more than half of their
capacity.

Statistics on Machining Parts with Predominant Dimensions.

One of the tasks of the analysis was to determine the extent to which the capabilities of
machining parts with predominant dimensions (L >3d) are utilized. Figure 2 presents the data from
the statistical analysis of machining parts with different ratios of coordinate dimensions — lengths L
and diameters D [2-4, 7-8].

The constructed diagrams show that machining parts with predominant dimensions is quite
common, reaching up to 42% of cases (Figure 2) in turret lathe machining at leading machine-building
plants and across major industries.

36



Nizami YUSUBOYV, Heyran ABBASOVA
Practical applicability of matrix models for accuracy in multi-tool machining on automatic lathes

As can be seen from the diagrams, machining parts with predominant dimensions (L>3d) is
quite common. This is important for the formation of machining errors. In this case, even small
rotational (angular) deformations of the part, which always occur during the cutting process, can
cause noticeable distortions in the diametrical or linear dimensions.
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Fig. 2. Relative Frequency of Machining Parts on Turret Lathes with Different Length-to-Diameter
Ratios [2-4, 7-8]

Statistics on multi-tooling. Multi-tool setups implemented on automatic and semi-automatic
lathes can be divided into two types: single-carriage and dual-carriage setups [1-8].

In the first type of setup, several tools are positioned on a single carriage. In the second type of
setup, one or more tools are placed on each position of the cross and longitudinal carriages.

When designing multi-tool setups, it is necessary to consider the organizational and force
interactions between the tools in the setup. Modern cutting condition standards for turret lathe
operations [9] take into account 11 types of multi-tool setups. However, in practice, there are many
more types of multi-tool setups. As a result, most multi-tool setups are designed without regulatory
support, based on subjective decisions. For scientifically substantiated design of multi-tool setups, it
is necessary to include a comprehensive list of the types of multi-tool setups used in the cutting
standards.

For this purpose, a statistical analysis of the frequency of using multi-tool setups was conducted.
The analysis considered setups for single-spindle automatic lathes (of nearly all brands) across
various machine building enterprises within the Commonwealth of Independent States (CIS). The
analysis of the frequency of single-carriage multi-tool setups was performed on 978 single-carriage
setups. Multi-tool setups accounted for 26%. Following the approach of A.A. Koshin [1], it is
proposed to divide all single-carriage multi-tool setups into elementary and combined types.
Elementary setups have two tools on the carriage, while combined setups have more than two tools.
Among single-carriage multi-tool setups, the usage frequency of elementary setups is 98.4%, and
combined setups account for 1.6%. A total of 38 types of elementary setups can be identified. Among
combined single-carriage multi-tool setups, the following 19 types are frequently used. In the overall
statistical analysis of multi-tool setups, dual-carriage setups accounted for 44%. Here as well, it is
proposed to divide all dual-carriage setups into elementary and combined types. In elementary setups,
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one tool is placed on each carriage, while in combined setups, more than two tools are used. Among
dual-carriage setups, the usage frequency of elementary setups was 74%, and combined setups
accounted for 26%. Based on the analysis conducted, it is proposed to identify 49 types of elementary
dual-carriage setups.

Thus, the analysis showed that machining parts with predominant dimensions is quite common,
where the load from the cutting tool in the form of a moment of forces applied to the part becomes
significant. For example, grooving on the end face with longitudinal feed or facing the end face with
longitudinal feed. In such cases, the moment generated by the cutting force significantly affects the
magnitude of the part's radial displacement.

Moreover, setups frequently involve the simultaneous operation of an axial tool and another
cutting tool. The axial tool serves as an additional support, ultimately increasing the part's resistance
to displacement. Therefore, the calculation model should account not only for coordinate stiffness but
also for rotational stiffness.

Dimensional-accuracy theory of multi-tool machining: Turret lathes, semi-automatic lathes,
and especially modern CNC machines possess significant technological potential, both in terms of
transition concentration and machining accuracy. Machines with turret heads or tool magazines allow
the concentration of up to 20 transitions within a single turret-lathe operation. Multi-spindle machines
can increase the transition concentration level to 30. Modern CNC machines in multi-tool setups can
achieve machining accuracy up to the 8th grade [2-4].

However, the analysis of the utilization level of the extensive technological capabilities of
multi-tool turret lathes revealed that the actual usage level for transition concentration is 63%, with
machining accuracy remaining at the 14th—12th grades, and the number of tools in a multi-tool setup
not exceeding four [2-4].

An even more challenging situation is observed with modern CNC machines. Multi-tool
machining is only found in setups designed by the machine manufacturer during its delivery [2-4].

The extremely low utilization of the technological potential of modern CNC equipment is due
to the complete lack of normative guidelines for designing multi-tool setups and assigning cutting
conditions for such setups on this equipment. The 1989 normative reference book on cutting
conditions for multi-tool turret lathe machining [9], developed under the guidance of A.A. Koshin,
covers only traditional cam-operated lathes. The general engineering normative cutting conditions for
CNC machines published in 1990 [10], under the guidance of V.I. Guzeev, address only single-tool
setups.

There are no regulatory guidelines for multi-tool machining on CNC machines. Currently, the
design of multi-tool setups on CNC machines relies on the intuition of the setup operator, and
technologists often avoid such complex setups, failing to utilize the vast technological potential of
modern CNC machines.

Thus, the primary prerequisite for solving this issue is the development of a design theory for
multi-tool machining that takes into account the capabilities of modern CNC machines.

The foundations of the theory for designing and optimizing multi-tool machining, based on
accounting for the force interaction of tools in a multi-tool setup, were laid in the works of A.A.
Koshin [1]. However, he only considered two classes of the simplest planar multi-tool setups
implemented on cam-controlled automatic machines.

The design aspects of machining on CNC machines for contour trajectory machining are
explored in the works of V.I. Guzeev [11]. However, these works are dedicated solely to single-tool
machining.

The theory for designing multi-tool machining on modern multi-carriage and multi-spindle
CNC machines must be based on balancing the force interactions of tools in the setup. This includes
accounting for the possibility of tool movements along curved trajectories and the arbitrary spatial
arrangement of tools in the setup. Thus, the development of error models for machining in multi-tool
setups with spatial tool arrangements is crucial. These models must consider the simultaneous effects
of all components of cutting forces from all tools in the setup and the elastic deformations of the
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technological system in all coordinate directions. For this purpose, the apparatus of analytical
mechanics, which describes the elastic force interactions of a system of bodies in space and is based
on matrix theory, proves to be convenient. Consequently, there is a need to develop a matrix theory
of accuracy for multi-tool machining.

The development of a general theory of multi-tool machining is required, one that incorporates
the setup structure at the level of initial data. It is this theory that should form the basis of the
algorithmic support for technological design systems for modern CNC turning machines and their
onboard computers.

To this end, a matrix theory of accuracy for multi-tool machining on modern multi-carriage and
multi-spindle CNC turning machines has been developed, where for the first time a unified
algorithmic model of machining errors has been created for the entire set of spatial multi-tool setups,
taking into account the compliance of the technological system in all coordinate directions [2-4]. A
unified generalized model has been proposed for distortions of performed dimensions, covering the
entire range of multi-tool setups specified in the classification. A class of multi-tool setups is
identified for scatter fields—homogeneous setups that allow an analytical representation of the model.
For the first time, two different mechanisms for forming scatter fields within the class of
homogeneous spatial multi-tool setups have been identified: opposite and co-positioned setups [2]. A
full-factor model of dimensional distortion has been proposed for the first time, accounting for the
compliance of the technological system across all six degrees of freedom, thereby enabling
consideration of angular displacements in the technological system [2-4, 12-21]. For the first time, a
stochastic simulation model of scatter fields in multi-carriage multi-tool machining has been
proposed. This model reflects the probabilistic nature of error formation processes and encompasses
the entire range of multi-tool setups, including non-homogeneous ones [2-4, 22]. Additionally, a
comprehensive characteristic of the technological system's compliance has been introduced for the
first time-each subsystem is represented by a set of two matrices [2-4, 23-24]:

- A coordinate compliance matrix, characterizing the subsystem's compliance along coordinate
axes and their mutual influence;

- An angular compliance matrix, characterizing the resistance to rotations around coordinate
axes and their mutual influence.

The description of a multi-tool setup using a system of loading vectors made it possible to
define the structure of the setup at the level of the model's input data. This is fundamentally important
for modern CNC machines, where the diversity of structures is difficult to classify.

Conclusions.

1. The foundation of the theory of accuracy in multi-tool machining consists of mathematical
models of dimensional accuracy achieved by the tools in a multi-tool setup. Therefore, the current
state of mathematical models for dimensional error formation in multi-tool setups is of particular
interest.

2. Structural models of accuracy in multi-tool machining, reflecting the structure of the multi-
tool setup and accounting for all major influencing factors, can serve as the foundation for a
computational design theory of multi-tool machining.

3. Matrix models of accuracy in multi-tool machining on automatic lathes enable the prediction
of machining accuracy under specified conditions (setup structure, properties of the technological
system, machining conditions), thereby establishing a methodological basis for CAD systems in
multi-tool turning operations.

4. The practical application of matrix models of accuracy in multi-tool machining on automatic
lathes is reflected in the management and development of recommendations for cutting conditions,
taking into account the setup structure for a range of standard multi-tool setups.
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Abstract: The article analyzes the current situation and upcoming tasks of the Azerbaijan metallurgical
industry. The activities of enterprises producing metal products in the country are assessed. It is noted that for
the dynamic development of the metallurgical industry, a deep study of the mineral resource base existing in
the territory of the Republic of Azerbaijan is required and it should be put into operation. In the near future,
for the accelerated development of the metallurgical industry of the country, there is a mineral resource base,
energy reserves, material and technical base, engineering and scientific and pedagogical potential. The tasks
arising from the orders of the President of the country, stimulating the development of the metallurgical
industry are shown and promising directions in this area are presented. The need to use local resources for the
accelerated development of the metallurgical industry is noted. The industrial capacities of operating
companies and plants are assessed, new goals are presented for them. At the same time, the article notes the
acceleration of gold mining in the country and shows the ways of using their locations, liberated from the
occupation of the Karabakh region. In recent years, in contact with the development of the non-oil sector, the
order of the President of the country on the establishment of a steel production complex in Azerbaijan will
determine the concept of sustainable development of the metallurgical industry. The article also provides
information showing the dynamics of growth in the production of steel pipes, construction reinforcement and
other products of ferrous metallurgy. A diagram is presented in the aspect of the prospective development of
the ferrous metallurgy industry in Azerbaijan. The indicators of import and export in the Republic of
Azerbaijan for ferrous metallurgy in 2002-2022 are given. It is noted that the metallurgical industry of the
country will experience a new stage of development and in order to achieve new successes in this area, the
development and implementation of innovative technologies are of great importance.

Keywords: metallurgy, steel, ferroalloy, mineral resource deposits, new intentions.

Introduction.

The state and development prospects of the metallurgical industry of Azerbaijan are always in
the center of attention of specialists and the scientific and technical community of this industry. This,
of course, is due to the important role of the metallurgical industry in the country's economy.

For example, in article [1], the metallurgical industry is characterized as one of the most
profitable, dynamically developing sectors of the Azerbaijani economy.

The article analyzes the activities of the flagship enterprises of the metallurgical industry of
Azerbaijan - Baku Steel Company LLC (BSC), Dashkasan Dashkesan ore enrichment OJSC, and also
notes the great potential of industrial potential in Ganja and Sumgait. The capabilities of the Sumgait
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Technological and Chemical Industrial Parks for the production of metal products are assessed. It is
noted that at present, the main attention is paid to increasing the quantitative and qualitative indicators
of the production of metallurgical products.

The article assesses the mineral resource base of the country, including the reserves of the
territories liberated from occupation. It is noted that in the first half of 2023, Azerbaijan exported
more than 90 thousand tons of ferrous metals and products made of them, and imported more than
600 thousand tons. The cost of imported metal products is 700 million US dollars. more than dollars.
This indicator confirms that the development of high-quality steel and ferroalloy production by the
country’s metallurgical industry is a pressing scientific and technical task and can bring great
technical, economic and social benefits.

In the article “Metallurgy is a priority direction of the Azerbaijani industry” [2] attention was paid to
the issues of training metallurgical personnel in the country. It is shown that the metallurgical faculty
has been operating at AzTU since the 60s of the last century. The article characterizes with irrefutable
facts the fact that metallurgical production in Azerbaijan has an ancient history.

The authors associate the development of the metallurgical industry in Azerbaijan with the
efforts of the national leader H. Aliyev. Within the framework of the comprehensive program for the
development of the metallurgical industry of Azerbaijan, large production areas have been created in
Sumgait, Ganja, Dashkasan and Gadabay. Thanks to the initiative of H. Aliyev, the huge plant “Baku
Steel Company” began operating in 2001; this plant is the largest industrial enterprise in the
Transcaucasus.

It is shown that the President of the country Ilham Aliyev pays great attention to the
development of the metallurgical industry in the country. In recent years, the Sumgait Technopark,
Chemical-Technological Park, Industrial Parks and microdistricts have begun to operate in the
regions, turning the production of metal products into the leading direction of the non-oil sector. The
article notes that the country has all the necessary factors for the rapid development of the
metallurgical industry: mineral resource base, energy resources, material and technical base,
engineering and scientific-pedagogical personnel potential.

Current status and goals of the metallurgical industry of Azerbaijan.

The metallurgical complex, which is planned to be built in the Ganja region, envisages the
processing of 5 million tons of ore and the production of 1 million tons of high-quality steel based on
Dashkasan iron ore. It is expected that 2500 people will work at this enterprise, and this will be a
great contribution to the development of the regions.

At the same time, the Azerbaijan Technical University and the Metallurgical Faculty face
important tasks to ensure the sustainable development of the metallurgical industry.

In the article entitled [3] - Metallurgical industry of Azerbaijan: achievements, problems and
future development paths, it is noted that at present there are good opportunities for the development
of the metallurgical industry of Azerbaijan. The author emphasizes that the metallurgical industry of
Azerbaijan has a rich history, and in support of his opinion, he mentions the exceptional role of
Azerbaijani Chingiz Yildirim in the construction of the Magnitogorsk Iron and Steel Works in Russia.

The author notes that the development of the metallurgical industry in Azerbaijan in modern
times is closely connected with the company "BSC", Founded by the National Leader G. Aliyev. It
should be noted that at present this enterprise produces up to 800 thousand tons of metal products and
meets almost all the needs of the country's construction sector.

Currently, the author points to the decree of the president of the country on the establishment
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of the "Azerbaijan Steel Production Complex" as a factor that will give a great impetus to the
development of the metallurgical industry of the country [4]. According to this decree, the
development of metallurgy is associated with the launch of the Dashkesan Oil Refinery OJSC, the
start of operations of AzerGold CJSC, as well as the planning of the design and construction of a steel
production facility with a capacity of 1 million tons in Ganja.

Aluminum plants in Ganja and Sumgait, the Sumgait Technological Park, the Chemical-
Technological Park and other enterprises producing metal structures confirm that the country's
metallurgy has great potential and development prospects.

In his work [3] he identifies 10 areas that will ensure the future development of the metallurgical
industry:

- create production of non-metallic products and special alloys;

- create production of hard alloys and superhard materials to meet the republic's needs for
various tools;

- create production of lightweight and durable composite and ceramic materials using SPS and
injection molding technologies;

- reconstruct foundries and workshops in the republic using special casting methods to improve
productivity and quality;

- create technological processes that improve the quality of alunite ore to meet the needs of the
aluminum plants in Ganja and Sumgait;

- create a special independent organization engaged in the research and application of
nanotechnology and functional coatings;

- build a new plant for the production of abrasive materials and products made from them to
meet the needs of the republic;

- create a special scientific and technical center dealing with the problems of the metallurgical
industry;

- in connection with the rapid development of the gold mining industry, to accept students in
the specialty "Jewelry" at AzTU,;

- develop a technology for the synthesis of nanosized aluminides, borides and hard alloys using
the IPS method.

According to the author, the solution of the above-mentioned problems will allow achieving
real technical and economic efficiency and developing innovative metallurgical technologies and
materials science in our country.

Article [5] is devoted to the metallurgical industry of Azerbaijan and its development prospects.

The article states that the country has enough raw materials, equipment and engineering
potential for the development of the metallurgical industry. Iron ore in Dashkesan, non-ferrous metals
in Filizchay, Katekh, Kashdag, Mehmanly and Nakhchivan - deposits of aluminum, cobalt, copper,
zinc, lead, as well as bentonite clay deposits in Dashsalahly are striking proof of this.

Then, article [5] examines the historical past of metallurgical industrial enterprises of
Azerbaijan and assesses the potential opportunities of today. It is noted that Baku Steel Company
(BSC), which produced 100000 tons in 2001, 250000 tons in 2008, 400000 tons in 2010 and 800000
tons in 2020, is currently expanding its production capacity. It is planned to increase it to 1. million
tons. It is shown that at the time of the launch of BSC in 2001, it employed 400 people, and today
MMK employs up to 3000 people.

The article notes that President llham Aliyev pays great attention to the non-oil sector,
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especially the rapid development of the metallurgical industry as a priority. In one of his speeches,
the President stated: *... the creation of a powerful metallurgical industry is on our agenda, and
we will do it."

The article estimates the reserves of Dashkasan ore deposits at 350 million tons, and the
reconstruction of the Dashkasan Mining and Processing Plant and direct recovery of iron from ore
are assessed as priority tasks. By the way, the non-ferrous metals and ferroalloys plant, commissioned
in 2014, creates broad opportunities for the sustainable development of the country's metallurgy.

Sources [6,7,8] explain some information about the activities of AzerGold CJSC, established
according to Decree No. 1047 of the country's President [lham

Aliyev dated February 11. 2015.

It is shown that AzerGold JSC began gold mining in 2009 at the Gadabay deposit, in 2013 it
was mined at Gosh, in 2015 at Kadyr, in 2017 at the Ugur deposit. In 2016, gold mining began at the
Chovdar deposit. In 2017, the company produced 6390.8 kg of gold, worth $77340 million. In the
first half of 2018, gold production was 2081.7 kg, up 20% from the previous year. In 2019, production
was approximately $20 million.

These sources indicate that since 2009, AzerGold has been increasing gold production by
approximately 18-20% annually. Such growth rates confirm that the mineral resource base of the
country's non-ferrous metallurgy has quite a strong potential. [6] The largest metallurgical enterprises
of Azerbaijan are listed: Sumgait Aluminum Plant (SAP), DetAluminium LLC, Ganja Clay Plant,
Baku Steel Casting JSC, Baku Steel Company LLC, Azerboru JSC, Global Construction JSC, Atahan
Demir Industry JSC, Dashkasan Ore. Affinage OJSC, ElIMetal OJSC, Non-Ferrous Metals and
Ferroalloys Plant, etc.

The Internet resource [8] entitled “Metallurgy in Azerbaijan” (15.06.2010) notes that there are
broad opportunities for the development of the metallurgical industry in the country:

1. Availability of an abundant and diverse base of raw materials and metal waste.

2. Local energy resources — availability of oil and natural gas.

3. Availability of industrial and construction sites with high metal capacity.

4. Availability of experienced personnel and labor resources.

5. Possibility of creating new production areas based on the existing material and technical
base.

Thus, the issues of development of ferrous and non-ferrous metallurgy industry in Azerbaijan
are constantly discussed in the country's press, periodical scientific and technical sources and Internet
resources, which confirms the relevance and practical significance of the problem under study.

The information we received from Internet sources was briefly explained in articles [9-14].
Scientific article [15] ("Ferrous Metallurgy Industry in Azerbaijan: Development Stages and
Prospects" (i.e. "Azerbaijan Tax Journal of Professor Hajizade E.M.", No. 2, 2014) is a study that
requires special attention. Let us comment on its main points.

[15] confirms that the ferrous metallurgy industry occupies a leading position in the economy
of all countries. Azerbaijan's ferrous metallurgy is also important in this sense and has a certain
history, traditions and great potential.

In the context of the development of the non-oil sector in recent years, the article highly
appreciates the Decree of the President of the country on the establishment of the Azerbaijan Steel
Complex [16]. It is noted that the Dashkasan iron ore reserves with a reserve of 230 million tons are
the basis of the concept of sustainable development of the metallurgical industry.
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The article analyzes the historical aspects and production characteristics of the ferrous
metallurgy industry for the first time. It is shown that out of more than 110 known chemical elements,
up to 80 are metals. Iron is the 4th most common element on earth, iron ore reserves in the world are
estimated at more than 200 billion tons. About 90% of all metal-based materials are iron alloys (steel
and cast iron).

The article shows that in the 20th century, the ferrous metallurgy industry has undergone great
technical progress and currently has successful development prospects. Then, the main trends in the
development of the global ferrous metallurgy industry are examined. It was noted that according to
statistics, 2 billion people currently live in the world. tons of steel are produced, and 1 billion tons of
it. More than a ton comes from the People's Republic of China.

According to the author, a number of trends have formed in the development of the ferrous
metallurgy industry in the world:

1. Transfer of metallurgical production to coastal areas - this is aimed at increasing the
efficiency of transportation.

2. Transfer of steel production to developing countries - here cheap raw materials, human
resources and environmental factors are taken into account.

3. Application of new methods of steel production - electrometallurgy and direct reduction of
iron from ore - in order to increase the efficiency of production.

4. Creation of metallurgical enterprises of small production capacity (up to 1 million tons) -
enterprises that mainly use recycled ferrous metal waste have more flexible technologies.

5. Increased demand for ferrous metal products.

6. Growing demand for special quality steels and alloys.

The article further analyzes the organization of the ferrous metallurgy industry of Azerbaijan
and its modern development directions. The production activities and types of metal products of the
Dashkesan Oil Refinery, Binagadi Steel Plant, Central Electrofoundry, Baku Metallurgical Company,
Azertechnoline, non-ferrous metals and ferroalloys plants and other large metallurgical enterprises
are studied. [17]-a graph is provided reflecting the dynamics of production of steel pipes and
construction reinforcement in Azerbaijan in 2003-2022 (Figure 1).
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Figure 1. Production of steel pipes and construction fittings in 2003-2022 (thousand tons)

Table 1 below shows the production dynamics of other ferrous metallurgical products in
Azerbaijan during that period.
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Table 1. Production dynamics of other ferrous metallurgy products in Azerbaijan in 2012-2022.

Products Unitof | 555 2014 2016 2018 2020 | 2022
measure
Steel castings th‘;gf]";‘”d 256,4 | 2861 | 3065 | 3791 | 4442 | 5524

Ferrous metal wire and tons 4836 | 4998 | 5017 | 5988 | 5232 | 584

coils
Carbon ;tfgf'“cgd'm"ed tons 88917 | 10380,3 | 11875 | 11982 | 12839 | 218016
Various cold-worked fons 0,0 00 | 91533 | 107321 | 17824.8 | 190343
stainless steel profiles
Cast iron castings tons 9631,7 | 11166,2 | 21836,5 23692 31631,2 | 41972,6

Taking into account the above, the author proposed the perspective development scheme of the
ferrous metallurgy industry in Azerbaijan as follows (Figure 2).
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Figure 2. Prospective development scheme of ferrous metallurgy industry in Azerbaijan

3. The level of import and export of metal products of the country

It should be noted that the Baku Shipyard, which is currently working at full capacity, creates
an important basis for the development of the production of steel sheets. Thus, the plant consumes
about 25-30 thousand tons of steel sheets per year to fulfill shipbuilding orders, and this amount of
steel products is imported only from abroad.

In general, referring to the website of the State Statistics Committee of the Republic of
Azerbaijan, it can be shown that during the year, 200 names, the total value of which is 1 billion.
ferrous metal products are imported over USD. Table 2 provides statistical data on import and export
of ferrous metallurgy products in the Republic of Azerbaijan during 2012-2022 [18].

In conclusion, it can be noted that the ferrous metallurgy industry in our country is experiencing
a new stage of development. Ferrous metallurgy, being a real production sector of the country's
economy, has the opportunity to increase its potential many times in the near future.
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Table 2. Import and export indicators of ferrous metallurgy in the Republic of Azerbaijan in
2012-2022, tons.

Years Products Import Export
2012 Ferrous metals 580900 512
Ferrous metal products 497644 6152
2014 Ferrous metals 688 971 54 785
Ferrous metal products 415 838 55253
2016 Ferrous metals 652 544 264 232
Ferrous metal products 237 661 9894
2018 Ferrous metals 861 857 307 120
Ferrous metal products 560 544 203 920
2020 Ferrous metals 827 580 21 081
Ferrous metal products 564 650 62 583
2022 Ferrous metals 976 859 63 203
Ferrous metal products 519 220 62 561

4. Conclusions

1. A number of positive trends were observed in the development of the country's ferrous
metallurgy. In the context of the development of the non-oil sector, the important role of the Decree
of the President of the country on the establishment of the Azerbaijan Steel Production Complex was
noted. Based on the concept of sustainable development of the metallurgical industry, the importance
of launching the Dashkasan Mining and Processing Plant, which has rich mineral resources, was
substantiated.

2. The main directions of development of the metallurgical industry with low metal intensity in
the country were determined: production of non-metallic and special alloys, hard alloys and superhard
materials; made of light and durable composite and ceramic materials; widespread use of special
casting methods; application of deep ore enrichment processes; application of nanotechnology and
functional coatings; production of abrasive materials and products, synthesis of nanosized aluminides,
borides and hard alloys, etc.

3. It was determined that the country has ample opportunities for sustainable development of
the metallurgical industry. Various raw material base and metal waste, local energy resources, large
metal-intensive industries and construction sites, experienced personnel and labor resources, the
possibility of creating new industries based on the existing material and technical base were assessed.
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Abstract: Centrifugal flash gas compressors are mechanisms that convert the kinetic energy of gas into
pressure energy, playing a crucial role in compressing and transporting associated gases in the oil and gas
industry. These compressors operate on the principle of centrifugal force and are widely used in key industrial
sectors. They are considered essential equipment for compressing and transporting gases in fields such as the
oil and gas industry, chemical production, power generation, and cooling systems. Capable of handling high
flow rates and large volumes, centrifugal compressors use impellers to increase the gas velocity, while the
diffuser converts this velocity into pressure. As a result, gas compression occurs within the compressor,
ensuring the continuous operation of industrial processes. Although centrifugal compressors offer high
performance and durability, they can fail under certain conditions due to various reasons. Failures and
breakdowns can lead to serious production issues, significant financial losses, and even safety risks. Let’s now
examine the causes of these compressor failures.

Keywords: compressor, failures, wear, abrasion, corrosion, surge, dry gas seal, buffer gas.

Failures and Breakdowns in Centrifugal Compressors

Centrifugal flash compressors are used to increase the pressure of gases and liquids through
high-speed rotating rotors. Dynamic machines make use of rapidly rotating impellers to accelerate
the gas to high speed. By changing the direction and decelerating the gas much of its kinetic energy
is converted to pressure energy [2].

Centrifugal compressors use the same operating principle as centrifugal pumps. They can be
single stage or multiple stages. A casing can have multiple rotors, but the casing can be one stage in
a multi-stage process. The word “stage” usually refers to the stage in a process. The part of the
centrifugal compressor that moves the gas is the impeller. The gas enters through the eye of the
impeller and the rotating impeller accelerates the gas towards the outer rim. When the gas reaches the
tip of the impeller blades it is at its maximum velocity and possesses the maximum amount of energy.
As the gas leaves the impeller it is pushed into passageways called diffusers. The flow area in the
diffuser is larger than that in the impeller so the velocity of the gas begins to decrease. This causes
the gas pressure to increase. The diffuser converts the kinetic energy of the gas to increased pressure.

These compressors are highly efficient and have a wide range of applications, but certain
failures (malfunctions) can occur in their operation. The main types of failures include [1]:

Wear and Erosion — Wear is one of the most common causes of failure in centrifugal
compressors. High-speed rotating impellers and other mechanical parts are subjected to wear over
time. This leads to reduced equipment efficiency, increased energy consumption, and eventually the
need for extensive repairs. Erosion, on the other hand, results in material loss from parts that come
into contact with the gas passing through the compressor. During the compression process, gas
particles can erode the surfaces of the impeller and diffuser, which diminishes the compressor’s
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Figure 1. Friction Bearing Pads and Saft

Failure of Bearings and Sealing System — Bearings used in compressors can fail over time
due to high speed and loading conditions. Bearing malfunction leads to the disruption of the
equipment's rotational balance and the formation of vibrations. This can also cause improper
functioning of the impellers. A lack of lubrication, wear, or mechanical damage in the bearings can
result in the compressor stopping. When the bearings do not function properly, the rotor becomes
unstable, which can lead to serious malfunctions. [1]

Bearings: Describe different types of bearings (e.g., ball bearings, roller bearings) and their
functions.

Sealing Systems: Explain types of seals (e.g., mechanical seals, O-rings) and their purpose in
preventing contamination and fluid leakage.

Causes of Failure -Wear and Tear: Explain how prolonged use can lead to failure.

Contamination: Discuss how dirt, moisture, or foreign particles can damage the bearings and
seals.

Improper Lubrication: Explain the effects of insufficient or excess lubrication.

Misalignment: How misalignment of components can increase wear and lead to failure.

Thermal Issues: Discuss the impact of excessive heat on bearing and seal performance.

Seals are crucial for preventing gas leakage. When seals fail, gas leakage can occur, leading to
reduced efficiency, compromised safety, environmental pollution, and energy losses. Leaks in the

sealing elements, valves, or pipes in the compressor system can result in pressure loss and decreased
performance, which in turn also creates safety risks(Fig. 2).
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Figure 2. Dry Gas Mechanical Seals
Surge Instabilities and Resonance — If unstable flow conditions develop inside the

compressor, this can impose additional load on the impellers. During hydrodynamic resonance, a
mismatch occurs between the rotational speed and the flow velocity, which can lead to severe
vibrations and malfunction of the mechanism. These issues often arise from design flaws or incorrect
operating conditions.

Centrifugal compressors can enter a condition known as stall or surging under certain flow
conditions. During stall, the flow stops in a specific part of the compressor, causing vibration and
performance loss. Surging, on the other hand, is a malfunction characterized by periodic fluctuations
in pressure during compressor operation, and it can cause significant damage to the compressor [2,3]

Vibration and Imbalance — Imbalance and vibration in high-speed rotating impellers are
common issues. Vibrations can cause significant damage to the mechanical parts of the equipment,
which not only reduces operational continuity but also increases repair costs. Imbalance typically
arises from improper assembly of the impellers, material defects, or erosion. Disruption of rotor
balance leads to vibrations in the compressor, which can damage both the compressor and the piping
system. This situation occurs due to changes in the rotor’s center of gravity, wear, or fractures. If the
filtration systems are malfunctioning, dust or other contaminants can accumulate on the rotor blades.
This results in rotor imbalance and reduced performance. High vibration can occur due to rotor
imbalance, bearing issues, or resonance, which can damage mechanical components and cause the
equipment to be out of 0 peration (Fig. 3).

 » /T
Figure 3. Gearbox and Compressor Saft Transmission Couping

Thermal Fatigue and Disruption of Thermal Balance — When centrifugal compressors
operate at high temperatures, the thermal expansion of components may occur unevenly, leading to
material fractures, cracking, or deformation. If a fault occurs in the compressor's cooling system, the
temperature will rise, resulting in thermal fatigue. Thermal fatigue develops due to the repeated effect
of high temperatures on components, which reduces the strength of the metal. [4,5]

Lubrication System Failures — Any malfunction in the compressor's lubrication system can
have disastrous consequences for the bearings, rings, and other mechanical components. Without
proper lubrication, friction increases, leading to the rapid failure of components and causing the
equipment to stop( Fig. 4).
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Figure 4. Lubrication System Failures

Preventive Measures:

Regularly monitor vibration levels, temperature, and pressure.

Perform routine maintenance and inspections for bearings, mechanical seals, and rotors.

Ensure proper filtration to prevent contamination.

Implement control systems to protect against surge damage resulting from sudden gas flow
reduction.

Check and properly balance rotating components.

By implementing a strong maintenance strategy and utilizing condition monitoring systems,
most of these failures can be detected early, preventing significant damage.

In this regard, the power consumed is determined by the characteristic optimal mode of the
compressor unit, that is, the efficiency, temperature, nominal power and pressure distribution in
stages, in accordance with the manufacturer's instructions. In this case, the degree of compression of
the gas in the compressor cylinders in stages becomes normal, the consumed nominal power increases
to 1350 hp. and the efficiency increases by maintaining the number of crankshaft revolutions at the
level of 300 rpm. In practice, the operation of the GMC should be constant in such a mode, and in
this case, the efficiency can be increased to 95+100% in accordance with the technical instructions.
At the same time, it should be taken into account that if the operation of the GMC in such a mode is
constantly continued in gas lift and gas transportation systems, the wear limit in the friction areas of
nodes and parts will be normal, premature wear will be eliminated and the unit's repair time will be
extended. When the technical-technological-thermodynamic regime is violated in the operation of the
compressor unit, the economic and energy regime of the unit is seriously violated, see table 5.

It is more clear from table 5 that if the clearance in the friction areas of the main nodes and
details of the compressor unit exceeds the permissible clearance according to the manufacturer's
instructions, the technical and economic indicators of that unit decrease. Of course, in such an
operating mode, if the technical parameters of the lubrication system of the compressor unit do not
comply with the manufacturer's instructions, wear increases and the number of idle stops increases in
the event of an accident.

Therefore, engineers and technicians operating the compressor unit must constantly take into
account that as the permissible clearances in the friction areas of nodes and details increase, the most
important economic parameters of the units decrease significantly. This means that the reliability and
efficiency of the compressor unit decreases, productivity decreases, and the cost of compressed gas
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increases. It is known from mining practice that compressor units in GKS and SKS are often operated
with changing loads. As a result, it can be said that frequent changes in the pressures of low-pressure
side oil gas entering the compressor cylinders and high-pressure compressed gas at the outlet lead to
a corresponding change in the number of crankshaft revolutions. As a result, difficulties arise in
regulating the power and compressor cylinders, and ultimately, dynamic forces increase [6,7,8].
Therefore, as a result of the increase in dynamic forces in the compressor and power cylinders, the
thermodynamic process in the cylinders is disrupted, and, accordingly, the normal operation of
pistons, piston rings and valves is seriously changed. Therefore, as a result of the influence of dynamic
forces in the compressor and power cylinders, the clearances in their nodes and details increase, and
the probability of an accident increases. Therefore, the main technical and technological parameters
of the operated compressor units must be maintained in accordance with the manufacturer's
instructions, and a comparison of the distances that can be left in the wear areas of the nodes and
details in the manufacturer's technical instructions with the practically measured distances is shown
in Table 1 (several nodes and details are listed as examples):

Figure 4. General Diagram of a Centrifugal Compressor

Table 1
Names of Allowable Practical As a result of wea
diametrical diametrical . .
Ne | components and . Productivity
details clearance, mm measured Nominal power
(normal) clearance
11 | Distance between
'cyhnder and . -10% 1215%
piston of power 1,5 2+2.5
cylinders reduces reduces
22 | Distance between
cylinder and L mo . 10+12% 1,5+1,8
piston of 1st stage 1,0+12% 154138 reduces reduces
compressor
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Based on the conducted studies, it can be concluded that the selection of risers and their
effective operation in wells depends on three main factors:

1) Despite the theoretical calculation, in production, the energy in the well is determined by a
practical method, in addition to the correct and effective working agent (compressed high-pressure
associated petroleum gas), and in the best case, with the help of oil to be produced according to the
technological regulations;

2) The diameter of the risers should fully correspond to the maximum power of the protected
oil production;

3) The depth of the compressor risers in the well should be as great as possible, and for this it
is possible to install the f.i.e. of the risers.

It is known that the most widespread risers in the OGPD consist of two-row pipes:

1) Injection of compressed high-pressure gas;

2) Formation of the liquid with compressed gas. This also occurs with the main energy of the
gas rising upwards.

The main reason for this is that the compressed high-pressure gas injected into the riser moves
in the direction of the lowest pressure, that is, from the shoe to the wellhead.

During the movement of the gas-liquid mixture in the riser pipes to the wellhead, the pressure
of the mixture must be such that it both overcomes friction in the distance from the point of formation
of the mixture to the wellhead, and also overcomes any movement in front of it during its movement.
At the same time, it is necessary to obtain that there is no exact calculation of the riser pipes in the
central gas lift system.

During the operation of gas lift wells, small diameter pipes are selected to have a large annular
area. Through these pipes, the injection of compressed oil-pressured associated gas is ensured at the
gas lift compressor station. However, the diameter of the pipes cannot be reduced too much, as a very
large pressure loss may occur. In mining practice, this is achieved by selecting the diameter of the
riser pipes according to the operating column.

For this purpose, the dimensions of the riser pipes are taken depending on the diameter of the
operating column and the depth of discharge. If the operating diameter is 203.2mm (8"), then the pipe
for shallow penetration is 76.2mm (3 "), for deeper penetration, 63.5mm (2.5") or 50.8mm (2", 1.4mm
(6") diameter increases the effect of only 50.8 (27) pipes on gas lift wells. Now, for example, to ensure
the optimal productivity of a gas lift well and the pressure in the well bottom zone in accordance with
this productivity, the length of the riser pipes, the length of the riser pipes, the required daily supply
of compressed high-pressure gas (working agent).

It is known in mining practice that when the gas factor of the formation decreases, it becomes
very difficult to lift the fluid to be produced to the wellhead, and in this case, high-pressure associated
oil gas compressed in an additional gas lift compressor station is injected from the wellhead to the
bottom zone, and then, starting from the bottom zone, artificial oil production in the well passes into
the fountain form.

As a result, the operating conditions in the gas lift riser pipes become the same as those of the
fountain method, and this can be determined by the following formula [2,9]:

Oy + Ry, 2Ry
(1)

Here Q.. is the effective gas factor; Rov is the specific consumption of gas injected to the
bottom of the well; Ry is the specific consumption of the required gas.

The total efficiency of the compressor gas lift system is equal to the product of the total energy
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of this system and the energy distributed in individual areas of the system [2]:

Megs. =Mgm. Mok, Mg Tas. Mpgux. Mo, 2)

where 7, — efficiency of the compressor gas lift system; 7, — efficiency of the gas engine;

1, — efficiency of the piston compressors in the oil well; 7,, . —efficiency of the high-pressure

main gas line in the field; 7, , — efficiency of the battery distributing #,,, -pressure gas to the wells;

1,4 — cfficiency of the gas distribution lines to the wells; 7, — efficiency of the gas lift unit.

For this, we assume the following data: well depth H =1470m ; formation pressure B = 66atm
, productivity factor K = 6¢/day- < atm ; allowable depression pressure, AP=16atm; diameter of the
production casing D =7"(177.8mm); percentage of water with oil from the formation is 20%;
specific gravity of oil y, =0.9; relative specific gravity of water y, =1; natural gas factor

G, =50m’ /ton ; gas solubility coefficient corresponding to latm pressure, a=0.53m/t.atm; gas
working pressure F,, =37.5atm; P, at the wellhead.

Using the data, let's determine the optimal productivity of the gas lift well [4,10]:
0, =K-Ap=6-16=96m/day (3)
Knowing the optimal productivity of the well, we determine the pressure in the well bottom
zone.
P, =B —Ap=66-16=50atm 4)
Considering that the pressure in the well bottom zone is greater than the working pressure, then
the length of the riser pipes is calculated not according to the depth of the well, but only according to
the working pressure.
In this case, the length of the riser pipes is determined according to the working pressure as
follows.
_10(E, - £)
4
Here, first, let's determine the pressure in the shoe (£)). For this, it is known from mining

L=H ®)

practice that the pressure loss in the pipes, taking into account the assumption of A, =4atm, should
be subtracted.
Then, knowing the pressure loss, we determine the pressure in the shoe:
P=P, P (6)
Then we determine the average specific gravity of the liquid mixture between the wellbore zone
and the shoe of the riser pipes.

y=nem ()

It should be noted that in the formula - is the specific gravity of the liquid, and we determine it
as follows.

80, +20 . .
y=r Vb :80 0,9+20 1:0’92
100 100

However, knowing that it is 20% water, the yield is found based on the liquid.

The diameter of the riser pipes is calculated as follows for the optimal well productivity regime:
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d=0.235\ﬁ -JL )]
e \d-¢)y

In this case, taking into account that gas is dissolved in oil and that oil contains 20% water, we
determine the specific consumption of compressed high-pressure associated oil gas required to lift

P +P
R, =R, -G\ -4 2 q||1-" (10)
72 100

We determine the dynamic level that can be generated in the well, corresponding to the daily

one ton of oil.

gas consumption:
hy = h——lO(Pb £) =1285-
/4

The report once again shows that other required parameters can be calculated in advance for
each gas lift well in accordance with the technological regime predetermined by the geological and
well development departments of the OGPD.

It is known from mining practice that the amount of product extracted from a gas lift well
depends largely on the volume and pressure of compressed high-pressure associated petroleum gas
injected into the well. This dependence varies depending on the depth of the risers, the depth of the
pipes, the diameter of the pipes and the back pressure in the well discharge line.

Conclusions

Failures that occur during the operation of centrifugal compressors can lead to serious problems.
Various mechanical, thermal, and hydrodynamic causes result in faults and breakdowns in

10345-12) .

compressor performance. Regular maintenance, balancing, and the application of proper operating
conditions help prevent these issues.

Taking into account the above, in order to ensure the operation of compressor units in
accordance with the instructions of the manufacturer, to improve their economic indicators and
increase their reliability, it is proposed to carry out the following innovative technical and
technological works at the N. Narimanov Oil and Gas Production Department's GKS and SKS:

1. By improving the low-pressure associated oil gas collection system, maintain the gas pressure
directed to the GKS and SKS at a constant level of 4.2+4.5 atm;

2. Deeply clean the internal surface and gas cleaning parts (metal meshes and plates) of the
separator head units installed in the GKS and SKS once a year;

3. By fully restoring the operation of the separator head units, cleaning the low-pressure
associated oil gas entering the 1st stage compressor cylinders from mechanical impurities, especially
sand particles and large and medium-sized liquid hydrocarbon particles, it is possible to structurally
protect the surface of the inner mirror part of the cylinder from deep scratches and abrasions;

4. Taking an oil sample from each operating GMC every two months and solving the issue of
changing the oil in the crankcase by checking the mechanical mixture, water and at least its color
change in the laboratory (if it is darkened);

5. Eliminating serious technical malfunctions that may occur by ensuring the distribution of gas
pressures in the compressor cylinders in accordance with the manufacturer's instructions;

6. Maintaining the permissible clearances in the friction areas of the GMC, especially in the
engine section, by constantly monitoring the lubrication pressure and oil temperature in accordance
with the manufacturer's instructions;
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7. At the intake of the 1st stage compressor cylinders of the gas turbine, by maintaining the
pressure of the low-pressure associated oil gas at 4.2+4.5 atm, ensure the overall productivity of the
compressor unit in accordance with the manufacturer's instructions;

8. When the number of revolutions of the crankshaft in the gas turbine is less than the
manufacturer's instructions, i.e. 260270 revolutions/min., the clearance in the friction areas of the
nodes and details is 1.5+2 times greater than the permissible norm. To prevent this, maintaining the
number of revolutions of the crankshaft in accordance with the instructions (300 revolutions/min)
increases productivity and is very profitable.

9. By maintaining the technical-technological-thermodynamic parameters of the gas turbine in
operation in accordance with the instructions, it is possible to reduce the number of operating
compressor units. As a result, the cost of compressed gas can be reduced.
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Abstract: The article analyzes general aspects of the flat grinding process, analyzes the main features, provides
a technological solution to the issues of surface and surface layer formation, dimensional and shape accuracy.
The main input parameters affecting quality are machine parameters, processing methods, grinding wheel and
abrasive grain characteristics, cutting mode elements, etc. The degree of influence of factors, as well as strength
and hardness indicators obtained from the physical and mechanical properties of the part material, in general,
is analyzed and the pattern of quality formation is determined. Similarities and differences in operations
performed on the side and periphery of the grinding wheel during flat grinding, as well as functional
dependencies of productivity and quality indicators are determined. It is determined that to select optimal
processing modes for flat grinding operations, it is considered necessary to control process parameters, use
machines controlled by a modern digital program, and modernize other process equipment in terms of
increasing quality. In the article, the general aspects of the flat grinding process are analyzed, the main features
are analyzed, the technological solution of the issues of surface and surface layer quality formation, size and
shape accuracy is given.

Keywords: grinding, abrasive grain, hardness, roughness. dimensional accuracy, productivity

Introduction.

In all areas of modern machine engineering, there is a high demand for parts with precise
accuracy and quality. Achieving this quality requires the application of advanced technological
processes, which is of particular importance. In this regard, abrasive machining operations, as a
finishing process, ensure the required quality of machine parts. High-quality indicators not only
involve improving the design, metallurgical, and metrological parameters, but also depend on the
proper implementation of technological processes themselves. It should be noted that the demands of
time are constantly increasing, and manufacturers are required to adopt more advanced machining
methods, achieve high productivity, and ensure the profitability and competitiveness of enterprises,
as well as meet environmental, occupational safety, and other conditions.

For many machine engineering companies, the grinding operation is considered the final
finishing process. Through the application of this operation, high-precision machine parts with
circular, flat, and complex surfaces are processed, and both dimensional and shape accuracy, as well
as surface layer quality, can be brought to the required level.

Recently, more attention is being given to the grinding operation, and its technological
capabilities are continuously being improved. The main aspect of this process is the possibility of
automating and mechanizing these operations. In most manufacturing industries, especially in
precision machining, the quality application of functional connections on planar surfaces, in line with
the demands of time, is being increasingly utilized [1, 2]. However, there are still several
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shortcomings in the grinding process, which is used to obtain precision planar surfaces with high
accuracy, both in terms of micro-geometrical parameters and the high physical-mechanical properties
of the surface and its layers. These shortcomings include problems related to the delivery of coolant-
lubricant fluids to the contact zone, the uneven effect of abrasive particles on the surface, the
generation of high heat during cutting, the removal of chips from the cutting zone, the clogging of the
grinding wheel, etc. These undesirable factors remain unresolved aspects of the process. The listed
issues negatively affect both the enhancement of the micro-geometrical parameters of the surfaces
and the improvement of their physical-mechanical properties [3, 4, 5]. The complete elimination or
significant reduction of these problems requires substantial scientific and research efforts.

The flat grinding process can be performed along the wheel's side and peripheral surface, each
method having its own distinct advantages and disadvantages. Peripheral grinding is of higher quality
compared to side grinding but is somewhat less productive. Depending on the geometric dimensions
of the machine part, its configuration, the accuracy and quality requirements for the main working
surface, as well as the type of machine and its technological capabilities, the operation can be
performed either on the side or the peripheral surface.

Side grinding is applied for processing harder materials, while peripheral grinding is more
suitable for processing softer parts. In general, it can be stated that the highest precision and surface
quality are achieved in peripheral grinding [6, 7, 8]. The figure illustrates the impact scheme of the
grinding wheel on the workpiece surface during a peripheral grinding operation. As shown in the
diagram, abrasive particles have various physical interaction possibilities with the surface, and these
interactions continuously change throughout the machining process.

The technological capabilities of modern CNC grinding machines have been significantly
expanded, and the main kinematic parameters that define the fundamental motion scheme of flat
grinding are as follows: the primary motion (rotation of the grinding wheel around its axis), the main
feed motion (longitudinal movement of the grinding head), vertical feed motion or cutting depth
(motion perpendicular to the grinding wheel surface), and lateral feed motion (movement of the
grinding wheel parallel to the processed surface).

In addition to the machine specifications, the grinding wheels must also meet various
requirements, such as high hardness, heat resistance, wear (fragmentation) resistance, impact
resistance, multi-purpose use, and others [9, 10]. The abrasive materials used can be natural (quartz,
corundum, etc.) or synthetic (electro corundum, boron carbide, nitrides, silicon carbide, etc.), and
they are selected based on the machining method and the type of workpiece material.

As seen, the formation of the geometric parameters of the high-precision surfaces of the parts
has a complex structure and must be carried out throughout the entire technological process.
Compared to side grinding, peripheral grinding has a smaller contact area between the grinding wheel
and the workpiece, which helps prevent excessive heat generation. Although the lower heat may
complicate chip removal, it is considered a positive factor in terms of maintaining dimensional
accuracy and machine settings.

Formulation of the problem. One of the key issues in ensuring quality in grinding is related
to the process of grinding wheel conditioning. In this regard, modern, computer-controlled machines
play a prominent role. The abrasive particles on the cutting surface of the grinding wheel have
arbitrary shapes and placements, which, by creating different cutting angles, generate micro-cutting
effects. In this context, each abrasive particle penetrates the surface to different depths; larger particles
experience higher loads, while smaller particles are less loaded [11, 12]. As a result, microscopic
observations of the chips show that their size and shape vary. Some abrasive particles are unable to
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perform cutting; instead, they only cause plastic deformation of the surface, while very small particles
do not make contact at all. Figure 1 illustrates the chip formation scheme during peripheral flat
grinding [13, 14, 15]. As shown in the diagram, the thickness of the contact layer and the length of
the contact result in the formation of chips in a "comma" shape.

A-A

18z

Figure 1. Chip formation scheme in peripheral flat grinding.

In flat grinding, the length of the contact between the workpiece and the abrasive wheel,
denoted as |, , is determined by the following expression:

l, =/Da, 1)
Here, D is the external diameter of the grinding wheel (in mm), and a, is the thickness of the
cut layer (in mm).
If we simplify the "comma" shaped chip by approximating it as a pyramid with a triangular

base, where the height is equal to the contact length [k, then the volume of the chip can be considered
as the volume of the pyramid.

oy =Zal 20D @

Here, p is the radius of the abrasive particle's apex (in mm).

The volume of the chip obtained from this expression can be used to determine the volume of
material removed from the metal surface per minute, denoted as Q. This volume is related to the
number of active abrasive particles (N, ) passing through the grinding zone and participating in chip

removal during that time period. Thus, the material removal rate per minute is given by the ratio of
the chip volume to the number of active abrasive particles involved in the cutting process.
Q

N

m

The minute material removal rate (Q) can be expressed in terms of the specific minute material
removal rate (Q,, ), and the number of abrasive particles’ apexes in a unit surface area of the circle

wy' = 3)
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(N,) as follows:
r_ de H _ de
6-10* N, HV, 6-10* N Vy

Here, V, is the rotation speed of the wheel, in mm/min, and Hd is the width of the grinding

(4)

wheel, in mm.
Assuming awy =y’ (i.e., the angular velocity of the grinding wheel is constant), the final
expression for the cutting thickness a- (assuming it's small) would be as follows:

a, =33 /—Q“‘ S (5)
N,V, Dp
Here:

Q,q Is the specific minute material removal rate (in mm®/mm),

N, is the number of active cutting tips of the abrasive particles per 1 mm?®of the working

surface of the wheel (in count),

D is the diameter of the wheel (in mm),

p is the radius of the abrasive particle's apex (in micrometers).

The graph shows the distribution of nonlinearity and non-flatness parameters formed during the
processing of 33CrMoV12-9 steel using a CNC surface grinding machine model SGS-1632 AHD on
a PP-250x20x76 machine with a typical 25A25PJM17K5P grinding wheel.

In surface grinding, the processing accuracy is characterized by the indicators of non-linearity
(Wm) and non-parallelism (Wyg). The theoretical and experimental results showing the dependency of
non-linearity and non-parallelism (Wm, W4) on the cutting depth (t) are presented in Figure 2.

"/l/o/if;g::g
80 s

2

50

V

20

0 0,006 0,012 0,018 0,024 0,030 0,036 t, (mm)

Figur 2. Graph of dependence of nonlinearity-1 and nonflatness-2 (Wm, Wq) on the cutting
depth (t);

As with all mechanical machining processes, the cutting force in planar grinding depends on
the physical and mechanical properties of the workpiece, primarily its hardness, the cutting
parameters (such as cutting depth and feed rate), and other factors. As the cutting depth and feed rate
increase, the cutting force also increases. However, when the cutting speed increases, the cutting force
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decreases because the thickness of the material being cut by each individual abrasive particle
decreases. Additionally, the type of grinding wheel and its technological characteristics have a
significant impact on the cutting force.

The productivity of the operation Q (mm?3/min) characterizes the working capacity of the
grinding wheel. In the peripheral surface grinding process, the non-parallelism of the surface is
influenced by the cutting regime elements. The empirical model for this dependency is as follows:

W, =144,32t%% %508 ©)

For the SGS-1632 AHD model CNC flat surface grinding machine, using 33CrMoV12-9 steel
(Annealed HB Max.229) as per UNI EN ISO 4957:2002 standards (ISO 4957, developed by ISO/TC
17, Steel, Subcommittee SC 4), the following cutting conditions are applied during the machining of
the workpieces:

- cutting depth - t=(0.006+0.042) mm;

- longitudinal feed — V\=(6+18) m/min;

- lateral feed — Sw=(1.45+6.25) mm/d.w.

The empirical model for the formation of surface non-parallelism in the peripheral flat surface
grinding process, based on the cutting regime elements, has been derived from studies on grinding
with a PP250x20x76-form grinding wheel of type 25A25PSM17K5P and grinding a 33CrMoV12-9
steel plate and the research has shown that the primary factor affecting non-parallelism is the value
of the cutting depth.

W, =141, 417V, 504 @)

It should be noted that the choice of grinding wheel characteristics is of particular importance:

- although a soft wheel has high cutting properties, the intensity of eating is also high;

- a solid wheel is poorly eaten, but quickly becomes dull and loses the ability to cut;

- for a hard tool, it is more advisable to use diamond and elbor wheels than electrocorundum-
silicon carbide wheels.

Results and Conclusions. Based on numerous theoretical and experimental studies, it can be
concluded that the surface quality in the planar grinding process depends on many factors that are
functionally interconnected. There are various approaches to quality control, among which the most
important are the application of modern technological methods and the use of next-generation
technological equipment. To achieve a surface topography that is as close as possible to a plane after
flat grinding, the elastic displacements of the system in both the width and length directions of the
machining should be kept stable. Geometric shape errors typically manifest significantly in transverse
cuts, especially at the zones where the grinding wheel makes contact with and exits the workpiece.
The variation in the contact area at the entry and exit zones of the contact creates elastic
displacements, resulting in non-linearity and non-planarity in the surface profile.

REFERENCES
[1]. Aziz S. Sh. Characteristics of quality formation in processing of 32CrMoV12-10 steel by
homing, 2nd International Scientific-Practical Conference "Machine Building and Energy: New
Concepts and Technologies"”, December 4-5, 2023, AzTU -Baku, Azerbaijan
[2]. Eziz, S. Sh. Kinematic features of the lapping process and determination of its basic
parameters // — Moskow: Computational Nanotechnology, —2020. Ne3 (Vol.7), — p. 11-16

63



Sarvan AZIZ

Improving surface quality in flat grinding operations using modern technological methods

[3]. Eziz, S. Sh. Theoretical studies of the dynamic characteristics of the internal lapping
process // — Magnitogorsk: Vestnik of Nosov Magnitogorsk State Technical University, —2020. Ne2
(Vol.18), — p. 30-37.

[4]. Gostimirovié, M., Rodi¢, D., Kovag, P., Jesi¢, D., KulundZic N., Investigation of the cutting
forces in creep-feed surface grinding process, JPE (2015), Vol.18 (2),

[5]. Huseynov Hasan, The Elaboration of system of the digital programmed control of grinding
process accuracy. International Journal of Advances in Engineering & Technology, April., 2020.
OIJAET ISSN: 22311963Vol. 13, Issue 2, pp. 24-41

[6]. Mammadov A.S., Aziz S.Sh. Study of the shape error of surfaces obtained after the plane
polishing process, SDU - Abstracts of the 49th scientific and technical conference, Sumgayit, 2006,
3p.

[7]. Mamedov A.S., Aziz S.S., Ways to improve accuracy in the process of flat polishing, Baku:
AzTU, -2006, pp.13-15.

[8]. Umid Yusif, Khalilov A.H., Fundamentals of mechanical engineering technology, Baku-
1987, p.137

[9]. Yusubov N.D., Abbasova H.M. Full-factor matrix model of accuracy of dimensions
performed on multi-purpose CNC machines. Obrabotka metallov (tekhnologiya, oborudovanie,
instrumenty) = Metal Working and Material Science, 2021, vol. 23, no. 4, pp. 6-20. DOI:
10.17212/1994-6309-2021-23.4-6-20. (In Russian).

[10]. Yusubov N.D., Abbasova H.M. Model of machining process control on multi-tool single-
carriage adjustments / MACHINE SCIENCE. - 2023.- Ne 1 — P. 22-27

[11]. Yusubov N.D., Abbasova H.M. Models of Machining Accuracy in Multi-Tool Ad-
justments._International Journal of Automotive and Mechanical Engineering (IJAME). vol. 17, no. 3,
pp. 8067-8085, Oct. 2020. Malaysia.

[12]. Yusubov N.D., Abbasova H.M., Dadashov R.Y. Theoretical basis for the development of
an algorithmic unified complex of mathematical models of cutting forces// Machine Science. - 2023.-
Ne 1 —p. 55-60.

[13]. Yaschiritsyn P.1., Improving the quality of ground surfaces and cutting properties of
abrasive diamond tools / P.I. Yaschiritsyn, A.Q. Zaychev. —Minsk: Science and Technology, — 2012,
—p. 210.

[14]. Filiminov L.N., Flat grinding, v-6, L-1999, p. 110

[15]. Rasulov N.M, Nadirov U.M, Alakbarov M.Z. Improving the efficiency of grinding teeth
by copying with the control of dynamic technological connections. | SOCAR Proceedings. Special
Issue 1 (2022) 029-035. DOI: 10.5510/0GP2022S1100697.

Received: 06.09.2024
Accepted: 22.11.2024

64



It ISSN: 2227-6912
70]/8 MACHINE SCIENCE E-1SSN: 2790-0479

2024, M2 Pages 65-76

MODELLING OF AUTOMATIC CONTROL SYSTEM ON AN
ELECTRONIC MODEL

Alexey GRIGORIEV?!? Beyali AHMEDOV?*", Viktor ARTEMYEYV 3¢,
Huseyin KAYA*d

'Federal State Budgetary Educational Institution of Higher Education «Chuvash State Agrarian
University», Chuvashia, Russia
2Azerbaijan Technical University, Baku, Azerbaijan
3Plekhanov Russian University of Economics, Moscow, Russia
“Bartin University, Bartin, Tiirkiye

E-mail: “grinjaalll@rambler.ru, **ahmedov.beyali@aztu.edu.az, ‘artemev.vs@rea.ru,
Yhkaya@bartin.edu.tr

https://doi.org/10.61413/RSGZ7710

Abstract: This paper presents a detailed analysis of the dynamics of an automatic temperature control system
using an electronic model based on a cascade representation of control objects in the form of aperiodic links.
The system under consideration includes several stages of signal conversion an actuator, whose inertial link
determines the rate of temperature change; and a thermocouple, which has its own inertia, affecting the
accuracy and delay of the feedback signal. To stabilise the temperature, a proportional controller is provided,
which ensures the adjustment of the control action depending on the deviation of the actual temperature from
the set temperature. The authors of the paper consistently derive a high-order differential equation describing
the dynamic behaviour of the entire system. It is based on the physical parameters of time constants and gain
coefficients responsible for the inertia of the links and the relationships between them. By substituting
specific numerical values for time constants T,, T,, T, and coefficients k;, k,, Kk;, k,, as well as for the
given initial conditions initial temperature deviation and its derivatives, the final equation of motion is
formed, which allows to evaluate the nature of the transient process. The nature of transient processes arising
at sudden change of system parameters or at initial deviation of temperature from the desired level is
determined. The analysis of the obtained equation and its solutions makes it possible to predict the
monotonicity and oscillation of the transient process, to estimate the maximum temperature deviations and
the time of reaching the steady-state mode.

Keywords: control algorithms, simulation system dynamics, digital modeling, feedback management,
optimization

Introduction.

Modern industrial processes place high demands on the accuracy, stability and cost-
effectiveness of automatic control systems. Temperature control of industrial furnaces is one of the
key aspects of product quality assurance, requiring the use of advanced approaches to the design
and tuning of control loops [1-2]. The increasing complexity of technological processes, the use of
new materials and energy saving methods make it necessary not only to classically analyse the
dynamics of such objects, but also to use more complex models including inertia, time delays and
non-linear effects. With the increasing automation of production lines and the introduction of Smart
Factory principles, it is becoming increasingly important to develop mathematical and electronic
models that allow to study the behaviour of control systems without direct intervention in the
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production cycle. This approach reduces the risks associated with the piloting of equipment, reduces
time costs and speeds up the process of improving existing solutions [4]. The study of the dynamics
of control objects is the representation of them as a cascade of standard links, each of which is
characterised by certain parameters, time constants, gain and inertia coefficients, as well as possible
delays. Decomposition significantly simplifies the modelling process, facilitating the choice of the
controller structure and tuning of its parameters. The use of aperiodic links allows to take into
account the key features of the object, the inertial response to changes in fuel supply, the furnace’s
own thermal inertia response to changes in the heating mode, as well as the inertia of the measuring
sensor - thermocouple, which determines the accuracy and speed of providing information about the
current temperature [5].

The aim of this paper is to carry out a detailed mathematical modelling of the automatic
temperature control system of a furnace with a proportional controller, using a cascade
representation of the object and analyzing transients under different initial conditions. In the process
of research, it is proposed to obtain the final high order differential equation reflecting the dynamics
of the system, and then, on the basis of its numerical parameters and solutions, to evaluate the nature
of the transient process - to determine its monotonicity or the presence of oscillatory modes, to
estimate the maximum temperature deviations, as well as the time of the system'’s exit to steady
state.

An important stage in the consideration of such objects is the choice of an adequate
mathematical model that allows to adequately reflect real physical processes, using aperiodic links
with different time constants and transfer coefficients, each of which corresponds to a certain
physical stage of energy conversion in the system. The first link reflects the dynamics of the actuator
that regulates the fuel supply, the second - the reaction of the furnace to changes in the incoming
energy, and the third - the inertia and time delay of the measuring device that provides temperature
feedback [6-9]. The proportional controller is considered, which, despite its simplicity, is often used
in practice due to its ease of adjustment and sufficient level of reliability. By adjusting the controller
gain, it is possible to change the nature of transient processes, achieving a faster output of the system
to a given temperature level while minimizing deviations and oscillations. The analysis uses
fundamental methods of automatic control theory to transform the initial equations into canonical
forms and to identify the key parameters that determine the dynamics of the system [10]. Numerical
experiments and modelling allows you to quickly assess the impact of varying parameters on
transients and theoretical foundations of automatic control with the practice of design and
adjustment of systems.

Formulation of the problem.

Modern systems of automatic control of technological objects require adequate mathematical
models that allow not only to describe the dynamic behaviour in a wide range of modes, but also to
assess stability, quality of transients and sensitivity to parameter changes. In the context of furnace
temperature control, it is necessary to have a model that takes into account the inertia of all key
stages of energy conversion: from the actuator supplying fuel to the thermal capacity and dynamic
properties of the furnace, as well as the inertia and lag of the thermocouple providing measurement
of the controlled variable.

The main task of this work is to form a mathematical model of the automatic furnace
temperature control system based on the cascade representation of the object in the form of several
aperiodic links [11]. The model should take into account the influence of the proportional regulator,
correcting the controlled variable based on the deviation of the current temperature from the set
point. The goal is to obtain a final differential equation describing the dynamics of the entire system
based on the given parameters of time constants and gains of the links, as well as the coefficient of
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the proportional controller. It is proposed to divide the general control object into several aperiodic
links, each of which characterises a separate stage of signal conversion. The first link describes the
action of the actuator supplying fuel, the second - the actual thermal response of the furnace, the
third - the inertia of the thermocouple measuring subsystem. The proportional controller will close
the feedback loop. Express each of the aperiodic links in the form of first order differential equations
with certain time constants and coefficients. Based on these equations, form a generalised
mathematical model of the control object. By means of transformations, including sequential
connection of links, obtain a higher-order equation reflecting the total dynamics of the system. This
equation should include parameters defined by time constants T,, T,, T, and gain coefficients k,,

k,, ks, k, . Set the initial conditions corresponding to the initial control error, the initial temperature

deviation from the set temperature, and also establish that the initial time derivatives are equal to
zero. Investigate the influence of the system parameters on the quality of the transient process.
Determine under what conditions the fastest and most accurate steady-state output is achieved,
overshoot and oscillations are minimized [12]. On this basis, to offer recommendations on the
selection of proportional controller parameters.

The formulated problem is reduced to the mathematical description, analysis and evaluation
of the dynamic characteristics of the automatic temperature control system on the basis of a cascade
model with aperiodic links, with subsequent determination of the nature of the transient process for
specific given parameters and initial conditions.

At the same time, the formulation of the problem is not reduced solely to the mathematical
description. It is necessary to take into account the engineering aspect as well: the production of the
obtained models on electronic models (for example, on a specialised hardware-software complex or
in environmental conditions) should be convenient enough to allow the engineering practitioner to
promptly conduct experiments ‘what will happen if...”. Which allows the consequences of changes
in regulator or structural system parameters that were not originally set, to be tested, and safety and
cost-effectiveness are enhanced in a virtual test bed environment [14].

An important practical criterion when considering the problem is the definition of target
parameters of regulation quality. In industrial practice, one strives to minimise the transient time
and reduce overshoot, the difference between the temperature reached during the run and the target
temperature. In most cases, not only the accuracy of steady-state results, but also the speed of the
system response to the perturbation may be important. Production is used in processes that require
frequent reconfigurations or abrupt changes in production programmes, then the priority may shift
towards the faster process, even if the overshoot is constantly expanding. Equations derived from
aperiodic links work well when the system is close to linear conditions. The external climate object
may be non-linear and the parameters may be a defence against temperature, fuel consumption and
other factors. This task may also include assessing sensitivity to parameter variations, robustness in
showing coefficients and analysing time delays, and validating results when moving into regions
where the linear approximation becomes less accurate.

The formulation of the problem should also take into account the possibilities of
computational technology. For numerical integration of high-order differential describing the
system, it is possible to call sufficiently powerful computing resources or apply special methods of
numerical solution, reducing computational costs and increasing the accuracy of calculations. Clear
definition of the structural scheme of the control system including a series connected aperiodic links
to describe the actuator, object and measuring sensor. Formation of a high-order differential
equation linking the output quantity with the input control action and parameters of the proportional
regulator. Selection of adequate initial conditions reflecting the real production situation, for
example, the moment of switching on the system with some initial deviations from the set
temperature and zero initial derivatives. Determination of transient quality, including regulation
time, overshoot, possibly - integral quality indices. Consideration of physical regulation, parameter
variations, non-linear effects and determination of sensitivity to these factors. Preparing the model
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for numerical experiment and checking its correctness, verifying the results using analytical
estimates and capabilities, comparing with experimental data or more detailed simulation models.

In the context of the problem statement, other aspects that influence the accuracy and practical
applicability of the developed model must also be considered. One of the key difficulties is that a
real industrial furnace may be operated under conditions that differ significantly from the idealised
assumptions of the model. Uncontrolled external perturbations such as ambient temperature
fluctuations, changes in fuel quality or instability in the power grid can affect the dynamics of the
system. The problem formulation should provide for the possibility of supplementing the model
with perturbing factors and assessing the stability of the solution to such external influences.

The coefficients and time constants of the links used in the model are not absolutely constant
in reality. They may change over time due to aging of equipment, gradual contamination of working
surfaces, wear of structural elements and other factors. In this regard, the problem may raise the
question of the need for robust analysis or consideration of parametric uncertainty. This makes it
possible to estimate how much the results obtained at nominal values of parameters will be stable
to their variations, and will allow to identify the most critical parameters affecting the quality of
regulation. In addition to the standard transient quality indicators, there are set-up times, overshoot,
integral deviation indicators, and the fuel or power consumption required to maintain the desired
temperature. The problem is extended to multi-objective optimisation, where trade-offs have to be
made between speed and accuracy of control and the inclusion of non-linear effects in the model.
At very high or very low temperatures, the material properties of the furnace or fuel can change
non-linearly. In such cases, aperiodic linear links provide only an approximation of the real system.
If the objective of the study is to obtain more accurate results, it is possible to involve nonlinear
equations of state, which will considerably complicate the analysis, but will increase the adequacy
of the model. In this case, the problem statement can be supplemented by mentioning linearisation
methods applied to certain operating modes or by using numerical methods capable of detecting
nonlinear effects and nonlinear steady or unsteady modes [16-18]. After theoretical derivation of
the equations and numerical experiments, it will be necessary to compare the modelling results with
data obtained from test tests of a real furnace or with already available industrial measurements.
This approach will make it possible to determine to what extent the model reflects reality and, if
necessary, to adjust its parameters or structure. The problem formulation is not limited to purely
mathematical aspects, including experiments, verification and validation, as well as further
refinement and improvement of models.

To represent an industrial furnace and its automatic temperature control system as a cascade
chain of aperiodic links with a proportional regulator. On the basis of physical laws of heat transfer,
properties of the actuator, furnace, thermocouple measuring sensor and regulator, make a
differential equation describing the dynamics of the system. Determine initial conditions and select
quality criteria for the transient process.

Analyse the influence of link parameters and controller coefficient on the nature of the
transient process, including stability, monotonicity or oscillation of the solution, the magnitude of
overshoot and the time of transition to steady state. Consider the possibility of external disturbances,
parametric uncertainty and nonlinear effects, and evaluate the robustness of the results to variations
in conditions and parameters. Provide for comparison of modelling results with experimental data
to confirm the adequacy of the model, and, if necessary, correct the parameters or structure of the
model. Such a detailed approach to the problem statement provides a comprehensive understanding
of the problem, sets the direction for subsequent stages of research and creation of optimisation
tools, as well as serves as a basis for practical application of the developed model in industrial
conditions.

Solution of the problem.

Let us consider an example of modelling the system of automatic temperature control in the
furnace working space, the structural diagram of which is shown in Fig. 1. The differential equation
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for the error variation x =X — X, where X is the true temperature in the furnace in deg, and X, is
the set temperature also in deg, is as follows

K7 K7 K7 X@ Xp
[1r+71 [r+71 [1r+7 B
K

Figure 1. Multi-stage adaptive control system with negative feedback to stabilize the output
signal in conditions of dynamically changing parameters

d3x d?x
TT,T, ﬁ + (TlT2 +T,T,+ T2T3) F

The aperiodic unit with coefficient k; corresponds to the actuator feeding fuel to the furnace,
the aperiodic unit with coefficient k, corresponds to the temperature of the furnace itself and finally
the aperiodic unit with coefficient k, corresponds to the inertia of the thermocouple measuring the
furnace temperature. The unit with coefficient k, corresponds to the proportional furnace

temperature controller.
Let the parameters of the systems take the following values:

T, =3min =180sec, T, =10min = 600sec, T, =1min = 60sec,

K - 10( ) K, _z(deg min

).k, =0,1k, _2(—)

It is necessary to determine the character of the transient process at the initial value of the
error
x(0) =50deg 2
and zero initial values
X'(0)=x"(0)=0 ©)

Let us calculate the values of the coefficients in equation (1):
a, =T,T,T, =3-10-1=30min® = 648-10° sec®
a, =TT, +TT,+T,T, =3+10+1=14min =840sec
a,=T,+T,+T,=3+10+1=14min =840sec
a, =kKk,k;k, =10-2-0.1.2=4

Equation (1) takes the form

648.10° & 8% 11548 102ﬂ+840 dx L +ax=0
dt? dt? (4)
x(0) =50deg (%)
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To ensure high-precision signal processing in automated control systems, a combined
structure of resistance and capacitance circuits is often employed. This type of design enables
flexible management of filtering characteristics and suppression of unwanted signals. The diagram
below illustrates a functional scheme of this kind, comprising resistors R1R2...R9 and capacitors
C1,C2 C3. Additionally, the scheme incorporates registers and operational elements, facilitating
interaction with external recorders Fig. 2.

{7 v, (3

R1
—{ >}

registrar

Vv

>3

A

Figure 2. Multilevel parametric signal filtering scheme with nonlinear comparison nodes for
dynamic adaptation to input impedance changes

At the initial moment of time, in order to increase the accuracy of the solution, it is necessary
to use the whole range of output voltages of the solver amplifiers, equal to £100 V.
Therefore, we take & as the machine variable &

& =kxor x=%§ (6)

where k=2 in grads and, hence, the initial value for & will be equal to
£(0) =2.50=100&

One of the advantages of modelling on electronic models is that we can simulate slow
processes on an accelerated time scale, which gives a huge gain in the time needed to investigate
the processes.

As can be seen from the problem condition, the real transient process lasts tens of minutes.
Taking the time scale of 1:100, we can define the transient process on the model 100 times faster
than the real process. So, let's introduce the machine time t by the formula

r=itort:1007 )
100

Thus, in the new variables & and 1 the original equation (4) will take the form

648-10° 1548-10° 840 4
n + 14 + ! + _ — O
1003-2§ 100°-2 - 100-2§ 2(f

or
0.6485" +15.485" +84&" +4& =0 (8)
Equation (8) after elementary calculations can be written in the form

—E" = 248" +130&" +6.28 9)
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This equation corresponds to the scheme of the electronic model shown in Fig. 3

In this scheme it is assumed
RC, =1cet,R,C, =1cet, R,C, =1cer
&=6.2,&=14.3,&=1,&=130
R R, R, R,
The initial voltage on the capacitance C, is &£(0)=100v , the initial voltages on the
capacitances C, and C, are zero, which corresponds to zero initial conditions on the first and second
derivatives &£'(0) = £"(0) = 0. Changes in voltage &£(t) are usually recorded on some recorder, such

as a loop oscilloscope. The resulting oscillogram gives us full information about the nature of the
variation in the deviations of the true oven temperature from the set point. In order to pass from the
machine variables & and 7 to the original variables x [deg] and t [sec], it is necessary to remember

that
X= %f[deg] ;t =100z [sec]

In automated signal control systems, the proper configuration of filtering elements plays a
crucial role in ensuring data processing with minimal losses. The presented diagram illustrates an
advanced structure comprising resistors R1, R2,...,R10, capacitors C1,C2,C3 and signal output
points. This design enables efficient signal separation, optimization of processing, and seamless
integration with external recorders. The structural diagram of such a model is shown in Fig. 3.
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Figure 3. Three-channel logic control circuit based on elements using registers

It is also possible to draw up a scheme of the electronic model without going to the differential
equation (1), but starting directly from the structural diagram of the automatic control system shown
in Fig. 1, using the solver amplifiers of the model in the aperiodic link mode.

Amplifiers y-1, y-2, y-3 correspond to aperiodic links with time constants T,, T, , T,. In order
to obtain an accelerated modelling process, the time constants of amplifiers y-1,y-2, y-3 can be
chosen 100 times smaller than the time constants T, T,, T, respectively.

71



Alexey GRIGORIEV, Beyali AHMEDOV, Viktor ARTEMYEV, Huseyin KAYA
Modelling of automatic control system on an electronic model

CR = iT1 _ 180 =1.8sec
100 100

C,R, = iT2 _ 500 _ 6sec
100 100

C,R, = iT3 _ 00 0.6sec
100 100

Amplifiers y - 4 and y -5 correspond to negative feedback with coefficient - k, .
Using the initial data for the coefficients k,, k,, k,, k, in the control system, the resistances
in the electronic model are defined as follows:

&zklzlo,&zkz :2,&:k3 :0.1,&:k4 =2
R, R, R, R,
The U-5 amplifier plays the role of an inverter. Therefore, it is necessary to put
Ry _;
R9

In order to use the whole scale range of the model +100 V, we take the initial voltage on the
capacitance C,as follows
£(0) =100¢
The voltages on the capacitances C_1 and C_2 must first be zero, which corresponds to the
zero initial conditions x’(0) = x"(0)=0.

Thereby we have introduced a temperature scale equal to k = Z{L} , 1.e.

deg
1
X==
25

As in the previous model scheme, in order to pass from the machine variables & and time t to
the original variables x deg and t [sec], we need to recall that

X = %é’[deg],t =100z [sec]

For the analysis of dynamic systems in automation and simulation, understanding the
behaviour of machine variables plays a key role. One such variable £ =e " sin(2zr) describes the
process of damped oscillations. This function combines two physical processes: exponential
damping e* and harmonic oscillations sin(2zz) . To clearly interpret the behaviour of the variable
£, , we plot its dependence on machine time 7 . At the initial moments of time 7 — 0 the value of
£ is maximally close to the amplitude of sin(2z7), because of the exponential multipliere™ — 0.

As 7 increases, the amplitude of oscillations gradually decreases due to exponential damping This
allows to model real physical processes, such as oscillations of a system with friction or resistance
The graph illustrates how the value of &£ changes asz increases Fig. 4
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Machine Variable & vs. T (Damped Oscillation)
0.8r —— Machine Variable £

0.6
0.4}

0.21

0.0f

—0.4f

0 2 4 6 8 10
Machine Time 1 (s)

Figure 4. Graph & plot of amplitude attenuation

At the average time duration 0< 7 <5, the influence of damping becomes noticeable. The
exponential multiplier begins to dominate, significantly reducing the amplitude. In this phase, the
system rapidly loses energy but retains the oscillation frequency. The obtained characteristic is
especially important in the design of automatic control systems. At large time intervals 7 <5the
oscillations practically stop. The variable & tends to zero, which corresponds to the resting state of
the system. This is a key indicator of damping efficiency, important for stabilising the system in the
final state. The graph of the variable & = e sin(277) demonstrates all stages of damped oscillations:
from the initial phase of active oscillations to the complete cessation of oscillations Fig. 5.

Physical Variable x vs. t (Complex Transformation)

AR AR

0.0 —— Physical Variable x

10.0

]

50Ff

7R g

X (deg)

-2.5}

ERIII

0 200 400 600 800 1000
Time t (s)

Figure 5. Graph x complex transformation

The plot of the variable x =0,5¢ +10sin(0,1t) is a complex transformation that combines the
damped oscillations of the machine variable & =e—zsin(2z7) with an additional low-frequency
sinusoid 10sin(0,1t). This combination models the behaviour of a system in which the effects of

damping and low-frequency modulation are simultaneously present. At the initial stage t -0 , the
influence of damped oscillations dominates. The 0,5&component dominates due to the high
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amplitude of damped oscillations. As time t>0 progresses, the amplitude of £decreases due to
exponential damping, and the low-frequency component 10sin(0,1t) comes to the forefront.

At the intermediate stage t = 20 , the variable x acquires a complex character. Here we can
see how both components - damped oscillation & and sinusoid - interact to form a superposition.
Behaviour of systems with modulated signal, where the amplitude of one process changes under the
influence of the other. At large time intervals t >50 the damped oscillations & practically disappear
and the graph x tends to a pure low-frequency sinusoid 10sin(0.1t). Which demonstrates the
transition of the system to the dominance of one of the effects.

The plot of variable ¢ =In(1+t)cos(t) shows a complex behaviour combining logarithmic

amplitude growth and cosine oscillations, to model a system in which there is an accumulation of
effect logarithmic component and periodic changes cosine component.
At the initial stage t —>0 , the logarithmic component of In(1+t) is almost constant and

close to zero. Here the amplitude of the variable ¢ is determined only by the oscillatory component
cos(t) Fig. 6.
Machine Variable { vs. T (Log-Cos Oscillation)

—— Machine Variable { ﬂ

||

0 2 a 6 8 10
Machine Time T (s)
Figure 6. Graph { logarithmic-cosine behaviour

As the time t > 0 increases, the logarithmic component begins to increase, which leads to an
increase in the amplitude of oscillations. At this stage, the system demonstrates complex dynamics
due to the interaction between the increasing logarithmic effect and the persisting oscillations.

At large time intervals t >10 , the logarithmic component of the In(1+t) becomes dominant.

Despite this, the cosine oscillations persist, but their relative amplitude decreases and they are
perceived as modulation of the logarithmic rise

Results and conclusions.

Modelling of the automatic temperature control system on the electronic model confirmed its
high efficiency and reliability. The developed system demonstrates fast and stable achievement of
the set temperature regime with minimal fluctuations, which is achieved due to a properly adjusted
proportional controller and taking into account the inertial characteristics of the actuator and
thermocouple. Transient analyses revealed optimal system parameters that provide a balance
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between response speed and stability, which is especially important for industrial applications
requiring precise and fast temperature control.

The obtained results indicate the feasibility of using the cascade representation of control
objects and the electronic model to analyse and develop automatic control systems. Further research
can be aimed at optimising the regulator coefficients in order to improve the accuracy of regulation,
reduce power consumption and improve the stability of the system to external disturbances. A
possible direction is the introduction of more complex regulator schemes, such as integral or
differential regulators, to achieve even higher dynamics and stability of the system.

[1].

[2].

13].

[4].

[5].

[6].

[7]1.

8.
[9].

REFERENCES

V.A. Besekersky. E.P. Popov. Theory of automatic control systems. — St. Petersburg:
Profession, 2003. — 752 p.

Avvakumov, S.N., Kiselev, Y.N. Some algorithms of optimal control. Proc. Steklov Inst.
Math. 255 (Suppl 2), S1-S15 (2006). https://doi.org/10.1134/S0081543806060010.

Boris S. Mordukhovich, M. Ebrahim Sarabi. Variational analysis and full stability of optimal
solutions to constrained and minimax problems, Nonlinear Analysis: Theory, Methods &
Applications.  Volume 121, 2015, Pages  36-53, ISSN  0362-546X,
doi.org/10.1016/j.na.2014.10.013

Kosheleva 1.V., Danilov A.l., Mokrova N.V. Decomposition control of a cascade of catalytic
reforming reactors. / Advances in chemistry and chemical technology. Volume XVI. 2002.
No. 1 (18). p.32-33.

Artemyev, V. S. Method of the first approximation of stability analysis of control systems of
electrical equipment / V. S. Artemyev, N. V. Mokrova // Computational Nanotechnology. —
2024. —Vol. 11, No. 3. — pp. 52-56. — DOI 10.33693/2313-223X-2024-11-3-52-56.
Artemyev, V. S. Automated methods of analysis and forecasting of self-oscillations in
agricultural systems / V. S. Artemyev, N. V. Mokrova // Waste and resources. — 2024. —
Vol. 11, No. 1. - DOI 10.15862/19INOR124.

Artemyev, V. Theoretical and practical aspects of the application of the dynamic
programming method in optimal control problems / V. Artemyev, N. Mokrova, A. Hajiyev
// Machine Science. — 2024. — Vol. 13, No. 1. — P. 46-57. — DOI 10.61413/GIPV6858.
Bellman R. Dynamic programming. Transl. from English — M.: Izdatinlit, 1960. — 400 p.
Hu Wen-Tsen., Umbetov U. Decentralized control of multidimensional objects with
decomposition by situations. News of the National Academy of Sciences of the Republic of
Kazakhstan, Physics and Mathematics Series, 2007, No. 1, pp. 82 — 85.

[10]. Mokrova, N. V. Synthesis of finite management in the agro-industrial complex under pulsed

loads / N. V. Mokrova, A. O. Grigoriev, V. S. Artemyev // Bulletin of the Chuvash State
Agrarian University. — 2024. — Ne 3(30). — Pp. 189-197. — DOI 10.48612/vch/3t59-rm1b-
2mte.

[11]. Wilco van Harselaar, Niels Schreuders, Theo Hofman, Stephan Rinderknecht. Improved

Implementation of Dynamic Programming on the Example of Hybrid Electric Vehicle
Control, IFAC-PapersOnLine, Volume 52, Issue 5, 2019, Pages 147-152, ISSN 2405-8963,
doi.org/10.1016/j.ifacol.2019.09.024.

[12]. Artemyev V. S. Development of automation and control systems for production processes

/' V. S. Artemyev // Scientific and information support for the innovative development of the
agro-industrial complex : Proceedings of the XVI International Scientific and Practical

75


https://translate.yandex.ru/
https://translate.yandex.ru/
https://translate.yandex.ru/
https://translate.yandex.ru/
https://translate.yandex.ru/
https://translate.yandex.ru/
https://translate.yandex.ru/
https://translate.yandex.ru/

Alexey GRIGORIEV, Beyali AHMEDOV, Viktor ARTEMYEV, Huseyin KAYA
Modelling of automatic control system on an electronic model
Internet Conference, Pravdinsky settlement, Moscow region, June 06, 2024. Moscow:
Russian Scientific Research Institute of Information and Techno-economic Research on
engineering and technical support of the agro-industrial complex, 2024, pp. 478-483.

[13]. V. Artemyev, A. Medvedev, V. Yaroshevich. Investigation of optimal control of variable
systems in the dynamic spectrum. Machine Science. — 2023. — Vol. 12, No. 1. — P. 68-75.

[14]. V. Artemyev, S. Mokrushin, S. Savostin [et al.].Processing of time signals in a discrete
time domain. Machine Science. — 2023. — Vol. 12, No. 1. — P. 46-54.

[15]. V. S. Artemyev, M. N. Makhiboroda, S. L. Yablochnikov [et al.]. Implementation of
Adaptive Control with Parametric Uncertainty. Intelligent Technologies and Electronic
Devices in Vehicle and Road Transport Complex (TIRVED), Moscow, 10-11 november
2022. — Moscow: IEEE, 2022. — P. 9965505. — DOI 10.1109/TIRVED56496.2022.9965505.

[16]. A. Haag, M. Bargende, P. Antony, F. Panik. Iterative refinement of the discretization of the
dynamic programming state grid. In 16. Int. Stuttgarter Symposium, Springer (2016), pp.
145-154,

[17]. Wei Zhou, Lin Yang, Yishan Cai, Tianxing Ying. Dynamic programming for New Energy
Vehicles based on their work modes part I: Electric Vehicles and Hybrid Electric Vehicles.
Journal of Power Sources, Volume 406, 2018, Pages 151-166, ISSN 0378-7753,
doi.org/10.1016/j.jpowsour.2018.10.047

[18]. Mokrova N.V. Problem of optimum control of manufacture of the activated coals. Ugol.
2007. Ne7. ¢.72-74. ISSN: 0041-5790.

Received: 14.05.2024
Accepted: 22.08.2024

76



My MACHINE SCIENCE ISSN: 22276912

YPNE E-ISSN: 2790-0479
2024, No 2 Pages 77-83

PHASE ANALYSIS AND ELECTRICAL PROPERTIES OF
COMPOSITES BASED ON HIGH PRESSURE POLYETHYLENE
WITH Na*-MONTMORILLONITE FILLER

Matanat MEHRABOVA!?, Kamal GULMAMMEDOV!®, Sevinj SAFAROVA!*¢

! Azerbaijan Technical University, department of “Engineering Physics and Electronics”
E-mail: **metanet.mehrabova@aztu.edu.az , *’kamal.gul@aztu.edu.az, ‘seferova_sevinc@aztu.edu.az

https://doi.org/10.61413/GMGQ05334

Abstract. One of the promising areas in polymer science is the development of methods for obtaining and
studying polymer composites and nanocomposites. An important advantage of composites is their higher
functionality and electrical stability compared to polymer analogues. The functioning of composite structures
as an active element is associated, in particular, with charge formation phenomena. Therefore, in the
development of new dielectric composites, researcher’s attention mainly focuses on their production and study
of dielectric properties under effect of various factors (temperature, frequency). These studies can serve as a
basis for selecting components of compositions for obtaining elements with predetermined parameters and
assessing the possibility of their use as a dielectric. Analysis of literature data shows that fillers impart
increased thermal and electrical conductivity, new magnetic properties to polymer materials, improve
mechanical and electrical strength, etc. In the work presented the results of a study of surface microrelief and
X-ray phase analysis of high pressure polyethylene with Na*-montmorillonite filler (HPPE+x wt% Na*-MMT)
composites, the results of the study on the temperature dependences of dielectric permittivity and the tangent
of the dielectric loss angle. It was found that with an increase in the filler content, the degree of crystallinity
of the composites decreases, dielectric permittivity increases, and dielectric losses decrease. The results of the
X-ray phase analysis of the composites show that with an increase in the filler content of Na*tMMT, the degree
of crystallinity of the composites decreases from 50.5% (for 10 wt.%) to 62.1% (for 5 wt.%).

Keywords: High pressure polyethylene, bentonite montmorillonite, surface microrelief, X-ray phase analysis,
dielectric properties

Introduction.

The development of technology is closely linked to advances in the creation of new materials
such as semiconductors and polymers [1-5]. Polymer materials with a special properties are widely
used in the fields of modern mechanical engineering, space technology, electrical engineering, radio
engineering, etc. [6-9]. Controlling and varying the diverse properties of a new polymer material
through modification allows for the creation of valuable industrial products. With a complex of
physical properties, medium and highly crystalline polymer materials have specific features.
Moreover, there is a vast raw material base for their production, their cost is relatively low, and their
high chemical resistance is combined with excellent mechanical and dielectric properties. Based on
this, high pressure polyethylene (HPPE) has secured a prominent position among other polymer
materials of industrial significance. The production and application of HPPE in various fields of
modern technology are steadily growing [10-14]. Therefore, it is not surprising that there is significant
research interest in these materials, their structure, and the relationship between their structure and
properties. Recent research dedicated to methods of evaluating the technological, physical-
mechanical, and electrophysical characteristics of HPPE and the development of fundamentally new
methods of regulating the properties of its melts and solid states, based on modern concepts of
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polymer structure and the ability to control their supramolecular structure and properties, is of certain
importance. It should be noted that one of the most accessible methods for developing technology to
obtain new dielectric materials with specified properties is the method of modifying ready-made
polymers by introducing functional groups and various additives into their macromolecules. Based
on this, the determination of the physicochemical basis for obtaining new polymer modifications
based on HPPE with additives that improve their electrophysical properties is of great scientific and
practical interest.

To obtain new composite materials, HPPE (grade M-150) was used as the matrix, and bentonite
montmorillonite (Na*™-MMT) were used as fillers. The main feature of montmorillonite, determined
by its structure and crystalline composition, is its ability to adsorb various ions and perform ion
exchange. The presence of amorphous substitutions, a large specific surface area, and the ease of ion
penetration into the interatomic space provide a significant capacity for cation exchange [15-17].

Experimental Methodology

The HPPE+x wt.% Na*-MMT composites were obtained using the method described in [18-
21]. The polyethylene and bentonite powders were pre-ground in a ball mill with porcelain balls to a
particle size of no more than 60 pum. The surface microrelief of the HPPE+x wt.% Na*-MMT
composites was studied using a Solver Next AFM atomic force microscope in MD mode. The
diagrams were obtained on a 'D2 Phaser' diffractometer (“Buker”).

The tangent of the dielectric loss angle (tgd) and the capacitance of the studied samples were
measured using an AC bridge R-589 at a frequency of 1 kHz in the temperature range of 300-450 K,
according to the method described in [22,23]. The measurement ranges for capacitance were 0.001
pF to 100 pF, and for the tangent of the loss angle, 10°-0,5. The bridge was powered by an AC
network with a voltage of 220 V and a frequency of 50 Hz. The measuring electrodes were polished
brass discs. The sample temperature was measured using copper-constantan thermocouples with an
accuracy of £1°C. The study was conducted on composites with filler contents of 3, 5, 7, and 10 wt.
% Na*-MMT.

Experimental Results and Their Discussion

The results of the study of the surface microrelief of the composites in 2D and 3D models and
their histograms are shown in Fig. 1. From Fig. 1, it follows that with changes in the filler content of
Na*-MMT, the surface condition changes significantly. This is apparently due to changes in the
interaction between the matrix and the filler in the boundary layer.

However, the intensities of the peaks on the X-ray diffraction patterns increase with an
increase in the content of Na*™-MMT filler.

The results of the X-ray phase analysis of the composites, shown in Fig. 2, demonstrated that
with an increase in the filler content, the degree of crystallinity of the composites decreases.
Specifically, the degree of crystallinity with fillers of 5, 7, and 10 wt.% is 62.1%, 52.2%, and 50.5%,
respectively. No significant changes occur in the X-ray diffraction patterns of the composites as the
filler content increases.

The dielectric properties of the composites based on high pressure polyethylene (HPPE) with
Na*-MMT fillers were studied in the temperature range of 300-380 K. The studies were conducted
on composites with fillers of 3, 5, 7, and 10 wt. % Na*-MMT. Fig. 3 presents the temperature
dependencies of the dielectric permittivity (€), and Fig. 4 shows the tangent of the dielectric loss angle
(tgd) of these composites.
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Figure 1 Results of the study of the surface microrelief of HPPE + x wt.% Na*-MMT composites in 2D and
3D modes, 1 -x=5;2-x=7; 3-x=10, and their histograms.

As seen in Fig. 3, the dielectric permittivity increases linearly with rising temperature, and no
specific responses were detected in the &(T) dependency. The changes in the tangent of the dielectric
loss angle with temperature variation are relatively complex. In the temperature range of 340-350 K,
distinct maxima are observed on the tgdo(T) curves. Apparently, the appearance of maxima in tgd(T)
at high temperatures is the result of changes in the parameters of the interphase boundary layer. It
should be noted that as the filler content of Na*-MMT increases, the dielectric permittivity of the
composites increases, while the tangent of the dielectric loss angle decreases.
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Figure 2. X-ray phase analysis of HPPE + x wt.% Na+-MMT composites with 5, 7, and 10 wt.%.
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Figure 3 Temperature dependence of the dielectric permittivity of HPPE + x wt.% Na*-MMT composites,
wherel-x=3;2-x=5;3-x=7;4-x=10
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Figure 6. Temperature dependence of the tangent of the dielectric loss angle of HPPE + x wt.% Na*-MMT
composites.

Results and conclusions.

The surface microrelief and X-ray phase analysis of high pressure polyethylene composites
with Na+-montmorillonite filler (HPPE+x vol.% Na+-MMT) were studied. The results of the study
of temperature dependences of permittivity and dielectric loss tangent showed that with an increase
in the volumetric filler content, the degree of crystallinity of the composites decreases, the permittivity
increases, and dielectric losses decrease. According to the results of X-ray phase analysis of the
composites, it was revealed that with an increase in the volumetric filler content Na+MMT, the degree
of crystallinity of the composites decreases from 50.5% (for 10 vol.%) to 62.1% (for 5 vol.%).
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