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GENERAL DESCRIPTION OF WORK 

Relevance of the topic and degree of elaboration. Multi-

purpose CNC machines have a high degree of automation and wide 

technological capabilities. Therefore, it turns out to be more efficient 

to use multi-tool machining on multi-purpose CNC machines of a new 

generation. 

Analysis of the technological capabilities of multi-tool 

machining on multi-purpose CNC machines, as well as the studies 

carried out to determine the use of the potential of multi-purpose 

machines at machine-building plants of the Republic of Azerbaijan 

have shown that despite the presence of multi-tool machines and 

equipment at factories that allow multi-tool machining of several 

surfaces simultaneously, these possibilities are not used. Despite the 

fact that in world practice such adjustments make up a certain 

percentage (only 9% out of 400 theoretically possible adjustments), 

we can say that such adjustments are not used in the factories of 

Azerbaijan. Improving efficiency on multipurpose CNC machines 

consists in the rational coordination of the total speed of the spare 

spindle with the surface treatment of the workpiece. But practice 

shows that during the operation of multi-purpose CNC machines, 

despite the placement of tools on different carriages, two-tool two-

carriage machining is mainly accompanied by sequential transitions. 

The main reason for not using the possibilities of multi-tool 

parallel machining on modern multi-purpose CNC machines is the 

lack of recommendations for design schemes and, accordingly, 

adjustment schemes in this direction. Currently, there are recommen-

dations for determining cutting conditions and time rates in the 

literature related to multi-purpose CNC machines. However, there is 

no information in this literature on multi-tool machining and on the 

determination of cutting conditions for such machining. For this 

reason, it is necessary to develop recommendations for the design and 

application of precisely multi-tool multi-carriage adjustments, which 

make it possible to use multi-tool parallel machining on multi-purpose 

CNC machines. The studies have shown that the real level of using the 

great technological capabilities of modern multi-purpose CNC machi-
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ne tools does not exceed 11-13 grades in machining accuracy. Howe-

ver, as a result of the correct choice of adjustment and technological 

equipment, cutting conditions, the accuracy can be increased to 6-9 

quality. 

The basis for the development of recommendations for the 

design and use of multi-tool multi-carriage adjustments is the matrix 

theory of multi-tool machining accuracy, developed by N.D. Yusubov 

and taking into account the capabilities of modern CNC machines. 

Studies have shown that most of the machining error models develo-

ped on the basis of the matrix theory of the accuracy of multi-tool 

multi-carriage machining by N.D. Yusubov takes into account the 

rectilinear-parallel movements of the subsystems of the technological 

system. This approach to the process of forming machining errors is 

permissible for parts with equal overall designs along all coordinate 

axes. However, in practice, during turning, parts are also machined 

whose overall dimensions differ sharply in different directions. For 

example, parts such as long shafts (linear dimensions prevail), disks 

and flanges (diametric dimensions prevail). In such cases, rotations of 

the workpiece to be machined, and especially rotations in directions in 

which the overall dimensions prevail, will also affect the machining 

errors to a large extent. 

Thus, on the basis of modeling the elastic displacements of the 

links of the technological system, taking into account the mutual 

influence of tools simultaneously working in setting up in connection 

with the use of multi-tool machining on modern multi-purpose CNC 

machines, the task of increasing the accuracy and productivity of 

multi-tool machining using the method of numerical determination of 

feeds is relevant and possesses both scientific and practical value. 

The purpose and objectives of the research. The purpose of 

the research is to increase the accuracy and productivity of multi-tool 

machining based on modeling the elastic displacements of the links of 

the technological system, taking into account the mutual influence of 

simultaneously working in multi-tool setting on modern multi-purpose 

CNC machines. 

To achieve this goal, the following research tasks are supposed 

to be solved: 
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1. Development of matrix mathematical models of errors in 

the dimensions performed during multi-tool machining in the 

adjustments of modern multi-purpose CNC machine tools. 

2. Development of a methodology for the experimental determi-

nation of the full matrix characteristics of the rigidity of the technolo-

gical system of multi-purpose CNC machine tools. 

3. Development of a matrix model for controlling cutting 

conditions with the fulfillment of the requirements for dimensional 

accuracy in two-carriage multi-tool adjustments. 

4. Development of a technique for the numerical determination 

of feed with the fulfillment of the requirements for dimensional 

accuracy. 

Research methods. Theoretical studies were carried out on the 

basis of machine building technology, the theory of metal cutting, the 

theory of elastic-plastic deformations in a continuous medium, and the 

scientific foundations of analytical mechanics. 

The correctness of theoretical conclusions has been confirmed 

by experiments in laboratory and industrial conditions. 

The experimental data were processed by the methods of 

mathematical statistics with the evaluation of the results according to 

the Student's criterion and the Romanovsky criterion. 

The numerical analysis of mathematical models was carried out 

using the Maple 2016 "Applied Software Package" on a computer.  

The main provisions for the defense. 

1. Algorithmic uniformity of precision models of multi-tool 

machining and piecewise-matrix models of precision of multi-tool 

machining satisfying the requirements for transparency of their struc-

ture.  

2. Proof of the fidelity of the algorithm for searching for the 

extremum of the distortion function of the performed dimensions 

based on the basic principles of the mechanism for the formation of 

scattering fields of dimensions in two-carriage adjustments.   

3. Full-factor matrix models of scattering fields of performed 

dimensions in multi-tool two-support adjustments. 

4. Determination by numerical methods of coordinate matrices 

of rotation of subsystems of a technological system after their experi- 
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mental determination. 

5. Matrix models for controlling cutting conditions with the 

fulfillment of the requirements for dimensional accuracy in two-

carriage multi-tool adjustments.  

6. Method for the numerical determination of feed with the 

fulfillment of the requirements for dimensional accuracy. 

7. Design methodology for multi-tool machining on multi-

purpose CNC machines. 

Scientific novelty of the research. 

1. Since the matrix theory of machining accuracy is primarily 

aimed at using computer technologies, a set of scalar equations in 

matrix form in n-dimensional hyperspace is proposed to meet the 

requirements of algorithmic similarity of precision models of multi-

carriage machining on modern multi-purpose CNC machines and the 

transparency of their structures. 

2. A piecewise-matrix apparatus that ensures the visibility of the 

generalized matrix model of the machining error was proposed, as well 

as a generalized piecewise-matrix model of machining accuracy for 

multi-carriage multi-tool adjustments. 

3. On the basis of the basic principles of the mechanism of the 

formation of scattering fields of dimensions in two-carriage adjust-

ments, the accuracy of the algorithm for searching for the extremum 

of the function of distortion of the performed dimensions was proved. 

4. Full-factor matrix models have been developed that take into 

account not only the plane-parallel displacements of the subsystems of 

the technological system in the scattering fields of the dimensions in 

the multi-tool two-carriage adjustments of multi-purpose CNC 

machines, but also the angular displacements around the base points. 

5. After the experimental determination of the same coordinate 

matrices of the rotary centers of the subsystems of the technological 

system, the possibility of their determination by a numerical method 

is shown. 

6. On the basis of the developed mathematical models, a 

technique has been developed for the numerical determination of feed 

during machining on multi-purpose machines. 

7. On the basis of modeling the elastic displacements of the sub- 
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subsystems of the technological system, taking into account the 

mutual influence of simultaneously operating tools in the multi-tool 

adjustment of modern multi-purpose CNC machine tools, using the 

method of numerical determination of feeds, a method for designing 

multi-tool machining has been developed, an increase in the accuracy 

and productivity of machining has been achieved. 

Theoretical and practical significance of the research 

1. The developed full-factor matrix models of scattering fields 

of the performed sizes for multi-tool two-carriage adjustments used on 

modern multi-purpose CNC machines, taking into account the 

complex characteristics of the technological system and the structure 

of the adjustments, makes it possible to determine by numerical 

methods the values of the scattering fields for the entire class of two-

carriage rotated adjustments, using the principles of systematics of 

inhomogeneous adjustments, in the directions of the dimensions to be 

performed for opposed and combined adjustments, precision models 

in two special directions for homogeneous adjustments. 

2. A calculation method is given for establishing the location of 

the turning center during the determination of the complex 

characteristics of the technological system. 

3. The developed generalized fractional-matrix model of the 

accuracy of multi-tool machining, full-factor matrix models of 

distortion and scattering of the performed dimensions during multi-

tool two-carriage machining make it possible to calculate the error 

values of each performed dimension at the design stage for various 

adjustment options and thereby create conditions for justifying the best 

option. 

4. Models and methodology for modeling the machining 

accuracy make it possible, within the specified conditions, to predict 

the machining accuracy. Thus, conditions are created for the 

emergence of a methodological basis for an automated design system 

for multi-tool turning. Thus, the developed models can be used during 

the creation of mathematical support for the design of operations in 

computer-aided design systems for multi-carriage multi-tool 

machining performed on multi-purpose CNC machines. 

5. On the basis of the developed mathematical models, a techni- 
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que has been developed for the numerical determination of feed during 

multi-tool two-carriage machining on multi-purpose machines. 

6. A methodology for designing multi-tool multi-carriage 

machining on modern multi-purpose machines has been developed 

and proposed for use in factories as a technical guide material. It can 

be used in the educational process in bachelor's and master's 

graduation works, master's theses related to this topic, as well as in 

laboratory and practical classes. 

7. The proposed models have independent practical value for 

solving individual technological design problems. For example, in 

verification calculations (during the determination of dimensional 

errors when assigning cutting dimensions and set-up structure). 

8.  The developed model of multi-tool machining distortion can 

be used to calculate the adjustment values of the adjustment 

dimensions in order to compensate for the error in the relative position 

of the part and the tool, which arises as a result of the influence of 

cutting forces from all the tools involved in the adjustment during the 

design of the operation.   

Approbation and application. The results of the dissertation 

work were discussed at scientific conferences, seminars. 

 International scientific-technical and scientific-practical 

conferences: 
VII International Scientific and Technical Conference "Information 

Technologies in Industry", Minsk, 2012; I international corres-

pondence scientific and technical conference "Technological support 

of machine-building production", Chelyabinsk, 2014; International 

scientific and technical conference “Modern high technologies: 

development priorities and staff training”, Kazan, 2014; Engineer's 

Day, Senftenberg, 2014; 2nd International Scientific and Technical 

Conference on "Metallurgy and Problems of Materials Science", 

Baku, 2017; International Scientific and Technical Conference 

“Measurements and Quality: Problems, Prospects”, Baku, 2018; 

Engineer's Day, Kotbus, 2018; International Scientific and Technical 

Conference "The Role of Engineering in the Innovative Development 

of Azerbaijan: Goals and Prospects", Baku, 2019; I International 

Scientific and Technical Conference "Universities of Azerbaijan and 
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Turkey: education, science, technology", Baku, 2019. 

 Republican scientific and scientific-technical conferences: 
XVIII Republican Scientific Conference of Doctoral Students 

and Young Researchers, Baku, 2013; Republican scientific and 

technical conference, students and young researchers on the theme 

"Youth and scientific and technological progress", dedicated to the 

90th anniversary (Baku, 2013), 91th anniversary (Baku, 2014), 92th 

anniversary (Baku, 2015), 94th anniversary (Baku, 2017), 95th 

anniversary (Baku, 2018) and 96th anniversary (Baku, 2019). 

 Scientific seminars of the Department of Mechanical 

Engineering Technology of the Azerbaijan Technical University. 

On the topic of the dissertation, 26 scientific works have been 

published, including 10 articles and 16 abstracts of speeches at 

conferences. 3 articles from 10 and 5 reports from 16 abstracts of 

speeches at conferences were published without co-authorship, 4 

articles were published in scientific periodicals included in the 

summarized and indexed international systems (bases) recommended 

by the Higher Attestation Commission, out of 16 published works 

based on the results of scientific events of the republican and 

international scale 5 published abroad. 17 works were published 

within the republic, 9 works abroad.  

The results of the dissertation work are reflected in the reports 

with the State Registration of Scientific Research Works of the 

Azerbaijan Technical University. The author participated in these 

reports as a performer. 

The guiding technical material "Designing multi-tool two-

carriage machining on modern CNC machines" was adopted for use at 

the ALOV plant. When checking the experimental nature of the 

guiding technical material for 600 pieces of clamps of various dia-

meters, the obtained conditional economic efficiency was 15132 AZN. 

The materials presented in the dissertation work are used in 

lectures and practical classes, course projects and term papers at the 

undergraduate level at the Azerbaijan Technical University, as well as 

when performing graduate work. 

The name of the organization in which the dissertation 

work was carried out. The dissertation work was carried out at the 
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“Department of Machine Building” at Azerbaijan Technical Univer-

sity. 

Personal contribution of the applicant to ongoing research. 

The applicant shows the relevance of the research, the main goal and 

tasks set for their achievement, the directions of research are 

determined, the computer modeling of the theoretically obtained 

models is independently solved and the processing, systematization 

and discussion of the results are carried out. In general, the presented 

dissertation work is a complete scientific research work, covering the 

entire set of scientific and practical provisions and results, written 

personally by the applicant and put forward for defense.       

The total volume of the thesis in signs indicating the volume 

of the structural sections of the thesis separately.  The structure of 

the thesis is the title page (391 characters), content (7229 characters), 

introduction (17514 characters), 5 chapters (Chapter I -48107 charac-

ters, Chapter II -43407 characters, Chapter III -32586 characters, 

Chapter IV -47421 characters, Chapter V -16859 characters), conclu-

sion (4517 characters), a list of used literature, additions and a list of 

abbreviations and conventional signs (98514 characters). The total 

volume of the dissertation work consists of 283 pages of text typed on 

a computer and includes 17 figures, 20 graphs, 31 tables, a bibliog-

raphy of 166 titles and is 212658 characters, excluding figures, tables, 

graphs, additions and bibliography. 

 

MAIN CONTENT OF THE WORK 

The introduction substantiates the relevance of the topic and 

characterizes the degree of elaboration, the purpose and objectives of 

research are clearly expressed, research methods are described, the 

main provisions to be defended, the novelty of research, the theoretical 

and practical importance of research, testing and application, the name 

of the organization in which the dissertation work was carried out is 

determined. , the total volume of the thesis is indicated in signs 

indicating the volume of the structural sections of the thesis separately.  

In the first chapter, in order to study the use of the potential of 

multi-purpose machine tools at the factories of the Republic of 
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Azerbaijan and analyze the technological capabilities of multi-tool 

machining on modern multi-purpose CNC machines, issues such as 

modern multi-purpose CNC machines, their advantages, study of the 

capabilities of modern multi-purpose CNC machines from the point of 

view of multi-tool processing are considered, examples of the 

technological capabilities of multi-tool machines in the form of multi-

tool adjustments, features of the process of multi-tool multi-carriage 

machining (parallel multi-tool machining), dimensional-accuracy 

theory of multi-tool machining, mathematical modeling of technolo-

gical processes of mechanical processing, full-factor size distortion 

model.  

Based on the analysis of the design, 5 types of modern multi-

purpose CNC machines were identified. The analysis of the capa-

bilities of each of the design types of multipurpose machines is carried 

out and the possibilities of adjustment are considered.  

As the results of the first chapter, the relevance of the 

dissertation work, the goals and objectives of the research given in the 

introduction are substantiated.  

In the second chapter, it is deduced that the basis of the 

accuracy models of the performed dimensions in multi-tool adjust-

ments are the elastic displacements of the tool tip, which forms the 

performed size relative to the processed surface of the workpiece in 

direction of the performed size, and these elastic displacements are a 

consequence of the final elasticity of the elements of the technological 

system, which perceives the general effect of cutting forces at the same 

time setting tools. It is noted that for multi-tool machining, especially 

for turning, the location of several cutting tools located on one, two 

and even three carriages of modern multi-tool machines and working 

simultaneously, in a rather complicated space. Therefore, during 

multi-tool machining, the system of forces acting on the technological 

system is a kind of common space. And therefore, it is natural to 

express the equations of distortion of the performed dimensions in 

multi-tool adjustments in vector form. Since the full elastic characte-

ristic of the elements of the technological system for all degrees of 

freedom is reflected by the matrix, it is more advantageous to express 

the precision processing models in matrix form. 
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Then, according to the provisions of the matrix theory of 

machining accuracy, two matrix equations were written for a simple 

two-slide adjustment (the right facing cutter on the longitudinal 

carriage and the left facing cutter on the transverse carriage located in 

the opposite direction to the longitudinal carriage), in accordance with 

the cutting theory, using the coordinate components ( xP , yP , 
zP ) of 

the cutting forces in the coordinate system of the machine from the 

matrix equations for all coordinate directions of the tops of the cutters, 

expressions for the relative elastic displacements are obtained. Due to 

the sufficient complexity of the obtained scalar equations from the 

point of view of research, even for simple setup, the need for the initial 

direction of precision models for use in computer technologies is 

noted. In this case, in connection with the emergence of the identity of 

algorithmic models and the requirements for the transparency of their 

structure in the first place, to ensure algorithmic identity, the set of 

scalar equations is presented in matrix form in six-dimensional hyper-

space, to ensure accuracy, it is proposed to apply machining errors to 

the generalized matrix equation cell-matrix apparatus. For this, having 

selected a block of elements in the matrix equation that has an 

independent technological value, it is transformed into a cell-matrix 

model. In such a model, the elements of the matrix are themselves a 

matrix and, accordingly, the elements of vectors are vectors. As a 

result, the block vector of displacement consists of two components - 

the displacement vector on the longitudinal carriage and the displa-

cement vector on the transverse carriage, that is, it has an extremely 

transparent structure. The situation is similar with the image of the 

power load. Thus, the use of cellular matrices significantly simplifies 

the multi-tool machining error model and makes it unlimitedly face-

to-face. But the cellular elasticity matrix consists of two elements - 

matrices 01e  and 02e . These matrices characterize the total elasticity of 

a complex consisting of two subsystems. It is more practical to work 

with the own characteristics of technological subsystems - 
1e  and 

2e . 

For this purpose, using the matrix theory, cell-matrix models are 

reduced to the canonical form. Here, on the example of multi-tool 

adjustments, the possibility of implementing conventional matrix 
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models of the machining error by converting into the proposed 

schemes of block-matrix models is considered. For this purpose, in the 

second chapter of Appendix 5, in general for 6 different adjustments, 

cellular-matrix models are obtained and brought to the canonical form. 

Showing the creation of a cell-diagonal block matrix of carriages by 

the elastic matrices of the carriages, taking into account the transfor-

mation of the corresponding matrix to zero with the absolute rigidity 

of each of the subsystems, the model developed for the 6th setup (two 

carriages, two cutting tools on both carriages, the cutting tools are not 

rigid). Here, a decomposition for 7 subsystems is already necessary: a 

spindle, 2 carriages, 4 cutting tools. For each of these subsystems, an 

elasticity matrix is given: ( 0e , 1se , 
11e , 

12e , 2se , 
21e , 

22e ) is adopted 

as a generalized cell-matrix model of machining accuracy for multi-

support multi-tool adjustment.  
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here 
1211, gg  is the distortion of the emerging diametric dimen-

sion by two tools located on the longitudinal carriage, 
2221, gg  is the 

distortion of the emerging linear dimension by two tools located on 

the transverse carriage and, accordingly, the first digit of the indices is 

the number of the carriage, the 2nd digit shows the tool number; 
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K  is a square matrix of the corresponding composition, here 

11P , 
12P , 

21P  and 
22P  are the vectors of the cutting force of each cutting 

tool, respectively, the first digit of the index indicates the number of 

the carriage, the second number of the tool. 

To construct full-factor matrix models of scattering fields of the 

performed dimensions in multi-tool two-carriage adjustments, the 

force by the nature of mutual influence in multi-tool adjustments is 

divided into two boundary cases (opposed and combined), it is noted 
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that in the group of CNC lathes, both adjustments are used to the same 

extent, and having accepted in both cases the main factors affecting 

the occurrence of scattering fields of the performed dimensions are the 

change in the allowance ( 
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N ) and the scattering of the rigidity of machine tools (
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1;

2
1jj


NF ) from predetermined factors - the elasticity of 

technological subsystems (elasticity matrix) and coordinate compo-

nents of the cutting force, a sequence is shown for calculating the 

scattering field of possible changes properties of the technological 

system. To determine the scattering fields of the performed dimen-

sions, it is sufficient to find the limiting values (maximum and 

minimum) of the size distortion from the distortion dependences of the 

performed dimensions. Then, as a result of the study of all variants of 

the location of the scattering fields, a single model was formed and a 

unified model (2) of the scattering field was obtained in a two-carriage 

opposed adjustment, taking into account not only the plane-parallel 

displacements of the subsystems of the technological system of the 

scattering fields of the performed dimensions by the longitudinal 

carriage in the two-carriage opposed adjustments, but and angular 

displacements around base points. In a similar way, a scattering field 

model was obtained for the dimensions performed from a transverse 

carriage (opposed adjustment). Here, 1w  and 2w  are the scattering 

fields of the forming dimensions using the longitudinal and transverse 

carriages, respectively, taking into account the plane-parallel and 

angular displacements; auxiliary vectors 1

tp  and 2

tp , respectively, 

characterize the degree of influence of the depths of cut 
1t  and 

2t ,auxi- 

liary vectors 1

tp
 and 2

tp
, respectively, characterize the degree of 

influence changes in allowances of 
1t  and 

2t ; 0e  and 0 ,respecti- 
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vely, plane-parallel and angular matrix of the elasticity of the material 

body 0. 𝑒01 and  𝑒02 - total plane-parallel matrices of elasticities of 

contacting bodies (subsystems 
10  and 

20 ); 0 , 
1  and 

2 - angular 

matrices of elasticities of contacting material bodies; 
1P  and 

2P  - 

force vectors applied to bodies 1 and 2, respectively; 
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-matrices that make up the connecting vectors of the points of 

application of the forces 
1P and 

2P  relative to the base points 0O , 
1O  

and 
2O . Angular movements of contacting material bodies are made 

around these base points;   - the total value of the dispersion of the 

properties of the technological system   . 

A similar problem was solved for the composite adjustment, and 

the corresponding matrix models of 1w  and 2w  for scattering fields 

were obtained.  

Thus, using the principle of systematics of neo-parental 

adjustments, it is possible to determine by calculation the values of the 

scattering field for the entire class of two-carriage adjustments in the 

direction for homogeneous adjustments, two special models: 

corresponding models for opposed and composite adjustments and in 

the direction of the performed dimensions. 

In the third chapter, the experimental determination of the 

coordinate matrices e  and the angular matrices of the   of the elasti-

city of subsystems in matrix formulas of accuracy is presented for the 

practical use of full-factor matrix models of distortion of the 

performed dimensions during multi-tool two-carriage machining and 

the developed accuracy models. To do this, first, a sample of the 

workpiece was made and placed in the machine spindle, thereby 

creating subsystem 0 - subsystem “part - spindle” and subsystem 1 - 

subsystem - “tool - turret”.  Then, simulating a stepwise increasing 

variable load force arising on the cutting edge of a cutting tool with a 

machined surface in the technological system similarly to mechanical 

processing, displacements determined at two different points in 

separate subsystems along the corresponding coordinate axes of the 

machine (subsystem 0 - subsystem "part - spindle" and subsystem 1 - 

subsystem “tool - turret”) (at points 1 and 2). The removal of the load 

was carried out in the reverse order with the same values of the steps 

and, accordingly, the displacements were measured in the same order. 

Based on the obtained experimental data, a load-displacement diagram 

(hysteresis curve) was constructed with the indication of the 

displacement values in the direction of the corresponding coordinate 

axis, as a result of the load values in the direction of the axis, and in 
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the direction of the loading axis. To determine the average elasticity 

of the subsystem, the load branch of the graph is straightened, that is, 

the experimental loading line is approximated by a linear dependence. 

Within the framework of the experiment, studies of the elasticity of 

the elements of the technological system of the INDEX V 160 CNC 

lathe in three directions were carried out. Measurements were carried 

out on an INDEX V 160 CNC lathe.  

To determine the angular matrix   of elasticity under sequential 

loading, the moment created by the force is calculated, and the angular 

displacements are determined from the linear displacement of two 

points in the same plane. Based on the experimental results obtained, 

a graph was constructed showing the values of the moment arising as 

a result of the load force in the direction of the X axis, as well as the 

values of displacement in the direction of the corresponding axis as a 

result of loading in the direction of the Y axis. To determine the 

average angular elasticity of the subsystem, the graph is approximated 

by a linear relationship. The obtained values characterize the elasticity 

of the technological system in the corresponding coordinate directions 

and make it possible to determine the angular elasticity matrix. Graph 

1 shows fragments of the results of experiments on determining the 

angular matrix of elasticity   characterizing their mutual influence and 

resistance to rotation around the coordinate axes of subsystems 1 and 

0. Here, the regression equations and their fidelity (reality) are 

simultaneously given. 

The third chapter also presents studies on determining the pivot 

centers of machine tool subsystems, experiments to assess the 

adequacy of the theoretical full-factorial model of dimensional 

distortion.  

In the fourth chapter, the development of control matrix 

models of the cutting mode is carried out with the fulfillment of the 

requirements for dimensional accuracy in two-carriage multi-tool 

adjustments. It shows the methodology for assessing the adequacy of 

the theoretical full-factor model of distortion of dimensions, the 

sensitivity of full-factor models of distortion of the performed dimen-

sions and during multi-tool machining and full-factor models of scat-

tering fields, the possibility of designing and controlling multi-tool 
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a) displacement of subsystem 1 

from 
zP  along the X axis 

 

b) a graph of the average values of 

the angle of rotation along the X-

axis of subsystem 1 from the 
zP  

Graph 1. Fragments of the results of experiments carried out 

to determine the angular matrix of the   elasticity of 

subsystem 1 

 

machining processes, calculation of limit values for the accuracy of 

cutting conditions. 

To check the performance of the models, variants with different 

initial data that determine the action of the formula were calculated, 

that is, theoretical studies of machining accuracy were performed for 

various options. During theoretical studies in the model of distortion 

of the performed dimensions in a two-carriage setup, the dependences 

of both plane-parallel displacements and angular displacements of 

technological subsystems around base points on technological para-

meters were considered. To do this, first, adopting the basic version, 

in order to determine the effect on the value of the distortion of the 

diametrical size in various versions, depending on technological and 

design factors, plane-parallel displacements are first calculated, then 

angular displacements around base points and finally total 

displacements (in joint the case of linear and angular displacements) 

of the technological system and for various cases, graphs are plotted. 

The purpose of this approach is to show that the developed full-factor 

model fully reflects the process. The cutting forces for the accepted 

case (external turning on a longitudinal carriage, face turning on a 

transverse carriage) are calculated in the corresponding order. 

Calculations and graphs were performed using the Application 
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Package “Maple 2016”. 

Graph 3 shows an example of the influence, depending on the 

technological and design parameters, of plane-parallel displacements  

 

  

a) base variant b) 0X 149,8 mm 

 

Graph 2. Influence of technological and design factors on the 

value of the distortion of the performed diametrical size in a 

two-slide adjustment, on plane-parallel displacements and 

angular displacements around the base points of the 

technological system at this value.   

 

and angular displacements around the base points of the technological 

system with the value of the distortion of the diametrical dimension 

being performed in a two-carriage adjustment. 

Base variant: steel 45, cutting insert - CNMG 120408 P04 4225 

CoroKey: workpiece dimensions D=L=74,9 mm, accuracy grade of 

the workpiece -12, cutting speed 1V 2V 200 m/min, feed  21 ss

0,24 mm/rev, coordinates of the connecting vectors of the points of 

application of the forces 
1P  and 

2P  relative to the base points 
0O  and 

1O : 0X 74,9 mm, 1Y 37,45 mm, 1X 136 mm, 1Y 130 mm. 

Changes for another option are shown in Graph 3, along with the 

values of the distortions of the diametrical dimensions performed on 
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the two-carriage adjustment for the case of 2 mm of the data of the 

basic version, but also the dependence of the plane-parallel 

displacements of the technological system and angular displacements 

around the base points formed by this value on technological and 

design parameters. The purpose here is to show in what relation plane-

parallel displacements of the technological system and angular 

displacements around the base points are manifested with the values 

of the distortion of the performed dimensions in specific cases. If in 

the basic variant the total displacement is 17% of the angular, linear 

displacement is 83%, then these% change in other variants (graph 2a). 

So, for example, an increase in two times in relation to the basic 

version of the length of the workpiece leads to an increase in the values 

of angular displacements by 42% (linear displacements are, 

respectively, 58%, that is, in relation to the basic version, linear 

displacements decrease by 25%), the difference in these values of this 

variant in relation to the basic variant becomes the reason for their  

processing non-rigid parts, it is necessary to take into account the 

influence of angular displacements.  

Graph 3 shows the effect of feeds and depths of cut of the 

longitudinal and transverse carriages on the value of the scattering 

field of the diameter size of the longitudinal carriage during multi-tool 

two-carriage machining on the machining error. The three anchor 

points are separated here as follows: ○ – s1 = 0,2mm/rev, s2 = 0,2 

mm/rev; ∆ - s1 = 0,2 mm/rev, s2 = 0,4 mm/rev; and □ - s1 = 0,2 mm/rev, 

s2 = 0,1 mm/rev. In the basic version, it is shown on which branches of 

the graph these points are located (graph 3a). And the signs of the 

appropriate form in other option indicate what benefit the change in 

machining conditions gives. 

Multi-tool two-carriage machining can give less error in 

comparison with single-tool machining (graph 3b). 

Studies have shown that by changing the feeds of the 

longitudinal and transverse carriage during multi-tool two-carriage 

machining, compared to single-tool machining, it is possible to 

provide greater accuracy. For example, during feed control and 

changes in other processing conditions, it is possible to significantly 

reduce or increase the processing error: for point □ - from 42% 
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a) base variant b) 
2t =4 mm 

 

Graph 3. Influence of feed and other technological factors on 

the value of the scattering field of the performed diametrical 

dimension by the longitudinal carriage during multi-tool two-

carriage machining.  

  

to +250%, for point ○ - from -2014% to +38% , for the point   - from 

2356% to +1602%. 

A certain performance of the developed precision models and a 

set of factors taken into account make it possible to use them as the 

basis for a control model of multi-tool two-carriage machining. As a 

result, on the basis of these models, when designing various types of 

multi-tool setups, it is possible to solve the direct and inverse 

problems. Full-factor matrix models of scattering fields of the 

performed sizes in multi-tool two-carriage adjustments for various 

setup options make it possible to calculate the error value of each 

performed dimension at the design stage and thereby create conditions 

for justifying the best option. To use this model in a real technological 

process on a real part or workpiece, it is necessary to switch to a 

parameter whose value can be set or measured.  

But in practice, the inverse problem is more relevant: to ensure 
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the highest productivity for a given dimensional accuracy, determine 

the maximum permissible values of cutting conditions (and other 

control parameters). For this, during machining, taking into account 

the effect of feed on the components of the cutting force, taking feed (

s ) as the main control parameter during multi-tool machining, to 

develop a control model, the dependence of the feed (control factor) 

on the required accuracy in the developed precision models and other 

processing parameters was obtained. Taking into account the unequal 

feed for all setup tools in multi-tool two-carriage setup (two main 

control parameters - feed of the longitudinal carriage (
1s ) and feed of 

the transverse carriage (
2s )), the multidimensional region of 

admissible feeds in terms of the accuracy of the dimensions performed 

is analytically set in the form of an inequality. This inequality limits 

the control parameters. So, the corresponding dependencies were 

obtained for the permissible range of feeds of composite adjustment 

and opposed adjustment for the dimensions performed by the carriages 

during two-carriage multi-tool machining, and these inequalities were 

called control models of technological parameters during two-carriage 

multi-tool processing. The developed inequalities are considered both 

as feed constraints for the accuracy of two-carriage multi-tool 

machining and as a control model of feeds for the criterion of the 

accuracy of the dimensions performed for two-carriage multi-tool 

machining. To find the feed with other specified machining 

parameters, the control models are solved with respect to the feed. For 

the algorithmic representation of the control model, a computer 

program was developed using the Application Package “Maple 2016”. 

This program makes it possible to calculate the permissible limiting 

values of feeds in terms of accuracy for any batch of other 

technological factors using a computer. The diagram of the 

intersection of the regions with two restrictions on the accuracy of the 

linear dimension performed on the transverse carriage and the 

diametric dimension performed on the longitudinal carriage is given 

in graph 4. Base variant: cutting depthes  21 tt 2, 2,0 , other 

conditions are the same as in graph 2 and changes are shown for other 

options. 
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a) base variant b) 13,4,4 221  ITPmmtmmt  

Graph 4. Joint application of the area of permissible feeds 

while simultaneously ensuring the accuracy of the linear 

dimension with the transverse carriage and the diameter 

dimension with the longitudinal carriage during multi-tool 

two-carriage machining 

 

The fifth chapter shows the practical use of the developed 

models and research results. 

 

CONCLUSION 

 

1. Fractional matrix models of multi-tool machining accuracy 

providing the requirements of algorithmic identity of multi-tool 

machining accuracy models and their structural transparency have 

been developed.  Also obtained a generalized fractional-matrix model 

of machining accuracy for multi-carriage multi-tool adjustments [6, 

16, 22, 26]. 

2. Using the principles of systematics of inhomogeneous 

adjustments in the direction of the performed dimensions and two 

special matrix models for inhomogeneous adjustments in the direction 

of the fidelity of the search for the algorithm for the extremum of the 

distortion function of the dimensions performed on the basis of the 

basic principles of the mechanism for the formation of scattering fields 
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of dimensions in two-carriage adjustments, it is proved by determining 

the calculated values of the scattering fields for all classes two-carriage 

adjustments [12, 15]. 

3. Full-factor matrix models have been developed that take into 

account both plane-parallel displacements and angular displacements 

around the base points of the subsystems of the technological system 

of scattering fields of the performed sizes of multi-tool two-carriage 

adjustments [5, 7-9, 13, 14, 17, 18, 22, 24, 26]. 

4. Full-factor matrix models of scattering fields of the performed 

dimensions in multi-tool two-carriage adjustments make it possible to 

determine the values of the scattering fields by calculation for the 

entire class of two-carriage rotated adjustments, using the principles 

of systematics of inhomogeneous adjustments in the directions of the 

dimensions performed for opposed and composite adjustments, taking 

into account the complex structure of the technological system 

adjustments and precision models in two special directions for 

homogeneous adjustments [7-9, 13, 14, 18, 22, 24, 26]. 

5. After the experimental determination of the coordinate 

matrices of the rotary centers of the subsystems of the technological 

system, the possibility of their determination by calculation is shown 

and the calculation method is given [10, 14, 18, 19, 22, 26]. 

6. The developed generalized cell-matrix model of the accuracy 

of multi-tool machining, full-factor matrix models of distortion and 

scattering of the performed sizes during multi-tool two-carriage 

machining make it possible to calculate the numerical values of the 

error of each performed dimension at the design stage for various setup 

options and thereby create conditions for justifying the best option [5-

9, 13, 14, 16, 17, 18, 22, 24-26]. 

7. On the basis of the models, the degree of influence of complex 

technological factors on the machining accuracy was determined, 

including the structure of multi-tool adjustment, deformation pro-

perties and cutting modes of the subsystems of the technological 

system [7-9, 13, 14, 18, 24-26]. 

8. Models and methodology for modeling the machining 

accuracy make it possible to predict the machining accuracy within the 

specified conditions. Thus, conditions are created for the emergence 
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of a methodological base for computer-aided design systems for multi-

tool turning [5-9, 13, 14, 16-18, 24-26].  

9. On the basis of the developed mathematical models, a 

technique for the numerical determination of feed during machining 

on multi-purpose machines has been developed [11, 20, 21, 23, 25]. 

10. A methodology for designing multi-tool multi-carriage 

machining on modern multi-purpose machines has been developed.  

11. The proposed models have independent practical 

applicability for solving individual problems in technological design 

[5-9, 13, 14, 16, 18, 24-26].  

12. The developed models can be used to create mathematical 

support for the design of operations in CAD, created for multi-carriage 

multi-tool machining performed on multi-purpose machines.          

13. The developed model of distortion of multi-tool machining 

can be used to calculate the correction values of the adjustment 

dimensions in order to compensate for the error in the relative position 

of the part and the tools that occur due to the influence of the cutting 

forces of all tools involved in the adjustment during the design 

operations. The adjustment dimension can be calculated for a through 

cutter 𝑆𝑑𝑖𝑚 =
𝑑𝑚𝑖𝑛

2
+ 𝑤𝑦 or for a facing cutter 𝑆𝑑𝑖𝑚 = 𝐿𝑚𝑖𝑛 + 𝑤𝑥, 

boring cutter 𝑆𝑑𝑖𝑚 =
𝑑𝑚𝑎𝑥

2
− 𝑤𝑦 . Here, 𝑑𝑚𝑖𝑛, 𝑑𝑚𝑎𝑥,  𝐿𝑚𝑖𝑛 - are the 

limiting values of the forming dimensions [5-9, 13, 14, 16, 18, 24, 26]. 

14. The guiding technical material “Design of two-carriage 

multi-tool machining on modern multi-purpose CNC machines” was 

developed and adopted for use at the “ALOV” plant. During the 

verification of the experimental nature of the technical guide material 

for 600 pieces of different diameters of the clamps, the economic 

benefit obtained was equal to 15132 AZN [23]. 

15.  The materials presented in the dissertation work are used in 

lectures and practical classes at the bachelor's level of the Azerbaijan 

Technical University, as well as in the implementation of term projects 

and term papers, graduation works.  
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