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Abstract. This paper presents the fundamentals of the matrix theory for multi-tool machining accuracy. A
comprehensive complex of analytical and stochastic mathematical models has been developed to evaluate
machining errors, specifically dimensional distortions and dispersion fields. These models account for
critical technological factors, including system stiffness, material properties, and cutting parameters
across various setup classes. The proposed methodology enables the solution of direct problems
(predicting accuracy) and inverse problems (optimizing cutting conditions and designing effective setup
structures). Ultimately, these models provide a robust methodological foundation for Computer-Aided
Process Planning (CAPP) systems in multi-tool turning operations.

Introduction. Based on the analysis of multi-tool setups and the methods of
their implementation, a complex of mathematical models for the errors of machined
dimensions has been developed [1-55]. Figure 1 presents the systematics of the
developed machining error models. The systematics includes 6 classification levels:

1. error indicators (distortion of the machined dimension, dispersion field of
the machined dimension);

2. organization of multi-tool machining operations (parallel, sequential);

3. number of controlled coordinates (single-coordinate machining, two-
coordinate machining);

4. structure of the multi-tool setup (a nomenclature of 20 typical setup classes);

5. model category (analytical, simulation stochastic);

6. consideration of the types of elastic displacements (plane-parallel
displacements, plane-parallel and angular displacements).

This complex of models covers virtually the entire range of setups and
implementation methods for multi-tool machining, applicable to both traditional
automatic and semi-automatic lathes with cam control mechanisms, as well as
modern multi-tasking CNC turning centers [1-27, 33, 56-72].

Each model has its own area of effective application. For instance, for the
models of machined dimension distortion—which involve a simpler mechanism of
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error formation—a set of standard analytical models has been developed for the
primary classes of multi-tool setups, tailored to various groups of automatic turning
equipment [72-117].

Mathematical models of the distortions and dispersion fields of machined
dimensions in various types of setups take into account all the primary factors of
machining error:

« machining allowance (depth of cut 7) and its variations Az,

« stiffness of the machining system ey, e;, eg;, i=1...n and its dispersion Aey, Ae;
Ae(),—, i:]...l’l;

« strength properties of the workpiece material (represented by C;, C,, C.) and
their instability v;

« cutting parameters: feed rate S, cutting speed v;

o cutting tool, workpiece material group, and type of machining operation
(represented by Cy, C,, Cy, Xy, Xy, X:).

Such a comprehensive range of considered factors makes the developed models a
powerful tool for analyzing and predicting machining accuracy.
The developed complex of mathematical models for machined dimension errors in
various types of multi-tool setups forms the foundation of the theory of multi-tool
machining accuracy. Based on this foundation, the methodology of the developed
accuracy theory enables the solution of both direct and inverse problems [1-28, 33-45].
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Fig. 1. Systematics of machining error models
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The direct problem:

« predicting the accuracy parameters of all machined dimensions for a given
multi-tool setup structure and its parameters (cutting tool geometry, cutting
parameters).

The inverse problem is divided into two categories:

« for a given structure of the multi-tool setup and specified accuracy parameters
of all machined dimensions, determining the permissible cutting parameters, i.e., the
control problem of multi-tool machining;

o for a given machining scheme and accuracy parameters of all machined
dimensions, designing an effective structure of the multi-tool setup, i.e., the problem
of forming the setup structure.

Due to the significantly different levels of complexity of the developed error
models, the following scheme for their application in solving the aforementioned
problems of machining accuracy theory is advisable:

o simpler standard machining error models, focused on specific classes of
multi-tool setups for particular groups of machine tools, are used in developing
standards for cutting parameters for these groups of machines;

« more complex generalized analytical models, and especially the simulation
stochastic model, are used as a basis in CAPP (Computer-Aided Process Planning)
systems for corresponding operations with general-type multi-tool setups.

Controlling the machining process in a multi-tool double-slide setup. In a
two-tool double-slide setup, two dimensions are formed, the machining errors of
which are described by the developed models: a diametral dimension on the
longitudinal slide, and a linear dimension on the cross slide.

Therefore, during double-slide machining, it is generally necessary to consider
two feed constraints simultancously. The region of permissible feeds, when
considering both constraints simultaneousy, can be obtained by intersecting the
regions formed by each constraint. The resulting region is a set of points where both
constraints are satisfied simultaneously; therefore, it is formed by the intersection of
the sets generated by each constraint.

Conclusions. Based on the developed models, the degree to which a complex
of technological factors influences machining accuracy has been determined. These
factors include the structure of the multi-tool setup, the deformation properties of
the machining system's subsystems, and the cutting parameters. Several approaches
for controlling multi-tool machining based on the developed accuracy theory have
been demonstrated, including improving the structure of the multi-tool setup and
calculating the limiting cutting parameters. The developed theory makes it possible
to predict machining accuracy for given conditions (setup structure, properties of
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the machining system, and machining conditions), thereby establishing a
methodological foundation for CAPP systems for multi-tool turning operations.
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