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Introduction

The world market offers a wide range of software for automated production preparation, including
CAM [1], a system for calculating control programs installed on a computer or built directly into a CNC
machine. CAM systems, in addition to constant cycles of machining standard part elements, contain a set
of strategies for calculating trajectories based on the principle of 3D modeling of the contact between the
initial tool surface and the workpiece surface. This ideal, mathematically speaking, construction of a ma-
chining path is a necessary but far from sufficient condition for ensuring the specified accuracy and surface
roughness of the workpiece because it does not take into account the disturbing effects of the cutting proc-
ess. At the same time, the approach of “forming a technology according to the chosen strategy™ is a very
controversial formulation of the task — the technology should be primary, which often contains individual
methods for solving the issues of forming. Many micro and macro geometry errors affect the accuracy of
machining parts on CNC machines. At the same time, the research task is to reduce the percentage of ran-
dom errors — to systematize and establish patterns of their occurrence, that is, to create conditions for their
transition to systematic ones.

There is a significant increase in interest in machining parts from a single setup on multi-axis ma-
chines due to the reduction in the cost of 5-axis CNC machines, the development of the mathematical ap-
paratus of CAD/CAM systems, and market requirements for reducing production preparation time. At the
same time, while systems of this class can be said to have closed the issue of rough machining by optimiz-
ing it according to the criterion of maximum productivity, there are still several unresolved problems for
the formation of the final profile, especially for surfaces of complex shape. First of all, these are the issues
of leveling the effects of disturbing effects from cutting forces, the maximum height of the residual “comb”
between the cutter passes on surfaces of different shapes, determining the technological stop points (com-
mands MO0, M01) for measurements and adjustments of the CNC machine due to tool wear, etc.

The relevance of this problem is evidenced by the fact that CSoft specialists have developed Uni-
graphics NX postprocessors [2] for Heidenhain 430/530 [3] and Siemens Sinumerik 840D [4] control sys-
tems that implement the possibility of applying 3D correction during five-axis machining.

The main technological method for shaping surfaces of double curvature is multi-axis milling, which
is performed on CNC machines with end radius (spherical) cutters. In the process of technological debug-
ging, static trajectory corrections are determined for the operation: for the length of the cutter, its overhang
7, and radius R, and, if necessary, the machine zero offsets. The input 3D model, as the basis for the en-

tire technological process of manufacturing a part, is built by a CAD system. The calculated toolpaths for
multi-axis machining are created according to the adopted strategy in CLDATA format using CAM sys-
tems. To obtain control for a particular CNC, it is necessary to convert CLDATA preprocessing informa-
tion into G, M codes or functions built in a specialized language (for example, Heidenhain Dialog Lan-
guage), in which the syntax differs significantly from ISO-7 language standards. In some cases, the tech-
nologist-programmer has to supplement the 3D model with surfaces to account for tool plunging and
changes in dynamic cutting angles. In addition, post-processing must take into account the kinematics of
the machine tool, as well as whether the workpiece zero (G54) is shifted when the working bodies move or
whether the axes of the workpiece coordinate system rotate along with the rotary table (for example,
SprutCAM, MasterCAM). The result of the calculations can be hundreds or thousands of NC frames con-
taining G-functions of linear and circular movements. Suppose control measurements have shown the
presence of surface deviations from the specified part profile, for example, due to elastic deformations of
the technological system. In that case, the task arises of finding the control frames that form these surfaces
and error correction functions for this interval, which, by the way, are not automatically generated by the
CAM system.

The correction vector in CNC control software is a vector that sets the trajectory of the machine
tool’s working bodies differently from the calculated trajectory laid down in the control. In the case of 2D
machining, when the tool trajectory lies in a plane, it is assumed that the correction vector lies in the same
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the coordinate axes. Then the equidistant trajectory of movement(R(r,R) ) (4) of the center of the cutter
C(x.,Yc.¥c) will ideally be equal to the sum of the two vectors:

C(t.R,)=M()+R(LR,) . ()

When machining on CNC machines, the main tool for achieving accuracy is “correctors” that allow
you to level the effect of various disturbances that accompany the cutting process. The importance of
working with correctors is evidenced by the following opinion in production: those who know how to cor-
rectly set up and use correction commands in the program have become a specialist technologist. Unfortu-
nately, there are no standardized approaches to the algorithms of the correctors™ operation. This is espe-
cially true for the angular movements of five-axis machines, for which, in most cases, the description of
the correction action is limited to the fact that they are present. For example, for the HEIDENHAIN TNC
640 CNC, the movement in the control is determined by the X. ¥, Z coordinates, and the spindle position

by projections of the normalizing vector IX,TY,TZ or by specifying its tilt angles. At the same time, the

answer to the question of how the action of the correctors will change when the coordinate system is trans-
formed, for example, its tilt or rotation, can be obtained only during experimental processing.

Therefore, with the current computing capabilitics of CNC machines, the development of user-
developed correction subroutines is expected. Consider an example.

To calculate the angular values ¢*,q",g” of the normal vector N and the conditions for possible

adjustment of the angular position of the spindle relative to it, dependencies (6) are determined through the
private derivatives L, (¢),L, (1), L,(¢) of the function L(r) (2):
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It should be noted that if the CNC control software contains a command to control the angle of incli-
nation of the spindle axis, then when it is implemented, modern CNC automatically compensates for the
displacement of the tool datum by correcting the program path along two coordinates in the rotation plane.

Thus, the frames of the parametric NC can consist of the usual module of coordinate displace-

ments — the point M (¢) on the surface of the part along Z(7) and the projections of the radius vector of the

cutter E, with a cyclic appeal to the calculation module of corrections MC to generate them (Fig. 2). This
task 1s realized by a structure that generates the programmatic movement of the cutter center C(x., ., ¥.)
with the possibility of changing the angular position of the cutter axis g relative to the normal to the ma-

chined surface N (Fig. 1). The structure includes "input data" that can be changed by the user, “output
data”, and “correction data”, as well:
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rametric programming and also have the ability to use condition and branching operators to create control
structures for managing the quality indicators of the machining process. It is also worth noting a common
problem today, when the capabilities of modern CNCs are used only by 10-15 %, at a cost of up to $10
thousand. And here a dilemma arises: to leave the CNC machine only the functions of a controller that
receives from the control network the systems developed by CAM and transmits them to the machine or to
“load” it with, for example, the above tasks. The first way will be effective for batch production, but for
one-off production, its application is very problematic.

The modular principle of building controllers, which is especially effective in the field of group
technology, will be restored by all these features. Furthermore, this approach facilitates the creation of a
library of correction modules (CMs) of diverse types over time, thereby significantly expediting and reduc-
ing the expense of constructing new controllers. The geometric characteristics of the machined surface and
the values of the kinematic parameters of the cutting modes can be created by control parameterization.
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