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Abstract. This article presents the results of control system development of an automated complex for
cutting honeycomb or cellular filler, which consists of several modules performed on various software
and hardware platforms and combined into a single system. On the control computer, the following are
implemented: an interface module, a planning and control module written in the C ++, and a machine
vision module written in the Python. The KUKA controller has a module for communication with a
computer and a movement module written using the Kuka Robot Language. The interface module
is required to interact with the operator, the planning and control module, and the robot information
exchange module. The planning and control module performs the functions of generating sequence
of elementary operations and moving points, compiling control programs and executing them. The
machine vision module, using a machine vision camera, takes a series of images of the workpiece, by
which the boundaries of the workpiece are identified, the edges of the cellular filler are recognized, and
the coordinates of the optimal cut points are calculated.
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AI[aIITI’IBHaH CUCTEMA ylIpaBJICHUA
ABTOMATU3UPOBAHHBIM PE3aKOM
AJIHA COTOBOI'O HAIIOJIHUTEJIA
5. 10. Tuxkanos, H. B. llItadeas, M. B. Capamyn
Cubupckuti 20cy0apcmeeHHblll yHugepcumenm HAyKU 1 mexHoai02ull

umenu akaoemuxa M. @. Pewwemnésa
Poccuiickas @edepayus, Kpacnosapck

AHHOTamusi. B naHHOW cTaThe INpeNCTaBIIEHBI PE3YJbTaThl Pa3padOTKH CHUCTEMBI YIPaBJICHHS
ABTOMATHU3UPOBAHHBIM KOMIIJIEKCOM PE3KU COTOBOT'O 3aMOJIHUTENS, KOTOPBIH COCTOUT U3 HECKOIBKUX
MOJYJIeH, BBITIOJIHEHHBIX Ha Pa3jIMYHBIX IPOrpaMMHO-aNNapaTHHIX MIaTGOpMax U 00bEAMHEHHBIX
B €IMHYI0 cucTeMy. Ha ympaBisiionieM KOMIBIOTEpE peasin30BaHbl: MOAYJb nHTepdeiica, MOIyIh
MJIAHUPOBAHUSI M YIpaBJIECHUs, HaNUCaHHBIM Ha s3bike C++, M MOAYNb MAIIMHHOIO 3pPEHUs,
HanucaHHbld Ha s3bike Python. Konrpomrep KUKA umeer mMomynb aiisi CBSI3U C KOMIIBIOTEPOM
W MOAYJIb JIBM)KEHUS, HAITMCAHHBIM Ha si3pike poboToB Kuka. MHTepdelicHbIil MOy b HEOOX0IUM
JUISL B3aMMOJEHCTBHSI C ONEPAaTOPOM, MOJYJIEM IJIAHMPOBAHUS M YHPABICHHUS M MOIYyJIeM OoOMeHa
nHpopmanueii o podore. MoyIib IIIaHUPOBAHUS U YIIPABJICHH S BBITIONHSET QyHKINU popMUpOBaHHS
MIOCJIEI0BATEIbHOCTH 3JIEMEHTAPHBIX ONepaliuil U epeMeleHHs TOUeK, COCTaBICHHUsI yIIPABIISIIOIIUX
IporpaMM U HUX BBIIOJHEHHUSA. MOJIyslb MAIIMHHOTO 3PEHHS C IOMOIIbI0 KaMephl MalIMHHOIO
3peHHs IeIaeT CEPUI0 CHUMKOB 3arOTOBKH, 110 KOTOPBIM HACHTHU(GUINPYIOTCS TPAHUIIBI 3aTOTOBKH,
PAaCIO3HAIOTCA Kpasl sS’EUCTOr0 3alOJIHUTEN S, PACCUUTHIBAIOTCS KOOPAMHATHI ONTHUMAJIBHBIX TOYEK
cpesa.

KiroueBble cJI0Ba: COTOBBIN HaIroJHUTEIb, CHCTEMA YIIPABJICHU A, TEXHOJIOTUYCCKAs ﬂqeﬁxa, pe3Ka.

Lurupoanne: Ilukamos S.10. ApantnBHas cucTeMa yIpaBiIC€HHsS aBTOMATH3HPOBAHHBIM PE3aKOM [UIsi COTOBOTO
nanoxuurens / 5. 1O. [Tukanos, H. B. IlIta6ens, M. B. Capamyn // XKypn. Cub. ¢penep. yu-ta. Texuuka u texnonoruu, 2022,
15(8). C. 1009-1019. DOI: DOI: 10.17516/1999-494X-0445

1. Introduction
In modern production of satellite spacecraft non-hermetic load-bearing structures with the use
of composite elements based on cellular fillers are widely used [1, 2, 3]. Since the filler itself has a
thin-walled structure with low bending stiffness, traditional milling is performed with poor quality
(cell crushing, uneven cut, impossibility of forming sharp internal corners in the selected cavities)
[4, 5].

2. The proposed complex for cutting honeycomb filler

The authors propose a different method: cutting out the required configuration of the cellular
filler using an actuator with a vertically descending knife, sequentially cutting along one face of the
cellular filler. In this case, the bending load on the thin walls is minimal. Since the width of the knife
is commensurate with the width of one face of the cell (5—10 mm), it becomes necessary to accurately
position the knife relative to the actual structure of the cells (+ 0.25 mm). A computer vision system
and image processing algorithms are used to perform this precise positioning. The precise movement
of the actuator in space is performed by the KUKA KR 6 R 900 robotic arm [6].

A general view of the complex for cutting honeycomb filler is shown in Fig. 1.
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Fig. 1. General view of the complex for cutting honeycomb filler

3. Algorithm for cutting honeycomb filler

In general, the operation of the algorithm for cutting a given shape in cellular filler can be
represented as:

1. Setting and fixing the workpiece on the robot table (performed by the operator);

2. Determination of the size, shape of the workpiece and its position on the table;

2.1. A general snapshot of the entire table surface is taken (at the command of the operator through
the program interface);

2.2. Recognition of the workpiece contour and determination of the coordinates of the contour
points with an accuracy of £ 2 mm (using vision algorithms);

3. Drawing up a task for the robot (at the command of the operator through the program interface):

3.1. Loading cut out contours from external files;

3.2. The location of the cut out contours on the workpiece;

4. Planning trajectories of movement of the actuator for taking pictures (performed in automatic
mode);

5. Determination of the point of one cut (performed in automatic mode);

5.1. Taking a snapshot at a point along the trajectory planned in step 4;

5.2. Image processing with computer vision algorithms to determine the edges of the honeycomb

filler with an accuracy of + 0.25 mm (Fig. 2, a);
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Fig. 2. Determination of the edges of the cellular filler (a) and optimal cutting points (b)

5.3. Determination of the vertices and edges on the cellular filler to be cut;

5.4. Calculation of the coordinates of the optimal cutting points of the edges and the angle of
rotation of the knife relative to the Z-axis (Fig. 2, b);

6. Execution of a cut of one face according to the coordinates specified in item 5 (performed in
automatic mode);

7. Repetition of p. 5 and p.6.

The adaptive control in this algorithm consists in correcting the cutting points based on the new
position of the workpiece resulting from the shift and deformations of the filler cells under the action
of the knife cutting forces. The new position is determined by the snapshot taken after the next cut.
Thus, regardless of the changed position of the workpiece, new cutting points will be determined with

an accuracy of = 0.25 mm from the actual position of the workpiece.

4. Description of the hardware and software of the complex

The functional diagram of the implemented hardware and software complex for cutting cellular
filler of honeycomb panels is shown in Fig. 3.

The complex consists of a control computer, a robotic manipulator, and an operator controlling
the complex and performing the installation of the workpiece on the table and removal of the cut filler.

There are three software modules on the control PC:

1. Interface module is required to interact with the operator (via channel 1 in Fig. 3) and exchange
information with the planning and control module (channels 2 and 3) and the robot’s information
exchange module (channels 4 and 5);

2. The planning and control module performs the functions of planning the technological process
(drawing up a general sequence of elementary operations, as well as calculating the coordinates of
the points of the robot’s trajectory, taking into account corrective displacements). The necessary
calculations are performed on the basis of information received through channels 2 (from the interface
module) and 7 (from the machine vision module), control actions are transmitted through channels 3
(to the interface module), 6 (to the machine vision module) and 8 (to the knife drive).

Machine vision module — at the command received from the planning and control module (via
channel 6), using the machine vision camera, photographs the workpiece (or its area) by sending a signal

(via channel 9). The image obtained from the machine vision camera (via channel 10) is processed (the
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Fig. 3. Functional structure of the hardware-software complex “sotorezchik”

boundaries of the workpiece are identified, the edges of the cellular filler are recognized, and the
coordinates of the optimal cutting points are calculated). The coordinates of the optimal cutting points
are transmitted through channel 7 to the planning and control module.

The robot has two software modules that implement the required functionality using standard
robot controls.

1. Module for exchanging information with a PC — designed to receive data on the necessary
planned movements (via channel 4) and send data about the state of the robot (via channel 5). This
module is implemented as a separate program that cyclically runs in the background.

2. Movement module is designed for the execution of planned movements and is implemented in
the form of the main robot program, also executed in a cyclic mode.

The communication channels designated by numbers in Fig. 3 exchange using various protocols
and interfaces.

Communication channels 1 and 11 — implement the interaction of the operator with the control
PC, through the program interface and with the robot when installing the workpiece and removing the
finished product.

Communication channels 2, 3 are implemented in the form of software communication
between the modules of the control program. Channels 6 and 7 are organized through local TCP / IP
communications.

Channels 4 and 5 are implemented using an Ethernet connection between the control PC and the
robot control cabinet.

Channels 9 and 10 — Ethernet connection between control PC and vision camera

Channel 8 — Ethernet connection between the control PC and the knife drive.

Next, we will take a closer look at the operation of each program module.

The graphical interface for the operator’s interaction with the hardware-software complex is

shown in Fig. 4.
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Fig. 4. Graphical control interface for operator work

The software controls the entire honeycomb cutting process and provides interaction between the
operator, the robot and the machine vision module.

The following functions are implemented in the control program:

« displaying a picture from a machine vision camera in real time to monitor the cutting process
(upper left window);

* recognition of the honeycomb block contour using machine vision algorithms (upper right
window);

* placement on the recognized honeycomb block of the contour of the part for cutting (any shapes
are supported, loading from the vector format.svg);

« splitting the cut contour into sections and issuing control commands to the robot for cutting
sections (bottom left window);

« functions of debugging, programming and manual control (bottom right area of the window).

The structure of software modules is shown in Fig. 5.

The software consists of the following main modules:

* MainWindow is an interface module that provides interface display and user interaction;

 CutController is the main module for controlling and monitoring the cutting process; it receives
commands from the user interface and controls all devices;

» Camera is a module for interacting with a machine vision camera;

* Knife is a module for interacting with a knife;

* KvpGO is KUK A manipulator interaction class (KUKA KRL);

» SvgReader is class for reading cut paths from the vector format.svg.

The information exchange module on the robot is made in the form of a program separately

running in the background on the robot controller, which is continuously executed together with the
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Fig. 5. Structure of software modules

main program. This program uses the capabilities of the KUKA.Ethernet KRL, it is written in Kuka
Robot Language (KRL) and uploaded to the Submit Interpreter.

The firstprocedure in the algorithm of the information exchange module establishes communication
with the control PC using the KUKA Line Interface, while the connection parameters are configured
using the xml configuration file (server/client operation mode, connection speed, IP address, format
and a set of variables for sending and receiving, etc.) (Fig. 6).

If the connection is established, then the following procedure receives data from the control PC,
otherwise it will try to establish the connection again.

Conditionally received data can be divided into two categories: current state and data arrays with
coordinates of moving points and their parameters.

The variables of the current state are:

* byte variable GO, denoting the command to start (if the value is 1) or stop (if the value is (0) the
execution of movements;

* byte variable LAST corresponds to the number of the last point in the point array to which the
movements should be performed.

The data array loaded into the robot consists of the following variables:

* byte variable INDEX — index of the point loaded into data arrays;

« array with coordinates of trajectory points Buff frame/32] (each element contains coordinates
X,Y,Z, A, B, C);

« array with parameters of trajectory points Buff param/32]. Each element of the array corresponds
to an element of the Buff frame[32] array and contains the type of movement TYPE (pause, linear
movement, free movement); BASE No (number of the base in which the movements are specified);
TOOL No (tool number for which the movements are programmed); VEL (speed of movement, set
as a percentage of the maximum possible for free movement and in m/s for linear movement); ACC
(acceleration of movement is set as a percentage of the maximum possible for free movement and in

m/s? for linear movement).
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Fig. 6. Algorithm of the information exchange module with control PC

After receiving data from the PC, two conditions are checked: first, whether more than 5 seconds
have passed since the last data was sent to the control PC; the second is whether the data has changed
since the last data sent to the PC. If one of the conditions is met, then the procedure for sending data
to the PC is performed.

The following data is sent to the control PC:

* byte variable GO;

* byte variable LAST;

* byte variable CURR — index of arrays with coordinates and parameters corresponding to the
point to which the movement is performed at the current moment in time;

* current coordinates of the executive mechanism in the format {X, Y, Z, A, B, C};

e current values of all six axes of the robot {Al, A2, A3, A4, AS, A6}.

After sending the data to the control PC, the cycle repeats from the moment the connection status
is checked. The entire cycle takes an average of 88 milliseconds.

The second module for the robot is written in the form of the “KRL_movement.src” program and
is executed in parallel using the Robot Interpreter (the algorithm is shown in Fig. 7).

The first procedure initiates the default parameters — acceleration and movement speed, selection
of the base and the tool, setting the values of the movement smoothing parameters, choosing the
method of fixing the workpiece and the tool.
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Fig. 7. Algorithm of the movement module

The following procedure fills the arrays of coordinates of points Buff frame[32] and parameters
Buff param/32], so that each element will correspond to the “pause” command for 0.1 seconds.

Further, the errors of connection with the control PC are cleared using the procedure CLEAR
ERROR(). This procedure removes unacknowledged messages that prevent reconnection with the host PC.

After clearing the errors, the main loop of traversing the points of the array begins. The array
consists of thirty-two points, so the body of the loop is repeated 32 times, after which the loop starts
over.

The body of the main cycle begins by checking the condition: whether the current point to which
the actuator has moved is the last one to which it is necessary to perform movements. If the condition
is met, then the CLEAR ERROR() procedure is called in a cyclic mode until the index of the last
traversing point changes (the value of the LAST variable).

After that, the index of the current point is updated and the DO _MOVE() procedure is called,
which processes the movement to the current point.

After the DO _MOVE() procedure, errors are cleared again — CLEAR ERROR().

Fig. 8 shows the algorithm for the DO _MOVE() procedure.

The first two procedures update the working base and the tool according to the parameters
corresponding to the current point of movement.

The next step is to determine the type of movement to the current point. If the type is #WAIT,
then the “pause” command is executed for X seconds; if the type is #PTP or #LIN, then the speed and
acceleration are set first, and then the free or linear movement to the current point, respectively.

To stop the movement in progress based on a signal from the control PC, an interrupt function

is implemented in the program, which is activated when the GO variable changes from 0 to 1. When
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Fig. 8. Algorithm of the DO MOVE() procedure

the interrupt function is activated, the movement of the actuator stops until the GO variable becomes

1 again.

4. Conclusion

The complex presented in the article makes it possible to efficiently cut the honeycomb filler along
a given contour, and is the basis for the implementation of the complex as part of a technological cell
of cloud production, with a top-level control system. Nevertheless, this complex can be improved,
for example, by adding a function for tracking the movements of the moving elements of the robot
in order to control collisions with stationary elements of the environment, optimizing the design and

parameters of the actuator in order to increase the productivity of the operations performed.
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