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SOFTWARE AND HARDWARE COMPLEX FOR EXPERIMENTAL STUDY
OF TWO-COORDINATE POSITIONING SYSTEM
OF AUXILIARY UAV VIDEO CAMERA

To solve the problem of fatigue of the UAV operator during long-term search and reconnaissance missions, a research
hardware and software complex was created, in which the positioning of the auxiliary UAV video camera with a narrow field
of view is carried out. Dynamixel Library for MATLAB and Simulink was used to organize the interaction of actuators with the
virtual environment, which allows combining positioning and image analysis subsystems in a single virtual environment.
The results of an experimental study of the 2DCAM virtual-physical system are given.
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Urgency of the research. The development of electronics, information and computer
technologies has given a significant impetus to the improvement of long-known unmanned
aerial vehicles (UAVs) [1]. This, in turn, made it possible to significantly expand the scope of
application of UAVs compared to manned aircraft [2]. However, the traditional tasks of
searching for objects, observing the earth's or water surface remain relevant [3]. The use of
UAVs to solve such tasks can be more effective compared to the use of a manned device,
especially in cases where the safety of the pilot is at risk. Therefore, further research for
improving the UAV and its components is important.

Target setting. Remote control of the UAV is mostly carried out based on the image created
by the on-board navigation video camera, transmitted using a radio channel and played back on
the video monitor of the ground control point as part of the unmanned aircraft complex. During
along-term search mission, the UAV pilot has the additional task of analyzing this image, which
requires increased attention. This can cause fatigue and lead to missing the object of interest
[4], sometimes with serious consequences.

Actual scientific research and issues analysis. Much attention is paid to the problem of
increasing the efficiency of human-operator interaction and technical means during the
development of a human-machine interface [5]. In the case of UAVs, the ground control point
can be equipped with additional video monitors and other operators can be included in the
image analysis [6]. However, such (an extensive) solution to the problem is impossible when
the mentioned ground control point must be highly mobile and inconspicuous, and all functions
of interaction with the UAV must be performed by one single person. This can be helped by an
additional video camera with a narrow field of view [7], the image of which shows a fragment
of the frame of the main camera on an enlarged scale. Based on a sufficiently high degree of
detailing of the object of interest, the pilot-operator can make a more informed decision about
his further actions [8].

The problem is who (or what) should direct this additional camera to the area of interest
within the frame of the main (navigation) camera. In [9], a constructive model of the interaction
of two cameras is substantiated, as well as a structure that contains a software system for
preprocessing and image analysis is proposed. The ultimate purpose of this system is to
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determine the area of interest and form commands for positioning an additional video camera.
There, the key components of one of the electric drives for positioning an additional camera
with mechanical links were determined and their simulation was performed.

In order to carry out an experimental research, software and hardware solutions are
proposed in [10], which could potentially be used to solve the entire set of tasks, including
image processing and control of the electric motors of the positioning of an additional video
camera based on the results of the analysis of the image from the navigation video camera,
directly on board the UAV and under the conditions of restrictions typical for this case.

In [11], a structural model of the electric drives of the two-coordinate positioning system
of the additional video camera of the UAV is presented. On the basis of the formulated specific
requirements, typical for work on board the UAV, the choice of brushless direct current (BLDC)
motors is justified, and a well-known mathematical model has been refined. In particular, the
structure of the motor as a link of the automatic control system, transmission functions, as well
as the BLDC model in continuous time are proposed. It is the basis for the development of an
optimal digital regulator. Taking into account that the operation of an ideal optimal digital
controller on a UAV is not possible, and the existing hardware and software tools allow
deploying a pre-trained neural network on board, the idea of using a quasi-optimal motion
controller is proposed. Its training should be organized on the basis of available software tools,
originally designed to work as part of an image recognition system.

As a task of the next stage of research, it was also determined that it is necessary to find
the transfer function of the traditional optimal controller and compare the performance of two
controllers: optimal and quasi-optimal.

Uninvestigated parts of general matters defining. The conducted theoretical studies, as
well as simulation modeling, determine the key parameters and indicate promising directions
for the practical implementation of the system of two-coordinate positioning of the additional
video camera of the UAV. However, these results must have a sufficiently high degree of
verification even before schematic diagrams are developed, electronic components are
purchased, printed circuit boards are assembled and manufactured. Otherwise, large material
and time costs may not be justified. For example, such a problem as choosing an adequate
microcontroller, its performance and peripheral devices, and even expensive tools for it, can
significantly worsen the development prospects, if this problem is not solved in the best way.
Here we also depend significantly on other components, such as the object detector [10] and
others. Therefore, it is very important to do one more intermediate step before making the final
system, which is usually called the physical modeling stage.

It is most convenient to conduct full-scale experiments in the same software environment
in which the simulation was carried out. The MATLAB/Simulink environment [12] provides
wide opportunities not only for simulation modeling of multi-domain systems, but also for
connecting to various executive and measuring devices. Tools such as Image Processing and
Computer Vision [13] will allow in further studies to extend physical modeling also to
subsystems related to image processing. Finally, this environment also supports UAV
navigation, artificial intelligence and machine learning tools, which makes it possible to solve
a much wider range of tasks related to the problems formulated above.

[14] provides a description of a high-level software library that allows you to control
DYNAMIXEL actuators directly from the MATLAB/Simulink environment [15]. This library
contains MATLAB tunctions and Simulink blocks of general use, which should be supplemented
with such capabilities that will allow solving tasks that rely on the subsystem for positioning
the additional camera of the UAV.
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The research objective. The purpose of the article is to create a research software-
hardware complex that, from the MATLAB/Simulink environment, allows you to control the
positioning of the additional video camera of the UAV by pitch and yaw angles. This allows
combining two subsystems — positioning and image analysis — in a single virtual environment
to solve the problem of increasing the efficiency of the UAV pilot-operator during long-term
search and reconnaissance missions.

In order to achieve the goal, it is necessary to solve such tasks as the analysis of actuators
and their control software; refinement and development of blocks that allow you to form the
necessary positioning tasks and visualize the current parameters of the two-coordinate positioning
system of the auxiliary UAV camera; experimental testing of the complex's performance.

Presentation of the main material

Hardware and software of the complex. Despite the prospects of BLDC [11], this work
uses DYNAMIXEL actuator systems based on DC motors [16], as it allows you to quickly assess
the possibility of solving the problems formulated above. We justify this choice as follows:

1) In these drives, at the mechanical, electronic and algorithmic level, the motor, reduction
gear, controller, driver, sensors, as well as network functions are integrated, which allow to
significantly reduce the time required for the development of means of communication with a
personal computer.

2) A wide range of actuators allows you to choose a device according to the required
parameters (supply voltage, torque on the shaft, resolution, etc.). At the time of writing, there
are at least 72 actuators available [17] that use both DC and BLDC motors.

3) The software supported by the built-in controller includes DYNAMIXEL (Wizard; SDK;
Workbench), Arduino IDE, RoboPlus (R+), etc., which allows (including) to implement the
daisy-chaining connection of several actuators [18].

4) Availability of libraries [19], which can immediately be used as a basis for further
research within the MATLAB/Simulink environment.

5) From the point of view of control, both BLDC and DC motor are very close, which
makes it possible to further use the currently created prototypes of motion controllers in other
actuators.

The simplest actuators of the first generation were taken as a basis:

— DYNAMIXEL AX-12A [20] for positioning the video camera at the yaw angle (along the
horizontal line);

— DYNAMIXEL AX-184 [21] for positioning the video camera by the pitch angle (along
the vertical line).

The advantage of these models of actuators at the beginning of development was small
dimensions and weight, low power supply voltage and cost.

The appearance of the hardware part of the experimental complex is shown in Fig. 1.

The research used a personal computer with an Intel® Core™ i7-4770 CPU @ 3.40GHz,
16.0 GB of RAM, on which the Windows 10 Pro operating system, MATLAB® R2024a was
installed, and the Linux Ubuntu 20.04.4 LTS (Focal Fossa) operating system was deployed
using VirtualBox.

To work with video cameras and object detectors, a platform for developing embedded
systems using machine learning phyBOARD®™-Pollux AI kit [22] was used. Two video cameras
are connected to the single board computer phiyBOARD-Pollux [23]: VM-016-COL-M-M12 [24]
and VM-017-COL-M-H [25]. The latter was chosen in the version with a C/CS mount bracket
to ensure the possibility of connecting special lenses.

DYNAMIXEL actuators are connected to a personal computer via a USB interface using a
small U2D2 converter [26].
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Fig. 1. Software and hardware complex
Source: developed by the authors.

Main functions of Dynamixel Library for MATLAB and Simulink and their capabilities

Requirements for the computer platform and a detailed description of the Dynamixel
Library for MATLAB and Simulink installation are described in [14]. This library, in turn, is
based on the dynamic library in the C language, which is included in the DYNAMIXEL SDK
software development kit [19].

The library [14] has a total of 38 MATLAB functions. Of them, 15 functions are intended
mainly for reading information (7able 1), 12 — for writing (Table 2).

Table 1 — MATLAB functions of the library [14] for reading information

Function
bulkReadAddParamDxl

bulkReadDxI
bulkReadTxRxPacket
fastSyncReadDxI
fastSyncReadDxISim
initBulkReadDxI

initSyncReadDxI

initSyncReadIndirectDxI

readDxI

readDxISim
setIndirectReadDxI
syncReadAddParamDxI
syncReadClearParamDxI
syncReadDxI
syncReadDxISim

Comments
Adds parameters for bulk read function of Dynamixel motors
Returns the acquired data from bulk read function for the connected Dynamixel
motors
Executes bulk read for Dynamixel motors
Executes fast sync read for Dynamixel motors and returns the selected read
parameter
Executes fast sync read for Dynamixel Motors in Simulink
Initializes the bulk read function for Dynamixel motors and returns the group
numbers
Initializes the sync read function for Dynamixel motors and returns the group
numbers
Initializes the sync read function using indirect addresses of Dynamixel motors and
returns the group numbers
Executes read for Dynamixel motors and returns the acquired data
Executes read for Dynamixel motors and returns the acquired data
Sets indirect addresses for enabling fast sync read for multiple Dynamixel motors
Add parameter for bulk read function of Dynamixel motors
Clears parameters for bulk read function of Dynamixel motors
Executes sync read for Dynamixel motors and returns the acquired data
Executes sync read for Dynamixel Motors in Simulink

Source: developed by the authors.

"Fast" functions allow exchanging information with remote actuators in one operation at
the same time, using indirect addressing.
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Table 2 — MATLAB functions of the library [14] for recording information

Function Comments
bulkWriteAddParamDxl ~ Adds parameters for bulk write function of Dynamixel motors
bulkWriteDxI Executes bulk write for Dynamixel motors
fastSyncWriteDxI Executes fast sync write for Dynamixel motors
fastSyncWriteDxISim Executes fast sync write for Dynamixel Motors in Simulink
initBulkWriteDxI Lr:}i::;l;es the bulk write function for Dynamixel motors and returns the group write

Initializes the sync write function using indirect addresses of Dynamixel motors
and returns the group numbers
Initializes the sync write function using indirect addresses of Dynamixel motors
and returns the group numbers

initSyncWriteDxI

initSyncWritelndirectDxI

setIndirectWriteDxI Sets indirect addresses for enabling fast sync write for multiple Dynamixel motors
syncWriteDxI Executes sync write for Dynamixel motors and returns the acquired data
syncWriteDxISim Executes sync write for Dynamixel motors in Simulink

writeDxI| Executes write for Dynamixel motors

writeDxISim Executes write for Dynamixel motors in Simulink

Source: developed by the authors.

Other available MATLAB functions can be classified according to the following features:

— initialization functions of both the library itself and the initialization of reading or
writing from/to the actuators (7 pcs.);

— functions of synchronous initialization, reading or writing from/to actuators (14 pcs.);

— batch manipulations with actuators (7 pcs.);

— functions of fast synchronous reading or writing from/to actuators (4 pcs.).

It should be noted that this conditional classification helps to quickly navigate the available
tools and start using them. Since some of the functions combine several operations mentioned
above, that is, they belong to two or more classes at the same time, the total number of functions
mentioned here does not coincide with their full number.

Ten unclassified MATLAB functions (7able 3) allow you to control the communication port,
search for and configure found actuators, and check their status and communication errors. Of
course, they perform some /O or read or write operations, as do any peripheral access functions.

Table 3 — Unclassified MATLAB library [14] functions

Function Comments
openPortDxI Opens port for communication with Dynamixel motors
setBaudDxI Sets the baudrate of Dynamixel motor communication
closePortDxI Closes communication port with connected Dynamixel motors
findserial Finds and returns connected serial (COM) ports
findDxI Finds connected Dynamixels, returns their IDs and models
torqueDxI Enables or disables the torque to Dynamixel motors
driveModeDxI Changes the drive mode of connected Dynamixel motors
operatingModeDxl ~ Changes the operating mode of Dynamixel motors
lookupDxI Searches the control table RAM data of Dynamixel motors

Checks for communication errors and returns the communication status of connected
Dynamixel motors
Source: developed by the authors.

checkErrorDxI

MATLAB functions that implement the exchange between actuators directly from Simulink
should also be highlighted (Table 4).

The library [14] also contains three classes of basic Simulink blocks:

— writing, synchronous writing and fast synchronous writing blocks to the DYNAMIXEL
actuator,;

— blocks of reading, synchronous reading and fast synchronous reading of parameters
from the DYNAMIXEL actuator;

— models of some DYNAMIXEL actuators.
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Table 4 — MATLAB functions of the library [14] for communication with Simulink

Function Comments
fastSyncReadDxISim Executes fast sync read for Dynamixel Motors in Simulink
fastSyncWriteDxISim Executes fast sync write for Dynamixel Motors in Simulink
syncReadDxISim Executes sync read for Dynamixel Motors in Simulink
syncWriteDxISim Executes sync write for Dynamixel motors in Simulink
writeDxISim Executes write for Dynamixel motors in Simulink

Source: developed by the authors.

Virtual and physical 2DCAM subsystem

Using the Dynamixel Wizard 2.0 [18], the serial port of the computer was identified and
the same baud rate was set for both actuators at 1,000,000 baud. The actuators used in this study
support the exchange protocol version 1.

On the basis of examples [14], a virtual model of the two-coordinate positioning subsystem
of the additional video camera of the UAV was created (Fig. 2). The model can be used either
in manual positioning task mode, or based on previously developed tasks.

The choice of mode is determined using a virtual toggle switch. In the "Manual Control"
position, the additional video camera of the UAV can be directed in the range of £150° along
the vertical or horizontal, using the appropriate slider controls (Vertical Position or Horizontal
Position). In the "Scenario" position, setpoints are used from the numerical file Set7ask.mat,
which is pre-created and adjusted using the Signal Editor Simulink block.

To visualize the parameters of both actuators, digital meters of position, positioning speed,
as well as moments on the motor shaft and temperature of electric drives are used. For this
purpose, each of the V-Measure and H-Measure Simulink subsystems contains the
aforementioned basic Simulink blocks for reading certain data from the actuators. Each of these
blocks is identical and differs from the others by the parameters of the C-function that is called:
Present Position, Present Speed, Present Load or Present Temperature. Usually, in these
Simulink blocks, according to the actuators used, the parameters of the AX-184 actuator are
used for vertical positioning, and 4X-124 for horizontal positioning, which are automatically
determined at the model initialization stage using the findDxl/ search function (7able 3).

G

H-Velocity (rpm)

Fig. 2. Virtual part of the 2DCAM subsystem
Source: developed by the authors.

The most important parameters of the system's functioning are the vertical and horizontal
positioning setpoint signals, as well as the real values of the position of the UAV's additional
video camera obtained through feedback. They are presented visually on the "Position" virtual
oscilloscope. Blocks of multiplexers and demultiplexers allow all necessary signals to be
displayed simultaneously on one screen in two windows.
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Of course, the use of a virtual oscilloscope, other measuring devices, as well as
measurement devices, blocks (up to individual electronic components) allow to reduce time and
reduce the cost of development at the stage of prototyping a complex technical system.

On Fig. 3 shows screenshots of oscillograms of transient processes (N — ticks from position
resolver) in the 2DCAM subsystem, which are obtained from the virtual oscilloscope "Position".
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Fig. 3. Transient processes in 2DCAM subsystem
Source: developed by the authors.

As can be seen from Fig. 3, the actuators successfully work out the setpoint signals, and
the further task is the development and implementation of virtual controllers in the 2DCAM
subsystem, which will allow to optimize transient processes.

On Fig. 4 presents a photo of the hardware part of the 2DCAM subsystem. In addition to
an electromechanical unit with two video cameras, a U2D2 interface converter, two actuators
for an additional video camera together with a lens with a reduced viewing angle, the photo
shows a single-board computer phyBOARD-Pollux, as well as other components of a
specialized computer system: an auxiliary video monitor and keyboard.

““““ \ > o
_ 4 R ,’,’l‘

o

Source: developed by the authors.
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The auxiliary video monitor shows a test image received from the main (navigation) video
camera of the UAV, which has undergone digital pre-processing using a processor installed on
a single-board computer.

Conclusions. For the first time, a software-hardware complex was developed, which in a
single MATLAB/Simulink virtual environment allows you to study individual components of a
special system for use on board a UAV, as well as their interaction. This system is designed to
increase the efficiency of the UAV pilot-operator during long-term search and reconnaissance
missions. Components:

— the electromechanical subsystem of the two-coordinate positioning of the additional
video camera of the UAV 2DCAM;

— software subsystem of image analysis and detection of the area of interest;

— other parts.

During the research, the main efforts were concentrated on the creation of the 2DCAM
subsystem. For this purpose, an analysis of possibilities and selection of actuators and software
control methods was carried out. The relevant software library has been installed and the
available MATLAB functions have been classified, which facilitates their use. The Simulink-
blocks were refined and re-created in accordance with the required range of setpoints of the
developed system. These blocks made it possible to confirm the correctness of the choice of
hardware and software tools used to create the complex.

Experimental verification of the interaction of the virtual component with the available
hardware demonstrated the possibility of two-coordinate positioning of the auxiliary UAV
camera at pitch and yaw angles of £150°, which meets the requirements. The obtained results
allow further efforts to be concentrated on the optimization of motion controllers in terms of
accuracy and speed; on image analysis and area of interest detection using solutions and tools
such as MATLAB and Simulink for Control Systems, Image Processing and Computer Vision,
Embedded Systems, Machine Learning, Mechatronics and others.

Careful links to primary sources allow you to use the article, including as a reference, which
will quickly help a specialist in the field of robotics and mechatronics to solve a complex of
tasks that arise during the development of prototypes of various electromechanical devices.
Further research can be done on numerous examples in MATLAB in the field of artificial
intelligence, including in the Python programming language, as well as other, more accurate
actuators (for example, XM430-W210T, etc.). This allows us to use the advantages provided by
the concept of high-level programming of cyber-physical systems [27].

The availability of a large volume of educational literature and the multi-domain nature of
MATLAB/Simulink allows the results presented in the article to be used in the educational
process as well.
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MMPOTPAMHO-AITAPATHUM KOMILIEKC )11 EKCIIEPUMEHTAJIBHAX
AOCTIIZKEHb CUCTEMH IBOKOOPIAUHATHOT'O IIO3MHIOHYBAHHSI
JOIJATKOBOI BIIEOKAMEPH BIIVIA

BIIJIA npomsizcom mpueanoeo 4acy GUKOPUCHOBYIOMbCS OISl GUPIUUEHHSL 3A80AHb, KOO SIKUX NOCMIUHO PO3UWUPIOEMbCS
3a605IKU OOCSACHEHHSIM ) 2ALy3i eNeKMPOHHUX CUCIEM, KOMNI IOMEPHO20 30Dy, WmyuHo2o inmenekmy ma iH. Tomy nooanvuii
oocrioxcenns 3 memoro yoockonanents BIIJIA ma tioco cknadosux maioms éaxciuge 3nauents. OOuicio i3 cymmesux npobnem,
noe’szanux iz euxopucmannam BIIJIA, € nanpyea ninoma-onepamopa ni0 uyac GUKOHAHHS O0620MPUSANUX NOULYKOBUX 1§
po3eidysanvbrux micitl. Mooicnuge supiuieHHs nepeddaiae 6CManosieHHs 000amKo8oi 00 HasleayiiiHol gi0eokamepu 3 8y3bKuM
Kymom 30py. 30inbuiene 3006padicenns obracmi IHmepecy, sKe CMEOPHEMbC 000AMKOBOI0 Gi0e0KAMepor, 00NOMA2ae
onepamopy, npome nompedye 6iOnosiOH020 NO3UYIOHY8AHHS 000AMKOB0I GIl0eoKamepu 6CepeduHi Noas 30py OCHOBHOL
sioeoxkamepu. Lle no3uyionysanus modice 30iliCHIOBAMUCSA 3a KOMAHOAMU, KI popmye Oemekmop 00 'ekmis.

Mema cmammi — cmeopeHHsi OOCIOHUYLKO2O0 NPOSPAMHO-ANAPAMHO20 KOMWIEKCY, SKUll 13 cepedosuiyd
MATLAB/Simulink 0o036015¢ Kepyéamu no3suyioHy8aHHAM 000amkogoi eioeoxamepu bBIIJIA 3a xymamu maueaxcy ma
puckanns. Lle 0ozeonse 06’ eOnamu 06i niocucmemu — NOUYIOHYBAHHA A AHANI3ZY 300PANCEHHS — 8 EOUHOMY GIPIYATLHOMY
cepedosuwyi 0 eUpiueHs npodemu niosuujerns egpexmuernocmi pobomu ninoma-onepamopa bIIJIA nio uac euxonanus
MPUBANUX NOULYKOBUX T PO3BLOYEANbHUX MICIIL.

Y pobomi obrpynmosano eubip axmyamopnux cucmem Ha 6a3i Osucynié nocmitinoco cmpymy DYNAMIXEL, ski
NIOKNIIOYEHO 00 NePCOHANbHO20 Komn 'tomepa uepes inmepgheiic USB. Jns peanizayii xowyenyii Ha08UCOKOPIGHE8020
NPOSPAMYBAHHA AKNyamopie ma guKopucmauns incmpymenmis cepedosuusa MATLAB/Simulink ons nodanvuux docnioxcers
suxopucmato 60ioniomexy Dynamixel Library for MATLAB and Simulink, ¢yuxyii axoi xnacugixoeani 3a osnaxamu, uwjo
nonecuiye ixue euxopucmaums. Pospo6reno eipmyanvro-ghizuuny niocucmemy 080KOOPOUHAMHO2O NO3UYIOHYEAHHSL
dooamxosoi  gioeoxamepu BIIJIA 2DCAM, pe3yromamu excnepuMeHmanbHux OO0CAiOHCeHb AKOI NiOmMEepoxtcyoms
cnpaeeonugicms 8u6OPY anapamHux ma NPOSPAMHUX 3aco6i6, BUKOPUCIMAHUX Ol CIBOPEHH S, KOMIIEKC).

Cmammsi mooice 6ymu KOPUCHoIo 0715t PO3POOHUKIG KiOep-hi3utHUX cucmem, a makodlc BUKOPUCMANA 8 OCBIMHbLOMY NPOYec.

Knrwuoei cnosa: desninomnuii nimanvuuil anapam (BILIA); ananiz 306pasxcens, nosuyionysanis, MATLAB; Simulink.
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