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REMOTELY OPERATED UNDERWATER VEHICLE IN THE FORM
OF A QUADCOPTER: FEATURES OF THE DESIGN AND CONTROL SYSTEM

D. A. Volkov', A. V. Sayapin, K. V. Safonov, A. A. Kuznetsov

Reshetnev Siberian State University of Science and Technology
31, Krasnoyarskii rabochii prospekt, Krasnoyarsk, 660037, Russian Federation
“E-mail: vikden@yandex.ru

Inspection of underwater objects, such as underwater archaeological sites, sunken technical objects, and under wa-
ter located technical structures, requires the use of specially trained divers, manned or unmanned, remotely operated or
autonomous underwater vehicles.

A relatively rarely used design for such underwater vehicles is a design in the form of a quadrotor with positive
buoyancy.

This article discusses the design and the control system of the remotely operated underwater vehicle in the form
of a quadrotor. The aim of the work is the selection and justification of the shape of the vehicle, the selection
of the optimal structure of the control system with the expectation of the subsequent use of the vehicle as an autonomous
one.

The potential advantages of the selected design in the form of a quadcopter with a cylindrical body are described, in
particular, the large volume of the sealed space of the vehicle, the possibility of installing capacious power sources, the
potential for stabilizing the vehicle in a given position if there is a current at the place of work.

The sealed case of the device is designed to place control electronics, power electronics and battery power of the
device. The selection and justification of the shape of the sealed enclosure were made using a hydrostatic modeling ap-
paratus and theoretical mechanics. A solid cylinder made of polycarbonate was selected as a form of the sealed housing
of the vehicle. The advantage of the selected form in comparison with the parallelepiped-shaped case is shown under
the condition of the same material parameters.

The control system of the device includes sofiware and hardware components. The choice of hardware components
is justified, their key characteristics are described. As the control device of the top level, a single board computer (SBC,
Single Board Computer) Orange Pi PC was selected, the direct control of the motor of the vehicle is performed using
the Cortex-M3 microcontroller. The software architecture of the device is described. The choice of architecture is de-
termined by the requirements of poorly connected components (which makes it easy to replace particular software
elements without the need to modify the other elements), the simplicity of the potential replacement of the top-level
control modules (which potentially allows switching from a remote control model to an autonomous control model).
Some software components are described. The control system is implemented with the high-level language Python ver-
sion 3.7, the basis of the control mechanism is message passing, the MOTT protocol maintained by the Mosquitto server
is selected as a messaging mechanism.

Testing of the vehicle was carried out in pools with standing water and with a simulated current. Testing showed the
need to gain experience to control the underwater vehicle.

The study will allow us to further develop a new version of the underwater vehicle, taking into account the wishes
and identified problems.

Keywords: robotics, underwater archaeology, underwater vehicle, quadcopter, control system, hardware-software
complex.
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JUCTAHIIMOHHO-YIPABJSAEMBIN MMOJABOJIHbIN AIIITAPAT B ®OPME KBA/IPOKOIITEPA:
OCOBEHHOCTH KOHCTPYKIIMHN U CUCTEMBI YIIPABJIEHUSA

. A. BOHKOB*, A. B. Casmus, K. B. Cadonos, A. A. Ky3neros

Cubupckuii rocy1apCTBEHHBIN YHUBEPCUTET HAYKH U TEXHOJIOTHH NMeHH akajnemuka M. @. Pemernena
Poccutickas ®enepanus, 660037, r. KpacHosipek, mpoctt. uMm. ra3. «KpacHosipckuii paboumnii», 3 1
*. .
E-mail: vlkden@yandex.ru

Ob6cnedosanie no0BOOHbIX 00BLEKMOS, MAKUX, KAK NOOBOOHbBIE ApXe0i02uydecKue NAMIMHUKY, 3AMOHY8uUe MexHU-
yeckue 00beKmol, MEXHUUECKUE COOPYICEHUS, PACNOL0ICEHHbIe OO 8000, mpebyem UCHOIb308AHUS CHEYUATLHO NOO-
20MOBNIEHHBIX B000A3068, OOUMAEMBIX ULU HEOOUMAEMbIX OUCIAHYUOHHO-YNPABIAEMBIX UTU ABMOHOMHBIX NOOBOOHbIX
annapamos.

OmHocumenbHo peoKo UCNONb3YEMOU KOHCMPYKYuell Osi MaKux NOO0B0OHbIX Annapamos s6usemcsi KOHCIMpPYKYusl
K68AOpOKONMepa ¢ NOJONCUMENbHOU NIAGYUECTNBIO.

B npeonazaemoii cmamve paccmampuaemcsi KOHCMPYKYusi U CUCMEMA YAPAGIeHUss HOOBOOH020 Heobumaemozo
OUCMAHYUOHHO-YIPABeMo20 annapama 6 ghopme keaopoxkonmepa. Llenvio pabomwl siensiemcs 6blO0p u 060CHOBANHUE
¢hopmul Kopnyca annapama, OnMUMAILHOU CMPYKMYPbl CUCHEMbL YIPAGLEHUS. C PACYENOM HA NOCTeOYIoujee UCnoib-
306aHUe ANNAPama 8 Kawecmee agmoHOMHOZO.

Onucanvl nomeHYyuaibHble NPEUMyuecmsa 6blOPAHHOL KOHCMPYKYul 8 hopme K6adpoKonmepa ¢ YUIUHOPUYECKUM
KOPHYCOM, 6 YACMHOCMU, OOAbUWOU 00beM 2epMEemuyHo20 NPOCMPAHCIEd annapamd, 603MOJICHOCHMb YCMAHOBKU
EeMKUX UCMOYHUKOS NUMAHUsL, NOMEHYUATbHAS 8O3MOJICHOCMb CMAOUIU3AYUU Annapama 8 3A0AHHOM MNOJOICEHUU
npU HATUYUY MedeHUs. 6 Mecne npogedeHust pabom.

Tepmemuunsiii Kopnyc annapama npeoHaznayeH O pasmeuwjeHus Ynpasisiouel 21eKmpoHUKY, CUL080U dNeKmpo-
HUKU U 21eMeHmoe numanus annapama. Buibop u ob6ocnosanue Gopmvi cepmemuiHo2o KOPRyca GblNOIHEHbL C UCNOTb-
306aHUEM ANNAPamMa 2UOPOCMAMUYECKO20 MOOCIUPOBAHUS U MeOPemudecKoll Mexanuku. B kauecmee ¢hopmol eepme-
MUYHO20 KOPNYCA annapama eblOpan yerbHblil YUIUHOP, 8bINOIHEHHbI U3 noaukapbonama. Iloxkaszano npeumyuecmso
6bIOPAHHOL (YOPMBL NO CPABHEHUIO C KOPHYCOM 8 (hopme napaieienuneda npu yCioguu 00UHAKOBbIX NAPAMEmMpPos8 Ma-
mepuana.

Ynpaensiiowas cucmema annapama exiowaem 6 cebst npocpammuvie u annapamuvle kKomnonenmol. O60CHOBAH 6bl-
O0p annapamuvlx KOMNOHEHMOS, ONUCAHbL UX KIIO4esble Xapakmepucmuxu. B xauecmee ynpagisowe2o ycmpoucmea
6epxHe20 ypoeHsL eblopar oononaamuwiii komnviomep (SBC, Single Board Computer) Orange Pi PC, nenocpedcmsenno
ynpasnenue O08ueamensamu annapama ocywecmensiemcs npu nomowu muxpoxkoumpoinepa Cortex-M3. Onucana
apxumexmypa npoepammuoz2o obecneuenusi annapama. Beibop apxumexmypwi obycirosnen mpebosanusimu ciabou
CBAZHOCMU KOMHOHEHMOB (4MO NO360sem J1e2KO 3aMeHsAMb OMOeNbHble deMEHMbl NPOZPAMMHO20 obecneuenus Oe3
Heobx0ouMocmu MOOUDUKAYUYU OCNATILHBIX JTIEMEHMO08), NPOCHOMO NOMEHYUAILHOU 3AMeHbL YIPAGILIOWUX MOOYIell
8epXHE20 YPOBHA (YMO NOMEHYUATLHO NO36OSIem Nepelimu Onm MoOoenu OUCMAHYUOHHO20 YNPAGIeHUs ANnapamom
K agmoHOMHOU MoOenu ynpasnenust). Onucanvl omoeibhble KOMHOHEHMbL RPOSPAMMHO20 obecheyenus. Ynpasnsiowas
cucmema peanuz08ana Ha sA3blKe 8blCOK020 YpoeHs Python eepcuu 3.7, 0CHOB0U Mexanusma YnpaeieHus sA6semcs
nepeoaua coobwjenuti, 8 Kavecmse cpedvl 0OMeHa coobwenusmu eviopan npomokon MQOTT ¢ pearusayuei 6 gude
cepsepa Mosquitto.

Tecmuposanue annapama npo8oOULOCH 8 baccelnax co cmosyell 6000U u umumayuel meyenus. Tecmuposanue
NOKA3a10 HEe0OX00UMOCHb NOTYYEHUs. Onblma OJisl YRPAGIeHUs NOOBOOHbIM ANNAPAMOM.

Ilposedénnoe uccredosanue nozeonum 6 OdaivHeluuleM paspadomams HOBYI0 6epcuio N008OOH020 annapama
€ YUEMOM NOJNCENAHUTI U BbIABIIEHHBIX NPOOIEM.

Kniouegvie cnosa: pobomomexuuxa, no08OOHAsE apXeonocusi, NOOBOOHbIU annapam, KeaOpoKOnmep, cucmemd
VAPAasnenusl, nPpozpaAMMHO-anAAPAMHBII KOMNIEKC.

Introduction. In 2016 Alexander Goncharov and Ni- The development team of Reshetnev Siberian State
kolay Karelin (historians and lecturers at Reshetnev Sibe-  University of Science & Technology elaborated the con-
rian State University of Science & Technology) wentona  cept of a remotely operated underwater vehicle in the
research expedition to the north of the Krasnoyarsk Terri-  form of a quadcopter. In 2018, they developed and pre-
tory in search of the sunken English ship ,,Thames”. They sented a prototype of this device (fig. 1), as well as soft-
passed along the Yenisei River and the Yenisei Bay [1].  ware for its use [3].

As a result of the undertaken studies, the location of this The main purpose of this underwater vehicle
ship was determined. It is at the mouth of the Salnaya is the ability to conduct underwater archaeological re-
Kurya River [2]. search.

Alexander Goncharov offered an idea to develop a The advantage of the proposed design of the vehicle in

remotely operated underwater vehicle designed for the the form of a quadcopter is the ability to hold a predeter-
exploration of underwater objects that have cultural, his- mined position and position in moving aquatic environ-
torical or other value. ment.
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Fig. 1. The developed prototype of the underwater vehicle

Puc. 1. PazpaboTaHHBIi MPOTOTHIT TIOABOJHOTO anmapaTa

The originality of this development consists in the
whole of the following distinctive features:

— the implementation of the design of the underwater
vehicle in the form of a quadcopter and its control system
is based on the idea of the implementation of aircraft;

— to control the underwater vehicle special software is
used, it is available for use on mobile devices and per-
sonal computers;

— the proposed concept of an underwater vehicle com-
bines the advantages of tethered and unmanned underwa-
ter vehicles.

Case design. The exoskeletal structure of the under-
water vehicle is constructed as a hollow cylinder made of
plastic.

This form allows the vehicle to withstand high pres-
sure of the water column, and the calculations show that
the maximum immersion depth of the vehicle is not
caused by the shape and material of the exoskeletal struc-
ture, but by the sealing features of the side flanges.

The first prototype of the device was made in the form
of polypropylene pipes connected by means of a socket
joint, closed with sealed lids.

We have also considered the case made entirely with
the use of 3D printing technology, however, the anisot-
ropy of the case and its relatively low structural strength
forced to abandon this approach.

In the future, it is planned to make the case as a single
element in the form of a cylinder made of polycarbonate,
with an external diameter of 110 mm and a wall thickness
of 3 mm.

For this option, we made the calculations of the
strength of the case using the methodology published in
[4; 5], which showed the structural stability of the case at
depth of immersion of up to 100 m.

A perforated metal plate serves as a chassis for the
components located inside the body.
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The following elements are placed on the plate:

— high-current Li-ion (lithium-ion) battery used as a
main power source;

— on-board computer Orange Pi PC;

— MultiWii NanoWii control module based on a mi-
crocontroller with an ATmega32U4 processor;

— four electronic speed controllers (ESCs) that control
the brushless motors located outside the case.

The metal plate chassis also serves as a heat sink,
evenly distributing the heat released during the operation
of the speed controllers, which contributes to its removal
outside the case.

Two square aluminum profiles are attached to the
main part of the case, at the ends of which brushless mo-
tors with propellers are installed, designed for the move-
ment of the underwater vehicle in the aquatic environ-
ment.

Some elements of the case, including driving propel-
lers, were developed in the OpenSCAD 3D modeling
program and printed using a 3D printer. Upon the avail-
ability of a 3D printer, this approach makes it possible
to get a kit of necessary elements for the purpose of their
replacement in case of failure.

The speed controller wires connecting the motors to
the on-board control system are routed through sealed
lead-ins (seals), which prevent water from entering the
case.

An important task is the transmission of video from
the underwater vehicle. For these purposes, it is planned
to install an on-board camera connected to the main con-
trol computer. This will allow using the device distantly
as remotely operated. In the future it will be possible to
put into operation the system of autonomous control of
the device as well.

Two methods of installing a camera on the device are
considered: inside the exoskeleton structure (since it is



Cubupckuil scypHan Hayku u mexvoaoeui. Tom 21, Ne 2

transparent), and in a separate case on the external struc-
tures of the device. Each approach has its own advantages
and disadvantages. Thus, installing a camera inside the
case allows reducing the number of tight joints, which
increases the reliability of the device as a whole. How-
ever, it causes the need for post-processing of the image
from the camera, since the cylindrical body of the device
introduces distortions. Installing a camera from the out-
side will reduce the distortions introduced by the body of
the device (or, more precisely, it reduces the requirements
for the amount of post-processing of the image from a
camera, since a camera is supposed to be placed under a
spherical dome), but it creates potential leakage spots.

It is planned to perform optimization of the shape of a
driving propeller and the vehicle case as well [6].

Control system development. The main components
of the control system are:

— an operator whose workplace is located on board an
expedition escort ship or on shore; the workplace is
equipped with the means for displaying the video stream
from the board of the underwater vehicle, as well as with
controls;

— a top-level control software module receiving opera-
tor’s commands (or from an autonomous control system)
and translates them into the values of the state space vari-
ables of the device;

— software of a low-level controller, ensuring the
maintenance of set values of state space variables that
controls the operation of electronic speed controllers.

Let us consider the components of the control system
of the underwater vehicle in more detail. The control sys-
tem complex consists of the following components:

—an operator using a device with installed software
designed to control the underwater vehicle;

— a control device, which can be used as a smartphone,
tablet or personal computer with installed software
developed as part of this project, designed to send mes-
sages (commands) and receive video from an on-board
camera;

— Wi-Fi router, which is used to establish communica-
tion between the control device and the on-board com-
puter;

—an on-board computer designed to broadcast video
from an on-board camera and receive messages (com-
mands) from a control device, in order to transmit them to
the multirotor controller for moving the underwater vehi-
cle;

—a webcam designed to transmit video in order to
monitor the environment;

— a multirotor controller used to transmit speed values
and the position of the vehicle in space to speed control-
lers;

— electronic speed controllers (4 pcs.) that allow us to
control the motors of an underwater vehicle with a given
thrust;

—motors (4 pcs.) that allow us to perform the move-
ment of the underwater vehicle in the aquatic environ-
ment.

Fig. 2 shows the scheme of interaction of components
of the control system complex.

Four HobbyWing FlyFun 30A speed controllers and
four RCX D2830/14 750kv brushless motors connected to
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them are used to move the device in the aquatic environ-
ment.

The electronic components of the underwater vehicle
are powered by a high-current Li-ion (lithium-ion) battery
with the capacity of 1800 mAh.

As an on-board computer, a single-board computer
(microcomputer) with an operating system based on the
Linux kernel is used. Initially, the Raspberry Pi Model B+
microcomputer was used in the underwater vehicle proto-
type, however, later it was replaced by the model Orange
Pi PC to make it possible to install and use a webcam
designed to monitor the environment and (potentially)
recognize objects, since for broadcasting video images of
optimal quality and the operation of a computer vision
system, higher performance is required.

The software structure of the vehicle is described
in [7].

Up to date, the following control mechanisms for the
underwater vehicle are developed:

—a web server for using a joystick (gamepad) through
the Gamepad API;

— control of the underwater vehicle using a mobile de-
vice with the Android operating system.

The connection of the operator’s workstation with the
top-level control application is made using wireless and
wire technologies, which include a Wi-Fi network to con-
nect the operator’s workplace with a Wi-Fi router, which,
in turn, is connected to the on-board computer by an
Ethernet cable. The on-board computer and Wi-Fi router
use a wire connection to form a single access point. Thus,
the necessary flexibility of communication of all system
components is provided.

For the exchange of messages (commands) between
the control device and the on-board computer, the MQTT
protocol is used with the implementation in the form of a
Mosquitto server.

To receive messages via the MQTT protocol from the
control device and transmit them to the on-board com-
puter, and then send them to the multirotor controller, a
program for the use on the on-board computer was devel-
oped in the Python programming language.

The control of the vehicle motors is performed using
the Arduino-compatible MultiWii NanoWii multirotor
controller. The software being used makes it possible to
cyclically receive values from the on-board computer and
transfer them to speed controllers to operate the motors of
the device with preselected thrust. The operation is per-
formed in the fixed coordinate system (roll, pitch, yaw).
The program also allows keeping the horizontal position
of the device in space, using the values of the gyroscope
and accelerometer from the MPU-6050 sensor, embedded
into the multirotor controller. When the underwater vehi-
cle deviates from the horizon, the rotation speed of the
respective motors changes automatically in order to return
the vehicle to a horizontal position. This ability protects
the device from tipping over.

To control this underwater vehicle, software for mo-
bile devices with the Android operating system and for
personal computers with the Windows operating system
are developed and tested [8].

The software for controlling the underwater vehicle al-
lows performing the following tasks:
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— control of the movement of the vehicle in the aquatic
environment;

— displaying streaming video from an installed cam-
era;

— displaying the information received from installed
Sensors.

It is possible to control the movement of the device
using the program interface or a connected joystick
(gamepad).

Testing. This underwater vehicle has been repeatedly
tested in pools with standing water, as well as in the water
with simulated current. To test the device, two weight
plates for a rod weighing 0.2 and 0.5 kg were attached to
the case, since at the moment the device design has exces-
sive positive buoyancy. In the future, this will make it

possible to equip the underwater vehicle with additional
attached implements, such as equipment for sampling
water, temperature sensors, salt sensors, etc.

Testing in a pool with standing water showed that to
control the underwater vehicle it is necessary to have an
experienced operator with control skills. The installed
motors had a high speed margin, therefore the speed of
the motors was limited by software. When the underwater
vehicle was submerged to the depth of 6 meters, there
were not any problems. After a few minutes the vehicle
was in the aquatic environment, there was no moisture
inside the case.

Testing the device in the pool with a simulated current
of a depth of 0.5 m showed that it is difficult to control
the underwater vehicle in such conditions.

Operator

!

Control device

Wi-Fi router

A

Y

On-board
computer

$_1

T_’

Multirotor
controller

Webcam

Y

Electronic speed
controllers
(ESCs)

Motors

Fig. 2. Scheme of interaction of components
of the control system complex

Puc. 2. Cxema B3auMOACHCTBHUS KOMIIOHCHTOB KOMILIEKCa
CUCTEMBI YIPaBICHHS
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Fig. 3. Testing the underwater vehicle prototype

Puc. 3. TectupoBanue npoToTuma moABOJHOIO anmapara

However, under these conditions, the device stabilizes
well and it is able to actively move. After several tests of
the underwater vehicle, there were no problems with the
penetration of water inside it.

Fig. 3 shows an image of testing the prototype of an
underwater vehicle in a pool.

Conclusion. The developed prototype of a remotely
operated underwater vehicle in the form of a quadcopter
made it possible to determine the viability of the selected
device design and the structure of its control system. In
the future, it is planned to develop a waterproof case for
installing a camera, add some necessary sensors. Is
planned to install lighting package as well. In connection
with the installation of new components, the underwater
vehicle control system and software will be further elabo-
rated. The studies will allow us to develop a new version
of the underwater vehicle, taking into account the wishes
and identified problems.
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