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Mera kpadidikanifinol poborH: po3poOka, HporpaMHa peailizallii Ta eKCIepIMeHTalNbHe IOCIiIKEeHHS
iHTeNneKTyalbHOI CHCTeMII ABTOHOMHOIO ITapKyBaHHA MOOINBEHOTO podoTa, o BHKOPHCTOBYE JaHi Bill YIETPAa3BYKOBIIX
CeHCOpIB JUIA BIIBIEHHA IepellKojl, ONIHKH NPHIATHOCTI BiTPHOTO IPOCTOPY Ta TOYHOIO NO3MIIIOHYBAaHHA B MeKax
3a7aHOTO ITapKyBaTbLHOTO MicCIId.

3apnaHHA:

0O mpoBecTH aHANi3 HAYKOBO-TEXHIYHIX MiIXOMIB 10 aBTOMATH30BAHOTO INAPKYBAaHHA POOOTH30BAHIKX ILTAT(OpM, 3
aKIEHTOM Ha CeHCOpHe 3a0e3MedeHHs Ta ATTOPHTMII KepYBaHH!;

O po3poOHTH MPOCTOPOBY MOIETh MOOITEHOTO poOoTa i3 3aJaHHMH KOHCTPYKTHBHIMII IapaMeTpaMH, BEKIIOTArOIII
KOMIIOHYBaHHSA CEHCODIB, eleMeHTIB KIIBIEHHS Ta BIKOHABYIIX IIPIICTPOIB;

O cdopMyBaTH IpOIpaMHY apXiTeKTypy CHCTeMII VIPABIIHHA, fKa 3ade3nedye oOpoOKy HAHIX YIBTPA3BYKOBIIX
CEeHCOpIB Ta TeHepye pillleHHA II00 NMPHIATHOTO MapKyBaIbHOTO MiCIIf;

0O peami3yBaTHl aldrOPHTM BIABIEHHS MepelKoll, pO3Mi3HaBaHHA BITBHOTO IIPOCTOpY, IUTAaHYBAaHHA TpPAaeKToOpil Ta
KOHTpOIIO MepeMileHHs MoOiTEHOIo podoTa;

0O BUKOHATH MOIENIOBAHHA IIpollecy aBTOHOMHOIO HAapKyBaHHA B ceperoBmmli MATL AB/Simulink 3 ypaxypaHHAM
TIepeIKol Ta 00MeKeHOTo IIPOCTOpY;

0O mpoBecTH Bizyamizallifo pyxy, aHANI3 CEHCOPHIIX JAHIX Ta OIIHKY TOYHOCTI KiHIIEBOI0 HO3IIIIOHYBAaHHA HA OCHOBI
OTPIMAHIIX Pe3yIILTATIE CHMYIIALIL.

O0’eKT JocTiT:KeHHH: IIpolleC aBTOHOMHOIO IApKyBaHHA MOOIMBHOIO KOTICHOTO podoTa B yMOBaXx 0OMe:KeHOTO
[IPOCTOPY 3 BHKOPHCTAHHAM YIBTPa3BYKOBIX CEHCODIB IUIA BIABIASHHA IepellKol i HaBiramiiiHol opieHTamii.
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Anpobayia pe3ynsmanis; Q0CIIONCEHH

CONTROL MODELS FOR MOBILE ROBOT PARKING USING DISTANCE SENSOR

Abstract, Relevance, The growing demand for sutoacmous mobide sysems capable of independent navipation and
parking is driven by severad critical factors. Furstly, the rapid robotization m Jogistics, security, delivery, and vervice mdus-
tries necessatates relisble mechamaens for precise posmoaing of mobie platforms  spatially comswrained envucements
Secondly, i the context of swtonomous vehicie dev the isaue of mutomatic parking becoases & prionty for enkanc
1ng 1afecy, redacing energy conrumpon, 40d minimLRS buman ot ement m control proceses Curresdly, 8 ugnificast
number of studies focus 08 the implementation of swomatic paking systems; bowever, most of thes esther rely 00 high-
cont wensors (woch as LIDARS of deep-learning-based camerss) or fad 10 ensure The required accuracy wnder dynamic of Ua-
famiteas envieonmental conditions. Agamet this backdrop, the wse of ultrascaic sesson fepresests ka effective alternative,
caabiling & necessary fevel of 304 seastray while mustaining low system cost. The eedevance of this research
s further reinforced by the need to develop 3 universal control model that is scalable, adagtive, and easily mtegrable o
various types of mobile platformss. This work foceses not oaly oa the theoretical formsaiation of the coatrel madel but also
on ts experimestal validutson ermg data from ultrasonic sensors that reflect the gyvical envirommest n real tase. There
foce, the devebopment of & motale 10bot parking coutrol model based oo witrascms: sensons 18 & tumely nd importast tsk
that combines scieatific aovelty with practical sipaificance fov the advancemeat of ssscecmous systema. The ebject of re-

tyzing Qeir applicability i real-world envircsments, with the aim of outlining devedopament prOSPects
sccunacy, nhM and under dynamic and constrained cooditions. Research results. As a result of the coa-
that modern moble pa ang coatrol rystems escompass & wide raage of model-
qwouu- un-q- The amalynis reveals that e choice of
control modela s duectly iafloenced by the svailability n!:w sesources, the robot's chassis fype, and the aature
of the operational emwronment. Particelar attention 13 grves 10 the comparative ssessment of senscrs, with ultrasonic sen.
103 remaining domanant i shorl-range positicaing ysems due to teur Jow co, ease of miegration, and reliabality in coa-
wrolled conditions. Coaversely, LIDAR sensors have demonstrated supercr accaracy and spasial resclution, aibough Shey
present higher implesentation aad maintenance complexity. Camerss and mfrared wnsors wre regarded a1 supplementary
dara sources, functicassg effectively ouly within well-defined condmons sad with appropriate software suppoet. The fiad-
1ngs of e review coafirm that an effective parkiag cosol system for mobde robots relies oa a bolistic approach that sse-
I ccithmic implementation, sad system architecture. Soch iegration eas-
‘bles hagh accwracy and operational reliabdity lex, dysamic, o¢ Conclusions. Effec.
tive mobile robot parking costrol s baved o the mtepration of reliabie sensce yyvtams, particelarty Wlrasomc MnsTS and
sdaptive decissca-making Algerithms. Ultrasoaic seasors remain the most setable option foc Low-cont sad sample systems
whereas hybnd approaches mvolving LiDAR or camers-based solutions offer higher precision. Amoag the coatrol algo-
rithims, i state mackines, fuzzy logic, and machine learing methods have demonstrated the gressest effectiveness. The
most cptimal system archutecture 1 modular, With & chear 4PAraIcG between semsing, computatics, and actaation Myers
whach ensures adaptability, accuracy, and op stabulity under rea).
Keywords: mobile robot, astonomous parking. whrasoms semicrs, semace sysem, decion-making algorithms, finite
state machine, fuzry logic, machae Jearming, @otion Comtiol, naTigation sysem

3 son offer a simple, low-cost, and reliable means of de-
latroduction tecting obstacles and measuning distances 10 them, ena-

In the context of rapid advancements m autono-  bling the smplementation of adaptive mancuvenag algo-
mous mobality, the issue of efficient prking coatrol for  rithms. The prumary chalkenge hies in developmg a0
mobele robots has become increasingly relevant. Across  3ppropriate mathematical model and software-hardware
multiple industries — from warehouse logistics 10 auton-  implementation that can effectively mterpret sensor
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system accuracy. The first two references e particular-
Iy foundational, 3s they systematize key methods and
examune the poteotial of ultrasomic systems & real-
world applications, especially i emvwonments with
spatial of fesource constraints.

1n [1), the authors analyze modern sensor systems
used for obstacle detection i mobule robotics. The
study focuses on companng ultrasomic sensors, LIDAR,
wnfrared sensors, and camenss. Ultrasomic semsors we
dentified as the most effective for shoct-range naviga:
ton, especially when ¢ tesources or budget
are lunsted. The authors conclude that ultrasomic sensors
offer the Jowest energy consumption and cost, and hagh
indoce reliabality, but can be affected by susfaces that
strongly absorb sound

The review m [2) exploces a broad range of appls-
cations for ultrasome sensors, mcluding robotics, auto-
motive ADAS systems, secunty systems, and smant
cities. In the context of robotics and ausonomous park-
ing, vltrasonic sensors are highlaghted s the best solu-
non for shon-dutance measarement and object desec-
non The study alio notes that combuming them with
other sensors (infrared, magnetac, cameras) significanty
impeoves system stability and adaptability n complex
envonments

Studies (3] and {4] focus on emerging technologies
that enhance tradsional apphications of ultrasonsc sen-
sors in mobale sobotics, pasticularly in the domain of
autonomous parking These works hughlight the wans-
tion from sumple two-demensional systems to volumetne
sensing appeoaches, which open new possibilities for
achieving full autonomy m real-workd-hike environ-

5

Study [3] addresses a new generation of ultrasonsc
sersors dengned 1o provide thiee-dumensional coverage
of the space surounding a mobile robot. Specifically, it
explores Acoustic Detection and Ranging (ADAR) sys-
tems, whuch enable 360-degree spatial perception with-

approxumately $1,000, whereas a conventional 2D Li-
DAR system may cost $4,000 or more. In addstion 10
affordability, the suthors safety advance-
ments ~ ADAR sensors are cemified under [EC 61508
KT making them astahis far wea i indietrial and

0OC GEVEIOPErE 1 PrCICOI T AAVANLEES OF 3 DEW
acoustic radar architecture that selies not ca the classic
comcal emussion diagram, but on analytical recorstruc
tion of the acoustic wave m space. By munanuzing me-
chanical components and increasing the data refresh rate
(ap to 100 Hz m scannmg mode), the system sgrafi-
cartly impeoves obstacle detection stabelity dunng raped
o

fectively replaces two full-scale LIDAR units, resulting
in an overall cost reduction of 60-80%. Practical exam-
ples mclude configurations for Jogsstics-class robots,
where the parking system operates based on a 3D ultna-
soesc map of the emvwonment Unlike wradibonal sys-
tems that require prsor map ahignment, the new system
performs local spatial recomstruction nd does ot rely
on external references. Consequently, thas publication
not only confirms the potential of 3D ultrasenic sensors
but also serves as a techaucal foundation for their mte-
£ration mio next-generation mobide robot parking con-
wol sodutions.

In [5), the authors propose a fundamestally novel

cmuﬂ.lan sensitivity. The paper gw- a techecal
of the semsor

dmmbddednmemlmgumxm
waves that propagate through the tre and reflect from
the surface with which the wheel makes contact By
analyzing the acoustic respomse, the system can deter-
mane the type of surface, detect micro-obstacles, and
even localize the mitial point of contact with a wall or
other object Expenmental results demonstrate that the
robot was able 10 accurately detect changes i ground
material without the assistance of cameras or coaven
tional semsces. Th:cpmwp(mp«\lfup-lq

In (6], the suthors investigate the deployment of

mmitenle nivacnee Inealorarinn aotams s 3 sinels s

A. Huk, V. Diachenko, M. Illarionov, Y. Titova Control models for mobile
robot parking using distance sensor data. CricteMu ynpaBiiHHS, HaBiramii Ta

3B 53Ky, BuIL.4. Iloxraga, 2025.

Buchoexu
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V peszynerari mpoeefeHoi KeamidikamiiHoi poloTH OVIO ZOCATHYTO MOCTABNEHY METY — DOZpPODIEHO, IPOTPaMHO

pPeanizoEaHo Ta eKCHEPHMEHTAIRHO AOCIULEEHO IHTEIeKTyalbHY CHCTEMY dBTOHOMHOTO NapKyEaHHA MODLIBHOrO podoTa. AKa

zaDesmedye TOYHE Ta OesMedHe MOZHINOHYBAHHA E MEXax OOMEXEHOTO MPOCTOPY. JampONOHOBAHHH INgxid DasyeTscAd Ha

EHEOPHCTAHH] VIETPA3EYEOEHE CEHCOPIE U4 OTPHMAHHA 1HGOpMAL] Ipo HABKOIHINHE CePeIOEHINE, MOIYIE AHATIZY NepelIko]

Ta OLHKH NapEVEAIEHHY MICIE, 4 TAKMKE AITOPHIMIE OPONOPUIHHOTO KEPVEAHHT PyXOM.

Ilobynorana OaraTopiEHEEa ApXITEKTYypa NpOTPaMHOIO 3a0esledeHHA 3a0esledye MOIYIBHICTE, POIMHPIOBAHICTE Ta

HAMIHHICTE CHCTEMH. byIo peamizoBaHo OEpPeMi EOMIOHEHTH KEepYBaHHA CeHCOPAaMH, [PHEITHOK YACTHHONK, HABITAINED,

0DpODKO TpackTopill, BHEEIeHHAM 1HGOpMai Ta 3adesnedennay Deznexs. Mogemoranna e cepegoenmi MATLAB nozeommo

IPOTECTVEATH NOTIKY NpHAHATTA pllleHb, [OBEMIHKY EIPTVATBHOTO pPoDOTA, 4 TAKOE NPOBSCTH aHAMIZ TPACKTOPil, 3MIH

opieHTAll], CEHCOPHHX BiAIVEIE 1 TOYHOCTI [ApKVEaHHA. PesyieTard mMATESpIEVEOTE BHCOEY TOYHICTE JOCATHEHHA IiNBOBOL

MO3HIN Ta cTIHKICTE CHCTEMH J0 THIIOBHX MOXHOOK.

AnaprHo-nporpaMua nnatdopma Ha 0az1 Arduine oyia JoIOBHEHA KOMIOHEHTAMH J714 CEHCOPHOTO CIPHITHATTE, 00po0KH

CHTHAE 1 OPHEOLY, N0 2aDesNedHIo peanbHy MOAIHEICTE anpobami B maboparopHEX yMmopax. [IpoeegeHi MomyabHi,

{HTErpaniiiHi, CHCTEMH] Ta NPHAMATEH] TECTH MIFTESPIHIH KOPEKTHY B3A€MOJII0 BCIX 9acTHH CHCTEMH, EHABHIH OKpeMi cIadKi

MICIE, AK1 MOMEYVTE OVTH MOKPAINeH]! B MafOyTHBEOMY, 30KpeMa MO0 ONTHMiZamii HABITAMAHHK pPOIPAXVHEKIE YV CETATHHX

CHOEHAPIAX.

3aramoM, pesyIsTaTH PoDOTH CBiN¥aTh OpO JOLLIBHICTE 3aCTOCYBaHHA CEHCOPHOIO aHAMi3y. IPOTPaMHOTO MONEIIOEaHHA

Ta MPOIOPIIHHOrO PEryIOBaHHA T4 33139 aETOMATHI0BAHOTO MapKyBaHHA MOOLIEHHX poOOTIE. 3alpolloHOEaHA CHCTEMA MOMKE

OyTH BHKOpHCTaHA AK NPOTOTHII A4 MOJANBIIHX PO3pOOOK AETOHOMHHX PODOTH20BaHHX miaTdopM, 3JaTHHX aJaNTYBaTHCA J0

3MiH CEPESOBHING Ta IPHIMATH PIIIEHHA HAa OCHOE] TOKAIBHHX JaHHX V PEXHMI PeaIpHOTO 9acy.
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JIOJIATOK B

[Iporpamuuit Koz

b.1 Kon ParkingSystemSimulation.m

% ParkingSystemSimulation.m
% MoneloBaHHS CHUCTeMM [NapKyBaHHS MOOijpHOTO podoTa 3
YIbTPasBYKOBUMU CEHCOpaMM

clear;
clc;

o)

% [apamMeTpy NapKyBaJIbHOTO CepenoBMIla

parkingLength = 100; % OoBXMHa NapKyBaJIbHOT'O NPOCTOPY (CM)
parkingWidth = 60; % llmpmHa npocTopy (cwMm)
obstaclePos = [70, 30]; % KoopmouHaTM nepewxomu [X, V]

o)

% llouaTkoBE IIOJIOXEHHA poboTa
robotPos = [10, 30]; [x, VvI
robotAngle = 0; Kyr opienTauii (rpaznycwn)

o°

o\

(o)

s llapamMeTpm ceHcopa
ultrasonicRange = 30; % Pamiyc mii ceHcopa (cMm)
sensorAccuracy = 0.9;
% AJITOPUTM IIapKyBaHHSA
path = robotPos;
for t = 1:50
% IMiTanisa CEHCOPHMX IaHUX
= checkUltrasonic (robotPos, obstaclePos, ultrasonicRange);

(o}

% IlpocTa Jorika yXWMJIEHHS Bl IepelkoIn
if d>0 && d < 20
robotPos (2)
else
robotPos (1) = robotPos(l) + 5; % pyx BIepen

robotPos (2) + 5; % BmMiHa TpaekTopii BOik

end

% Banmc miaaxy
path = [path; robotPos];

% YMOBa BaBeplleHHS
if robotPos(l) >= parkingLength - 10
break;
end
end



[

% Bisyaniszauisa

figure;

hold on;

rectangle ('Position', [0, 0, parkingLength,
parkingWidth], 'EdgeColor', 'k'");

plot (obstaclePos (1), obstaclePos(2), 'rx', 'MarkerSize', 12,
'LineWidth', 2);

plot (path(:,1), path(:,2), 'b-0');

title ('CuMyngauis napkyeaHHS MoOijpHOTO pobora');
xlabel ('X [cMm]");

ylabel ('Y [cM] ")

legend ('llepemkona', 'TpaexTopig pyxy'):

grid on;

axis equal;

% === JlokaJyibHa OQYHKI1sg B KIiHLI1 CcKpuliTa ===

function distance = checkUltrasonic(pos, obstaclePos, range)
dx = obstaclePos(l) - pos(l);
dy = obstaclePos(2) - pos(2);

d = sqrt(dx"2 + dy"2);
if d <= range

distance = d + randn * 0.5; % momaTm mywm
else
distance = -1; % HiUOT'O HE BUABJIEHO
end
end
B.2 PSS vl.m

function PSS vl.m

o)

3 VYJIb TpaSBYKOBI/IMI/I OaTUulMKaMM
clear all; close all; clc;

%% llapamMeTpu CcUCTEMU
robot width = 0.3;
robot length = 0.4;
max speed = 0.5;
wheel base = 0.25;

num sensors = 4;

sensor range = 2.0;

sensor accuracy = 0.01;

sensor angles = [0, 90, 180, 270];
field size = [10, 10];
parking spot size = [0.6, 1.2];

%% Iniuianiszauisa cepenoBuia
obstacles = [2, 3, 0.5, 0.5; 5, 6, 1.0, 0.3; 8, 2, 0.4,
1, 8, 0.6, 0.4];
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% MomesoBaHHSA CHUCTEMM YIPaBJIiHHSA NAapKOBKOK MOO1JIBEHOTO poboTy
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parking spots = [7, 7, parking spot size(l),
parking spot size(2);
3, 1, parking spot size(l),
parking spot size(2);
9, 5, parking spot size(1l),
parking spot size(2)];
robot pos = [1, 1, 0];

%% Cumyndguig

dt = 0.1;

simulation time = 30;

steps = simulation time / dt;

robot trajectory = zeros(steps, 3);

sensor readings = zeros (steps, num sensors);

time vector = 0:dt: (steps-1)*dt;

target spot = find parking spot (robot pos, parking spots,
obstacles, [robot width, robot length]);
if isempty(target spot)
error ('He 3HaMIEeHO NiOxXomAamoIo NapKyBaJIbHOTO Micusa');
end

target pos = [target spot(l) + target spot(3)/2,
target spot(2) + target spot(4)/2];

planned path = plan path(robot pos, target pos, obstacles,
field size);

figure ('Position', [100, 100, 1200, 800]);
for step = 1l:steps
distances = simulate ultrasonic sensors (robot pos,
obstacles, sensor angles, sensor range);
sensor readings(step, :) = distances;

if step < steps * 0.8
current target = planned_path(min(ceil(step/lO),
size (planned path,1)), :);

[v, omega] = motion controller (robot pos,
[current target, 0], max speed);
else
[v, omega] = motion controller (robot pos,
[target pos, 0], max speed * 0.3);
end
robot pos(1l) = robot pos(l) + v * cos(robot pos(3)) *
dt;
robot pos(2) = robot pos(2) + v * sin(robot pos(3)) *
dat;
robot pos(3) = robot pos(3) + omega * dt;
robot trajectory(step, :) = robot pos;
if mod(step, 10) == 0

clf;
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hold on;

axis ([0 field size(l) 0 field size(2)]);
axis equal;

grid on;

for i = 1l:size(obstacles, 1)

rectangle ('Position', obstacles (i, :),
'FaceColor', 'red', 'EdgeColor', 'black');
end
for 1 = l:size(parking spots, 1)
rectangle ('Position', parking spots(i,:),
'FaceColor', 'green', 'EdgeColor', 'black', 'LineWidth', 2);
end
rectangle ('Position', target spot, 'FaceColor',
'yellow', 'EdgeColor', 'black', 'LineWidth', 3);
plot (robot trajectory(l:step, 1),
robot trajectory(l:step, 2), 'b-', 'LineWidth',6 2);

robot x = robot pos(l) + [-robot length/2,
robot length/2, robot length/2, -robot length/2, -
robot length/2] * cos(robot pos(3)) -
[-robot width/2, -robot width/2,
robot width/2, robot width/2, -robot width/2] *
sin (robot pos(3));
robot y = robot pos(2) + [-robot length/2,
robot length/2, robot length/2, -robot length/2, -
robot length/2] * sin(robot pos(3)) +
[-robot width/2, -robot width/2,
robot width/2, robot width/2, -robot width/2] *
cos (robot pos(3));
fill (robot x, robot y, 'blue', 'EdgeColor',6 'black',
'LinewWidth', 2);

for 1 = l:num sensors
sensor angle = degZrad(sensor angles(i)) +
robot pos (3);
sensor _end x = robot pos(l) + distances(i) *
cos (sensor_angle) ;
sensor_end y
sin(sensor angle);
plot ([robot pos(1l), sensor end x],
[robot pos(2), sensor end y], 'g--', 'LineWidth', 1);
end
title(sprintf ('CucremMa mapkoBkM MOO1JILHOTO poboTy -
Kpok %d/%d', step, steps));
xlabel ('X (M) '"); ylabel ('Y (Mm)'");
legend ('TpaexTopisa', 'Pobor', 'HDatuuku', 'Location',

robot pos(2) + distances (i) *

'best') ;
drawnow;
pause (0.05) ;
end
end
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%% AHAJI1ZR

figure ('Position', [100, 100, 1200, 600]);
subplot (2, 2, 1);

plot (time vector, sensor readings);

title ('llokasu yJIbTPA3BYKOBUX IaTumMkis');
xlabel ('Yac (c)'); ylabel ('BimcTans (M) ');
legend ('0°', '90°', '180°', '270°"); grid on;

subplot (2, 2, 2);

plot (robot trajectory(:, 1), robot trajectory(:, 2), 'b-',
'LineWidth', 2); hold on;

plot (robot trajectory(l, 1), robot trajectory(l, 2), 'go',
'MarkerSize', 10, 'MarkerFaceColor', 'green');

plot (robot trajectory(end, 1), robot trajectory(end, 2),
'ro', 'MarkerSize', 10, 'MarkerFaceColor', 'red');

title ('TpaekTopia pyxy pobory'); xlabel ('X (M) '); ylabel ('Y
(M) "); grid on; axis equal;

subplot (2, 2, 3);

plot (time vector, rad2deg(robot trajectory(:, 3)));

title('OpienTauia pobory'); xlabel ('Uac (c)'); ylabel ('KyT
(rpamycu) '); grid on;

subplot (2, 2, 4);

distances to target = sqgrt((robot trajectory(:, 1) -
target pos(1l))."2 +

(robot trajectory(:, 2) -

target pos(2)).72);

plot (time vector, distances to target);

title ('BigmcTaswp mo uimi'); xlabel('Uac (c)');
ylabel ('BimcTauer (M) '); grid on;

fprintf ('\n=== PERVYJIbTATU CUMYJILII ===\n');
fprintf ('louarkora mosuuisg: (%.2f, %.2f)\n',
robot trajectory(l, 1), robot trajectory(l, 2));
fprintf ('Kiuuera nozmuig: (%.2f, $.2f)\n’',
robot trajectory(end, 1), robot trajectory(end, 2));
fprintf ('Oineosa nmosmuisa: (%.2f, $.2f)\n', target pos(l),
target pos(2));
fprintf ('TounicTe napkyBanHug: %$.3f m\n',
distances to_ target(end));
fprintf ('3aranbua BimcTadwbs: %.2f Mm\n',
sum(sqgrt (diff (robot trajectory(:,1))."2 +
diff (robot trajectory(:,2)).72)));
fprintf ('Jac cumynauii: $.1f c\n', simulation time);
if distances to target(end) < 0.1
fprintf ('PE3VYJIBTAT: IlapkyBanHsa YCIIMHE!\n');
else
fprintf ('PE3YJIBTAT: IlapkyBaHHsa noTpebye kopekuii\n');
end
end
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function distances = simulate ultrasonic sensors (robot pos,
obstacles, sensor angles, sensor range)
distances = zeros(l, length(sensor angles));
for 1 = l:length(sensor angles)
sensor angle = degZrad(sensor angles(i)) + robot pos(3);
ray step = 0.01;
max steps = sensor range / ray step;
for step = l:max steps
X = robot pos(l) + step * ray step *
cos (sensor angle);
y = robot pos(2) + step * ray step *
sin(sensor angle);
collision = false;
for j = 1l:size(obstacles, 1)
if x >= obstacles(j,1l) && x <= obstacles(j,1l) +
obstacles (j,3) &&
y >= obstacles(]j,2) && y <= obstacles(j,2) +
obstacles(j,4)

collision = true;
break;
end
end
if collision
distances (i) = step * ray step;
break;
end
end
if distances (i) == 0
distances (i) = sensor_ range;
end

end
end

function target spot = find parking spot (robot pos,
parking spots, obstacles, robot size)

target spot = [];
min distance = inf;
for 1 = l:size(parking spots, 1)
spot center = [parking spots(i,1) +

parking spots(i,3)/2,
parking spots(i,2) +
parking spots (i, 4)/2];
if parking spots(i,3) >= robot size(l) &&
parking spots (i, 4) >= robot size(2)

distance = norm(robot pos(l:2) - spot center);
if distance < min distance
min distance = distance;
target spot = parking spots(i,:);
end
end

end
end
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function path = plan path(start pos, target pos, obstacles,
grid size)
grid resolution = 0.1;
x grid = 0O:grid resolution:grid size(1l);
y grid = 0O:grid resolution:grid size(2);
path = [start pos(1l:2); target pos(l:2)];
num waypoints = 10;
waypoints = [];
for 1 = l:num waypoints
t =1 / (num waypoints + 1);
waypoint = start pos(l:2) * (1-t) + target pos(1l:2) * t;
waypoints = [waypoints; waypoint];
end
path = [start pos(l:2); waypoints; target pos(l:2)];
end

function [v, omega] = motion controller (current pos, target pos,
max speed)

Kp linear = 1.0;

Kp angular = 2.0;

error pos = target pos(l:2) - current pos(l:2);
distance error = norm(error pos);
target angle = atanZ(error pos(2), error pos(l));
angle error = target angle - current pos(3);
while angle error > pi

angle error = angle error - 2*pi;
end
while angle error < -pi

angle error = angle error + 2*pi;
end

Kp angular * angle error;
if abs(angle error) > pi/4
v

v = min(Kp linear * distance error, max speed);
(
=v * 0.5;

end

b.3 ParkingStateMachine.h

num ParkingState ({

IDLE, // OuikyBaHHSA KOMaHI

SCANNING, // Tlomyk MNapKyBaJlbHOTO Micus
APPROACHING, // HabmmxeHHA 00 LlJgboBOIL NO3MLiIL
PARKING, // BUKOHAHHA MaHeBpPY MapKyBaHHI
PARKED, // YcmimHo npunapkKoBaHO
ERROR_STATE // CTaH [IOMMIIKM

}s

class ParkingStateMachine {
private:
ParkingState currentState;



unsigned long stateStartTime;
unsigned long stateTimeout;

public:
ParkingStateMachine () ;
void initialize();
void update () ;
bool transitionTo (ParkingState newState);
ParkingState getCurrentState();
void handleTimeout () ;
const char* getStateString(ParkingState state);

b.4 SensorArray.cpp

#include "SensorArray.h"

SensorArray: :SensorArray () {
sensors[0] = UltrasonicSensor (2, 3):; // TlepenHimn
sensors[l] = UltrasonicSensor (4, 5); // JiBui
sensors[2] = UltrasonicSensor (6, 7); // TlpaBun
sensors[3] = UltrasonicSensor (8, 9); // Banuin
}
void SensorArray::readAllSensors () {
for(int i = 0; i < 4; 1i++) {
sensorDatal[i] .distance = sensors[i].measureDistance () ;
sensorDatal[i] .timestamp = millis();
sensorData[i] .isValid = validateReading (i) ;

// BacTocyBaHHg MeniaHHOTO GinbTpy
sensorDatal[i] .filteredDistance = medianFilter (i,
sensorData[i] .distance) ;

}

bool SensorArray::validateReading(int sensorIndex) {
float distance = sensorData[sensorIndex].distance;

// TlepeBipka nmiamnasoHy
if (distance < 2.0 || distance > 400.0) return false;

// TlepeBipka mWBUOKOCTI1 3MiHU
if (abs(distance - previousReadings[sensorIndex]) > 50.0)
return false;

}

previousReadings[sensorIndex] = distance;
return true;
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b.5 MotorController.h

class MotorController {

private:
int leftMotorPWM, rightMotorPWM;
int leftDirl, leftDir2, rightDirl, rightDir2;
float currentlLeftSpeed, currentRightSpeed;
unsigned long lastEncoderTime;

public:
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MotorController (int 1PWM, int rPWM, int 1D1, int 1D2, int rD1,

int rD2);

volid initialize():;

void setSpeed(float leftSpeed, float rightSpeed);
void moveForward (float speed);

void moveBackward (float speed);

void turnLeft (float speed);

void turnRight (float speed);

void stop ()

void emergencyStop () ;

// PID peryjidaTop WBUIKOCTI

void updatePID() ;

float calculatePID(float setpoint, float measured, floaté&
prevError, float& integral);

}s

b.6 DataStructures.h

// CrpykTypa mjsa 30epiTaHHA OaHUX CeHcopa

struct SensorReading {
float distance; // BimcTaHb B CM
float filteredDistance; // BindinbTpoBaHe 3HaUeHHS
unsigned long timestamp; // Yac BuMIipoBaHHA
bool isValid; // BanmimHicTb nokasaHHSg
uint8 t sensorld; // IneHTubikaTop IaTumka

}s

// Tosuuisa Ta opienTauis pobdora
struct RobotPose {

float x, y; // KoopIuHaTu B MM
float theta; // OpieHTauig B papmiaHax
float confidence; // IDocToBipHicTb nosmuii

unsigned long timestamp;

}s

// KoMmaHIa pyxXy OJd9 MOTOPiB
struct MotionCommand {
float leftSpeed; // lBumxicTe JjiBoro MmoTopa (-255

page)
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float rightSpeed;
unsigned int duration;
bool isEmergency;

i

//
//
//

// Ommuc napKyBaJIbHOT'O Micus

struct ParkingSpace {
float startX, startyY;
float endX, endY;
float width, length;
float approachAngle;
bool isOccupied;
uint8 t quality;

by

// Koubirypauis cucremn
struct SystemConfig {

//
//
//
//
//
//

lByokicTe NpaBOIT'O MOTOPa
TpuBajlicTs KOMAHIM B MC
[lpanopelub aBapiMHOI kOMaHOU

[louaTok NOPOCTOPY
Kineuws npocTopy
Po3Mipu mOpocTOpy
Kyt nimxonmy
3arMHaTicTe Micls
Axicres Mmicug (0-100)

float maxSpeed; // MakcumaJibHa WBUOKICTH
float minParkingGap; // MinimaJsbHMY 3a30p I0J8 [HapKyBaHHM
float safetyDistance; // BesmeuHa BimcTaHb
float wheelBase; // Basa koJjic
float robotWidth; // llupmHa poboTa
float robotLength; // HoBxuHa podoTa
}i
b.7 MathUgtils.cpp
// Hopmamniszauis xyra B pianazon [-m, 1]

float normalizeAngle (float angle) {
while (angle > PI) angle -=
while (angle < -PI) angle += 2 * PI;

return angle;

}

2 * PI;

// MeniaHuuit QiNbTP OJI9 CEHCOPHUX HOAHUX
float medianFilter (float values|[], int size) {
// CopTyBaHHA MacCuBY MEeTOIOM OYyJIbOallKu

for(int i = 0; i < size - 1; i++) {
for(int §J = 0; j < size - 1 - 1; j++) {
if (values[j] > values[j + 11) {
float temp = values|[]];
values[]j] = values[]j + 11];
values|[] + 1] = temp;

}
}
}

return values[size / 2];

}

// Po3paxyHOK BimcTaHl Mix OBOMa TOUuKaMU
float calculateDistance(float x1, float yl, float x2, float y2)
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float dx = x2 - x1;
float dy = y2 - vy1;
return sgrt(dx * dx + dy * dy);

b.8 PerformanceTest.cpp

// BuUMipoBaHHS Yacy BUKOHAHHS KPUTUUHMX Olepalin
void performanceTest () {

}

unsigned long startTime, endTime;

// Tect 1: Yac 3uMTyBaHHA BC1ixX CeHCOpPiB
startTime = micros{();
sensorArray.readAllSensors () ;

endTime = micros{();

Serial.print ("Sensor read time: ");
Serial.print (endTime - startTime);
Serial.println (" us");

// TecT 2: Yac mjaHyBaHHA TpacekTopiil

startTime = micros{();

pathPlanner.calculateOptimalPath (currentPose, targetPose);
endTime = micros{();

Serial.print ("Path planning time: ");

Serial.print (endTime - startTime);

Serial.println ("™ us");

// TecT 3: BUKOPMCTAHHS CTEKY

int stackSize = measureStackUsage () ;
Serial.print ("Stack usage: ");
Serial.print (stackSize);
Serial.println (" bytes");

// ®yHKL1sa BMMipoOBaHHS BUKOPUCTAHHS CTEKY

int measureStackUsage () {
extern int  heap start, * Dbrkval;
int wv;
return (int) &v - (_ _brkval == 0 ? (int) & heap start : (int)
brkval) ;

}

b.9 Peamizamist Ha Arduino

* CucTemMa yNpPaBJIiHHA NapKOBKOK MODOiJIBHOTO poboTy
* 3 yIbTPa3BYKOBMMM HOaTUMKAMU
#include <NewPing.h>
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#include <Servo.h>

// KOHCTaHTU CUCTEMU

const int MAX DISTANCE = 200; // MaxcumMmasibHa BlzcTaHb »aTumMKa
(cm)

const int MIN PARKING DISTANCE = 15; // MirimaneHa BigcTans mns
napkKyBaHHA (CM)

const int SAFE DISTANCE = 20; // Besneuna Bizcranb Big nepemxon
(cm)

const int ROBOT WIDTH = 25; // llupuHa poBoTy (CM)

const int PARKING SPOT WIDTH = 40; // Heob6xinHa mmpuxHa
IapKyBaJIbHOT'O Micuda (cM)

// TiHM 1059 yJbTPas3BYKOBMX HATUMKIB

const int FRONT TRIG = 2, FRONT ECHO = 3;
const int LEFT TRIG = 4, LEFT ECHO = 5;
const int RIGHT TRIG = 6, RIGHT ECHO = 7;
const int REAR TRIG = 8, REAR ECHO = 9;

// TliHM mjs MOTOPiB

const int LEFT MOTOR PWM = 10;
const int LEFT MOTOR DIRl = 11;
const int LEFT MOTOR DIR2 = 12;
const int RIGHT MOTOR PWM = 13;
const int RIGHT MOTOR DIR1 = AQ;
const int RIGHT MOTOR DIR2 = Al;

// TliHm nng ceiTsgonmionmisB crarycy
const int LED SEARCHING = A2;
const int LED PARKING = A3;
const int LED PARKED = A4,

// IHiuiamnisanuisa DaTUMKiB

NewPing frontSensor(FRONT_TRIG, FRONT_ECHO, MAX_DISTANCE);
NewPing leftSensor(LEFT_TRIG, LEFT ECHO, MAX_DISTANCE);
NewPing rightSensor(RIGHT_TRIG, RIGHT_ECHO, MAX_DISTANCE);
NewPing rearSensor(REAR_TRIG, REAR_ECHO, MAX_DISTANCE);

// CTPYyKTypM LOaHUX

struct SensorData ({
int front, left, right, rear;
unsigned long timestamp;

}s

struct Position {
float x, y, theta;
i

struct ParkingSpot {
float x, y, width, length;
bool isValid;

}i



// CraHmM cucTeMmu
enum ParkingState ({
IDLE,
SEARCHING,
APPROACHING,
PARKING,
PARKED,
ERROR STATE

}s

// TrnoBanbHl 3MiHHI

ParkingState currentState = IDLE;
SensorData sensors;

Position robotPos = {0, 0, 0};
ParkingSpot targetSpot;

unsigned long lastSensorRead = 0;
unsigned long stateStartTime = 0;

void setup () {
Serial.begin(9600) ;

// HasamTyBaHHS NiHiB MOTOpPiB
pinMOde(LEFT_MOTOR_PWM, OUTPUT) ;
pinMode (LEFT MOTOR DIR1, OUTPUT);
pinMOde(LEFT_MOTOR_DIR2, OUTPUT) ;
pinMOde(RIGHT_MOTOR_PWM, OUTPUT) ;
pinMode (RIGHT MOTOR DIR1, OUTPUT);
pinMode (RIGHT MOTOR DIRZ, OUTPUT)

4

// HamnamrTyBaHHS CcBliTjomiomnis
pinMOde(LED_SEARCHING, OouTPUT) ;
pinMode(LED_PARKING, OUTPUT) ;
pinMOde(LED_PARKED, OouTPUT) ;

// TlouaTKOBUM CTaH
stopMotors () ;
updateStatusLEDs () ;

Serial.println ("CucrtemMa napkxoBkM iHiuniamizorsaHa");
Serial.println ("Komaumou: START, STOP, STATUS");

void loop () {
// UMTaHHS KOMaHI 3 CEepiMHOTO MOpTYy
if (Serial.available()) {
String command = Serial.readString();
command.trim() ;
processCommand (command) ;

}

// UMTaHHg maTuukis xkoxHl 100mMmc
if (millis() - lastSensorRead > 100) {
readSensors () ;



lastSensorRead = millis () ;

}

// OcHOBHa JIOTika CUCTEeMU
switch (currentState) {

case IDLE:
handleIdleState () ;
break;

case SEARCHING:
handleSearchingState () ;
break;

case APPROACHING:
handleApproachingState () ;
break;

case PARKING:
handleParkingState () ;
break;

case PARKED:
handleParkedState() ;
break;

case ERROR STATE:
handleErrorState () ;
break;

updateStatusLEDs () ;
delay (50) ;
}

void processCommand (String command) {
if (command == "START") {
if (currentState == IDLE) {
changeState (SEARCHING) ;
Serial.println ("IIouaTok MNOWYKY IapkyBaJIbHOTO Micua") ;
}
} else if (command == "STOP") {
changeState (IDLE) ;
stopMotors () ;
Serial.println ("3ynuHka cucrTemMm") ;

} else if (command == "STATUS") {
printStatus () ;
} else {
Serial.println ("HeBimoma kxomaHma: " + command) ;
}
}
void readSensors () {
sensors.front = frontSensor.ping cm();
sensors.left = leftSensor.ping cm();
sensors.right = rightSensor.ping cm();
sensors.rear = rearSensor.ping cm();

sensors.timestamp = millis () ;



// AKIWO maTumk InopepTac O, BCTaAaHOBJIIOEMO MaKCVMaJIbHE 3SHAUYEHHA

1f (sensors.front == 0) sensors.front = MAX DISTANCE;
if (sensors.left == 0) sensors.left = MAX DISTANCE;
1f (sensors.right == 0) sensors.right = MAX DISTANCE;
1f (sensors.rear == 0) sensors.rear = MAX DISTANCE;

}

void handleIdleState() {
// OulkyBauHHda koMaHOu START
stopMotors () ;

}

void handleSearchingState () {
// Tomyk MapKyBaJIbHOTO MicClig

if (searchForParkingSpot()) {

changeState (APPROACHING) ;

Serial.println ("llapkyBaJibHe Micue s3HauzmenHo!");
} else {

// Pyx BHepen g IIOWYKY
if (sensors.front > SAFE DISTANCE) {
moveForward (100); // MNoBinbHMI pyx
} else {
// TIOBOPOT MNp¥ [HepemKoni
turnRight (500); // Hosopotr Ha 500Mc
delay (100) ;

}

// TarMayT nowyky (30 cexyHI)
if (millis() - stateStartTime > 30000) {
changeState (ERROR_STATE) ;
Serial.println ("TarMayT NOWYKY NapkKyBaJIbHOTO Micusa") ;

}

void handleApproachingState () {
// HabamxeHHS OO MapKyBaJIbHOTO Miclig
if (approachParkingSpot()) {
changeState (PARKING) ;
Serial.println ("lloyaTok MaHEBPY NapkyBaHHA");

}

void handleParkingState () {
// BUKOHAHHSA MaHEBPY MNapKyBaHHS

if (performParkingManeuver ()) {
changeState (PARKED) ;
Serial.println ("llapkyBaHHSa 3aBepueHo ycrnimuHo!");

}

// TarmMmayT napkyeauua (20 cexyum)
if (millis() - stateStartTime > 20000) {
changeState (ERROR_STATE) ;
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Serial.println ("IoMunka nin yac napxkyBaHHA") ;

void handleParkedState () {

// Cran "npunapkoBaHO"

stopMotors () ;

// TlepiliomnuHMi MOHITOPMHI IATUMKIB

if (sensors.front < MIN PARKING DISTANCE | |

sensors.rear < MIN PARKING DISTANCE) {
Serial.println ("llonepemxeHHs: 3aHAOTO OJMM3BKO IO

nepemxonu!") ;

}
}

void handleErrorState () {

// OBbpobka MNOMMIOK

stopMotors () ;

Serial.println("Cucrtema B cTaHi nomminkm. BeenmiTe STOP mis
CKMOaHHa.") ;

}

bool searchForParkingSpot () {
// ChopomeHuit ajropuTM IOWYKY MNapKyBaJbHOTO Miclid
// TlepeBipka MNPOCTOPY ClIpaBa IJig IapalieJIbHOTO MMAPKyBaHHS

static int consecutiveGoodReadings = 0;
static bool foundGap = false;

if (sensors.right > PARKING SPOT WIDTH) ({
consecutiveGoodReadings++;
if (consecutiveGoodReadings > 5) { // 5 nociimoBHMX XOPOWMX
BMM1POBaHb
foundGap = true;
}
} else {
if (foundGap && consecutiveGoodReadings > 10) {
// 3BHaumeHo nimxonsme wMicle
targetSpot.x = robotPos.x;
targetSp
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JIOJIATOK B

Jliarpama mocIiA0BHOCTI JJIsI pOlieCy MapKyBaHHs

CHETEM3 YNPEBNIHHA ¥YneTpaseywosl aaTyumen KoHTpORep MoTopis MNaHYBaNsHUE TpaEkTopil

-

NMepexig oo cran

[Micus we 3HaHmeEHE]
Pyx enepel
e

MiATEEPLIKE HHA

NnasyEaHHA Tpa il HabnnkeHHR
ONTHMaNLHa TpackTopia
[HafnuwersA oo wigua)
MOHITOpHHT BincTamen
NoTeqHi gawi

KoMaHon pyicy

NMepexin Ao orady PARKING

.

MNasyBaHHA MEHEBPY N3pKYEaHHA

Pucynox B.1 — [liarpama mociioBHOCTI JIsI POIIECY MAapKyBaHHsI, YacTuHA |
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Pucynok B.2 — JliarpaMa mociioBHOCTI JijIsl TPOLIeCy MapKyBaHHsI, YacTUHA 2



