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AHomauisi. Y cmammi 0ocniox)yembCs 8riue eimpy Ha yripaesiHHa 6e3rifilomHuUM fimanbHUM anapamom
(BI/1A) y sipmyanbHomy cepedosuwi Unity3D. BesninomHi nimarnbHi anapamu sidizpatome yce binbuly posib
Y PI3HUX 2arty3siX, 8KITHOYarHU JI02ICMUKY, CillbCbKe 20¢rodapcmeo, MOHIMOPUH2 HaBKoMUWHBL020 cepedosulla
ma psimysarsibHi onepauji. O0HaK echeKmueHe KepysaHHsI makuMu arnapamamu 8 peaslbHUX yMogax Moxe bymu
CKImaOHUM 3a80aHHsIM Yepe3 Pi3HOMaHIMHI 308HIUWHI YUHHUKU, SIKI MOXYMb 3Ha4HO eryiueamu Ha cmabifibHicmb
ma MaHespeHicmb OPOHY, WO MOXe Mpu3soOUMU 00 3HUXKEHHST Lio20 eghekmugHoCMi ma rid8ULUEHHST PU3UKY
aeapitl. Y cmammi npedcmaesiieHo MoOerib CUMYIISII, U0 8paxosye pi3Hi mapamempu 8impy, maki K ueudKicmb
i HarNpPsIMOK, rpoaHarni3oeaHo 8uU8 Uux YUHHUKI8 Ha moeediHKy OpoHa. BukopucmarHsi Unity3D sk nnamgbopmu
Or1s1 MOOerTro8aHHsT 0ae 3M02y CMeopPro8amu pearticmuyHi cUueHapii nosibomig 6e3 pu3uKy rMowKOOXXeHHs 0brad-
HaHHs1 abo 3aegpo3u besreyi moded. [ns peanisauji Moderii po3pobrieHO an2opummu yrpaeniHHS, siki adanmy-
rombcsi 00 3MIHHUX 8iMpPo8UX YMO8, 30KpeMa sukopucmaHo PID-peaynamop ma ¢inbmp KanvaHa. Pesyrbmamu
CUMYAUIt roka3dyroms, Wo 3i 36irbWeHHsM weudkocmi eimpy 3pocmae HecmabirbHiCmb Mofibomy, Wo suma-
eae binblW mo4Ho20 yrpaerniHHs Onsl ympumMaHHsl Kypcy ma sucomu. OKpiM moeo, HarnpsiMOK eimpy 8i0HOCHO
mpaekmopii Mofbomy Mae 3Ha4yHUl 8rnue: MormymHull eimep Cripusie 3HUXEHHKO eHepaoCrioXKU8aHHs, mooi K
3ycmpidHUt ma 6okosuli eimep suMazarome Ao00amKo8UX KopuaysaribHUX MaHespie. BusieneHo, wo adarnmueHi
an2opummu MOXymb 3Ha4YHO MOKpaUUMU peakyito OpoHa Ha 3MIHU 8imposuX yMO8, 3MEHUIYHHU BIOXUITEHHS
8i0 3adaHoi mpaekmopii. Y docrnidxeHHi HagedeHo demaribHull Koo Ha C# dns Unity3D, skuti Moxe 6ymu uko-
pucmaHuti Orisi 6idmMeopeHHs pe3yribmamie ma rnodasnbliux ekcriepumeHmis. [pakmuyHi pekomeHOauji drisi pos-
PpObHUKie ma oriepamopig BI/1A ekro4arome HanawmyeaHHs napamempis yrpaesiiHHs 3a71eXKHO 60 O4iKysaHUX
8imposux ymos i epaxysaHHsi 000amKo8uUXx ammocghepHUX YUHHUKIG Orisi TOKpaU4eHHsSI MOYHOCMI CUMYsIUid.

Knroyoei cnoea: ennus simpy, bI1J1A, Unity3D, cumynsuis, cmabinbHicmb, pOH, MaHe8PEHICMb, Kpu-
mepit 8impy, afrzopummu yrpaesiHHs, eipmyarnbHe cepedosule.
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Abstract. The paper investigates the impact of wind conditions on the control of an unmanned aerial
vehicle (UAV) in the virtual environment of Unity3D. UAVs are increasingly playing a significant role in
various fields, including logistics, agriculture, environmental monitoring, and rescue operations. However,
effective control of these vehicles in real-world conditions can be challenging due to various external factors,
particularly wind conditions. Wind can significantly affect the stability and maneuverability of the drone,
leading to reduced efficiency and increased risk of accidents. The article presents a simulation model that
considers different wind parameters, such as speed and direction, to analyze the impact of these factors on the
drone's behavior. Utilizing Unity3D as a modeling platform allows for the creation of realistic flight scenarios
without the risk of equipment damage or safety threats to people. Control algorithms that adapt to changing
wind conditions, including PID controller and Kalman filter, were developed for the implementation of the
model. Simulation results show that as wind speed increases, flight instability rises, requiring more precise
control to maintain course and altitude. Additionally, the wind direction relative to the flight trajectory has a
significant impact: tailwinds contribute to reduced energy consumption, while headwinds and crosswinds
require additional corrective maneuvers. It was found that adaptive algorithms can significantly improve
the drone's response to wind changes, reducing deviations from the set trajectory. The study also provides
detailed C# code for Unity3D, which can be used to reproduce the results and conduct further experiments.
Practical recommendations for UAV developers and operators include adjusting control parameters based
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on expected wind conditions and considering additional atmospheric factors to improve simulation accuracy.
Thus, this article makes a significant contribution to the understanding and improvement of UAV control
in windy conditions, offering innovative approaches to modeling and compensation algorithms that can be
applied in various fields where unmanned aerial vehicles are used.

Key words: wind influence, UAV, Unity3D, simulation, stability, drone, maneuverability, wind criterion,
control algorithms, virtual environment.

BeTtyn

Y cydacHomy cBiTi 6e3ninoTHi nitanbHi anapatn (BMJIA) 3Haxo4saTb LUMPOKE 3aCTOCYBaHHS Y Pi3HUX
cepax, BKMYauM OOCTaBKY BaHTaxiB, 3MOMKM 3 MOBITPS, CifllbCbKe rocrnofapCTBO Ta HayKoBi AOCHi-
DxeHHsa. OgHak ecbekTuBHe ynpaeniHHa BIJ1A B peanbHUX yMoOBax € CKNagHUM 3aBAaHHSAM vepes3 BrvB
Pi3HOMaHITHMX 30BHILLUHIX YMHHUKIB, cepe SK1xX — BiTep, WO BifirpatoTb OOHY 3 KNoYoBUX porien. MNopusu
BITPY MOXYTb 3HA4YHO BNNMBATK Ha CTabIiNbHICTb Ta MaHEBPEHICTb APOHA, L0, CBOEID YEProt, MoXe npu-
3BOAUTU O0 3HWKEHHSI €DEKTUBHOCTI NOro BUKOPUCTaHHA Ta MigBULLEHHSA pu3KKy aBapin. CTaTTio Npucss-
YeHO JOCNILXXEHHIO BMMBY Takoro KpUTepito, sk BiTep, Ha ynpasniHHs BINJIA 3a gonomoroto MmogentoBaHHS
y cepegouwi Unity3D. Pywiin Unity3D € NOTY>XHUM iIHCTPYMEHTOM AN CTBOPEHHSA peaniCTUYHUX CUMYNS-
i, WO gae 3Mory AOCHiaxXKyBaTu pisHi cLeHapii 6e3 HeobXigHOCTI MPOBEAEHHS AOPOrMX Ta pPU3MKOBAHMX
€eKCNepuMEHTIB Y pearnbHOMY CBIiTi. MeTO LbOoro AOCHiSKEHHS € aHani3 BAAMBY LUBUAKOCTI Ta HanpsMKy
BITPY Ha NOBEAIHKY APOHA, a TaKoX po3pobrieHHs pekoMeHaaLiv AN nokpaLweHHs anropMTmiB MOro ynpas-
NiHHA B yMOBaX 3MiHHOTO BITPY. Y NepLUii YacTWHI CTaTTi PO3rNAHYTO OCHOBHI TEOPETUYHI acnekTu BrnmBY
BiTPY Ha apoHn. [lani onucaHo meToauky MmoaentoBaHHA BiTpoBux ymoB Yy Unity3D Ta HaBeneHo pesynsrati
CUMYIIALIA, 9K 0eMOHCTPYIOTb XapakTepHi natepHu nosefiHkn BIJIA 3a pisHuX ymoB. HapewTi, ctarTta
MPOMOHYE BUCHOBKM Ta peKOMeHaaLil, siki MOXyTb OYyTM KOPUCHMMU L1151 PO3POOHUKIB CUCTEM YNpaBmniHHSA
OPOHOM Ta OOCAIAHUKIB Y Ui ranysi.

BukoHaHHs pocnigxeHb

3moaentoemo noTik BiTpy, Wwo snnusae Ha BIJ1A y BipTyansHomy cepegosui Unity3D. MNpegcrtasnmo
BiTEp SIK BEKTOP CUIK, sika BrnvBae Ha KOMNoHeHT Rigidbody — Tino gpoHy. Ock Kkno4oBi acnektn Ta gop-
Mynu 4ns onucy yMoB BIiTpY:

OcHoeHy cusy 8impy, WO fie Ha OPOH, MOXHa NPeaCcTaBUTU BEKTOPOM:

Fwind =p- A-Cd -vwind , (1)

ae p — ryctuHa nositps (kr/m3), A — ecbekTBHaA Nnowla ApoHa, NepneHauKynsipHa 4O HanpsiMKy BiTpy
(m?), Cd — koedpiuieHT NoGoBOro onopy, WO 3anexuTb Bigd opMn Ta opieHTauii ApoHa, vwind — BEKTOP
LIBMAOKOCTI BITPY (M/C).

LLlo6 3acTocyBaTu cuny BITPY 4O XOPCTKOro KOpMNycy ApoHa, NOTPIGHO 0BUMCNNTY pe3ynbTYOUUN BEKTOP
cunu:

Ftotal = Fwind — Fdrone, (2)

[e Fdrone — cuna, CpUYMHEHa PyxoM ApoHa BiAHOCHO BITpY.

LHuHamiyHi ecpekmu simpy

1. 3MiHM WBMAKOCTI Ta HAaNpPAMKY BITPY:

* LUBMAKICTb BITPY vwind MOXE 3MiHIOBATUCA 3 HaCOM: vwind (1).

* Hanpamok BiTpy Moxe 3MiHoBaTMCS, 3a3BM4ai NpeacTaBieHnin y Burnagi kyta o(z) .

2. MopueK i TYpOYNEHTHICTb:

* [MopuBK MOXHa 3MOAENtoBaTH K PanToBi 3MiHU LUBWUAKOCTI YW HANPSIMKY BITPY.

* TypOyneHTHICTb MOXXHa MOZENtoBaTN 3a JOMOMOrok YHKLUIT WyMy, Hanpuknag wymy lNMepniHa, ans
CTBOPEHHS BUNAAKOBMX KOMMBaHb LUBMAKOCTI Ta HAMPSMKY BITPY.

@opmynu weudkocmi ma HarnpsiMKy 8impy

1. MNocTinHnn BiTep:

ywind = vwind~(cos(9),sin(9),0), (3)

Ae vwind — Le nocTinHa WBWAKICTb BITPY, 0 — KyT HANpsaMKy BiTpY.
2. 3MiHHa WBNAKICTb BITPY:
vwind () =v0+ Av-sin(ot), (4)

ne v0 — 6a3oBa WBMAKICTb BITPY, AV —amnniTyaa 3MiHW LUBMAKOCTI BiTPY, ® —4acToTa 3MiHWU LUBUOKOCTI
BiTPY, { — vac.

3. MNMopwuswu:

vgust (1) = vgust - (cas(Ggust(t)),sin(@gust(l)),O), (5)
ae VgUSt— LUBVIﬂ,KiCTb nopuay, egust(t) MOXE 3MiHIOBATUCA 3 YacoM, npencraenAaA4n HanpAaMoK rnopusy.
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Ona peanisauii 8 Unity3D 3actocyemo ui hopmynu, Wwob perynioBati CUnu, WO AiloTb Ha KOPMyC APOoHa:

1. PospaxyHok cunu BiTpy:

Vector3 windVelocity = new Vector3(windSpeed * Mathf.Cos(windDirection * Mathf.Deg2Rad),0,
windSpeed * Mathf.Sin(windDirection * Mathf.Deg2Rad));

Vector3 windForce = airDensity * effectiveArea * dragCoefficient * windVelocity;

2. [logaHHA cunu BIiTpY 4O Tina:

Rigidbody droneRigidbody; // MNepekoHarTecs, WO Tino CTBOPEHO
droneRigidbody.AddForce(windForce);

3. ImiTauis nopwusiB i TypOyneHTHOCTI:

float gustSpeed = baseGustSpeed + gustAmplitude * Mathf.PerlinNoise(Time.time * gustFrequency, 0);

float gustDirection = baseGustDirection + gustDirectionVariation * Mathf.PerlinNoise(0, Time.time *
gustFrequency);

Vector3 gustVelocity = new Vector3(gustSpeed*Mathf.Cos(gustDirection*Mathf.Deg2Rad),0,
gustSpeed*Mathf.Sin(gustDirection * Mathf.Deg2Rad));

Vector3 gustForce = airDensity * effectiveArea * dragCoefficient * gustVelocity;

droneRigidbody.AddForce(gustForce);

3acTocyBaBLlK Ui opMynn Ta NPUNOMU, CTBOPEHO peanicCTUYHY CUMYMSLUi0 BITPY, Aka BAMMBAaE Ha
MOXIUBICTb 3[iMCHEHHA MaHeBpPIB MoAerni ApoHa Ans BipTyanbHoro cepeagosuiia Unity3D.

[lna nepeBipku BIpHOCTI HaLLMX pO3paxyHKiB 3p0bUMO TECTOBI po3paxyHku B Ekcene:

Tabnuugs 1

TecToBI AaHi Ta po3paxyHOK CUNN BITPY 4518 ABOX NIOLWMH
Yac (c) mB"‘q'((:\Zt)' BITRY Hanp;u:l BITRY vx (m/c) vz (m/c) Fx (N) Fz (N)
0 10 45 7,071 7,071 0,866 0,866
1 12 30 10,392 6,000 1,273 0,735
2 8 60 4,000 6,928 0,490 0,849
3 5 90 0,000 5,000 0,000 0,613
4 3 10 2,954 0,521 0,362 0,064
5 2 80 0,347 1,970 0,043 0,241
6 9 50 5,785 6,894 0,709 0,845
7 7 20 6,578 2,394 0,806 0,293
8 21 5 20,920 1,830 2,563 0,224

I'pagpix 1. Cuna eimpy ona piznux
NIOWUH Y Yacl

=@ [XFX (N) e=@u=FzFz (N)

BucHoBKMu

Y pamkax gocnigXeHHsi po3pobrneHo Ta peanisoBaHO Mogenb CUMYNSLUii BiTPY, Sika BpaxoBYye PisHi Na-
pameTpw, BKIOYaoYy WBMAKICTb Ta HANPSAMOK, HagaHo kog Ha C#. OCHOBHI pe3ynbTati JOCTiAXEHHS Nno-
KasyoTb:

* Brinue weudkocmi gimpy: 3i 36inbLUEHHAM LUBUAKOCTI BITPY 3HAYHO 3pOCTa€ HECTabiNbHICTb NONbOTY
BMNA, wo npu3BoguTb 40 NiOBMLLEHOT NOXMOKM B yTPMMaHHi Kypcy Ta BucoTu. Lle nigTBepaxeHo pospa-
XYHKaMMU, L0 AEMOHCTPYIOTb 30iMbLUEHHS CEPeqHbOro BIOXMIEHHS Bif 3a4aHOT TPAEKTOPIi 3a pi3HNX LWBMA-
KocTew BiTpy (Tabn. 1).

* Brinue HanpsiMKy 8impy: HanpsiMOK BiTPY BiQHOCHO TPaEKTOPIl MONbOTY TaKOX Mae 3HAYHWUIA BMNIIMB.
[MonyTHWIA BiTep MOXe 3MEHLUNTU CNOXMBaHHA eHeprii, TOAi K 3yCTpivyHu BiTep | BokoBuIA BiTep BUMara-
0Thb Bif APOHA 40OATKOBUX KOPUryBaribHUX MaHEBPIB.
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*  Anzopummu KomreHcauii: po3pobrneHi anroputMm komneHcauii Ana ynpaeniHHg BIJA B ymoBax BiT-
py nokasanu cBok edEeKTMBHICTb Y 3MEHLUEHHI BigXuneHb Ta NigBULLEHHI cTabinbHOCTI nonboTy. Buko-
puctaHHs agantuBHux PID-peryngartopis Ta ¢inetpie KanmaHa gano 3mory 3Ha4yHO MOKpaLLUTU peakLito
OpoHa Ha 3MiHHi BITPOBi YMOBW.

Pesynbratv MOXyTb OyTv BUKOPUCTaHI ANS NOAANbLIONO BOOCKOHANEHHST CUCTEM YNpaBMniHHS OPOHOM,
LLIO NpaLtoe y peanbHUX YMOBaX, a Takox Anst po3BUTKY BinbLL peaniCTUYHMX HaBYarbHMUX CUMYMSLIN Y ce-
pegosuwi Unity3D.
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