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Pedepar:

1. Y nuceprauii mposeneHo NOCTiKeHHS, CIIPSMOBaHi Ha HiIBUIeHHS e(PEeKTUBHOCTI NepeMilieHHS
MaJlorabapUTHUX BaHTAXIB IIJISIXOM CTBOPEHHS IPOTOTUITY O€3I1iJIOTHOTO ABOKOJIICHOTO IIPUCTPOIO Ta CUHTE3Y
KEPyBaHHS 0ro pyxoM. Po3pobsieHnii npucTpill IpU3Ha4eHui 111 BUKOPUCTAHHS B yMOBaX MiCbKOi
iHQpacTpyKTypyu Ha 3aBepLIaIbHOMY €Talli JIOTICTUYHOTO JIaHIjIora («OCTaHHS MUJs»). PoboTa BKIloYae MOBHUMN
IIUKJI — Bi, pO3POOKY KOHIEIIIii TPHUCTPOIO Ta CTBOPEHHS (Pi3nyHOI MOerli 10 MaTEMaTUYHOTO MOIETIOBaHHS,
CHHTE3Y ONTUMAaJbHOTO KEPYBaHHS, €KCIIEPUMEHTAJIbHOI TepeBipKU, OLIIHKY €KOHOMIYHOI e peKTUBHOCTI 1OTr0

pob6oTu. BukoHaHO aHasi3 cyyacHOTO CTaHy cdepu NOCTaBKUA MaJorabapuTHUX BaHTaXIB, JOCTIIKEHO IEPCIIEKTUBU



BUKOPUCTAHHS 0€3MiJIOTHUX MOGIIbHUX MIaTPOPM Ta OKPECTEHO IIPOo6IeMy cTabisisalii IBOKOIICHUX HECTIMKUX
crucTeM. BcTaHOBIEHO HEJTOCTATHIO BUBYEHICTh MUTAHb CTA6ii3a1lii IBOKOIICHUX TPUCTPOIB Ta iX BUKOPUCTAHHS B
33/layax aBTOHOMHOI JOCTaBK1 MaorabapyuTHUX BaHTaXIB, 110 BU3HAYA€ aKTyasbHICTb TeMU. Po3po6sieHo
KOHLIEMIIi10 MPUCTPOIO [J1s1 BAKOPUCTAHHS B MiCbKOMY CEPEOBUII, 3 ypPaXyBaHHSIM BUMOT 10 Ta0apUTiB BAHTaXy
(06'emHOI Baru, BaHTaKOMiZHOMHOCTI, IBUAKOCTI pyXy, 0OMeKeHb €JIeKTPUYHOI IOTY>KHOCTi IPUBO/iB). CTBOPEHO
disnyHy MOJieJIb IPUCTPOIO 3 MEXaHI3MOM OaslaHCYBaHHS, SIKWI1 MTpaljo€e 3a IPUHIMIIOM 3MillleHHsI LIeHTpa Baru
11040 TOYOK omnopu. [1iniopaHo eaeMeHTHY 6a3y, CTBOPeHO 3D-Mo[ieJib IPUCTPOIO 3 [10JAJBIIMM BUTOTOBJIEHHSIM il
npororuny. [To6ynoBaHO MaTeMaTU4Hy MOJieJib AMHAMIKU cTabisizalii mprucTpolo 3a LOMOMOTOI0 MiTX04iB «4OpHA
CKpMHS» Ta «cipa cKpuHs». [ligXin «J0pHa CKPUHS» Peasi3oBaHo 3a AOIIOMOTY PEKYPEHTHOI HEIPOMEPEXKI 3 TOBrol0
KopoTKouyacHoo nam’sitTio (LSTM), sika 3a 0NIOMOro0 eKCIIepUMEHTAIbHUX JaHUX POOOTH IIPUCTPOIO (KYT Ta
KyTOBA IIBUJIKICTb HAXWUJIy PaMU Ta BiIXWUJIEHHS] MEXaHi3My 6ajlaHCyBaHH:) O3BOJINJIA BUKOHYBATU [IPOTHO3YBaHHS
IVHaMiKi poOOTH MPUCTPOIO B PESKMMI cTabisizarii cBoro nososxxeHHs. [is peasnizanii migxony «cipa CKpuHS»
11o0yJ0BaHO IMHAMIYHY MOJiesIb [IPHUCTPOIO Ta CKJIaZleHO PiBHSIHHS HOT0 pyxy y BUIJIsAl piBHSHB Jlarpanxa 2-ro
poay. OTprMaHi piBHSIHHS MiCTUJIM HEBiJIOMi IapaMeTpU NPUCTPOIO, 17151 IXHbOTO BU3HAUYEHHS OyJI0 3i6paHO MacuB
eKCIIEpPMMEHTAJIbHUX JaHUX POOOTH NPUCTPOIO. [I71s1 po3B’sI3aHHS 3a7adi inenTudikauii napameTpiB MpucTpoIo
3acTtocoBaHo ontumizaninui anroputm RING-ROT-PSO. Y pe3ynbTaTi BU3Ha4Y€HO €KBiBaJI€HTHI 3HAYE€HHS
MOMEHTIB iHepujii pamu [1k=5,52-10-4 kr-mM? Ta Kojsieca Ikk=2,75-10-3 kr-m?, a Takoxx macy kosieca mk=3,31-10 1 kr. Ha
OCHOBi MaTeMaTU4HOI MOieJli C(POPMYJILOBAHO 33J1a4y CUHTE3Y ONTUMAJIbHOTO KEPYBAaHHSI IIOJIOKEHHSIM TPUCTPOIO
B pe>XXuMi cTabinizanii CBOTo 10JI05KeHHS! Mif] Yac 3yIMHKY (CTaTUYHE 6asiaHCyBaHHS). PO3IJISIHYTO 3aCTOCYBaHHS IBa
tunu perysastopis — I1I ta ITI1. ChpopmoBaHO KOMILJIEKCHUI KpuTepill onTuMisalii Ta ckinageHo 11 HabopiB BaroBux
KoediljieHTiB ioro cknanosux. [IpoeneHo onTUMizallio Koe@illieHTiB KOKHOTO 3 PETyJISITOPIB [1JIs1 BCiX HabopiB
Baroeux KoediuieHTiB. MiHiMi3alilo KpUTEPilO IPOBEAEHO 32 NOMOMOTOI0 MOIU(PIKOBAHOTO METOLY POIO YACTOYOK
VCT-PSO 3a paxyHOK 3HaxOKeHHS BiflIOBiIHUX KoedilieHTiB peryasTopis. OLiHKY SKOCTi OTPYMAaHOTIO KepyBaHHS
IIPOBEMIEHO 32 [TOKA3HUKAaMU CEPEIHbOKBAIPATUYHUX Ta MAKCMMAJIbHMX KyTOBUX IIPUCKOPEHD HAXUJILY IIPUCTPOIO Ta
BiIXWJIEHHS ME€XaHi3My OaslaHCyBaHHs. BusnaueHno ontumarnbHi koediuienTtu II-peryagropa (k1=-2,113, k2=-1,747,
k3=-4,92-10-6). BctaHOBJIEHO, 10 BBEHEHHS nudepeHLiaJbHOI CKIa10BO1 103BOINIIO 3MEHIIUTY MaKCUMAaJIbHI
KyTOBi pucKopeHHs 10 20 pasiB, a cepeIHbOKBAZIpaTU4Hi — 110 4,8 pasis. lle minreepaxye 3acTocoBHicTsb [11]1-
peryssiTopa IJ1s1 3a7adi crabisnisanii oa0KkeHHs! IPUCTPOIO. JI71s IepeBipKU TEOPETUYHUX PE3YJIbTaTiB IPOBEJIEHO
eKCIIepMMEHTAaJIbHE [IOCTIiI)KeHb POOGOTH PO3pO6IEHOr0 KepyBaHHS Ha Gi3YHOMY IIPOTOTUII IPUCTPOIO B
JabopatopHuX yMoBaX. CyTh €KCIIEPUMEHTIB I0JIsIrajia B 3UNTyBaHHI JaHuX po60oTU cTabisizanii moso>KeHHs
IIPUCTPOIO 7, [Iiel0 30BHIIIHIX 30ypeHb (MOMWTOBXIB). 3a pe3ysbTaTaMU €eKCIIEPUMEHTIB OTPUMaHO 11 MacuBiB JaHUX
pob6oTtu npuctpoio. CriBCTaBIsAI0YM TEOPETUYHI i €eKCIIEpUMEHTabHI JaHi, OTPUMAal MOKa3HUKU MaKCUMaJIbHUX
(0,00325...0,0112 pan) Ta cepepabokBagparuyHux (0,00155...0,00487 pan) noxuboK KyTa HaXUJy IPUCTPOIO Ta
[IOKa3HUKY NOXMO0K MakcumasnbHoi (0,0218...0,0782 pap,/c) Ta cepennbokBaaparuyHoi (0.00669...0,0238 paz,/c)
KyTOBOI IIBUAKOCTI HaxuJly NpUCTPOI0. BomHovac sjorapuMiuHui eKPEMEHT 3racaHHS KOJIMBaHb 3HAXOUBCS B
mexax 0,25...2,11. [lonaTKoBO NpOBeeHO JOCTiIKEHHS BIJIMBY 3MiHHOTO HaBaHTaK€HHS Ha e(EeKTUBHICTb
crabinizanii mososkeHHs MpucTporo. [ 3a6e3neyeHHs cTabimizallii moyokKeHHsI TPUCTPOIO 3 TOJATKOBOIO MACOI0
KoediljieHTH peryssTopa noTpedyBaau KOpUryBaHHS. BcTaHOB/IEHO, 10 YMM Oisbllla Bara HaBaXXKH, TUM OisblIa
TPUBAJICTb cTabinizanii. OTpuMaHi pe3ysbTaTy AAI0Th MiICTaBU BBAXKATU 3a/1a4y CUHTE3Y ONITUMAaJIbHOTO KepyBaHHS
PYXOM IIPUCTPOEM J1JIsSl TPAHCIIOPTYBAHHS MajIorabapuUTHUX BaHTaKiB BUKOHAHOIO. BU3HaueHO BapTicTh
PO3p06JIeHOro NPOTOTUIY (23244 rpH) Ta BapTiCTh MOBHOLIHHOTO (YHKIIOHANBHOTO NpOoTOTUIYy (46029 rpH), IKuit
MiCTUATb HEOOXiJHi CKIa[0Bi [J1s1 [OCTAaBKY BAaHTaXIB y peajlbHUX yMOBax. [IoTeHIiliHe 3H>KEHHS] BUTPaT Ha

IOCTaBKy cArae 2,4 pasu B IepLIMii pik Ta 5 pasiB y Apyruil i nogasblili POKU.

2. The dissertation presents a study aimed at improving the efficiency of small-scale cargo transportation through
the development of a prototype of an unmanned two-wheeled device and the synthesis of motion control. The
developed device is intended for use in urban infrastructure at the final stage of the logistics chain («last mile»).
The research encompasses the full development cycle - from conceptual design and creation of a physical
prototype to mathematical modeling, optimal control synthesis, experimental verification, and economic efficiency



evaluation. An analysis of the current state of small cargo delivery was conducted, highlighting the potential of
unmanned mobile platforms and identifying the stabilization problem of unstable two-wheeled systems. It was
established that the topic of stabilization and control of two-wheeled devices for autonomous small cargo delivery
remains underexplored, which substantiates the relevance of the research. A concept of the device for urban
application was developed, taking into account cargo volume, payload capacity, velocity, and electric power
limitations of the drives. A physical prototype with a balancing mechanism based on shifting the center of mass
relative to the support points was created. The hardware base was selected, and a 3D model of the device was
designed and subsequently fabricated. A mathematical model of the device’s stabilization dynamics was
constructed using «black box» and «gray box» approaches. The black-box model was implemented using a Long
Short-Term Memory (LSTM) recurrent neural network, which used experimental data on tilt angle and angular
velocity of the frame and balancing mechanism to predict the stabilization behavior of the device. To implement
the gray-box approach, a dynamic model of the device was built and its equations of motion were formulated using
second-order Lagrange equations. These equations included unknown parameters. A dataset of experimental
measurements was collected, and the Ring-Rot-PSO optimization algorithm was used to identify the parameters
that minimized the modeling error. As a result, the equivalent moments of inertia were found: Ik = 5.52:10-4 kg-m?2
for the frame and Ikk = 2.75-10--3 kg-m2 for the wheel. The wheel mass was also refined to mk = 3.31-10-1 kg. Based
on the mathematical model, the task of optimal control synthesis in static balancing mode was formulated. Two
types of controllers - PI and PID - were considered. A comprehensive optimization criterion was defined, and 11
sets of weighting coefficients were prepared. Each controller's coefficients were optimized for all weight sets using
the modified VTC-PSO particle swarm algorithm. Control quality was evaluated based on maximum and RMS
angular accelerations of the frame and the balancing mechanism. The optimal PID controller coefficients were
identified (k1 = -2.113, k2 = -1.747, k3 = -4.92-10-6). It was found that introducing the derivative component reduced
peak angular accelerations by up to 20 times and RMS accelerations by up to 4.8 times. This confirms the
applicability of the PID controller for position stabilization. To verify the theoretical results, experimental testing
of the control system was performed using the physical prototype under laboratory conditions. The experiments
focused on collecting data under external disturbances (e.g., mechanical impacts). Eleven datasets were recorded.
Comparison of theoretical and experimental results yielded maximum tilt angle errors in the range of 0.00325 to
0.0112 rad and RMS errors of 0.00155 to 0.00487 rad. Maximum angular velocity errors ranged from 0.0218 to
0.0782 rad /s, and RMS errors from 0.00669 to 0.0238 rad/s. The logarithmic decrement of oscillation damping
ranged from 0.25 to 2.11. Additionally, the impact of varying payload on stabilization performance was studied. It
was found that controller coefficients required adjustment depending on the mass of the load: the heavier the load,
the longer the stabilization time. These findings confirm the successful solution of the optimal control synthesis
problem for the two-wheeled device in small cargo transportation tasks. The prototype cost was calculated at
23244 UAH, while the cost of a fully functional delivery-capable version was 46029 UAH. The full prototype
includes key subsystems such as trajectory planning and positioning, a container with an electronic lock, remote
control, and a self-righting mechanism. Delivery costs could be reduced by up to 2.4 times in the first year and up
to 5 times in subsequent years. This demonstrates the practical feasibility of implementing the proposed device for
last-mile logistics applications.
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BOXJIMBUX IPOOJIEM PO3BUTKY HAYKOBO-TEXHIYHOIO, COLIiaIbHO-€KOHOMIUHOr 0, CyCIiIbHO-TIOJiTUYHOTO,
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