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Pedepar:

1.V nuceprariii mpoBefeHO AOCTiI>)KeHHS, CIIPSIMOBaHI Ha MiABUIEHHS €(PEKTUBHOCTI epeMillleHHS
MasiorabapUTHUX BaHTAXIB LUIJIIXOM CTBOPEHHS IIPOTOTHUITY 6€3MiJIOTHOTO JBOKOJIICHOTO IIPUCTPOIO Ta CUHTE3Y
KepyBaHHS M0ro pyxoMm. Po3pobsiennit npucTpill npusHayeHui 1151 BUKOPUCTAHHS B yMOBaX MiCbKOi
iH(pacTpyKTypH Ha 3aBepIIaJbLHOMY €Talli JIOTiICTUYHOTO JIAHLIOTa («OCTaHHS MUIIs»). Po6oTa BKIIlOYae IOBHUI
LIMKJI — Bif, po3pOOKU KOHIJETIIii TPHUCTPOIO Ta CTBOPEHHS (Pi3nyHOI MOZeJIi 10 MaTEMaTUYHOIO MOJIE/TIOBaHHS,
CHHTE3y ONTUMAaJIbHOTO KEPyBaHHS, €KCIIEPUMEHTAJIbHOI NTepeBipKY, OLIiHKK €KOHOMIYHOI e peKTUBHOCTI HOTO
poboTH. BUKOHaHO aHazi3 Cy4acHOro CTaHy cpepy JOCTaBKU MajorabapuTHUX BAaHTaXIB, NOCIIIIPKEHO MepCIeKTUBU
BHMKOPHMCTAHHS 6€3MiJIOTHUX MOOIIBHUX IJIaTGPOPM Ta OKPECIEHO IIPO6IeMY CTabisi3allii IBOKOIICHUX HECTIMKUX
cucreM. BcTaHOBJIEHO HEIOCTATHIO BUBYEHICTh MUTaHb CTAbii3allii ABOKOIICHUX MPUCTPOIB Ta iX BUKOPUCTAHHS B

33/layax aBTOHOMHOI [JOCTaBKU MasorabapyuTHUX BaHTaXIB, 1[0 BU3HAYA€ aKTyaJbHICTh TeMU. Po3pobsieHo



KOHLIEMIIi}0 MPUCTPOIO 1711 BAKOPUCTAHHS B MiCbKOMY CEPEOBUII], 3 yPaXyBaHHSIM BUMOT 10 Ta0apUTiB BAaHTaXy
(0o6’eMHOI Bary, BaHTaKOMiAMOMHOCTI, MBUIKOCTI PyXy, 0OME>XXeHb eJIeKTPUYHOI IIOTYKHOCTI IIprBoziB). CTBOPEHO
disnyHy MOJeJIb IPUCTPOIO 3 MEXAHI3MOM 0aslaHCYBaHHS, SIKWI MTpaljloe 33 IPUHLMIIOM 3MillleHHs LIeHTpa Baru
IOZ0 TOYOK omnopu. [1inibpaHo eeMeHTHY 6a3y, CTBOPeHO 3D-Moesb IPUCTPOIO 3 IOHAJBIIMM BUTOTOBJIEHHSIM il
npororuiy. [To6ynoBaHO MaTeMaTU4Hy MOJeJib AUHAMIKY cTabimizarii IprucTpoIo 3a LOMOMOTOI0 MMiTX04iB «JOpHA
CKpMHS» Ta «cipa cKpuHs». [1igXin «40pHa CKPUHS» peasi3oBaHo 3a JOIIOMOTY PEKYPEHTHOI HEIPOMEPEXKI 3 TOBrOI0
KOpOoTKo4dacHoo nam’sitTio (LSTM), sika 3a ONIOMOro0 €eKCIIEPUMEHTAIbHUX JAaHUX POOOTH IIPUCTPOIO (KYT Ta
KyTOBA IIBUJIKICTb HAXMUJIy PaMU Ta BiIXWUJIEHHS] MEXaHi3My 6ajlaHCyBaHHS) JO3BOJIMJIA BUKOHYBATU [IPOTHO3YBaHHS
IVHaMiKi poOOTH IPUCTPOIO B pe>KMMI cTabisizaLii cBoro nosioxkeHHs. [ist peasnizauii migxony «cipa CKpUHS»
11o6yJ0BaHO IMHAMIYHY MOJIEJIb IIPHUCTPOIO Ta CKJIAJI€HO PiBHSIHHS HOT0 pPyxy y BUIJISAl piBHSIHB Jlarpanxka 2-ro
pony. OTprMaHi piBHSIHHSI MiCTWJIM HEBiIOMi IapaMeTPH NPUCTPOIO, [J1s1 IXHbOTO BU3HAUYEHHSI OyJI0 3i6paHO MacuB
€KCIIEpUMEHTAJIbHUX JaHUX POOOTH NPUCTPOIO. [l pO3B’sI3aHHS 3ajiadi ifeHTu(ikalii napameTpiB IPUCTPOIO
3actocoBaHo ontumizaninHui anroputm RING-ROT-PSO. Y pe3ynbTaTi BU3Ha4€HO €KBiBaJIEHTHI 3HAYE€HHS
MOMeHTIB iHep1ii pamu 11k=5,52-10-4 kr-m? Ta Kosneca Ikk=2,75-10-3 kr-mM?, a TakoXX Macy Kosieca mk=3,31-10 1 xr. Ha
OCHOBi MaTeMaTU4HOI MOieJli C(POPMYJILOBAHO 33[1a4y CUHTE3Y ONTUMAJIbHOTO KEPYBAaHHS IIOJIOKEHHSIM TPUCTPOIO
B pe>XXuMi cTabisizanii CBOro 10oJI0>KeHHs! Mifl Yac 3yIMHKY (CTaTUYHe 6asiaHCyBaHHS). PO3IJISIHYTO 3aCTOCYBaHHS JBa
tunu peryastopis — I1I ta ITIJI. CdpopmoBaHO KOMILIEKCHUI KpuTepill onTuMisauii Ta ckinageHo 11 HabopiB BaroBux
KoedilieHTiB iloro cknagosux. [IpoBeneHO oNTUMI3alio Koe@illieHTiB KOKHOTO 3 PETYJIATOPIB [JIs1 BCiX HAbOpiB
BaroBux KoeilieHTiB. MiHiMi3allilo KpUTEPil0 NPOBEJEHO 3a JOTIOMOTr00 MOAN(IKOBAHOTO METOAY POIO YACTOUOK
VCT-PSO 3a paxyHOK 3HaxOJKeHHS BifilIOBiTHUX KoedilieHTiB peryastopis. OLiHKY SIKOCTi OTPYMAaHOTIO KepyBaHHS
IIPOBEJEHO 32 [I0Ka3HUKaMU CepelHbOKBAIPAaTUYHMX Ta MAaKCUMaJIbHUX KyTOBUX [IPUCKOPEHb HAXUJy IIPUCTPOIO Ta
BiIXWJIEHHS MeXaHi3My 6asiaHCcyBaHHS. BuzHaueHo ontumarnsHi Koediuientu [11-peryngropa (k1=-2,113, k2=-1,747,
k3=-4,92-10-6). BctaHOBJEHO, 110 BBeIeHHS NudepeHLiaTbHOI CKIa0BOI 03BOINIIO 3MEHIIUTY MaKCUMAaJIbHI
KyTOBi IpUCKOpeHH4 10 20 pasiB, a cepeIHbOKBAZIpaTU4Hi — 110 4,8 pasis. lle migreepaxye 3acTocosHicTsb [11]1-
peryssiTopa IJ1s1 3ajadi crabisisalii os05KeHHs IPUCTPOIO. JI71s1 IEPeBipKU TEOPETUYHUX PE3YJIbTATiB IPOBEIEHO
€KCIIepUMEHTAJIbHE JOCiIKeHb POOOTH PO3POOIEHOr0 KEPYBaHHS Ha (Pi3MYHOMY IPOTOTUII MPUCTPOIO B
JabopatopHux yMoBax. CyTh €KCIIEPUMEHTIB T0JIsIraja B 3UUTyBaHHi JaHUX Po6OTU cTabisizallii 0I0KeHHs
IIPUCTPOIO i, [Iiel0 30BHIIIHIX 30ypeHb (MOMTOBXIB). 3a pe3ybTaTaMU €KCIIEPUMEHTIB OTPUMaHO 11 MacuBiB JaHUX
po6oTu npuctporo. CriBCTaBJIsII0YM TEOPETUYHI i €KCIIEPUMEHTAJIbHI IaHi, OTPMMAJIY OKa3HUKU MaKCUMAaJIbHUX
(0,00325...0,0112 pag) Ta cepepabokBagparuyHux (0,00155...0,00487 pan) noxuboK KyTa HaXujy IPUCTPOIO Ta
[IOKa3HUKYU NIOXMO0K MakcumasnbHoi (0,0218...0,0782 pag,/c) Ta cepennbokBaaparuyHoi (0.00669...0,0238 paz,/c)
KyTOBOI IIBUAKOCTI HaxuJly MPUCTPOI0. BomHoYac sjorapuMidHui IeKPEMEHT 3racaHHS KOJIMBAaHb 3HAXOIUBCS B
mexax 0,25...2,11. [lonaTKoBO NpOBeeHO JOCTiIKEHHS BIIJIMBY 3MiHHOTO HaBaHTaKEHHS Ha e(EeKTUBHICTb
crabinizanii mososkeHHs MpUcTporo. [ 3abe3neyeHHs cTabitizallii MoJokKeHHs TPUCTPOIO 3 TOJATKOBOIO MACOI0
KoeiljieHTH perysTopa noTpedyBaau KOPUryBaHHS. BcTaHOB/IEHO, 10 YMM Oijlblla Bara HaBaKKH, TUM OijblIa
TPUBAJICTb cTabini3anii. OTpMMaHi pe3yybTaTy AAI0Th MiICTaBU BBAXKATU 3a/1a4y CUHTE3Y ONITUMAJIbHOTO KEPYBaHHS
PYXOM IIPUCTPOEM [1J1Sl TPAHCIIOPTYBAaHHS MajlorabapuUTHUX BaHTaKiB BUKOHAHOIO. Bu3HaueHO BapTiCTh
PO3p0o61eHOro NpoToTuIy (23244 rpH) Ta BapTiCTh NOBHOLIHHOTO (YHKIIOHANBHOTO NpOoTOoTUIY (46029 rpH), Kuit
MiCTUATb HEOOXiJHi CKIa[0BI AJ1s1 TOCTABKY BAaHTAXIB y peaJlbHUX YMOBax. [IoTeH1iliHe 3HDKEHHS] BUTPAT Ha

IOCTaBKy cArae 2,4 pasu B IepLIMii pik Ta 5 pasiB y Apyruil i NoJasblili 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-m2
for the frame and Ixk = 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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