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1. Y nuceprauiiiniii po60Ti BUpilIeHO HOBE HAyKOBE 3aBJaHHS MMiTBUINEHHS HAZIMHOCTI Ta IUHAMIYHOI 6e3rexku
KOMOIHOBAHOTO YCTaTKOBaHHSI [JIs1 TPEJIIOBAHHS J€PEBUHU LIJISXOM TEOPETUYHOTO OOI'PYHTYBaHHS i
€KCIIEPMMEHTAJIBHOTO MiATBEPKEHHS I0TO0 KOHCTPYKTUBHUX i PEXKMMHUX NapaMeTpiB. O6’€eKTOM JOCIiIKEHHS €
IIPOLIEC TPEJIIOBAHHS AEPEBMHU KOMOIHOBAaHUM yCTaTKOBAHHSIM (J1iCOBO3HUMI aBTOMOO1/Ib 260 TPAKTOP 3
rizpaBiiYHUM MaHIMyJIITOPOM Ta OJHOO6apabaHHOIO rifpaBivHOIO J1e6ifjK0I0, BCTAHOBJIEHOI0 6e3110CepeHbO Ha
CTpini MaHinysnsropa). [IpegMeToM JOCTIIKEHHS € JMHAMIYHI HAaBaHTaKE€HHS B CUCTEMI “IIpuUBif, 1e6inku — cTpina
MaHINyJsTOpa — BaHTaX , IapaMeTPU KOJMBAJILHOTO CTaHy CTPiJIOBOTO Mepepisy Ta MeTOAM OOIPYHTYBAHHS
palLiioHaJIbHUX NTapaMeTPiB yCTaTKOBaHHS. Ha OCHOBI MeTozy Pesest BCTaHOBJIEHO €KBiBaJIEHTHI 30CEPEIKEHI
napametpu ctpinu (mc = 720 kr, L = 7,0 m, EI = 9,286-106 Hm2): mn = 260 kr i cn = 1,01-107 H/M y TouLji KpinsyeHHs
00BiTHOrO 6J10Ka 3 IMOXMOKOIO He Ginbuie 1 %. Briepuie po3po61eHO TPMMACOBY HEJIiHIHY JMHAMIYHY MOJIEJIb
cucreMu y popmi piBHsIHB JlarpaHixka, sika BpaxOBye KBaIpaTU4HY XapaKTEPUCTUKY FipOMOTOPA, IIPY>KHO-

IVCUIIaTUBHI BJIACTUBOCTI KaHaTa ! CTPi/IM Ta 3MiHHUM OIlip BaHTaXy. YncesbHe iHTerpyBaHHs MeToiOM PyHre-



KyrTa y cepenoBumii Wolfram Mathematica BcTaHoBuUII0, mo nipu 4yaci nycky o = 0,50 ¢ mikoBi HaBaHTa)KEHHS
MIePEBUILIYIOTH YCTAJIEHI: KDYTHUNA MOMEHT Y 4,47 pa3y, 3yCUiuIs B KaHarti y 2,44 pasu, 3yCusuis B CTpini y 2,91 pasu.
AHaziz MeTo/IoOM MaJIoTo apaMeTpa MifATBepAUB aleKBaTHICTh MOJIE 3 MOXUOKOI0 10 6,6 %; mapameTpudHuit
aHasi3 y 6e3po3MipHUX KOMILJIEKCAaX BUSIBUB, 110 30iIbIIEHHS 6€3p03MipHOro Yacy mycky o Big 0,2 1o 1,5 3HmxKye
koe@iuieHT nuHaMiYHOCTI ko Ha 70 %. MeTo[ (pa30BUX OPTPETIB ileHTUPiKyBaB KpUTUYHUI TIOPIT Iepexoay 10
HeJIiHITHOTO pesKuMy IIpY 3yCUJLIi B KaHaTi oHay, 14 kH. Ynepie BcTaHOBJIEHO aHamiTUYHY 3anexxHicTs kT(o) = 1,994
- 0,490-In(0), 1Ka BU3HAYa€ KpUTUYHi 30HU HaBaHTaxkeHOCTi (Lk = 20-35 M, m = 500-800 kr) i MiHiManbHMIA
6e3neyHuit yac nycky omin = 0,38 ¢ 3a KkpuTepiem MiljHOCTI KaHaTa. [IpocTopoBuil anani3 gy o = 0°-90° nokasas, 10
oriopa CTpinu Ha cTOBOYp AepeBa 3MEHIIye TOPU3OHTANIbHUI 3THHAJIbHUN MOMEHT Y 1,82 pa3y; rpaHnYHa Maca
BaHTaxy npu 0 = 90°, o = 0,5 ¢ craHoBUTh M = 1120 kr. Ha 0CHOBI TppOX KpUTEPIiB 6€31eKN — MIlJHOCTi CTPisIOBOTrO
nepepisy, KpyTHOrO MOMEHTY Ha OIIOPHO-TIOBOPOTHOMY IIPUCTPOI Ta IPOCTOPOBO] CTIKOCTI maci - No6yA0BaHO
KapTy JONYyCTUMUX [apaMeTpiB poboTu y mpoctopi {m, Lk, 0, o}. MeTo[ ckiHueHHUX eneMeHTiB y SolidWorks
Simulation 2025 (96 868 By3niB, 48 802 enementu, matepian AISI 4140, oy = 490 MIla) ninTBepauB KoedillieHT 3anacy
MminHocTi K3M = 1,47-1,63 nn1g cemu KyTiB Haxuiy KaHaTa 0 = 0°-30°, 1110 33/10BOJIbHSIE HOPMaTUBHY BUMory [K3M] =
1,40 3a ICTY EN 1993-1-1. IIporpamy Ta METOAMKY HaTypHOTO IIOBHOTO (pakTopHOTO ekcriepumeHTy ([IOE 3x4, 40
IOCJIiNiB) peasi3oBaHO y BUPOOHUYMX YMOBAX JIiCOCIKY 3 BUKOPUCTAHHSIM TPhOX aKCeJIepOMETPUYHUX 1aBayiB
WT901SDCL-BT50 (9-ocvoBuit MEMS, +8g, 200 I'u, BLE 5.0). IIns konop sinvHu (d = 0,40 m, 1 = 6,0 M) 3a Macamu m 0
{500; 750; 1500} kr i Bincranamu niararysanss Lk o {10; 20; 30; 40} M BCTaHOBJIEHO: CEPEIHE MiKOBE IPUCKOPEHHS
amax = 4,95-6,63 m/c?, cepelHbOKBaipaTUYHe IPUCKOPeHHs aRMS = 1,75-2,21 M /c?, puHamiuaui koedinieHT kd =
1,68-2,25. BnacHa yacrota ctpinu fl = 6,8 I' minTBepaykeHa CIIeKTpaJbHUM aHasli3oM i3 BimxusieHHsaM 1,5 % Bin
TEOPETUYHOro 3HaueHHs. PerpeciiiHi Monesi amax i aRMS sk pyHKUil napameTpis {m, L} oTpumaHo 3
Koedinientamu gerepminanii R? = 0,883 i R? = 0,825. Po36ixnicTs Mk TeopetndHuMm kT = 2,334 i
ekcriepuMeHTanbHUM kd He nepeBuinye 8-12 %, mo niaTBepaKye afeKBaTHICTb MaTeMaTUYHOI Mogeri i
IOCTOBIPHICTb KapTH [ONYCTUMUX PeXXUMiB. Ha OCHOBI OTpMMaHUX pe3yJbTaTiB PpO3p06IE€HO KOMILIEKC
iH)K€HEepHO-TEXHIYHUX PillleHb 00 3HWKEHHS JMHAMIYHUX HABAHTAKEHb i ITiJIBUILEHHS HAIIMHOCTI
KOMOIHOBAHOTO yCTaTKOBaHHSI. TexHIKO-€KOHOMIYHA OLIiHKA MiATBEpAUIIa €(PEKTUBHICTb BIPOBAIKEHHS: IPOCTU
TEepPMiH OKYITHOCTI — 1,53 poKy, 4ucTa TenepiuHs BapTicTs — 172,96 Tuc. rpH, iHnexkc noxogHocTi — 2,19. PesynbraTu
IVCEePTaLifHOrO AOCIIIPKEHHS BIIPOBAI’)KEHO y: HapyaabHUil npotiec HIITY Ykpainu (ucuumuiiay “Mamusau ta
yYCTaTKOBaHHSI JIiCOIIPOMUCIIOBUX BUPOOHULTB i “JlicoeKkcIyaTalis’, po3paxyHKoBUi Monyib y Wolfram
Mathematica); npakTiKy HayKOoBO-TeXHi4HOi ekcriepTuau JIbBiBcokoi ¢inii IHY YxkpHIITIBT im. JI. Tloropinoro
(momycTrMi pe>XKUMU 3aBaHTaKeHHSI KOMOGIHOBaHOTO ycTaTkoBaHHs: m < 1280 kr, omin = 0,40 ¢); BUpOOHUYY ITPaKTHKY
OKC JITTI “Tancinbmuic” (KapT¥ KPUTUYHUX PEKMMIB i perIaMeHTIB IJIaBHOTO IIYCKY, 110 3a0€3Me4YnyI0 MigBUILEeHHS
IIPOJYKTUBHOCTI TPEJIIOBAJIbLHUAX POOIT Ha 12-15 % i 3HM)KEHHSI MUTOMUX BUTPAT HA TEXHIUYHE 0OCJIyTOBYBAaHHS Ta

PEMOHT).

2. The dissertation solves a new scientific problem of improving the reliability and dynamic safety of combined
timber skidding equipment through theoretical justification and experimental confirmation of its design and
operational parameters. The research object is the timber skidding process performed by combined equipment
(forestry vehicle or tractor with a hydraulic manipulator and a single-drum hydraulic winch mounted directly on
the manipulator boom). The subject of research comprises dynamic loads in the “manipulator-winch-load” system,
vibration parameters of the boom cross-section, and methods for justifying rational equipment parameters.
Equivalent concentrated boom parameters were established using the Rayleigh method (mc = 720 kg, L = 7.0 m, EI
=9.2860100 Nm?): mn = 260 kg and cn = 1.010107 N /m at the pulley block mounting point, error < 1 %. For the first
time, a three-mass nonlinear dynamic model of the system was developed using Lagrange equations of the second
kind, incorporating the quadratic mechanical characteristic of the hydraulic motor, visco-elastic properties of the
rope and boom, and variable log sliding resistance. Numerical Runge-Kutta integration in Wolfram Mathematica
showed that at 0 = 0.50 s, peak drum torque exceeds steady-state by 4.47 times, rope tension by 2.44, and boom
force by 2.91. Model adequacy was confirmed by the small-parameter method (error < 6.6 %); parametric analysis
established that increasing  from 0.2 to 1.5 reduces dynamic coefficient ko by 70 %. Phase portrait analysis identified



the critical nonlinearity threshold at rope tension > 14 kN. The analytical relationship kT(g) = 1.994 - 0.490-In(o) was
quantitatively established for the first time, defining critical loading zones (Lk = 20-35 m, m = 500-800 kg) and
minimum safe start-up time omin = 0.38 s. Spatial analysis for o = 0°~90° showed that boom support on a standing
tree reduces horizontal bending moment by 1.82 times; limiting log mass at o = 90°, 0 = 0.5 s is m = 1120 kg. A four-
dimensional safe operating map {m, Lk, o, o} was constructed using three safety criteria. FEM analysis in SolidWorks
Simulation 2025 (96 868 nodes, 48 802 elements, AISI 4140, oy = 490 MPa) confirmed FOS = 1.47-1.63 for seven rope
inclination angles o = 0°-30°, satisfying the normative requirement FOS > 1.40 per EN 1993-1-1. A full factorial field
experiment (3x4 design, 40 trials) was conducted using three WT901SDCL-BT50 accelerometers (9-axis MEMS,
+8g, 200 Hz, BLE 5.0). For Norway spruce logs (d = 0.40 m, | = 6.0 m) with m 0 {500; 750; 1500} kg and Lk o {10; 20; 30;
40} m: mean peak acceleration amax = 4.95-6.63 m/s2, RMS acceleration aRMS = 1.75-2.21 m /s2, dynamic
coefficient kd = 1.68-2.25. Natural frequency f1 = 6.8 Hz was spectrally confirmed with +1.5 % deviation. Regression
models for amax and aRMS yielded R2 = 0.883 and R2 = 0.825. Discrepancy between kT = 2.334 and experimental

kd does not exceed 8-12 %, confirming model adequacy. A complex of nine engineering measures was developed

to reduce dynamic loads and improve reliability. Techno-economic evaluation: simple payback period - 1.53 years,
NPV - 172.96 thousand UAH, profitability index - 2.19. Results were implemented in: the educational process of
Ukrainian National Forestry University (disciplines “Machinery and Equipment of Forest Industries” and “Forest
Exploitation”, Wolfram Mathematica computational module; technical expertise of the Lviv branch of the Ukrainian
Research Institute for Prediction and Testing of Agricultural Technology (safe loading modes m < 1280 kg, omin >
0.40 s); production practice of Halsillis State Forest Enterprise, with 12-15 % productivity increase.
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