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Abstract.

As a result of analyzing current and emerging solutions in the field of
hydraulic drives for technological equipment, it has been established that
mathematical modeling of operating processes is one of the key tools in the design
and research of machines. This study is aimed at reducing energy consumption and
minimizing dynamic loads in the boom lifting mechanism of a log truck
manipulator. To achieve this, an energy-efficient hydraulic drive is proposed, with
a model that accounts for the volumetric stiffness of the system. As part of the
boom mechanism upgrade, the design includes the installation of a pair of twin

hydraulic cylinders, one of which is connected to a hydraulic accumulator.
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A distinctive feature of the system is that the accumulator operates
independently, without being connected to the pump for recharging. Once fully
charged by the recovery-mode hydraulic cylinder, it connects to a discharge valve
and distributor through a system of check valves, allowing the pump to switch to
idle mode, thereby reducing energy losses.

Keywords: hydraulic manipulator, boom lifting mechanism, energy
efficiency, dynamic load reduction, hydraulic accumulator, mathematical
modeling, pneumo-hydraulic damper.

AHHOTaIHUS.

B X0ac aHalim3da COBPCMCHHBLIX H IICPCIICKTHBHBIX pGIHeHI/Iﬁ B 00JacTu
IuApOIIPHUBOAOB VI TCXHOJIOTHYCCKOI'O 060py,[[0BaHH}I YCTAHOBJICHO, YTO OJHHM
M3 KIKYCBBIX HHCTPYMCHTOB B IIPOHCCCEC IMPOCKTHPOBAHUA W HCCIICAOBAHUSA
MallliH SIBJIAETCSI MaTeMaTUYeCKOoe MOJCIMPOBaHUE pPabdouux MPOIECCOB.
HaCTOHHla}I pa60Ta HaIIpaBJICHA Ha CHUKCHHUC 3H€pFOHOTp€6JIeHI/IH N YMCHBIICHHUC
AUWHAMHWYCCKHUX HArpy30K, BO3HHKAIOMIUX B MCXAHHU3MC IIOABCMA CTPCIbL
MaHUIyJaTOopa COPTHUMCHTOBO3A. I[J'ISI 9TOro mnpeajaracrca HCIOJIb30BaATb
HEprocOeperarouii  THAPONIPUBO, MOJENIb KOTOPOTO YYUTHIBAET OOBEMHYIO
KECTKOCTh CHCTEMBbI. B  pamkax MOJEpHHU3aLMU KOHCTPYKIMHU  CTPEIIbI
THJIPOMaHUIYJIITOPA npeaaaracTcs BHCJIpCHUC apel C/IBOCHHBIX
TUJAPOLMIIMHAPOB, IIPU 3TOM OJUH M3 HUX COCAUHSICTCS € THAPOAKKYMYJIITOPOM.
I[Ipy 3TOM BaXHBIM OTJIIMYMEM SIBISETCA TO, UTO THUAPOAKKYMYIISITOP
(GYHKIIMOHUPYET aBTOHOMHO, 0€3 MOKITI0UEHUS K HACOCY JIJIsl 3apS/IKH.

ITocne momHOrOo 3apsiia OT TUAPOLMIMHAPA, PabOTAIOMIEr0o B PEXKUME
PEKyIncpann, OH COCANHACTCA C Ppa3rpy304YHBIM KJIAIIAHOM M PaACIIpPCACIUTCIEM
qepe3 CUCTCMY O6paTHI>IX KJIaIIaHOB, 49TO ITO3BOJEICT IICPCBCCTH HACOC Ha PCKUM
XOJIOCTOTO X0/1a U COKPATUTH IIOTEPU DHEPTUH.

KiroueBbie c¢j10Ba: TUAPABIMYECKUNA MAHUIYJSATOP, MEXAHU3M MOJbEMA
CTpEIIbI, HEProd(PPEeKTUBHOCTD, CHW)KCHUE  JUHAMHUYECKOU Harpysku,

TUAPOAKKYMYJISATOP, MAaTeMaTUYECKOE MOJEIMPOBAHUE, ITHEBMOTHMAPABINYECKUN

nemmdep.
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The performance of logging operations is significantly influenced by the
operational reliability and condition of the machinery employed during material
handling tasks. Research presented in sources [1-2] explores an advanced concept
of a regenerative hydraulic drive system designed for timber manipulators.
Through the application of mathematical and simulation-based modeling, the study
reveals how variables such as time affect the volume of compressed air, as well as
pressure and temperature within the pneumatic accumulator. After three full cycles
of operation by both pneumatic cylinders, the pressure reaches approximately 2.3
MPa. During continuous air usage, pressure fluctuations remain minimal, not
exceeding 0.4 MPa. It was also determined that repeated compression in pneumatic
cylinders can lead to extremely high internal temperatures —exceeding 1000 K —
with an average operating temperature ranging from 200 to 300 °C. These elevated
thermal conditions are recognized as a major drawback of the pneumatic energy
recovery systems under consideration.

An important task is to minimize overloads in hydraulic systems that occur
during sudden changes in operating modes, which leads to premature wear of
components and a decrease in machine life. This problem is especially relevant for
manipulator mechanisms, the design of which provides hydraulic cylinders that are
exposed to shock loads when working with wood.

Figure 1 presents the suggested hydrokinematic layout of the boom lifting
mechanism, enhanced with an energy-efficient component. The redesigned lifting
system for the forest manipulator includes the following elements: hydraulic
reservoir (1), pump (2), control valve or hydraulic distributor (3), and hydraulic
cylinder (4), which is connected to the distributor via pipelines (6 and 7). The
structure also comprises boom sections (5) and a hydraulic energy recovery
cylinder (8), positioned parallel to cylinder (4) between the boom (5) and the rotary
support column (9). The piston cavity of the hydraulic recovery cylinder 8 is
connected by a hydraulic line 10 through a pressure the non-return valve 11 is

connected to the hydraulic accumulator 12, and through the connecting non-return



261

valve 13 to the stem cavity of the same cylinder 8. In addition, the piston and stem
cavities of the hydraulic recovery cylinder 8 are connected through a hydraulic line
14 and a suction non-return valve 15 to the hydraulic tank 1. The discharge and
automatic assembly 16 contains a non-return valve 17, discharge 18 and safety 19
valves. A filter 20 and a check valve 21 are installed to drain the working fluid. A
new technical solution is that in order to reduce pressure surges during starting and
braking modes between hydraulic lines 6 and 7, instead of an inefficient and
unreliable hydromechanical damper with a spring-loaded massive plunger and
check valves, a new damper is installed, including a body 22 made of non-
magnetic material, two movable pistons 23 and 25 and a fixed partition 24 made of
magnetic material, facing each other with the poles of the same name. There is a
throttle opening in the center of the fixed partition 24. In addition, in the new
hydraulic drive boom lifting mechanism, the accumulator 12 is disconnected from
pump 2 due to additional check valves 26 and 27 and bypass hydraulic line 28, so

that the pump does not use energy to recharge the accumulator.

Figure 1. Hydrokinematic diagram of the boom lifting mechanism of a forest

manipulator with an elastic damping energy-saving device
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Figure 2. Calculation scheme of the manipulator

To compile a mathematical model, a design scheme has been developed for
a new boom lifting mechanism for a forest hydraulic manipulator during operation
(Figure 2).

1)  The developed mathematical model comprises three differential
equations. The first one describes the motion of the boom during the lifting of a
load: the left-hand side of this equation represents the dynamic moment caused by
the inertial forces of the boom assembly and the load, while the right-hand side
accounts for the driving torque produced by the boom’s hydraulic cylinder,
reduced by the resisting torque generated by the gravitational forces acting on the
boom, the handle, and the load;

2) The flow equation of the working fluid, on the left side is the
performance (supply) of the gear pump driven by the engine of the base machine,
and on the right side is the flow rate of the boom hydraulic cylinder when the rod is
extended, the flow rate for charging the hydraulic accumulator, the flow rate for
leakage through the gaps between the pistons and the sleeves of the hydraulic
cylinders and the flow rate for deformation of elastic elements (hydraulic

accumulator, damper, RVD)
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3) The third equation characterizes the operating process of the
hydraulic accumulator. It incorporates several key parameters: the pre-charge
pressure of the accumulator set at 5 MPa, its effective working volume ranging
between 4 and 5 cubic meters, the cumulative volume of the elastic components
within the hydraulic system (in cubic meters), and the reduced modulus of
elasticity that reflects the combined compressibility of both the working fluid and
the system’s elastic elements.

Initial simulations carried out in the MathCad software enabled the
calculation of dynamic characteristics for the energy-efficient hydraulic system
powering the boom lifting mechanism. As illustrated in Figure 3, the pressure
behavior of the working fluid was analyzed both within the hydraulic circuit and
the pneumatic accumulator. Integrating an energy-efficient damping component
into the hydraulic system of the lifting mechanism resulted in a noticeable
reduction in peak pressure within the piston chamber’s hydraulic line during

transitional operating phases—by approximately 1.5 to 1.6 times.
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Figure 3. Fragment of the Exel program for determining the dynamic

characteristics of an energy-efficient hydraulic drive
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