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'Vkpaincekuii JepkaBHui YHIBEPCUTET HAYKH 1 TEXHOJIOTTH

2[lHinpoBCHKUIA AepxaBHUii TexHiunui yHiBepcuteT MOH Vkpainu, M. Kam’sucbke

OPTIMIZATION DEVICES FOR VIBRO-PROTECTION AND DYNAMIC LOAD
IN LIFTING CRANES

The work is dedicated to studying the effectiveness and feasibility of controlled damping de-
vices installed in the pulley systems of bridge crane lifting mechanisms. It demonstrates the possibility
of adjusting the dynamics of non-stationary processes through the application of mathematical model-
ing methods for certain controlled damping algorithms. A mathematical model of a bridge electro-
magnetic crane is developed, representing an integrated electromechanical complex. This includes a
controlled electric drive, damping device with a corresponding algorithm model, rope, electromagnet-
ic load, and crane metal structure interconnected by elastic links. The study highlights the significant
impact of damper parameters on the dynamic and oscillatory processes in the elements of the lifting
mechanism and metal structure, depending on the load mass and operating conditions. An automatic
damper parameter control system was developed, enabling high vibration damping efficiency across a
wide frequency range, improved crane productivity, reduced harmful effects on personnel, and ex-
tended mechanism lifespan.

Keywords: dynamic load; mathematical modeling; damper; crane; parameters; electromag-
netic moment.

Pobomy npuceaueno docniodcenuro epexmusHocmi ma OOYinbHOCMI 3ACMOCY8AHHS KEPOBa-
HUX OeMn@yroyux npucmpois, 6CMaHOBICHUX )y CUCTEeMI NOICNACHY MeXAHI3MY RIOUOMY MOCHOBUX
kpanie. lloxazano mooicnugicms Kopexkyii ounamikuy HecmayioHapuux npoyecis. lLle 30ilicnioembcs
WAAXOM peanizayii Memooie MamemamuiHo20 MOOeTOBAHHA OesKUX ANOPUMMIE KePOBAHO20 OeMn-
¢ysanns. Pospobreno mamemamuuny mooenb MOCMOBO20 eNeKMPOMACHIMHO20 KPAHA, Wo npedcma-
6151€ €OUHULL eIEKMPOMEXAHIUHUL KOMNAEKC, AKULL CKIA0AEMbCA 3 KEPOBAHO2O eIeKMPONPUBOOY, OeM-
ngyrouozo npucmporo 3 i0n0GIOHOI0 MOOELN0 POPMYBAHHS ANCOPUMMY YIPAGIHHSA, KAHAMA, el1eKm-
pomacHimy 3 eanmaicem ma NiOKPaHOBUMU MEeMANLOKOHCMPYKYIaAMU, AKI 3'€OHaHi midc coboio npyic-
Humu 36'si3kamu.. Iloxazano cymmesy 3anedicHicms napamempie amopmu3amopa Ha xapakmep OuHa-
MIYHUX Ma KOAUBAILHUX NPOYECIE 8 eeMeHmMax MexaHizmy niotomy ma MemaioKOHCMpPYKYii 014 éa-
HmMaoicie pizHOi mMacu ma 3 ypaxysawuam ocobiugocmetl ymos excnayamayii. Pospobneno cucmemy
ABMOMAMUYHO20 KepyB8aHHs napamempie amopmusamopa. Lle dozeonuno 3abe3neyumu 8ucoxy eghex-
MUBHICMb 2ACIHHA KOAUBAHD Y 8EIUKOMY OIANA30Hi yacmom ma 30i1buumu npooyKmusHicms pobomu
KPAHQ, 3HU3UMU WKIOAUSULL 6IIIUE MOCMA HA 00OCIY208YI0UULL NEPCOHAT, 30ITbUUMU MEePMIH CyicOuU
MEXaHizmis.

Knwuosi cnoea: ounamiyne HA8AHMANCEHHS, PO3PAXYHKOBA CXeMd, AMOPMU3AMOP, KPAH,
napamempu, eneKmpomMacHimHUL MOMeHM.
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Problem’s Formulation
The calculation of the dynamic load on a crane is considered relevant when lifting a load from
the base, as dynamic loads reach their maximum values in this situation. Identifying the parameters
that most significantly affect the magnitude of these loads, and developing methods for their reduction,
is one of the key problems that greatly influences the reliability of crane operation. The dependence of
damping efficiency on the weight of the lifted load and the magnitude of dynamic forces leads to the
following objectives:

1. Development and study of a mathematical model of the metal structure and lifting mechanism
with a controlled damper, ensuring optimization of the system's dynamic characteristics based on
specific operational conditions.

2. Investigation of the influence of controlled damper parameters on the nature of dynamic processes
in elastic connections, aiming to develop automatic control algorithms.

3. Creation of an automatic control system for damper parameters, enabling optimization of the
damping process for oscillations in the crane’s cable and metal structure.

Analysis of recent research and publications
The topic of dynamic loading modes in cranes and the development of methods to reduce dy-
namic loads, encompassing both structural and technological solutions, has been extensively studied,
underscoring the relevance of this issue [1—4]. In [7], it is shown that the dynamic coefficient in the
cable significantly depends on the inelastic resistance force of the damper. In [5], theoretical founda-
tions are presented, and differential equations of motion are formulated using Lagrange's second-order
equation. In [6], it is demonstrated that the viscosity of magnetorheological fluid (MRF) can be altered
by varying its physical and mechanic properties.
Formulation of the study purpose
The studies mentioned above highlight the
relevance of developing dynamic load modes for
0 Q cranes and methods to reduce their dynamic load-
ing. The aim of this article is to develop and inves-
tigate a mathematical model of the lifting mecha-
~ nism with a controlled damper that ensures the
I optimization of the system's dynamic characteris-
IR I V2 O A P tics based on specific operational conditions

c o Presenting main material
A To study the influence of damper parame-
ters on the dynamics of lifting machines, a calcula-
tion model was created (Fig. 1), and the system of

LL'[g K differential equations of motion for the mechanical
0,

part of the system during load lifting was derived
using Lagrange's second-order equation. Consider-

a, ing the oscillation modes of the beam (j = 2):
IPE 2 Myr(t) = (3/2)pwo(Ky/x,0)x
X . . X(lparwﬁs - wasll]ﬁr);
ll{as = Ugs — woasilpas + woas:Krl/)ar;
I_:ig. 1. Calculatio_n model of the Yps = Ugs — WoQsPps + WoAsKrPps;
dynamic system of the bridge electromagnetic Wpr = apwo[l — (1 — K)S,(t, — )]

crane

. X(lszKs - lpﬁr) + d1¥ar;
Yor = a;wo[l -(1- K)Sg (tn — t)](lpasKs — Par) — ¢1¢Bs;
Lo+ C12(d1 — P2) = My, (1);
Lg, + Ci2(d1 — P2) + Co3(py — ¢3) = 0;
I3¢03 + Co3(p, — p3) = —(Q + P) X
X {1+ g~ sr + ¢30r — [(®] + Pp3rd — B, F; sin(rwa/b) — B,F, sin(2ma/b) — Ar;
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(Q+P)lg —@ar)d +[&g — p3r(Q + P )@ + Ey S g — (Q + P)x

x [r(p3 +g - ByFysin(ma/b)- B,F, sin(Zna/b)—X}
Fi+w?(1,01-107%Fw + F) =
= (Q + P)[1+ g7 (psr + p3dr — 1y® + D3 — 1) B, sin(ma/b) —
—[(Q + P)/g + m;][B2F, sin*(ma/b) + B, B, F, sin(2ma/b)];
Fy+ w3(1,01- 1072 Fw, + F,) =
= (Q + P)[1+ g7 (psr + h3®r — 1yd + Ppsr — 1)|B, sin(2ra/b) —
—[(Q + P)/g + m,][BZE, sin*(2ra/b) + By B, F, sin(wa/b) sin(2ma/b)|;
MpAd+ KgA+ Cjd =
= (Q+P){1+ g A+ dpsr + ¢p3Pr — 1y + D37 — By F, sin(ma/b) — B, F, sin(2na/b)]}.
1when = t,;
HereS,(t, —t) = {O when < t’:l;
t,, — time for switching resistance levels in the rotor circuit;
K =1+ R;/R, — multiplicity of the active resistance in the rotor circuit;
R, R,, Xs, X,— active and inductive resistances of the stator and rotor windings;
Yas Yps, Yar» Ypr— Magnetic flux linkage of the stator and rotor windings;
X, — inductive resistance due to mutual induction between the stator and rotor windings;
p — number of pole pairs in the motor
wo — angular frequency of rotation of the magnetic field;
Uqs, Ugs — Phase voltages of the stator, aligned with axes a, §;

as, oy, K., K.— constants of the motor;

11, 1, I, ¢, I3, 3 — moments of inertia and rotation angles of the motor rotor, reducer, and
drum;

C12, C,3 — torsional stiffness of elastic links between the motor rotor and reducer, and between
the reducer and drum;

E,,S,— elastic modulus and cross-sectional area of the cable;

Q — mass of the loaded cargo;

m, — mass of the trolley;

b— crane span;

a— position of the trolley along the crane span;

r — radius of the drum;

lo — initial length of the cable;

@ — unknown function of time representing absolute extension of the cable section;

& — coefficient characterizing the degree of attenuation of dynamic forces in the cable;

w; — eigenvalues of circular vibration frequencies of the beam;

B; — constants determined by normal orthogonality conditions;

F; — unknown time functions for determining beam deflection;

P — force of interaction between the electromagnet and the metal base;

C, — total stiffness of the damper springs;

A — displacement of the damper piston;

Mp — mass of the damper;

K, = enlS? /(md*n) — damper constant determined by the force of viscous friction during flu-
id throttling

& — dimensionless coefficient determined by throttling conditions;

n — dynamic viscosity of the damper’s working fluid;

d,I,n,S — Diameter, length, number of throttle holes, and piston area of the damper;
g — acceleration due to gravity.

In theequations of motion, represented by the system of differential equations, the reduced

electromagnetic moment of the engine M,,(t) is included. Neglecting electromagnetic transitional

M, (t) — electromagnetic torque of the motor;
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processes leads to incorrect assessments of
efforts in the elastic elements of the lifting
mechanism and crane structures. Addition-
ally, the uniform distribution of the metal
structure's mass across the crane span is
B considered, along with the elasticity of key
connections. For cranes operating with
electromagnets, the magnetization effect of
the load to the metal base is also taken into

¥x

br= -« : account.
S~ : . The system (1) was solved numeri-
< : cally. In Fig. 2, graphs show the depend-
~ . . . .
wl T ence of the dynamic coefficient in the cable

on the damper constant vy, for loads of
different weights. As evident from the
Kexl e family of graphs, the dynamic coefficient
5'_ . r'o ,'5 significantly depends on the damper con-
] ] 5 stant Kzfor various load weights. Further-
Fig. 2. Dependency of the dynamic coefficient more, there is an optimal value of the
in the cable on the damper constant '(/JKfor loads damper constant for a Specific load We|ght
weighing Q = 1.5 tons (V); 2.5 tons (O); 3.5tons (A);  at which dynamic cable loads are minimal
4.5 tons (L1); 5.5 tons (0) (indicated by the dashed line in Fig. 2).
Thus, for the efficient operation of the
damper, its parameters must be adjusted based on the weight of the lifted load. The damper control
process should be automatic and primarily carried out through electrical interaction affecting its physi-
cal parameters, due to the high oscillation frequency of the mechanical system.
The force of interaction between the electromagnet and the metal base P is determined by the
Maxwell formula.

1’n?%6?
= 2008 '
where p, = 41 - 10~7H/m — absolute magnetic permeability of vacuum; S — contact area between
the electromagnet and the load; 1, — magnetizing force of the coil; G — total magnetic conductivity.
On Fig. 3, the change in the gravitational force depending on the gap for round and rectangu-
lar load electromagnets (load — steel plate) is presented.
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Fig. 3. Graph of the dependency of gravitational force on the gap
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The stiffness management system of the elas-
tic elements, consisting of a controlled damper, an
oscillation velocity sensor, and a control signal for-
mation unit, is shown in Fig. 4.

The controlled damper has a housing 3 inside

M)
>
1

|

i/ ! which the upper 6 and lower 10 springs are arranged
g:‘“ one above the other, with the stiffness of spring 10

| G exceeding that of spring 6. A permanent magnet 4 is
1T b L 18 installed at the top of housing 3. Between the springs 6

and 10, a permanent magnet with an opening 7 and the

|
I
I
9— 4 } lower piston 14 are located, which can move along the
10— !;5— T | rod 9. Along the periphery of piston 14, excitation
I : !
L

"W - __.__151_1__ 0 Windi_ngs 8 are placed in grooves, conngcted to the
velocity sensor 15 through a signal forming unit 20.

| : The rod 9 is connected at one end to the upper piston 5

12 /) and at the other end to the pulley bracket 12 of the
: : cable-driven system. The velocity sensor 15 is directly

13- mounted on the housing 3 and connected to the rod 9

Fig. 4. Damper with controlled cor-  Via @ hinge 11, enabling the measurement of the rela-

rection of the stiffness of elastic elements ~ tive velocity of the rod 9 with respect to housing 3.

The housing, rod, and pistons are made of magnetic

material. The cavity of the housing 3 is filled with magnetorheological fluid (MRF), which changes its

viscosity under the magnetic field created by the permanent magnets 4 and 7 and the excitation wind-
ing 8.

In the initial state (no load), pistons 5 and 14, under the action of springs 6 and 10, are in their
extreme positions, with no current in the excitation winding 8. During load lifting, the upper piston 5
compresses spring 6 and moves downward relative to the housing cylinder 3. The MRF flows through
the annular gaps between the internal walls of the housing cylinder 3 and pistons 5 and 14, with the
hydraulic resistance of these gaps determining the damping force and piston velocity.

Damper control involves changing the hydraulic resistance by creating a radial magnetic field
in the gaps. As spring 6 compresses, the distance between piston 5 and magnet 7 decreases, resulting
in increased magnetic field induction in the annular gap between piston 5 and housing cylinder 3. This
raises the viscosity of the MRF, leading to additional energy dissipation during oscillations. The per-
manent magnet 4 located at the top of the housing 3 provides further damping during upward piston
movement by altering the throttling conditions of the MRF in the gap between the piston and housing.
As a result, the total energy dissipation over a vibration cycle increases significantly

Since the stiffness of springs 6 and 10 differs, the displacement of the upper piston 5 will be
greater than that of the lower piston 14. During the reverse motion of components 5, 6, 7, 8, 9, 10, 12,
13, 14, the suspension of the velocity sensor 15 transmits power to the excitation winding 8 via the
signal forming unit 20. In this case, a magnetic field of sufficient intensity is induced in the gap be-
tween piston 14 and the inner cylindrical surface of housing 3. This creates a hydraulic resistance in the
lower annular gap that prevents piston 14 from moving relative to housing 3. Consequently, the stiff-
ness of the elastic elements of the damper is determined solely by the stiffness of the upper spring 6.

Velocity sensor 15, which records the movement of rod 9 relative to housing 3, generates an
electrical signal proportional to the relative velocity between the rod and housing, i.e., the oscillation
velocity v:

u, = K;dx/dt = Kv,
where Kis the sensitivity coefficient of the sensor.

In the control signal formation unit 20, the initial electrical signal is limited by the amplifier-
limiter 17, then differentiated by the RC chain 19, whose time constant is chosen based on the oscilla-
tions occurring:

u; = Kyuy + RCdu./dt =~ Ky RCdu,/dt,
where K; is the amplification coefficient of the amplifier-limiter 17.
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The differentiated signal determines the phase of movement of rod 9, as the derivative of the
velocity changes sign in this case. This signal, with a steep front and exponential decrease in tension
u, = ugy exp(—t/RC), where uyis the level of signal restriction arising at the moment of rod 9 direc-
tion reversal, passes through the buffer amplifier to exclude the influence of subsequent blocks on the
operation of the differentiating circuit. Then, the power amplifier 16 induces current in the excitation
winding:

i =u,/Ry = Kyugexp(—t/RC)/R,.

Here K,s the generalized transfer coefficient of the buffer amplifier and power amplifier, also
characterized by an exponential decrease over time and an initial level sufficient to completely block
piston 14.When piston 14 is fixed in place, the initially less stiff spring 6 gradually returns to its origi-
nal position due to throttling of the MRF in the annular gap between housing 3 and piston 5. Subse-
quently, as the exponential decay in excitation winding current progresses, the previously blocked
spring 10 gradually releases. Part of its energy is transferred to piston 5 and rod 9 via additional com-
pression of spring 6, which, in turn, reduces the load during the reverse stroke of the rod. Thus, the
presence of controlled blocking of piston 14 allows efficient damping of rebound energy from the
spring, which is released in two stages, thereby contributing to an overall reduction in dynamic loads.

Conclusions
1. Control of the damper through the stiffness of its elastic elements Cq allows achieving a progres-
sive characteristic of resistance forces, ensuring high efficiency in vibration damping over a
broader frequency range while simultaneously adjusting the damper parameters.
Calculations provided the initial data for designing controlled dampers.
3. Operational experience with these devices has demonstrated that the use of shock absorbers has
increased crane productivity.

N
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NPUCTPOI ONITUMI3BAILIIL BIBPO3AXHUCTY TA JMUHAMIYHOI'O
HABAHTAXEHHSA BAHTAXKOIIIIMOMHUNX KPAHIB

Pedepar

VY cratTi po3pobiieHa MaTeMaTHYHa MOJETb MEXaHi3My MiAHOMY MOCTOBOTO €JIEKTPOMATHIT-
HOTO KpaHa SK €IMHOTO EJeKTPOMEXaHITHOTO KOMILIEKCY, M0 BKIIIOYAE B ce0e KEpOBaHUI €IeKTpPo-
MIPHBIiJI, aMOPTH3ATOP 3 KEPOBAHOIO KOPEKIIIEI0 KOPCTKOCTI MPYKUHHUX €JIEMEHTIB, KaHaT, eIeKTPO-
MarHiT 3 BaHTaXEM Ta MiJKpaHOBa METAJOKOHCTPYKIIs, 3'€THAHUX MIX COOOI0 TPYTKUMH 3B'S3KaMU.
JlocImimKeHo BIUIMB ITapaMeTPiB aMOPTHU3aTOpa Ha XapaKTep JUHAMIYHIX HaBaHTAKEHb 1 KOJTUBAIHHUX
MPOIECiB B TPYTKUX €JNeMEHTaX MeEXaHi3My migiioMy Ta MeTanmokoHcTpykmii. I[lokazana ix
CYTT€BA 3AJICKHICTH BiJl MapaMETPiB aMOPTU3aTOpa JUIsl BaHTaXIB pi3HOI Macu. Po3pobiieHa cuctema
VIpaBIiHHS JKOPCTKOCTI TPYKUHHUX €JIEMEHTIB, IO CKJIAAA€Tbcd 3 KEPOBAHOTO aMOPTU3aTOpa,
JIATYMKAa MIBUAKOCTI KOJIMBAHb Ta OJIOKY ()OpMYBaHHS CHTHAIY YIIPABIiHHSA, IO JO3BOJIIO OTPAMATH
MPOTPECUBHY XapaKTEPUCTHKY CHJI OTIOpY 1 3a0e3MeYrnsio e)eKTUBHICTh TaCiHHs KOJIMBAHb.

Jlireparypa

IBaruenko @.K. Ilimiiomuo-Tpanctoptai Mamuad. K.: Buma mkomna. 2008. 413 c.

2. IligiiomMHO-TpaHCNOPTHI MamMHKA: Po3paxyHKu migidiManbHO-TPaHCIIOPTYBAILHIX MamuH / boH-
nmapeB O.1. Ta in. K.: Bumia mxomna. 2009. 734 c.

3. TI'puropos O.B., Oxyap A.O. Y 1oCKOHAJICHHS MaTeMaTHIHOI MOJETi PyXy. ABTOMOOUIBHHM TpaH-
CHOPT AJIS 3a]a4i KepyBaHHs MiTHOMHO-TpaHcopTHUX MammuH. K. 2017. 127 c.

4. OrypuoB A.Il. ta ixmn. JliarHocThka, AMHAMIiKa, HAJIHHICTh MiAHOMHO-TPAHCIOPTHUX CHCTEM.

Huinponerposcpk: CuctemHi Texrnounorii. 2002. 368 c.

[MaBnoBcbkuii M.A. Teopernuna mexanika, K.: Texnika. 2022. 512 c.

KabakoB A.M., Teninko JL.II. MaTemaTiuHe MOIENIOBaHHS KpaHa 3 BaHTaXEM i KepOBaHHUMU

npuctposiMu Bibposaxucty // European congress of scientific achievements. Proceedings of the Ist

International scientific and practical conference. Barca Academy Publishing. Barcelona, Spain.

2024. C. 91-98.

7. JlocmimKeHHS JWHAMIKH, MIITHOCTI 1 TEXHOJOTIYHOCTI MEXaHIYHuUX cucteM. MoHorpadis.
Kam’suceke. JATY. 2017. 182 c.

Lo

o o

Haoitiwna oo peoxoneeii 31.03.2025



