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JIHITPOBCHKHIA Jep>KaBHUM TeXHIYHUH yHiBepcuTeT, Kam’sTHCbKe

THEORETICAL RESEARCH OF OSCILLATIONS OF BEARING SYSTEMS
PORTAL MACHINES ON PNEUMATIC WHEELS

In the article, theoretical studies of the disturbed motion of oscillation of the carrier system
of the gantry machine on pneumatic wheels are carried out. Mathematical models of load formation
on the frame of the load-bearing system of the lifting and transporting machine in the longitudinal and
transverse vertical planes are presented. Equations of natural frequencies of the system have been
obtained, which allow to determine at the stage of designing the elements of the supporting systems of
gantry machines the operating modes of the machine in the pre-resonance or post-resonance zone.

Keywords: frame, supporting system, moment of inertia, structure, coefficient.

Y cmammi nposedeni meopemuuni 0ocniodxcenuss 30ypeHo20 pyxy KOIUGAHHS HECYyoi cucme-
MU NOPMANLHOT MAUWUHU HA NHEBMOKONICHOMY X00i. IIpedcmasneni mamemamuyni modeni ghopmysan-
HSl HABAHMAICEHHSI HA PAMY Hecy4oi cucmemu niOoMHO-MPAHCHOPMHOL MAWUHYU Y NOOOBIICHILL ma
nonepeunii eepmuKaibHux niowunax. OmpumaHo pi6HAHHSA GIACHUX YACHOM CUCEMU, SIKI 00360.15-
10Mb GU3HAYUMU HA CMAOIi NPOEKMYBAHHS €I1eMEHMIE HeCyyUux CUCmem NOPMATbHUX MAUUH PediCU-
MU pOOOMU MAUWUHU Y OOPE3OHAHCHIT AO0 3aPe30HANCHI 30Hi.

Knrwouoei cnosa: pama, Hecyua cucmema, Mmomenm iHepyii, KOHCMpPYKYis, KoepiyicHm.

Problem’s Formulation

The portal-type structure is characterized by the presence of large building heights, long-
dimensional load-bearing elements, and scattered masses, which can cause complex oscillations when
moving on uneven roads. Natural for such a system is the existence of resonance zones where the
amplitudes of forced oscillations increase sharply, creating prerequisites for the destruction of the
load-bearing elements.

In order to create structures capable of stable operation under different load regimes, it is
necessary to study a number of dynamic models, to obtain the own dynamic characteristics of the
load-bearing systems, to justify such design parameters in which the structure never falls into
resonance zones in real operating conditions.

Analysis of recent research and publications

In a number of works, for example, in [1—3], there are unambiguous recommendations for
taking into account the oscillations of the gantry lifting and transport machine in the longitudinal plane
when overcoming obstacles head-on and its oscillations in the transverse plane when it hits obstacles
or uneven paths. In the scientific theoretical studies of Beygul O.0. [4,5] proves the need to take into
account torsional vibrations determined by the coefficient of torsional stiffness when designing the
frame elements of the bearing systems of gantry machines on pneumatic wheels, but in his works this
coefficient is not reduced to sections of the lifting rods.
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In the works of V.S. Loveykin [6,7] when carrying out theoretical studies of the loading of
frame elements during disturbed movement of the gantry machine, a separate type of load —
frequency, which affects the load on the gantry machine frame — was not taken into account.

Formulation of the study purpose

The article solves the problem of obtaining the own dynamic characteristics of portal bearing

systems, in which, in real operating conditions, this structure will not fall into resonance zones.
Presenting main material

In the gantry bearing system, vertical loads are formed in the process of disturbed movement
of the gantry machine in the longitudinal vertical plane. From the pallet with cargo, they are
transferred to the spars with the help of load-lifting rods, then, after passing the crossbar, they are
transferred to the racks of the supporting system. Thus, in this calculated case, the crossbar is not
loaded, the struts work in compression, which is not deterministic, and the spars are in pure bending
conditions under the action of calculated vertical forces. The task is reduced to the design calculation
of the strength of the spar as a two-support statically determined beam, prone to pure bending [8].

The perturbed motion of the gantry machine from rest or uniform rectilinear motion is the
oscillation of the system near the center of mass and fits into the analogy of an elliptical pendulum.
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Fig. 1. Calculation diagram of the supporting system of the portal machine: 1— suspension;
2 —rack; 3 — lifting rod; 4 — frame spar; 5 — cargo

In fig. 1 presents the calculation scheme of the supporting system of the gantry machine. We
accept the following generalized coordinates: x; i ¢; — the horizontal coordinate of the frame and the
angle of rotation of the lifting rods, respectively. Then the cargo coordinates take the following form:

Xy = L,sing; —xp, (1)
vy =L, (1-cosg,). (2)
Expressions of kinetic and potential energies are written as follows:
1 2 1 . ..
I= E(mk + m, )i+ Emrl’%(l)lz — My Ly, @1 X1COS @y 5 3)
P=m,gL,(1-cosg,), 4)

where m; — mass of the supporting structure, kg; m, — mass of the cargo, kg.
Performing actions according to the scheme of Lagrange equations of the second kind, at zero
initial velocities, we obtain the following equations of motion:

x| =—r [,sing,, )
my + m,.

. m; +m

G+ 8, 0, 6)

my Lr
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It follows from equation (5) that the center of mass of the system in turbulent motion oscillates
along the vertical axis y. It follows from equation (6) that at my >> m, there is a transition from the
analogy of an elliptical pendulum to the analogy of a mathematical pendulum:

1+ =0. (M)
LI"
Let's rewrite equation (6) with a new notation:
¢ + ol o =0, ®)
where @, — natural circular frequency, 1/s.
my +m
- ©)
my Lr

Given the initial conditi ¢y and ¢ it is possible to write the solution of the equation (8)
@] = Q10COs Wt +msinw1t . (10)
@
In fig. 2 shows the calculation scheme of the supporting system in a disturbed position during
oscillations in the longitudinal vertical plane during the hinged fastening of the lifting rods.

Fig. 2. Calculation diagram of the supporting system of the portal machine in a disturbed position

We accept as generalized coordinates y, ¢ i ¢, — vertical coordinate, the angle of rotation of
the supporting structure and the angle of rotation of the lifting rods, respectively [9,10]. Then the
expressions of kinetic and potential energies take the following form:

1 . 1 ) 1 ) 7 1 ) . 2
T:E(mk +mr)y2+E(Jk +Jr)<p2+5mk(hck(p+V) +Emr(H(p+Lr(pl+V) : (11)
2 2
L L 1 s o
P=Ce(y+5</>—h1J +Ce(y_5(/)_h2J +Emrg(Lr(P1 - Hp ) (12)

where J, — the moment of inertia of the supporting structure relative to the center of mass, kg-m?;
J, — the moment of inertia of the load relative to the center of mass, kg-m’; /., — the height of the
center of mass of the structure, m; V' — the speed of the gantry machine, m/s; C, — the stiffness
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coefficient of the suspension is given, N/m; /#; — the height of bumps under the front suspension, m;
h; — the height of bumps under the rear suspension, m.

Performing actions according to the scheme of Lagrange's equation of the second kind, we
obtain the following equations of disturbed motion [11]:

(mk +m, )j}+4cey = 2Ce(h1 +h2); (13)

(Jk +J, +mth2k +mrH2)r;5+(CeL2 —mrgH)(p+mrLrH(}51 = (14)
=—(myhey +m, HW +C,L(hy —hy )

mrL%(}il +m,gL.g+m,L,Hp=-m.L.V . (15)

Equation (12) is independent, equations (13) and (14) form a system.
We consider the solution of equation (12), which takes the canonical form after the

transformation:
2

. (03]
y+w§y=72(h1+h2); (16)

wy =2C, [(m; +m,), (17)

where @, — natural circular frequency of vertical oscillations of the supporting system, 1/s.
Assuming the sinusoidal law of change of inequalities, we obtain the solution of the equation (16)

Y = Y COS Wyt +&sinw2t +

@2
L ho {sm[ L J . Sm[ 22(ve-1) vs H (18)
4n?y? ! !
1—
12w§

where Vo> )'/0 — initial conditions, m, m/s; 4y — amplitude value of the average statistical inequality,

m; / — the length of the approximating inequality, m; w;— phase angle, rad.
Given that the first two terms in expression (18) describe free oscillations that quickly decay
in real conditions, the solution to equation (16) can be written as follows:

y= o {sin( 27;% —y/lJ+sin(M—y/2 H (19)

We use the system of equations (14) and (15) to obtain the corresponding frequency equation
((Jk +J, +mph® +m H? )vanﬁ —m2[*H? sz)z -
—((Jk +J, +mph® +m.H? m, gL, + (CeLZ —mrgH)vanﬁ)mz +

+ (CeLZ —m, gH)"nr gL, =0. (20)
Enter the notation:
4 =((Jk +J, +mph3 +mrH2}an3 —m$L3H2); 1)
B = (Jk +J, +myhiy +m, H? )””rgLr + (CeLz - mrgH}’”rL% ); (22)
C = (CeLz —m, gH}nr gL, . (23)
Then the solution (20) takes a more compact form:
Al(a)z)z ~Bio* +C; =0. (24)

This is a well-known quadratic equation relative to o’ , its solution is written as follows:
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w3 = \/(Bl —\BE —44,C, j/zA1 ; (25)
wy = \/(Bl +BE —44,C j/zA1 , (26)

where ;1 @, — natural circular frequencies of the carrier system, 1/s.

Thus, during oscillations in the longitudinal vertical plane, the supporting system of the gantry
machine has three degrees of freedom and is characterized by three natural circular frequencies, which
are calculated according to formulas (18), (25) and (26) when the lifting rods are hinged.

In fig. 3 presents the calculation scheme of the supporting system in the disturbed position and
hinged fastening of the load-lifting rods during transverse oscillations [12,13]. We accept as
generalized coordinates y, 81 6, — vertical coordinate, angle of rotation of the frame and angle of
rotation of the lifting rods, respectively, then the expressions of kinetic and potential energies take the
following form:

Fig. 3. Calculation scheme of the supporting system of the gantry machine in a disturbed
position during transverse oscillations

T:%(mk+mr)y2+%(Jk +Jr)</>2+%mk(hccj>+V)2+%mr(5c+V)2; (27)
L 2 L 2
P=Ce(y+5(p—h1J +Ce(y—5(p—h2J +5Cx(x—(H—L,,)<p)2, (28)

where Jyp — moment of inertia of the supporting structure relative to the longitudinal central axis,
kg-rnz; J, — the moment of inertia of the load relative to the longitudinal central axis, kg-rnz; L, —
portal machine track, m; #; — the height of bumps under the right wheels, m; 4, — the height of
bumps under the left wheels, m.
Performing actions according to the scheme of Lagrange's equation of the second kind, we
obtain the following equation of disturbed motion:
(mk +m, )y + 4Cey =2C, (hl +hy ); (29)

(Jk +J, +mkhcz)¢'+(CeL2 +cx(H—Lr)2)¢—cx(H—Lr)x=
= —myhV +CoL(ly —hy); (30)
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m,i+C.x—C.(H—-L, Yp=-m,V . (31)
Equation (29) does not depend on the other two, the corresponding natural circular frequency
is determined by expression (18), and its solution can be written as follows:

. 2kh (2
Y = YpCcosmyt +y—os1na)2t + 0 sm( udd -3 J, (32)
@) 4n2v? L
=73
L (0

where k£ — some coefficient, k<I; w;— phase angle, rad.
We use the system of equations (30) and (31) to obtain the corresponding frequency equation

((JkQ +J},9 +mth2k +m},H2}'ﬂ},L3 —m%L%HZXwZ)Z —
- (Jke +Jy0 + mphdy +m.H I, gL, +\C,Lj —mrgH)"an% )mz +

+ (CeL% - mrgH)'nrgLr =0. (33)
Enter the notation:
43 =(Jk9 +J g + M +mrH2)””rLr —m L H? (34)
2 2 2 2

By = (Jké? +J g +myphl +m.H }'”rgLr + (CeLk - mrgH}'”rLr ’ (35)
Cs =(Co2 —m gt I, gL, (36)

We rewrite equation (33) taking into account the notation (34)—(36):
A3(a)2)2 ~Byw?+Cy=0. (37)

His decision:

w7 = \/(33 —\[B} —445C, j/2A3 ; (38)
wg = \/(33 +1/B? —44;C;4 j/2A3, (39)

where ®;and g — natural circular frequencies of the carrier system, 1/s.

In this way, the natural circular frequencies of the supporting system of the gantry machine
during disturbed motion in the transverse vertical plane in the case of hinged fastening of the lifting
rods were obtained. The natural circular frequencies are determined by expressions (17), (38) and (39).

Torsional oscillations of the supporting system are realized with skew-symmetric disturbances in
the longitudinal plane. The calculation scheme for hinged fastening of lifting rods is presented in fig. 4.

We accept as generalized coordinates 6, and 6, — angle of rotation of the frame and load,
respectively [14]. Then the expressions of kinetic and potential energies take the following form:
1 .2 1 .2
T =5Jkya +5era1 5 (40)

2 2
1 1 Ls +L
P=—C.l*a* +—m,g =0
2 2 4L,
where J;,, — moment of inertia of the supporting structure relative to the central vertical axis, kg-m’;
J,, — moment of inertia of the load relative to the central vertical axis, kg-rnz; C,. — the coefficient of
lateral stiffness of the wheel tire, N/m.

By performing actions according to the scheme of the Lagrange equation of the second kind,
we obtain a system of equations that describe torsional oscillations:

2 2 2 2
] 3+ 12) (12 + 12)
J]W(Z+[CZL2+mrg(5+ rJa_mrg s T Ly (1120; (42)

o) —a), (41)

4L 4L

r r

2 2 2 2
mrg(L5 +Lr)a1 _mrg(L5 +Lr)a

=0. 43
4L, 4L, (43)

erdl +
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/
Fig. 4. Calculation scheme of the supporting system of the gantry machine in a disturbed
position during torsional oscillations

We use the system of equations (42) and (43) to obtain the corresponding frequency equation

> [2 [2 [2 [2
2 m, g\Ls 2 m,g\Ls 2
Jkery(a) ) —[( r r }]ky +[CZL + r 4 r er o +

4L}" r
2 2
+J—)mrg Lo vLr)e 2y, (44)
4L,
Enter the notation:
As = Jkery; (45)

) ( 2 2)
Ls +L Ls +L
BS:MJ@+[CZL2+mrg o T JJW; (46)

4L

r r

L + L2
Cs =MM)CZLZ. (47)

4L,
Taking into account notations (44)—(46), equation (43) takes the canonical form:
2
As (a)z) —Bsw? +Cs =0. (48)

And its solution is written as follows:

oy = \/(BS —\B? —445C;s j/zAS ; (49)
w15 =\/(35 ++/B2 —445Cs j/zAS , (50)

where w;; and @, — natural circular frequencies of torsional vibrations of the supporting system, 1/s.
In this way, the natural circular frequencies of the torsional vibrations of the supporting
system of the gantry machine during the hinged fastening of the lifting rods were obtained. The natural
circular frequencies are determined by formulas (49) and (50).
The main source of forced oscillations of the supporting system of the gantry machine is its
movement over road irregularities. In the case of axisymmetric frontal disturbances, oscillations in the
longitudinal plane are excited, in the case of skew-symmetric disturbances — oscillations in the
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transverse plane, as well as torsional oscillations. Forced oscillations are characterized by a dynamism
coefficient, which in the case of the most complex oscillations and the absence of dissipative forces is
reduced to the following expression:

K= (51)

A
12 a)lz
where K, — dynamism factor; @ — natural circular frequency, 1/s; v — linear velocity, m/s.
Taking as the calculated dynamics coefficient equal to 1.5, and also taking into account that

this dynamics can be realized both in the pre-resonance zone and in the post-resonance zone, we
obtain two equations for each natural frequency:

2:,2
4
ATV 2’ (52)
12 a),-z 3
where e V. — speed in the pre-resonance zone, m/s;
2:,2
AV 2’ (53)
12 a),-2 3

where V. — velocity in the resonance zone, m/s.

Equations (52) and (53) can serve as a basis for influencing the eigenfrequencies of the system
during design, when the corresponding eigenfrequencies should be obtained at given speeds of
movement. At the same time, it should be decided whether the machine will work in the pre-resonance
Or post-resonance zone.

2
w; = 7er_ V3 (54)
2V, \/5
C()l' = — (55)
I 5
Conclusions

The conducted theoretical study of the disturbed movement of the gantry machine allows us to
emphasize the need to allocate a separate type of load — frequency, which is especially relevant for
gantry layout machines. Equations of natural frequencies are obtained, which largely characterize the
specifics of such structures, ways of controlling dynamic systems including portal-type structures are
shown.
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TEOPETUYHI JOCJII/JUKEHHSA KOJIMBAHb HECYYUX CUCTEM
MHOPTAJIBHUX MAIIINH HA TIHEBMOKOJIICHOMY XOII

Pedepar

KoncTpykiii mopTanbHOro THUIY XapaKTepHa HasiBHICTh BEIUKUX OYyJIiBEIbHHUX BHCOT, PO3Ta-
Jy’KeHa MPOCTOPOBA CTPHKHBOBA KOHCTPYKIIisl, TOBFTOMIPHUX HECYYHX €EMEHTIB, PO3HECEHHX Mac,
SKI IPU pyci [0 HEPIBHOCTAX AOPIT MOXKYTh UNHUTH CKJIaaHi KonuBaHHs. [Ipupoanum ams Takoi cuc-
TEMH € iCHyBaHHS PE30HAHCHHUX 30H, A€ aMIUTITYJW BHUMYIIEHHX KOJUBaHb Pi3KO 3pOCTarOTh, CTBO-
PIOIOYUH MEPEeAYMOBH O PYHHYBaHHS HeCydnx eneMeHTiB. Taki KOHCTPYKIii 3a3Hal0Th CKJIaIHi mpoc-
TOPOBI KOJIMBaHHSI MPH PYCi 1O HEPIBHOCTAX JOPIT B YMOBAaX MPOMHUCIOBUX MIANPUEMCTB, 1edopmMartii
IpU BUKOHAHHI IITaTHUX MiIHOMHO-TPaHCIOPTHUX omepalii. Y psai BUMAAKIB Hecyda 30aTHICTD
MOPTaJbHUX MAallWH BH3HAYA€THCS HE TUIBKM XapaKTEPHUCTUKAMH MIIIHOCTI, ajie 1 )KOPCTKICHUMH Xa-
paKkTepUCTUKaMH OCHOBHUX CHJIOBHX EJIEMEHTIB.

Jis cTBOpeHHST KOHCTPYKIIIH, 30aTHUX CTIHKO MPalioBaTH Ha PI3HUX PEeKUMaxX HaBaHTAKEH-
Hsl, HeOOXiHe BUBUYCHHS PsAAY AMHAMIYHUX MOAENEH, OTpUMaHHS BIaCHUX AUHAMIYHHUX XapaKTepuc-
THK HECYYMX CHCTEM, OOTPYHTYBAaHHS TaKUX KOHCTPYKTHBHHX IapaMeTpiB, IPU SKUX Yy peasbHUX
YMOBaX eKCITyaTalii KOHCTPYKIisl HIKOJIM He TOTPAIUIsi€e Y pe30HAHCHI 30HH.

Pamut TpaHCIIOPTHUX MAIMH B 3aralbHOMY BUIAJKY € 0araTOKOHTYPHUMH TIOCKOIPOCTOPO-
BHMH PaMHUMH cUCTeMaMi. BOHU 3a CBOEIO PUPOIOI0 HE MOXKYTh MaTH BUCOKY KPYTHIIBHY >KOPCT-
KiCTb, IPH PYCi MO HEPIBHOCTSIX IOPOTH MPAKTUYHO CKAHYIOTH 11 HEPIBHOCTI, 3aKPYIYIOThCSA SIK IPO-
nesnep, 3a3Harouu 3HauHi gedopmartii.
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HpOBCI[eHG TCOPCTUYHC ,Z[OCJ'Ii)_I)KeHHSI 36yp€HOI‘O pPyXy HOpTaJ'ILHO'l' MalIMHH J03BOJIsIE HAro-

JIOCUTH TPO HEOOXiIHICTh BUIUICHHA OKPEMOT'0 BUAY HAaBaHTAXEHHS — YaCTOTHOTO, SIKE OCOOIMBO
aKTyaJbHE JJIs MallliH NOPTalbHOI KOMITOHOBKH. OTpUMaHO PiBHSHHA BIACHHUX YacCTOT, SKi 3HAYHOIO
MIpOIO XapaKTepU3YIOTh crenndiky Takux KOHCTPYKILIH, MOKa3aHi NUISIXU YIPABIIHHSA TUHAMIYHUMHU
CHCTEMaMH, [0 BKIIOYAIOTh KOHCTPYKIi1 MOPTaIbHOTO THITY.
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