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INVESTIGATION OF BAND LOOP FRAME ARTICULATED CONTEINER TRUCK
STABILITY BY MOTION ON THECHNOLOGICAL ROADS

Mathematical model of disturbance motion for articulated container truck with band loop
frame on pneumatic wheels by different conditions of cross stabilization has been worked out by ana-
Iytical mechanics method with Lagrange equation of second type. Analytical expressions of critical
parameters of system, which define stability of articulated container truck in cross plane has been
received.

Keywords: mathematical model, stability, articulated container truck, disturbance motion,
band loop frame.

Y pobomi pospobrena mamemamuuna modenv 36ypeH020 pyXy 3UIeHO8AHO20 KOHMEUHEPOBO-
3a 3 OY2eIbHOK PamMo0 HA NHEEMOKOIICHOMY X00i NPU PI3HUX YMOBAX nonepeuroi cmabinizayii memo-
0amu aHaniMmuyHOL MEXaniKu 3 3anyuenHam pieHanns Jlaepausca opy2o2o pody. Ompumani ananimuy-
HI 8Upazu KpUMuyHUX weuoKocmet, aKi micmamov y cobi napamempu cucmemu, Wo GU3HAYAIOMb
CMINKICMb 3YNEeH08AH020 KOHMEHeP0803a )y NONepeuHitl NIOWUHI.

Knrouosi crosa: mamemamuuna mooens, CMIlKiCMb, 341eHOBAHUL KOHMEUHEPOBO3, 30ypeHull
pyx, byeenvHa pama.

The statement of the problem

The advancement of the metallurgical industry is closely linked to the continued growth of
mechanization and automation of transport operations along technological lines, where new tasks are
being set in the way of development of promising models of special vehicles. Thus, for carrying out
operations related to the autonomous loading, transportation and unloading of containers, it is
advisable to layout the carrier system with a tow frame.

The rowing layout of the carrier systems of technological vehicles is quite unconventional. As
the review of the literature shows, only a few scientific works are devoted to such machines. If for the
usual layout, especially in the general automotive industry, we have accumulated a wealth of
experience in the development of mathematical models of perturbed motion, the formation of external
loads, internal efforts, then for articulated container ships on a pneumatic wheel course with a tow
frame everything has to be done for the first time.

For scientifically sound choice of such carrier systems, dynamic loads play a decisive role, the
formation of which is described by a mathematical model of the process of perturbed motion of a
container ship in conditions of technological roads of metallurgical production.

Analysis of basic research and publications

The development and construction of container transporters with a tow frame are in the initial
stages of development, so we consider the problem from a more general point of view. Thus, works
[1-3] are devoted to the study of special vehicles for the transport of goods in containers and packages
in various industries. The work [4,5] dedicated to the design and construction of articulated skid steer
carriers is of course preceded by a fundamental work [6] to investigate the dynamics of self-propelled
swivel machines, including oscillation and movement stability. The works [7-9] are devoted to the
dynamics of two-link mechanical systems, which according to the calculation schemes are similar to
articulated containers with a tow frame. The work [10] is devoted to the study of the dynamics of
perturbed motion of an articulated special vehicle with a U - shaped cargo frame.
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Formulation of the purpose of the study

From the above analysis, it follows that the known mathematical models of the perturbed
motion of technological special vehicles do not take into account the layout features of articulated
containers with a tow carrier system. There are practically no materials in the scientific literature
devoted to the research and development of metallurgical container ships with a tow frame, with the
obvious relevance of such machines in technological lines of metallurgical enterprises.

Thus, it is possible to formulate the following research goal: to find out the influence of the
stabilizer of lateral stability in the elastic suspension of the tow frame on the critical stability of the
speed of movement of a container ship with different level of stabilization.

The main material

Shown in Fig. In Fig. 1 an articulated container vessel with a tow frame on the side, shown in

Fig. 2 shows the design scheme of the container carrier on the rear view.
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Fig. 1. Articulated container ship with a tow frame: 1 — container; 2 — tractor; 3 — semi-
trailer with tow frame; 4 — lodging

Fig. 2. The articulated container vessel on the rear view: 1 — container; 2 — right frame spar; 3 —
right wheel of a semi-trailer suspension; 4 — right lodgment; 5 — left lodging; 6 — left semi-trailer
suspension wheel; 7 — left frame spar
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The perturbation equation is obtained in the form of the second-kind Lagrange equation [11].
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where T — the kinetic energy of the system, J; /7 — the potential energy of the system, J; q9; —

J-a the generalized coordinate,m (rad); O; — j-a the generalized force of non-conservative origin, N
(N-m).
In this case ¢; =y, g =6, where y — vertical displacementof the semi-trailer, a 6 — the

angle of the semi-trailer in the transverse plane.

The kinetic energy of the system:
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where m, — the total mass of the semi-trailer, kg; /. — semitrailer total moment of inertia relative

T=

to the longitudinal axis, which runs through the center of mass of the system, kg-m*; v — system
speed, m/s.

The potential energy of the system is realized by the energy of compressed air in the tires of
the wheels, takes the following form:

=S8y~ 1,0F + (41,0, P, ®

where  C,,, — radial rigidity of a semi-trailer wheel tire, N/'m; ~ ; — half track of semi-trailer, m;
h,, — lifting of the right wheel of a semi-trailer on inequalities of a sinusoidal profile, m.
In general form can be written
h, =hy sinz—m , 4)
ly
where 5, — Bucora HepiBHOCTEH, m; 4, — the amplitude value of the inequality profile, m; x —
abscissa of the approximate function of inequalities, m;  /, — length of sine wave that approximates

the function of inequalities, m.
When the system is moving

X=Vt. 5)
In view of expression (5), the lift of the right wheel of the semi-trailer is equal
B, = hysin 22t (6)
lo

Neglecting the forces of non-conservative origin, we substitute expressions of kinetic and potential
energies in the second-kind Lagrange equation (1).
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Combining the expressions obtained, we write the first differential equation:
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Combining the expressions obtained, we write the second differential equation:

1.0+2C,120=C,1.h,. (8)
Rewrite the equation (7) and (8) on the basis of expression (6):
m,§+2C,,y = Cyhy sin?t; (9)
0
1,6+2C,,120=C,1.h sin?t. (10)
0
We write down equations (9) and (10) with the introduction of new notation
y+p§y=cm hysin 2 (11)
me lO
2 2C, . . : .
where p = — the square of the natural circular frequency of the system in the generalized coordinate
C
»e
6+ p2o=Cule o in 2%, (12)
c ZO
, 2C,12 . . .
where pg§ = — the square of the natural circular frequency of the system in the generalized

c
2

coordinate 6, ¢ .
Equations (11) and (12) have the following form:
y=Cicospyt+Cysinp,t+ Cuulty sir{zm}t—\ulJ, (13)
2 4ny? ly
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0= C5 cos pgt + Cy sin pgt + Cuuliho sin 2m}t—\uz . (14)
2 41’52\/2 ZO
I| pg - 12
0

The first two additions in expressions (13) and (14) describe the free oscillations of the
system, which are determined by the initial conditions and, after a while, disappear. Remain forced
oscillations, which are described as follows:

y=— Cult sin{zm}t—\mj, (15)
2 4n?y? ly
mC py_ 2
ly
T sin(zlnvt—\yQJ. (16)
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Directly from expression (16) we obtain the condition of loss of stability of the semitrailer in
the transverse plane during asymmetric kinematic perturbation

2.2
o 4nv
P -"5—=0 (17)
l
0
or after opening its own circular frequency py
20 12 2.2
whe ATV . (18)
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From where do we get the critical speed at which the stability of a semi-trailer container

carrier in the transverse plane occurs:
ZKZO Cm
V. = _— 19
R V 21, (19)

To increase the lateral stability of the system, due to the high position of the center of mass of
the container carrier, we include a stabilizer of the transverse stability in the suspension of the trailer
part, which is taken into account in the calculation model by introducing equivalent stiffness of the
suspension during oblique symmetry perturbations.

Again, we incorporate the second-kind Lagrange equation (1) into the mathematical model.

In this case, the system has two degrees of freedom when ¢; =y, g, =0, where y — vertical

movement of the semi-trailer, and 6 — the angle of the semi-trailer in the transverse plane.

The kinetic energy of the system:
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where m, — the mass of the sprung parts of the semi-trailer, kg; /,, — moment of inertia of the

sprung parts of the semi-trailer regarding to the longitudinal axis passing through the center of mass of
these parts, kg‘mz; m, — the total mass of the semi-trailer, kg; v — system speed, m/s.

; (20)

Potential energy of the system:

C
Hz%(y—lke)z+%(y+l,<9—hﬂ)2+7692, Q1)
where C, — coefficient of equivalent rigidity of the elastic suspension, N/m; Cp — coefficient ~ of

angular stiffness of the stabilizer of lateral stability, N/m; [/, — half track of semi-trailer, m; h; —
lifting of the right wheel of a semi-trailer on inequalities of a sinusoidal profile, m.
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The coefficient of equivalent rigidity is determined by the formula
_ CuCy
C CutCy’

where C,; —radial stiffness coefficient of suspension pneumatics, N/m; C, —the coefficient of

22)

rigidity of the suspension, N/m.
The angular stiffness coefficient of the lateral stabilizer is as follows:

12
— C
CB - Cc N0 (23 )
2
where C, — xoediuieHT JiHIHHOI )KOPCTKOCTI cTallIi3aTopa NONepeyHoi CTifkocTi, N/m; l. —

the length of the stabilizer, which works on torsion at warps of the sprung parts, m.
In general form can be written

By, = hy sin 2% (24)
lo

where h; — height of inequalities, m; /4, — the amplitude value of the inequality profile, m; X —

abscissa of the approximate function of inequalities, m; [y —the length of a sine wave that

approximates the function of inequalities, m.
When moving the system

X =vt. (25)
In view of expression (25), the lift of the right wheel of the semi-trailer is equal
h, = hy sin?t . (26)
0

Neglecting the forces of non-conservative origin, we substitute the kinetic and potential energies in the
second-kind Lagrange equation (1), and obtain the following system of equations

m, i +2C,y = Cyhhy sin?t;

v 27
1,0+ (2061,3 + CB)B =C,l g sin%t.
0
The first equation of system (27) is divided into m,, , other — into /,,, we get:
2
j} 4 Ce y= CehO sin 2y ‘
my My lO
2C,12 +C C.l.h 2 ()
hpex TP g o Zelkllo Gy STV,
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We enter the following notation:
2C
¢=py; (29)
mH
2C 12 +C
e S - (30)
[l'l
Rewrite the system (28) with the notation (29) and (30):
V+ sz,y _Ceho sin&t;
My ZO
€2y
0+ pé@ = %sinﬂt.

I i lO
The solutions of equations (31) are given
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h 2
»=Cjcos pyt+Cysin pyt + 0Py sin(zm}z—\ul} (32)
2 4n?y? lo
2Py
lo
2
0 = C5 cos pgt + Cy sin pygt + Ceholi Py > sin( 2ITW t— \I’Q] . (33)
0
20,17 + CB)[pé - 4’;; ]
0

In expressions (32) and (33), the first two additions describe the free oscillations of a fast-
decaying system and cannot be taken into account. In this case, the solution of equations (31) can be
written as follows:

2
y= 0Py sin[ 2y, _ q}lj : (34)
2 4n*v? Iy
2py-—
lo
2
0= CeholiPd sin 2nvt—\|/ (35)
2 2 4752\/2 ZO )
(ZCelk +C[3) Po —T
0

where y; — phase angle, rad.
From these solutions, we write the condition of loss of stability of the system in transverse
oscillations at skew symmetry perturbations.
2 4n?y?
Pe — 2
o

=0 (36)

or after disclosure pé :
2C I +Cp  4nv?
I, 1
Where do we get the critical speed at which the system loses stability.

2
Iy |2Celi +Cp
= |—. 38
Vip 27”/ I (38)

Conclusions and prospects for further research

As a result of the theoretical study of the dynamics of a articulated container ship with a tow
frame on a pneumatic wheel, a mathematical model of perturbed motion in the transverse plane was
developed taking into account the different level of stabilization of the trailer on the basis of the
mathematical apparatus of analytical mechanics with engaging.

The developed mathematical model of the perturbed motion in the transverse plane is the basis
for determining the critical speed of movement of the container vessel in the absence and presence of
the stabilizer of the transverse stability.

In further studies of container ships with a tow frame on a pneumatic wheel it is necessary to
work in the direction of development of new types of stabilizers of cross resistance with rational metal
content, structural perfection.

=0. (37)
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JOCJIPKEHHSA MOMEPEYHOI CTIMKOCTI BYTEJIbHUX HECYYUX CUCTEM
3YIEHOBAHUX KOHTEMHEPOBO3IB TP PYCI 110 TEXHOJOI'TYHUX
JOPOT'AX

Beiirya O.0., I'pumenxo /I.I., Beiirya B.O., Cepena /I.b.

Pedepar
Merta pob6OTH — OTPUMAaHHS HOBMX CIiBBIIHOILEHb Y MaTeMaTH4Hii Mozelni 30ypeHoro pyxy

34JIGHOBAHOI'0 KOHTEHHEPOBO3a 3 OYreIbHOK PaMOI0 Ha MTHEBMOKOJIICHOMY XOJIi i/l Yac PyXy TEXHO-
JIOTIYHUMH TOPOTaMH MTPOMHUCIIOBUX TiAIpreMcTB. OCHOBHHUM JDKEpEIoM 30ypeHb € KOCOCHMETPUIH1
KiHEeMaTHU4Hi 30ypeHHs 3 OOKy HEpiBHOCTEH MOKPUTTS TEXHOJIOTIYHUX JOPIr, SKI anmpOKCUMYIOTHCS
rapMOHIYHUMH (YHKINIAMH B3J0BXK KOJiii. OCHOBOK MATEMATHYHOTO amapary TEOPETHYHOTO JOCIi-
JUKSHHST € METOJIOJNIOTIS aHAITHIHOI MEXaHIKA 3 BUKOPUCTAHHAM pIiBHSHHS Jlarpamka Apyroro poiy.
OO0'eKT OCIIPKEHHS 3BOAUTHCS IO TUHAMIYHOT CHCTEMH 3 JBOMA CTYTCHSIMHU CBOOOIH, ¢ y3arajibHe-
Hi KOOPJMHATH NPE/CTABICHI JIHIMHUMH Ta KYTOBHUMHU TIEPEMIIICHHIMU HECYy40l CUCTEeMH KOHTEWHe-
pOBO3a, IO MPHU3BOAMUTEL 10 CKJIaJaHHs MBOX AW(EpEHI[iabHUX PiBHAHL pyXy. [IpaBa yacThHA IMX
PIBHSHB OIHACYE TapaMeTpH KiHEMAaTHIHUX 30ypeHb. 3 po3B’s3aHHSA TUGEPECHITIAIBHUX PIBHSHD 30Yy-
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PEHOTO pyXy KOHTEWHEepOBO3a 3 OYrelIbHOI0 PaMOIO 33 HAasBHOCTI KOCOCHMETPHYHUX KiHEMAaTHYHHX
30ypeHb BUXOAATH BIIACHI AMHAMIYHI XapaKTEPUCTUKH CHCTEMH, YMOBA CTIHKOCTI MPH TOMEPEIHUX
KOJIMBaHHSX 3YJICHOBAHOTO KOHTEHHEPOBO3a, OTPUMYETHCS YMOBA ISl BU3HAUEHHS KPUTHYHOI IBHI-
KOCTI, IPX AKi cucTeMa BTpayae CTiIHKiCTh. Po3poOneHa maTemaTHdHa MOJENb CHOpPHUSE aKTHBHOMY
BTPYYaHHIO Ha CTaii MPOEKTyBaHHs y MapaMeTpH KOJIMBAaHb 3WJICHOBAHOTO KOHTEHHEpOBO3a 3 Oyre-
JHHOIO paMOIO Ha ITHEBMOKOJIICHOMY XO/Ii IIISIXOM BUOOPY BiAMOBITHUX JKOPCTKICHUX XapaKTEPHCTHK
crabinizaTopa monepedHoi criikocti. OTpUMaHi CHiBBIAHOIIEHHS AEMOHCTPYIOTh alTOPUTM BIUIMBY
Ha IapaMeTpy CUCTEMH Ha eTarli po3poOKH KOHCTPYKIII 3 METOI CTBOPEHHS iZealbHOT MOJET 34iie-
HOBAHOTO KOHTEHHEPOBO3a 3 OyTeIhHOI0 PaMOI0 HAa ITHEBMOKOJIICHOMY XOJi, IO TapaHTy€ BEIHKY
NPaKTUYHY 3HAYUMICTB AOCIiIKEHHS.
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