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Abstract. We are introducing the construction of a mathematical model of plane vertical oscillations of the trolley for transporting
dangerous cargo, which has a two-stage spring suspension using high quality pneumatic elements.
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Statement of the problem. For transportation of
dangerous, particularly explosive cargo from a location to
the point of utilization it was designed the construction of
a special trolley [1], which spring suspension has
characteristics that satisfy the requirements for safe
transportation, and absence of an engine and transmission
makes a simple and reliable design of the construction

(Fig. 1).
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Fig. 1. — Schematic design of the vehicle. 1 — load platform,

2 —the air one-ridged shell 3 — support platform, 4 — turntable

platform, 5 — elastic elements of the first stage of suspension, 6
— wheels of trolley, 7 — profile of the road.

The main feature of the design of the trolley, as
opposed to the traditional for automobile manufacturing
single spring suspension, is the usage of the additional
second stage with the stiffness corrector [2-4], the
dynamic characteristics of which provide conditions for
safe transportation.

Some features of this design [5] in a real operation that
may significantly complicate preparations for the
transport of dangerous cargo are solved using canned one-
ridged elastic elements [6] in reference points of the load
platform and the described turntable platform of the first
axis bound significantly improves driving performance of
the trolley, especially on curved sections of roads.

Determination of the required parameters of the
introduced spring suspension, which is strongly
dependent on its dynamic properties, estimates should be
provided on a mathematical model of plane vertical
oscillations of the described design.

Analysis of recent research and publications. General
theoretical foundations of mathematical models and
calculation methods of spring suspension of modern
vehicles are set out in the work [7-10], and the design of
mathematical models of the trolley for transportation of
dangerous cargo with different construcitons of elastic
elements in the second stage in the works [11-12].
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Calculation of thermodynamic processes within de-
signing of the air spring suspension system paths, based
on the theory of “filling-emptying” and the quasi-
stationary method of determining the parameters of the
the air condition that are reviewed in the works [13-15].

Statement of the problem and its solution. Keeping in
mind that the vertical oscillations in the longitudinal plane
are the main influence on the dynamic properties of the
transport system it is appropriate to perform their
calculation on two-axis model (Fig. 2).

To construct an appropriate mathematical model
trolley is considered as a system involving four elastic-
connected solid bodies:

- load platform with cargo and brought it to the weight of

the second stage spring suspension, which is denoted by

the weight M5;

- support platform with reduced her weight by parts of the

second and first stage spring suspension, a lot of which is

denoted by M;;

- trolley wheels, dual weight are denoted by My and M,.
Z

Fig. 2. — The flat vertical mechanical model of the trolley. M,
— weight load platform, C,*“ — equivalent stiffness of the elastic
element of the second stage, M; — weight of the support plat-
form, C,—stiffness of torsions of the first stage of suspension, R,
— viscous friction in the suspension of the first stage, My —
weight of the trolley wheels, C, — the equivalent stiffness of
tires, Ro— viscous friction in tires,  — profile of the road.

Scheme of the modified elastic element of the second
stage pneumatic suspension with corrector stiffness in the
transverse plane is shown on the Figure 3.
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Fig. 3. — Scheme of the modified elastic element of the
second stage of the pneumatic suspension with stiffness
corrector. 1 — load floor, 2 — rubber-cord one-ridged shell 3 —
throttling orifice, 4 — extra tank, 5 — support platform 6 —
stiffness corrector springs.

During creating the mathematical model it is decided
to use absolute and local coordinate systems (Fig.4).

Fixed an absolute coordinate system £G{ located at the
beginning of the trajectory, where the center of weight of
the load platform in the absence of involuntary
movements.

The local coordinate systems XOZ (indexes) are
associated with the centers of weight of corresponding
solids meet their fluctuations relative to the provisions of
the static equilibrium and moving relative to the absolute
coordinate system £G¢ with the constant speed V.

Thus, the vertical plane vibrations of the introduced
mechanical system are defined by the following
coordinates:

- Vertical movement of the load platform — Z,;

- Vertical movement of the support platform — Z;;

- Angle of the load platform in the longitudinal plane —
02,

- Angle of the support platform in the longitudinal plane —
01,

- Vertical movement of the trolley wheels — Z,; and Zy,.

Longitudinal motion of the system is determined by the
equation

HO1 = H02 = X1 = X2 =X =Vt (1)

where V — velocity, t — time.

Considering the much larger compared to the stiffness
of rubber tires road surface as the causative agent of
powerd oscillations of the trolley it is taken an absolutely
rigid geometric profile of the given configuration n = 5
()

Dual tire stiffness is denoted by C,.

In the first stage of the spring suspension of the given
vehicle it is taken the traditional for automobile
manufacturing independent torsion suspension of each of
the four trolley wheels. Dual torsion stiffness denoted Ci.
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Fig. 4. — Absolute and local coordinate systems.

87

The second stage of the spring suspension, which is
consisted of four elastic pneumatic elements and two
stiffness correctors, is simulated using research results
posted in earlier works [18-20].

The total stiffness of the corrector springs is denoted
by C,, their length in the static position — L, and the initial
deformation — 4.

Analysis of the structural features of the second stage
of spring suspension showed that the volume of the air
pipe is much smaller than the other components of
pneumatic system that eliminates it from the
mathematical model of the process [16].

In view of the above, the differential equations of
motion of the trolley oscillatory processes consist of static
equilibrium with respect to the provisions of relevant
weightes using the general provisions of the speakers.

The following groups of equations are used for the
mathematical model:

- kinetostatics equation for the elements of the mechanical
system;

- geometric dependencies that determine the relative
position and movement of the mechanical elements of the
system;

- analytical and experimental characteristics of elastic
elements of the mechanical system;

- thermodynamic equations that define the processes in
the system pneumatic spring suspension.

Powers that influence the components of the
mechanical model of the trolley shown on Figures 5 and
6.
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Fig. 5. — Powers that influence the components of the
mechanical model of the trolley in the longitudinal plane. A, —
weight of the load platform, F”,, F",,— the powers in the
elements of the second degree hanging, M; — weight of the
support platform, Fy;, Fy, — elastic power in the first stage of
suspension, Ry, Ry, — dissipative powers in the first stage spring
suspension, My, Mg, — weight of the trolley wheels, Fo;, Foo—
powers of the elastic tires, Rq1, Rop — dissipative powers in the

tires.
z
M,
Fx fF"" I.ff_..
i
MM,
| : |,




Science and Education a New Dimension: Natural and Technical Sciences, 1(2), Issue: 15, 2013  www.seanewdim.com

Fig. 6. — Powers that influence elements of the second stage
of spring suspension of the trolley in the transverse plane. M, —
weight of the load platform, F;;— double power in the second
stage pneumatic elements, Fx— power springs corrector stiffness
in the second stage, M; — weight of the support platform.

The elastic powers - F ,F,,F,,,F,,, acting on the
tires and torsion suspension equal to the first stage

For = Codor, Fiu = Gy, By, = Codyy, Frp = Ci A, O]
where:  Ay,,4,,,40,:4,, — deformation of elastic
elements constitute
Ay =m —Zoy, 4y =251 —2Z, +pra,
Aoy =1, —Zgy, Dy =2y, —Z, —@a ©)

The elastic powers F,;,F,7 of the second stage of
suspension should be determined by the powers
F,..FFr Frs o espectively, pneumatic elements and
spring stiffness corrections.

These powers are equal

in the pneumatic  springs F,, =P;,S.,
Fo = Pnzsnz! (4)

in the  correctors Fe, =G, (|_+5_ L2 + 4221)
Fe, = CZ(L+5— L? +A222) 5)

where P, P,, — excess pressure caused by
thermodynamic processes in pneumatic membranes and
determined decision of the appropriate equations,

S, S, — effective area of pneumatic membranes,
depending on their working height is determined
experimentally and is introduced into the equation
mathematical model geometric dependencies

Sp="* (A21)' Sy = f(Azz) (6)

where 4,,, 4,,— deformations of pneumatic springs
Ay =2,-Z,—pa+eb, 4,=72,-Z,+pa-gpb. (7)

Dissipative powers in tires and first stage of suspension
are modeled by viscous friction, which is proportional to
the relative velocity corresponding elements

Ro: = koﬁmv Roz =Koy Ry = klAlli
R12 = k1A121 (8)

where: kg, k; — binary viscous friction coefficient,
respectively, in tires and torsion,

Aoy 4i1:4, . — corresponding relative velocities:

Aoy =71y —ZLoys A1y =2Zo —Z, +@ra,

4.’02 =1, _Zozv Z'12 = Z.02 - Z'1 — @ a (9)

Dissipative powers in the second stage pneumatic
elements hanging defined energy dissipation in flowing
the air from one volume to another through the throttling
orifice with square hole Sp and defined and included in
the appropriate thermodynamic equations.

Differential equations of motion oscillatory processes
trolley consisting given above according to the
distribution of elastic and dissipative powers four-weight
model (Fig. 4-6).

For the wheels of the trolley
Mo, Zos = For —Fii + Ros — Ry, (10)

Mozzoz = Fo, = Fi2 + Ry, — Ry, (11)

For the support platform
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Mlzl = F11 + ':12 + R11 + R12 - F21 - F22 ’ (12)
1, =—F,a+F,a—R,a+R a+F//b—FJb, (13)
or after the appropriate transformations
- . A . A .
M Z, =F, +F, + Ry + Ry, —Fyy —Fyy — FKl(sm%)slgnAﬂ - FKZ(SIH%)SIQHAZZ,
(14)
) Ay Ay,
¢, =-F.a+F,a-R,a+R,a+F,b-F,b+ Fmb(smT)NgnAZl - FKZb(5|nT)S|gnA22,

(15)
For the load platform

M zzz =F,+F,+ FK](Sin% )signd,, + FKz(SinATiZ )signd,, —M,q, (16)
1,6, =—F b+ Fyb— FK]b(sin% Jsigna,, + F,Qb(sin% ysigna,,, (17)

where: 1,1, — given moments of inertia, respectively

trucks and support platforms, 2a — wheelbase of the

trolley, 2b — the distance between the the air castors of
the load platform.

When creating the mathematical model of the
thermodynamic processes in the pneumatic spring
suspension of the trolley it was decided to use the results
of earlier works [17], under which condition of the the air
in each of the respective volumes two-element system
(Fig. 7), is characterized by the following parameters: P —
pressure, T — temperature, G — weight, V — volume, p —
density, C, — specific heat of the air during P-const, C, -
heat the the air in the process V — const, R — gas constant.
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Fig. 7. — Diagram of pneumatic elements of the second stage
of suspension. 1 — rubber-cord shell, 2 — the additional tank, 3 —
throttling orifice, Sp — Square hole throttling orifice, H; —
surface area rubber-cord shell H,— additional surface area of the
tank.

Additional geometric parameters of pneumatic: H; —
surface area rubber-cord shell, H, — additional surface
area of the tank, Sp — Square hole throttling orifice.

A mathematical model of the thermodynamic process
in the compression stroke the air springs in which the
pressure in them more than additional tanks, i.e. with
Ppi>Py and Ppp>Pyp, is determined by the following
system of equations.

Element 1. Py, >Py,

Pneumatic spring:

- the amount of the air flowing through the throttling
orifice with The air in an additional tank

dG,,, = —uSp \/2p111 (PIII - P;(I )dt ! (18)

- the law of energy storage

RdeGm - lel(THI _To )dt - CmadTm - Pmdvm =0
(19)

- the equation of state of the air

P,dVv,, +V,dP, —RT,dG,, —RG,,,dT,, =0. (20)
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The internal volume of the pneumatic membrane
depends on its working height is determined
experimentally and is introduced into the equation
mathematical model geometry dependence
Vi = f(AZl)’ (21)

which enables every step solution of differential
equations of the mathematical model to determine the
av,, -

Additional tank:

Note that for an additional tank at V,, =const,

dv, =0-
- the weight balance equation
dG,,, +dG, =0,a00 dG ,,
- the law of energy storage
CvadGm _CVTllldGlll _RdeGm _szz(Tul _To )jt—CVGuldTlll =0
(23)

- the equation of state of the air
VvV, dP, +RT ,dG,, —RG ,dT, =0, (24)

Element 2. P;,>Pp;

Pneumatic spring:
- the amount of the air flowing through the throttling
orifice with the air in an additional tank
dG,, = —uSp \/zpnz (Pnz —Pp )dt  (25)
- the law of energy storage
RTszan - lel(Tnz _To )dt _Cansznz - Pmdvm =0, (26)
- the equation of state of the air
P,dV,, +V,,dP,, —RT,,dG,, — RG,,dT,, =0, (27)

The internal volume of the pneumatic membrane
depends on its working height is determined
experimentally and is introduced into the equation
mathematical model geometry dependence

Vi, = f (Azz)' (28)

which enables every step solution of differential
equations of the mathematical model to determine the
dv,,.

Additional tank:

Note that for an additional tank at V,. = const

dv, =0.
- the weight balance equation
dG,, +dG,, =0,a00 dG,

- the law of energy storage

CyT0G, ~Cy T1,dG 1, ~RT,,dG , —k,H, (T, ~ T, kit —C\ G ,dT,, =0
/(30)

- the equation of state of the air

V,.dP, +RT,dG,, —RG ,dT, =0, (31)

dG,,, (22)

—dG,,, (29)

Similarly (mutatis mutandis signs and direction of the
air flow) are based equations defining enlargement beat
The air pressure at which it is less than the extra tank, ie
at P <Py and Pppy<Ppp.

Element 1. Py,<Py,

Pneumatic spring:

- the amount of the air flowing through the throttling
orifice with extra tanks in the air

dG,, =+uSy[2p 4, (P, — Py, )t (32)
- the law of energy storage
RT,0G , —k,H, (T, T, Wt-C\ G, 0Ty, —P,dV,, ~C, TG, +C, T, dG, =0
(33)
- the equation of state of the air
P,dv,, +V,,dP, —RT,,dG,, —RG,,dT,, =0. (34)
Additional tank:
- the weight balance equation
dG, +dG, =0, (35)abo dG ,, = —
- the law of energy storage
RT,dG,, —C G, dT, — szz(TﬂJ T )dt =0, (37)
- the equation of state of the air
V,dP, —RT ,dG , —RG ,,dT, =0.(38)
Element 2. P;,<Pp
Pneumatic spring:
- the amount of the air flowing through the throttling
orifice with extra tanks in the air
dG,,. = +4S5/20 1 (P — Py, )t (39)
- law of energy storage
RT G , ~k,H, (T, ~T, Jit-C, G T, ~PudVy, ~C, TG, +C, TG, =0 (40)
- the equation of state of the air
P,,dV,, +V,,dP,, —RT,,dG,, — RG,,dT,, =0- (41)
Additional tank:
- the weight balance equation
dG,, +dG,, =0, 300 dG , =—dG
- the law of energy storage
RT ,dG,, —C,G,dT,, — szz(Tﬂz —T )dt =0, (43)
- the equation of state of the air
V,,dP,, —RT,dG,, —RG ,.dT,, =0-(44)
Conclusions. The above mathematical model of plane
vertical oscillations of the trolley for transporting
dangerous cargo, which has a high quality two-stage
spring suspension, consists of mechanical systems
(10,11,14-17), power (2,4,5,8), geometrical (3,
6,7,9,21,28) and thermodynamical (18-20, 22-27, 29-44)
equations that define the powered motion of the system
during the vibrations that are caused by geometrical

irregularities quite hard road profile of given
configuration n = 5 (&).

dG,,,, (36)

111

(42)

2

REFERENCES (TRANSLATED AND TRANSLITERATED)

. Do pitannya viboru konstruktsii drugoi stupeni resornogo
pidvishuvannya nesamokhidnogo vizka dlya
transportuvannya nebezpechnikh vantazhiv / Larin O.M.,
Kalinovs'kiy A.YA., Sokolovskiy S.A., Chernobay G.O.
//Nauk. visnik Ukrains'kogo naukovo-doslidnogo institutu
pozhezhnoi bezpeki. / Naukoviy zhurnal Nel (25), 2012 —
Kiiv, 2012. - S. 165 — 167.

. Alabuzhev P.M. i dr. Vibrozashchitnyye sistemy s
kvazinulevoy zhestkost'yu. —L.: Mashinostroyeniye, 1986. 96
S.

89

3. Zaytsev A.A., Radin S.YU., Slivinskiy Ye.V. Perspektivnyy
amortizator dlya ATS // Avtomobil'naya promyshlennost'.
Mashinostroyeniye. — 2007, Ne9 — S. 26-28.

4. Rykov A. A., Yur'yev G.S. Sintez uprugo dempfiruyushchikh
kharakteristik nelineynoy vibrozashchitnoy sistemy //
Materialy Sibirskoy nauchno-tekhnicheskoy
konferentsiinNauka. ~ Promyshlennost'. ~ Oboronay.
Novosibirsk, 2002. S. 37 — 41.

5. Lagutin V.L. Nekotoryye osobennosti raboty vtoroy stupeni
ressornogo podveshivaniya nesamokhodnoy telezhki dlya



Science and Education a New Dimension: Natural and Technical Sciences, 1(2), Issue: 15, 2013  www.seanewdim.com

transportirovki opasnykh gruzov / Lagutin V.L. // Science
and Education a New Dimension. Natural and Technical Sci-
ence. Vol. 8. 2013 — Budapest: S. 110 — 112.

6. llyushkin  S.N., Pochtar' D.YU., Adashevskiy V.M.,
Chernobay G.A. Teplovozy uzkoy kolei s pnevmaticheskim
ressornym podveshivaniyem. — VNIPIEIllesprom, 1983, vyp.
13,5.9-10.

7. Bolotin V.V. Sluchaynyye kolebaniya uprugikh sistem. — M.:
Nauka, 1979. — 336 s.

8. Gulyayev V.I. i dr. Prikladnyye zadachi teorii nelineynykh
kolebatel'nykh sistem. M.: Vysshaya shkola, 1989. — 383 s.

9. Lazaryan V.A. Nekotoryye sovremennyye problemy dinamiki
transportnykh sredstv. V kn.: Nagruzhennost', prochnost’,
ustoychivost' dvizheniya mekhanicheskikh sistem. — K.:
Nauk. dumka, 1980. S. 3 —43.

10. Silayev A.A. Spektral'naya teoriya podressorivaniya
transportnykh mashin. — M.: Mashinostroyeniye, 1972. — 192
S.

11. Mekhanichna model' vizka dlya transportuvannya
nebezpechnikh vantazhiv /Sokolov D.M., Sokolovs'kiy S.A.,

Chernobay G.O. // Visti Avtomobil'no—dorozhn'ogo institutu:
naukovo—virobnichiy zbirnik /ADI DonNTU. — Gorlivka,
2012. — Ne 1(14). —S. 91 -94.

12. Pobudova matematichnoi modeli prostorovikh kolivan' vizka
dlya transportuvannya nebezpechnikh vantazhiv / Chernobay
G.0., Larin O.M., Barkalov V.G. //Visnik SevNTU: zb. nauk.
pr. Vip. 135/2012. Seriya Mashinopriladobuduvannya ta
transport. — Sevastopol’, 2012 — S. 105 — 1009.

13. Gerts  Ye.V. Pnevmaticheskiye privody. - M.
Mashinostroyeniye, 1969. — 359 s.

14. Kutsenko S.M. Pnevmaticheskoye ressornoye
podveshivaniye teplovozov. — Khar'kov: Vishcha shkola,
1978.-97s.

15. Kirpichnikov  V.G., Adashevskiy V.M. Primeneniye
kvazistatsionarnogo metoda pri issledovanii
termodinamicheskikh protsessov v sisteme

pnevmopodveshivaniya lokomotivov. — Vesnik KHPI. —
Khar'kov, 1977. Ne134, S. 3-5.

Jlaryrun B.JI. MaremaTuuyeckasi Mojesib IJIOCKMX BePTHKAJbHBIX KoJe0aHWil npuuena Uil TPAHCIIOPTHUPOBKH ONACHBIX
IPy3HUB C HCHOJb30BAHHEM ITHEBMATHYECKHX 3JIEMEHTOB BO BTOPOii CTyIIeHU NOABEIIMBAHUS

AHHoTanus. PaccMatpuBaeTcss HIOCTpOCHNE MaTeMAaTHIECKOH MOJIENH INIOCKUX BEPTHKAIBHBIX KOIeOaHHi MpHIena A TPaHCIoP-
THUPOBAHHUS ONACHBIX I'PY30B, KOTOPHI HIMEET ABYXCTYNEHIATOE PECCOPHOE MOBEIINBAHIE MOBBIIEHHOTO Ka4eCTBa C MCIOIb30Ba-

HHEM ITHCBMOJJICMCHTOB.

Kniouegvie cnoga: 63pvigoonachwiii 2py3, 08yXcmyneHuamoe peccoproe noogeuuganue, Koieobaus.
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