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Summary. The article presents the developed mathematitgdtion model for research of dy-
namic loadings in transmission and smoothnessnbtton of a machine-tractor unit on the basis
of chassis with all driving wheels as well as tlegk-jointed agricultural tractor with the wheel
formula &6.

Key words: the hinge-jointed agricultural tractor chassis, eatatical imitation model, loadings
in transmissions, smoothness of a motion

INTRODUCTION

One of directions of development of pull-power dypgources in machine-tractor
units (MTU) will consist in a creation, on the kasif serial tractors, of the universal
hinge-jointed chassis with the wheel formuké6agricultural assignment with a techno-
logical platform on back half-chassis on which t@naggregated, for example, a self-
unloading platform, capacities for transportationl &catterings of liquid fertilizers and
toxic chemical protection of plants with pipes andny other kinds of the equipment.
Differing in the increased passableness, high shgirgualities and the best fitness to
work in heavy road conditions, such MTU allow talize new principles concerning the
chassis in structure of multioperational technatabi agricultural units, that essentially
raises efficiency of their application.

However, these data do not suffice for designinghschassis, in particular, the
loadings given about dynamics on carrying systenh iarthe ramified transmission in
real conditions of operation MTU. Natural tests dear and long. Therefore, it repre-
sents a scientific and practical interest to createathematical imitation model MTU of
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the given kind and carrying out of modelling on ®@®MPUTER of work of units of
various assignment in the whole spectrum of opamatioperating modes.

According to needs of practice, mathematical modeés developed for research
dynamic loads transmissions, half-chassis and ttiegre-joint connections in character-
istic operating conditions, and also smoothnesa oburse of machines. Therefore it is
necessary to consider dynamic systems of machimewhich interactions of their
movement of subsystems determining dynamics ambeggelves and with rough-
nesses of a basic surface are reflected. By votuethe mathematical model should be
universal and intended for both modelling and amedion of several dynamic proper-
ties of researched machines. Despite of compleitiis subsequent machine realiza-
tion, similar mathematical models allow to takeoirgccount with greater reliability
features of object of modelling and a conditionitsfwork [Bogdan and Tajanowskij
2000, Krasowski (red.) 2005]. At the same time msiraple models for research of
separate properties of a machine, for example dmess of a course, due to compre-
hensible adequacy and smaller complexity, allovadbieve faster and with smaller ex-
penditures of labour the estimations of smoothiés course of a machine. That is why
they are also widely used in design researcheatfidajskij andl'anas 2004, 2006].

Separate scientific positions of the methodicalrapph to imitating modelling trac-
tor chassis of agricultural assignment are develdpeauthors in earlier works [Bogdan,
Tajanowskij 2000, Tajanowskij ariBanas 2004, 2006] and also are used in the given
model.

THE DIFFERENTIAL EQUATIONS OF MOVEMENT
THE TRACTOR UNIT ON A BASIC SURFACE

Settlement dynamic systems of the tractor unitdeneeloped at assumptions, char-
acteristic for the decision of similar problems {8lan and Tajanowskij 2000, Kra-
sowski (red.) 2005, Tajanowskij arthnas 2006] the subsystem engine-transmission-
wheels installations represents discrete dynantating system with non-mass resilient
extinguishing connections; movement of the machinectilinear on a casual micro-
structure of horizontal road; the running systeroassidered as flat symmetric concern-
ing the longitudinal axis; the skeleton of the niaetrepresents a firm body with a lon-
gitudinal axis of symmetry; statistical parameteirsoad influences on the right and left
wheels are equal; the seat of the driver is locatea longitudinal — vertical plane of
symmetry and makes vertical fluctuations; weigttsa @eat and the driver are concen-
trated in one point; the trunk is considered etaistia radial direction, and properties of
horizontal interactions with a deformable basidate are taken into account by the so-
called curve of slipping of a wheel. Wheels maketitmous movement; the racetrack of
the trunk is considered as a non-mass hoop withrdldius equal to radius rotation,
contact of a wheel to road takes into account shiogtability of trunks; rigidity of
trunks, transmissions, suspension brackets aretannsextinguishing resistance are
linear concerning speed of deformation; high-freguyefluctuations are not considered,;
fluctuations of weights of dynamic systems of ttaetor chassis are small.

In Fig. 1 the settlement circuit of the tractor g$ia in a transport operating mode is
submitted, which includes dynamic system of trassion (Fig. 2) and oscillatory
system of the machine at movement on roughnessebadic surface.
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Fig. 1. Settlement dynamic model of the tractot uni

In dynamic system of transmission the followingigeations are acceptel; w; —
the moment of inertia of rotating details of thgige and angular speed of rotation of its
cranked shaftj,, w, — the moment of inertia of conducted details afigdmng and its
angular speedy, l4, w3, w4 — the moments of inertia and angular speeds, diragly,
details on conducting and conducted shaft of adfdransfers and their angular speeds;
Is, ws — the moment of inertia of details of a distrilmgtibox and its angular spedgl; wg
— the moment of inertia of a conducted part unftgga managements of back conduct-
ing bridges and its angular spedd; »; — the moment of inertia of forward driving
wheels and their angular speég);wg — the moment of inertia of details of the conduct-
ing back bridge, including a cogwheel of onboashsfer from which the twisting mo-
ment is distributed on the first and second backeld) and its angular speégl;l.o, wo,
w10 — the moments of inertia of back wheels and thagular speeds;;, k; — rotated
rigidity and extinguishion inj- X sites of transmission € 2, 4, 5,6, 8j=3,5, 7, 8, 9,
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10); Mij — the dynamic moments irij-X sites of transmissiorf;, F, — accordingly,
coupling and unit pattern inclusions — deenergiziofjthe back bridgeidv — the twist-
ing moment of the engin&kiri/(Uizi) — the twisting moments on driving wheéis 7,
9, 10.

All elements which are included in the dynamic egstof transmission of the ma-
chine, are resulted in a cranked shaft of the engin

The system of the differential equations describimgk of transmission of the trac-
tor chassis, equipped with a self — unloading fptat with the device of loading for
transportation of agricultural cargoes, for exarmglgar beet from heaps in a field to a
place of processing, in a transport mode, hasall@rfing appearance:

At w % w, At @ =w,
Ild)ledv_MFl; (|1+|2)d2.l:Mdv_M23;
l,w, =M, 280 (|1+|2)d‘)Z:Mdv

(I, +1,)i, =M, + Ky (@, - @) - [M,, + K (@, - w));

(|3 + |4)d)4 =M, + Kz3(wz _%)_[M st Kas(wzt _ws)];
(ls + le)ws =M+ K45(a)4 _ws)_[Mss + Kss(a)s _a)s)+ My, + K57(w5 _w7)];
(Is + Ie)a)e =M+ K45((‘)4 _ws)_[M oot Kes(w _(‘)8)+ Mg, + K57(w5 _w7)];

E
L@, =My, + K, (@ - )= ;
11
Isd)e:M68+K68(a)5_%)_[M89+M810+K89(a)8+a)9) Ksm(a)s_a)lo)]; (1)
. F
|9w9=M89+K89(%_w9)_ﬁ;
F,
|oGdo = Mo + Kiogo{ = 9) = U;
M :Czs(wz 0)3),
M :C45(w4 ws)'
M :C57(w5 w?)*
My, = Cool@, — );
Meg=0893(w8 @),
Mo = Cosole — @3,);

where:
Fi — the tangent force of draft developed by wheelsthe bridge;
rqi — dynamic radius of wheeighe bridge;
U = U, U, .UM — transfer number from the engine to wheetllse bridge, here
UK’IY U K
UM —ptransfer numbers, accordingly, boxes of trassfére distributing box, the
conducting bridge;
— efficiency of a drive to wheels;
i —the bridge.
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The system of the equations (1) has zero entryitiond, except fow; = w1y, i.e.
during the initial moment of time shaft the engivas some angular speeg.
For definition of a tangent of force of draft dfet bridge wheels the formula is

used:
_ka'l
Fki—¢-Gi- 1l-e ,
where:

@ — factor of coupling of wheels with a basic suefac
G, — the vertical loading falling;

i —the bridge;

k — the factor dependent on properties of a basface|
o, — slipping of wheels.

Slipping of wheels of conducting bridges are baseéxpression:

9 -9
T

g=Ti =P g X @
i g g wr
Ti Ti i

where:
&, —theoretical speed of the centers of wheetlse bridge;

J = x —the valid speed of the machine;
w — angular speed of wheels, determined from thésidecof the system of the

equations (1).

Mathematical descriptions of work of the engineit wouplings at beginning of
movement and dispersal of the machine, and alsdk wnits switchings of transfers
during switching transfers in the synchronized bbxransfers and at switching without
break of a stream of capacity, in case of a hydotwaeical box of transfers with hy-
drolics frictional units of booster type, are tygiand widely used at research of dy-
namic loadings in transmission of tractors on maudcal models on the COMPUTER
and in the given article are not resulted.

Solving system of the equations (1), it is possibldefine the dynamic moments in
the basic parts of transmission of the machingsatibvement in various conditions of
operation, slipping of wheels of conducting bridgesl a tangent developed by their
force of draft, speed of movement of the machite, e

Let us consider oscillatory system of the machin€&ig. 1. In Figure designations
are accepted: gLy, my, L; my, L; my, Ly — weights and the moments of inertia accord-
ingly with frames of the machine with the equipméhe engine, transmission, a plat-
form, grasping the manipulator, etc.), cabins, rg@athe balance weight). — weight of
a seat with the drivecy, ck, cgr — the centers of weights accordingly with frame$ics,

a cargoap, br; a,, b ag, bg; ap, b, — distances from a forward and back support upeo th
center of weights accordingly to frames, cabinsar@o, the balance weight;;, Kni; Cxis
ki; Cri» Kri - rigidity and extinguishing accordingly with trksy a suspension bracket of
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a cabin, a suspension bracket of a catgpkc — rigidity and extinguishion suspension
brackets of a seat of the driver.

From Fig. 1, it can be seen, that the oscillatytstesm of the machine includes the
following oscillatory subsystems; a frame with tbguipment, the balance weight, a
cabin, a cargo and a seat with the driver. Firgt fiscillatory subsystems can move in a
vertical direction(i Z x7 7 ,iZ‘)which is counted from position of static balance,

and can turn on small cornera¢ +¢ +¢ *+¢ . Thus it is possible to accept
tgp=¢ u sing=¢ [Bogdan and Tajanowskij 2000, Krasowskiego (re2Dp5].

The last subsystem — a seat with the drivecan make only the vertical movings
+Z also counted from position of static balance dirgit

Hence, the oscillatory system of the machine has diegrees of freedom and fluc-
tuation of the machine will be described by ninfedéntial equations of the second
order.

Each subsystem receives indignation from the vargmurces influencing points of
a support of subsystems. So, the balance weighivexindignations from roughnesses
of a basic surface which are transferred throughtiel trunks. And at equality of bast
balance weight, and lengths of roughness the point of fastening of the balance
weightIn will describe roughness, that is moving of anpdi and axes of wheels of the
balance weight will be identical. Otherwise, thenpd, will make the movings which
are distinct from movings of axes of wheels, coteganith the balance weight. The
frame with the equipment receives indignation fromughnesses of a basic surface
which are transferred to a point and through eldstiward trunks and the indignations
received by a poinin from the balance weight. The cabin receivesgndtions from a
frame in points of fastening of a suspension brackea cabin. Indignations are trans-
ferred to a cabin through its suspension brackeatil&ly, it receives indignation from a
frame and a cargo. The weight of sitting with thieet receives indignation from a floor
of a cabin in a point of fastening of sitting thgbuits suspension bracket. Hence, the
first four oscillatory subsystems represent theghts leaning in two points on elastic
elements in which a part of energy is lost. Flutituaof such subsystems is described by
the following system of the differential equations:

Mlzl + M322 + 2Kpl(zl _51)+ Zcpl(zl _51) = 0;

M321+Mzzz+2sz(Zz _{z)+2Cp2(Zz_{z):0; ®)

where:

My, M,, M3— factors;

Zy, Z, and their derivatives — movings, speed and acaider of points above

suspension brackets according to forward and back;

¢, & and their derivatives — movings, speed and actider of points of fas-

tening of a suspension bracket (for the balanceghtei heights of roughnesses

under wheels balanced carriages);

¢pis Cpi — rigidity and extinguishion in a suspension bracke
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where:
m — weight i subsystems;
a;,, b — coordinates of the center of weights i subsystem
pi - radius of inertia i subsystems;
L; — distances between elastic elements i subsystems.

The system of the equations (3) has zero entry itond, that is at
t=0, 2,=2,=2,=2,=0.
So, fluctuation of the machine at movement on roegkes of a basic surface will

be described by the following system of the diffdia equations:
—  The balance weight

Mlbzlh +M3bzzb + Zsz (Zlb - q2)+ 2Cm2 (Z ~G ) 0

M3bzlb +M2b22b + 2Km3 (sz _q3)+ 2Cm3( q3) 0.
Frame with the equipment

Mlpzlp +M3p22p + 21(17\1( ql) 2C"\1(le _q1)= 0'

+
M, 7, +M,Z, =0 (4)
a cabin
M2, + M2, + 2K, (2, - k)+20 ~£,)=0;
M, 2, +M, 7, +2K, (2, —&,)+2c,(z ):o;

a platform with a cargo and the mechamsm of Iogxdm
M, 7, +M,Z, +2K, (2, -& )+2c,(2, -&,)=0;

&)
M,Z, +M,Z, +2K (2, {2r)+2c 52,)= :
a seat with the dr|ver
mc20+Kc(z'c—éc)+cc(zc—fc)=

The system of the equations (4) has zero entryitond. Indignation for oscilla-
tory system of the machine are smoothed on lenfygtain — contact of the trunk and
roughness of a basic surface under lobhlesveragey2 and back wheelg3.

For definition of a way, speed and acceleratioprofyress of the machine it is nec-
essary to work out one more equation:

mX=F,+F,+F,-F; 5)
where:
m — weight of the machine;
F;— force of resistance to movement;
x and its derivatives — a way, speed and accelerafithe machine.
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By force of resistance of air it is neglected, tais ismall in comparison with force
of resistance to movement.

The equation (5) has zero entry conditions, thatts=0 x=x=0.

The equations of communication are still necesgarthe decision of initial system

of the equations. We shall write down these equatio
the balance weight — a frame

Z = Z = abZ]b +6bzzb
b 2p I—b ’
a frame — a cabin
a +lI
¢ = (le - Zzp)pL—lk +Z,,;
P
a —I
& =(2,-2, )2,
P
a frame — a cargo
b -1,
$ = (le _ZZp)pTl + Zzp,
b +1,
$o = (le _ZZp)pL—l + Zzp,
P
a cabin — sitting of the driver
a +l,
¢ = (le _ZZD)pL—+ ZZp'

The derivativesZ,,,¢,,¢,..¢, £, & which are included in the system of equa-

tions (4), are by differentiation of the equati@isommunication (connection) on time.

Thus, deciding(solving) in common systems of theatigns (1), (4) and the equa-
tion (5), we shall obtain all data on dynamic loagdin transmission, progress of the
machine and fluctuations of its subsystems. Atdéeision of systems of the equations
speed of movement of the machine, received asudt i&fsthe decision of the equation
(5) is substituted in the formula (2) for calcutattiof slipping of driving wheels, and
tangents of force of draft of driving wheels — letsystem of equations (1) and the
equation (5).

Dynamic force factors, in places of fastening okets, balance weights, cabins and
a cargo, working on half-chassis machines thateisessary for calculation of the
strength of the last, and also hinges with verteadl longitudinal horizontal axes of
relative turn half-chassis, are defined as the sfimorresponding elastic forces and
forces of not elastic resistance through determimiethe decision of the equations of
movement of the machine relative deformations aftid elements and relative speeds
in places resilient extinguishing connections afiayic model.

Acceleration of any point of a frame of the machamal the mentioned forces in
trunks and suspension brackets are under the fioigpfermulas:
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— acceleration i points through known acceleratigrolnts, moving off from each
other on distancd; :

. 0

— vertical effort in trunks of wheels of the bridge
By = Cpy O + K Of 1, (1=1...3),
— vertical effort in resilient extinguishing aih element of a suspension bracket
B =6 Of +K Of +F Csigr( ),

_|Kip fi<0
Kiz, fi >0,(i=10),

(6)

where:
¢ — rigidity of an elastic element;
K; — factor extinguishion (with an index 1 — on a is®uof a release, 2 — on a
course of compression);
F—absolute value of force of dry friction;

f,f _ deformation on coordinate z and speed of chahgeformation elastic -
extinguishing parts of dynamic system.

Deformations are as difference of absolute movofgsorresponding points of sys-
tem which are defined under the formula:

2=2%4 |

Using system of the equations (4), it is possiblaléfine the lowes@n and the
maximum (supremef2b own frequencies of each subsystem. We shall ghawit is
possible to do this by the example of system ofetfpgations (3) to which can describe
fluctuations of subsystems a frame with the balameight, a cabin, a cargo.

In system of the equations (3) we shall neglednguishion in system of a suspen-
sion brackei{xp; = kp,=0) as the account extinguishion in system changes sif own
frequencies on 3 ... 5%. Besides, as we shall coneiga fluctuations, on the springing
system indignations do not operaig € &, =0). We shall divide the first equation on

M,, and the second avl,. Hence, the system of the equations (3) can keepted in the
following way:

Zl+%22+
Ml 1

2c,

Z, =0



234 Georgiy Tayanowskiy, Jurij Atamanov, Wojciech Té&na

.. . 2
z +%Z +iz =0.
M M

2 1 2

Let's enter designations:

M M, 2c 2c,,

=n,; —=2=n,, —= ; ——=df. 7

M. m M, 1, ) @)
Factorsw; and o, name part frequencies - frequencies of fluctuatiohsomplex

oscillatory system on one of degrees of freedomofZz,) if moving on the second de-

gree of freedom is impossible.

3

Let's copy system of the equations in the accegi¢sinations:

Zl +l]122 + (“le =0 (8)
Zz +’7221 + a)zzzz =0.

Let's reduce system of the equations (8) to twatqgus of the fourth order:
is relative Z

(@-n.)2 - (af + )2, + afeiz, =0, ©)
is relative 2

N:

(-n.)2) -(of +ez) =0. (10)
Own frequencies we shall find as roots of the ottarsstic equation which will be
identical to the differential equations (9) and){10

(-nn.)2" - (af +af)@* + afaz =0.

Solving the received equation of the fourth degmed taking into account only
positive roots, as frequencies cannot be negatieeshall receive two own frequencies
of fluctuations of the considered oscillatory syste

The lowest frequency

_ 1 _ oy
0, = g et v )l -t} +anp e an
The maximum frequency
N —v
0, = (g et v}t -t} +anp e @2

Own frequency of fluctuations of the driver on atgeays off under the formula
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w =S (13)

Thus, having calculated on expressions (7) factorand w for each subsystem,

under formulas (11) and (12) it is possible to wefiletermine) the lowest and maximum
frequency of each subsystem, and on expressiontti@3)wn frequency of fluctuations
of the driver on a seat.

Thus, solving the common developed systems of anstve shall receive the full
information on movement oMTA in the set conditions of operation, fluctuatiorfs o
inertial weights and the dynamic moments in trassion, and also about parameters of
casual fluctuations of subsystems of the unit, atement on roughnesses of a basic
surface and dynamic force factors, in places ofefang of wheels, balance weights,
cabins and a cargo, working on half-chassis mashivhich is necessary for the precise
calculation of the last and for an estimation obsthness of a course.
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