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Summary

The processes that occur in the transmissions of tractor units and self-propelled
agricultural machines under various modes of movement and in the process of
regulation are characterized by complex dependencies that are studied analytically or
experimentally. Various methods are known for obtaining mathematical models. One of
them is the classical direct description method. Another is the use of passive and active
methods of regression analysis. It is rational to use both methods, the combination of
which makes it possible to obtain the necessary mathematical model.

Volumetric hydraulic drive (OGP) is increasingly used in transmissions of modern
tractors and self-propelled agricultural machines. The presented article discusses the
mathematical description of axial piston hydraulic machines.

A study of transient processes was carried out and their assessment was carried
out to determine the loads arising in the transmission of the machine with a stepwise
change in the load, the gear ratio of the OGP and constant fuel supply when the
unit is accelerated from a standstill. The unit acceleration mode was studied while
driving on plowing and during transport operations for the following parameters
and such initial conditions: rotation speed of the hydraulic motor shaft and engine
shaft,; torque on the motor shaft; hook load; pressure in the OGP pressure line. The
dynamic characteristics of hydraulic machines, fluid leaks and its elastic properties,
as well as variable values of the hydraulic drive efficiency are taken into account. The
simulation results are compared with experimental studies. The objects of research
were: a model of a caterpillar tractor T-150F with independent full-flow OGP of
the left and right sides, mock-up of a wheeled root harvester with independent OGP
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sides of the rear driving wheels. Depending on the operating modes with unsteady
motion, the following control options are possible, providing high performance at
a certain level of dynamic loads, or minimum dynamic loads when the time factor
is not prevalent. Optimal control is also promising when additional parameters are
included in the goal function.

Key words: mathematic model of a volumetric hydraulic drive in the transmissions
of tractors and root-harvesters.
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Anomauisn

Ipoyecu, wo suHuKarOMs y MpaHcmiciax mpakmopHux azpe2amie ma camoxioHux
CIIbCLKO20CNOOAPCHKUX MAWUH 34 PIZHUX PedCUMIB PYXY | 8 npoyeci pecynio8anHs,
Xapaxmepuzyromscsa CKAAOHUMU 3ATEHCHOCAMU, AKI 8USHAIOMbCA AHALIMUYHO a0
eKCnepuMenmanbHo. Bioomi pisni cnocobu ompumanua mamemamuyHux mooeinetl.
O0HuM i3 HUX € KNACUYHUL MEMOO NPAMO20 onucy. IHuuM — BUKOPUCTMAHHA NACUBHUX
i axmusHux memoodig peepecitinoeo ananisy. Payionanbhum € suxopucmauus 060x
Memo0die, NOCOHAHHS AKUX 0AE MONCIUBICMb OMPUMAMU HEODXIOHY MaAMeMamudmy
Mooenb.

006 ’emnuit eioponpusio (OI'TI) ece binvuie 3Hax00umb 3aCMOCYSAHHSL 8 MPAHCMi-
CIAX CYYACHUX MPAKMOPIB | CAMOXIOHUX CLTbCbKO2OCNOOAPCOKUX MAWUuH. Y HasedeHitl
cmammi po32is0aeEmbCa MAMeMamuidHull ONUC aKCidibHO-NOPUHEBUX 2i0POMAULUH.

IIposedeno docnidacenns nepexionux npoyecie, ix oyinka npoeooUnUCs 0 6U3HA-
YeHHs HABAHMANCEHb, WO BUHUKAIOMb Y MPAHCMICIT MAWUHY 3a CIMYRIHYACMOI 3MIHU
Hasanmasicenns, nepeoasanviozo yucia OI'Tl i nocmitinoi nooaui nanusa nio uac pos-
20HY azpezamy 3 micysa. Pexcum po3eoHy azpezamy 6u84ascs nio 4ac pyxy Hd OpaH-
yi i Ha MPAHCNOPMHUX POOOMAX 0N MAKUX NAPAMEMpPI8 [ MaAKUX NOYAMKOBUX YMO8!
WeUOKicmb 00epmaHus 8ay 2iopomMomopa i 8any 08USYHA, KPYMHUL MOMeHmM HA 8Aly
osuzyna, Kproxosa nasanmascenns; muck y manipuii macicmpani OI'Tl. Bpaxoeano
OUHAMIUHI XAPAKMEPUCMUKYU 2IOPOMAULUH, BUMOKY PIOUHU T 1T NPYICHI 61ACMUBOCHI,
a maxooic 3minni snavenns KKJ[ cioponpusody. Pezynemamu mooentosanns sicmasneni
3 eKCNEPUMEHMATLHUMU OOCAIONCEHHAMU. K 00 €xmu 00CTIONCEHHS BUKOPUCTNOBY6A-
aucs: maxem cycenuurnoeo mpaxmopa T-150E 3 nesanescnumu nosnonomokoguti OI'TI
7118020 I npasoeo bopmis, maKem KOIICHO20 KOPEHe30UPAIbHO20 KOMOAUHA 3 He3anedic-
numu OI'TI 6opmis 3a0mnix eedyuux konic. 3anexcno 6io pexcumie pobomu 3a HeCmano2o
DPYXY MOJACIUBT MAKI 8apianmu YNpasiinHs, wo 3a0e3neyyroms GUCOKY WEUK0Oio 3a
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0es1K020 PieHs OUHAMIYHUX HABAHMAICEHb AO0 MIHIMANbHI OUHAMIYHI HABAHMAICEHHS,
KOJIU 4aCcO8ULL YUHHUK He € npesaniotouum. [lepcnexmusnum € i onmumanvre ynpasiin-
H51, KOAU Y (DYHKYII0 Memu 8KIIOHEeH] 000AMKO8I Napamempu.

Kniouogi cnoea: mamemamuuna mooenv 06’ emrnozo 2ioponpusody 6 mpaHcmicisax
Mpaxkmopis, Kopene3oupanbHi KOMOauHu.

Introduction. The processes, arising in the transmissions of tractor units
and self-propelled agricultural machines at various motion modes and in the process
of adjustment, are characterized by complex dependencies that are studied theoretically
or experimentally. Different ways of obtaining mathematic models are known. One
of them is the classical method of direct description. Another one is the use of passive
and active methods of regressive analysis. It is expedient to use both methods,
the combination of which enables obtaining a needed mathematic model. The main
elements of a tractor assembly in their totality determine the character of transition
processes and dynamic loads within the transmission in various operation modes.
This enables considering them as some modules, from which it is possible to compose
a mathematic model needed for a research.

Recent research and publications analysis. At present, volumetric hydraulic
drives (VHD) find an ever wide-spread application in tractors’ and self-propelled
agricultural machines’ transmissions. The development and research of full-threaded
and double-threaded transmissions with a VHD are viewed in detail and from
various points in works by Gorodetskiy K.I., Petrov V.A., Babayev O.M., Samoro-
dov V.B., et al.

Nevertheless, the main issues accentuated in these works were exploitation efficiency,
technical-economic indicators improvement ensured by infinitely variable change in
the transmission’ gear ratio. The influence by a VHD on dynamic load decrease in
tractors’ and self-propelled machines have been viewed incompletely.

The proposed methodology of compiling a mathematical model for viewing dynamic
load of a VHD transmission is topical.

The goal of the research and problem setting. The goal of the research is
to show on examples the methodology of mathematical models compilation for
different tractors and self-propelled machines with VHD in their transmissions. To
this effect, it is necessary to substantiate and formulate mathematical models with
different positions of full-band VHD in transmissions of the viewed research objects
to determine dynamic loads.

Researched objects. As objects for the research, the following were used: a model
of the T-150E caterpillar tractor with independent full-threaded VHD on the left
and right sides; KS-6B root-harvesting machine with a VHD on the rear drive axle;
KS-6V root-harvesting machine with the independent VHD on the rear and front drive
axles; a model of a combine root-harvester with the independent right and left sides’
VHD on the rear drive wheels.

A volumetric hydraulic drive’s mathematical model. There are several ways
of compiling such a model. In accordance with one of them, the value of the rotation
moment on a hydro-machine’s shaft is obtained by using the values of kinematic and power
efficiency indices [1]. In the general case, the efficiency ratio index is a function of the torque
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and the rotation speed of a hydro- 12 1
machine’s shaft as well as a hydro- { -.»i_TI'{ 110,
drive’shgear rla(ltio. — Me ]};‘m
Inthework[2],themathematical M \[ }
model is compiled with taking into { ( VHD \ M:
consideration the hydro-drive’s
dynamics. The dynamic model for _| _]
the “regulated pump — regulated ;I ’ ,:;
hydro-drive motor” system is £
represented in (Figure 1).
On the basis of the D’ Alambert
principle, ~ the  description Fig. 1. Dynamic model of the
of the dynamic model represented “regulated pump — regulated hydro-drive motor”
in Fig.1 is the following: system
do
117tl+v1c01=M1—Mp, €))
]2%+v2m2 =M, - M,. )

where /,,/, are inertia masses of the pump and the hydro-drive; v,,v, are the factors
of links imitating non-elastic resistance forces; ®,,®, are rotation speeds of the pump’s
and the hydro-drive’s inertia masses; M,,M, are force moment and the resistance
forces” moment; M ,, M, are the torque values on the shafts of the pump and the hydro-
drive.

It is known [3, 4] that the moments on hydro-machines’ shafts are the function
of the operation pressure p gradient at the input and the output of the machine and its
mechanicefficiency factor n,, , thatis M ,, M, o (p,n,,) . Nevertheless, the methodology
to determinem,, , according the authors’ opinion, is connected with certain difficulties.

In works [5, 6], it is supposed to consider for VHD in general the pump as having
no losses at operation, while uniting all the volume and mechanical losses to the total
efficiency factor of the hydro-drive m,, and relate them further to the hydro-motor.
In this case,

M, =f(p)M, = f(p) while M, =f(p,n,).

To determine the pressure within a VHD, let’s write the conditions of consumptions
equality, taking into consideration that the pump supply O, is spent on hydro-motor’s
geometric supply O, , on leakages consumption (,, and pressure consumption O,
[5, 6], i.e.,

0,=0,+0,+0. 3

The values of working liquid consumptions for the “regulated pump — regulated
hydro-motor” system explicated in Fig. 1 are represented as follows [2]:

Qp = melepa 4)
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0,=W me,. (5)

where W W, — characteristic volumes of the pump and the hydro-motor; e, ,e, —
regulation parameter for the pump and the hydro-motor, which is the ratio between
the current value of the hydro-machine’s washer inclination angle to its maximum value.

For mathematic description of liquid’s leakages through clearances, various
methods are used. Constant losses in packages can be a product of some fiction pressure
and the largest consumption [7], and the system dampering depends considerably on
the losses in the pump and the hydro-motor proportional to the pressure [8]. Usually,
leakage losses in a system are accounted for by the expression:

O=L-p, (6)

where L — proportionality factor, L= f(W).
Similarly, compression consumption is found, with taking into consideration hydro-
machines’ elasticity-dynamic characteristics [9]:

0-"%, ™)
y dt

where V' —the volume of working liquid in the working space, y — the volume elasticity

module of working liquid.

It is known that the studying of transition processes in a VHD regardless of elasticity-
dynamic characteristics of all the system’s elements leads to considerable errors in
amplitude and in phase. The volume elasticity module y and the volume of working
liquid in the pressure mains ¥ are non-linear functions depending on liquid’s pressure
and temperature and, notably, at small pressures the module of liquid’s volume elasticity
changes considerably as applied to a VHD [9; 10; 11].

Suppose that the working liquid’s temperature at long operation of hydro-transmission
V' stabilizes and ¢ at changing loads remains constant further on. This assumption enables
to consider the values of /' and  nonlinear, depending only on pressure p of liquid.

Figures 2 and 3represent the mean dependencies of the elasticity module ¢
and the volume of mineral oils ¥ used in the studied VHD in the function of pres-
sure p [10].
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Fig. 2. Dependency of the volume Fig. 3. Dependency of the elasticity
of mineral oils V in the function module 7, in the function

of pressure p of pressure p
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Confining to considering the pressures n,
arising in VHD at loads close to nominal ones 0,86
makes it possible to describe the approximation 0,82 =T
of the corresponding curves as parabolas: 0,78 /f
V = I/O + kvlp + kv2]72 H (8) 0,?4 /
0,7
A=% T kx1p + kxzpz- (9) T 0.2 04 06 08 1.0 e,
Here, V;, x, —the volume of working liquid Fig. 3. Dependency of the elasticity
and volume elasticity module corresponding to module v, in the function
the minimal values of accepted pressure change of pressure p
zone; k,,k,,,k, .k, —approximation factors.

It is known that the total efficiency factor of hydro-transmission 1, is a non-linear
function depending on the regulating parameter e, rotation speed of the pump shaft
o,, and pressure p. In Figure 4, there are demonstrated experimental dependencies
of the “Dowty” hydro-transmission’s efficiency factor m, on the regulating parameter
e, obtained for pressure p corresponding to nominal load on the unit [2]. Similar data,
presented in the work [1], were obtained when analysing the all-modes characteristics
of the S-21 type VHD by “Sauer” company.

In general, the dependency n, = f(®,,e,) can be presented as a function invariant in
relation to the rotation speed of the pump shaft, which is approximated by the expression,

e
N, =Myl —exp(=—5)], (10)
kﬂ
where n,,,k, —approximation factors.
In work [12], the value of the GST-90 hydro-drive’s efficiency factor is presented as
apolynomial obtained through the use of the regression method considering the pressure,
angle velocity, and the regulating parameter.

Taking into consideration the equations (2—6), the equation describing the change in
pressure in a VHD will be the following:

Vo+k,p+k,p’
Lk, p Vzpz d_p+Lp =W o, —W,0.e,, (11)
Xo +kx1p+kx2p dt

For the drive in question, W, =W, =W,e, =1 (not regulated hydro-motor).
Considering the presented data, the equation (8) is the following:

d_p+ (o + kx1p + kxzpz) Ip= (%o +kX1p + kxzpz)
dt (I/O + kvlp + kv2p2) (VO + kvlp + kv2p2)

W(oe,-w,) (12)

The estimated values of torques on hydro-machines’ shafts M,, M, on condition
that all losses in the VHD appear only in the hydro-motor [6], are as follows:
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M,=eWp,M, =e,Wpn,, (13)

Considering the equations (7), (9), (10), the mathematical model of the “regulated
pump — not regulated hydro-motor” system is described as:

d
11%+V10)1 = M, —e J¥p; (14)

e
192 v 0, = Wpn, 1 —exp(~<2)] - M;; (15)

dt kn
d_p+ (o + kxlp + kxzpz) Ip= (o + kxlp + kx2p2)
dt (K) +kv1p+kv2p2) (I/O +kvlp+kv2p2)

W(oe, —o,). (16)

The momentums describing the engine’s work (a diesel with an efferent all-mode
regulator enabling work at full supply of fuel and at partial modes) and the resistance
momentumwithtakingintoaccountthe machine’sslipping onthesoil, of the translationally
moving masses of the load and the resistance forces of technologic equipment or
the hook load are shown in general and given in [11].

The mathematic model (11) is a system of non-linear differential equations, which are
solved through applying numerical methods in the MatLab program packet, Simulink
section.
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Fig. 5. A section of the mathematical model
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In Fig. 5, there is presented a mathematical model, which with accepted allowances
describes the operation of the “engine — VHD transmission system — the load” system.

The study of the transition processes and their estimation were performed to
determine the loads appearing in a machine’s transmission at scale-like change in load,
the VHD ratio and constant fuel supply at the machine’s acceleration from standstill.

The machine’s acceleration mode was studied when on the move on plowed land
and at transportation work for the following parameters and the initial conditions that
follow: the rotating speed of the hydro-motor’s shaft and that of the engine’s shaft;
the engine shaft’s torque; the hook load; the pressure in the VHD’s pressure line:
(®,,=0;»,=210rad/sec; M,= 70Nm; P,, = 0; P, = 0). The regulating parameter was
changed step-like for the value of e, ranging (0,4...0,7) following which it remained
constant.

For the accepted initial conditions, the integration process corresponds to
the machine’s acceleration from standstill with the deepened plow or a loaded hind
carriage at spasmodic increase in load from zero to the predetermined at calculation
value. The position of the fuel pump regulator’s handle x, is set in the range ensuring
fuel supply from x,, =100 %, x,,=90 %, x =80 %, till x_,=70 %.

On the modelling results (Fig. 6), the transition processes of the studied parameters
of the system were obtained in a continuum.

AL 10, Nm
8, « [ racd sec
@« 10 rad/sec
Fva *10.Nm
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Fig. 6. Changing of the systems parameters with time

67



PO3BUTOK TPAHCIIOPTY
Ne 2(7), 2020

The loads in the transmission at transient motion are estimated through the dynamic
coefficient:

S, = Mo , (17)
MEeSt
where M, , and M, are the maximum and the settled meaning of the engine shaft’s
torque.
In Figure 7, there are presented the dynamic coefficient’s dependencies on
the regulation parameter for different positions of the fuel supply handle in the process

of acceleration.
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Fig. 7. Dependency of the dynamic coefficient on the regulation parameter
for different positions of the fuel pump regulator

With the increase in the value of the regulation parameter in the range between
0,4 and 0,7 at the constant fuel supply, the value of the dynamic coefficient increases
by 10 % on average. This is connected with the fact that the momentum of resistance to
movement consists of a constant value and a variable component, which is the function
of the motion speed, which at the zero initial conditions equals zero. This is why
the M, values for this position of the fuel supply handle is a function depending on
the value of the transmission’s ratio. Nevertheless, as e, grows, there increases both
the average speed for the supposed movement conditions and the mean settled value
of the resistance momentum, and, correspondently A/, , . This is why the dependency
3, on e, at the permanent fuel supply changes according to a non-linear law.

With a decrease in fuel supply for this ratio of hydro-volumetric transmission there
occurs a more intensive decrease in M, _ and M, . This leads to a decrease in
dynamic coefficient by 12 % on average.

One of important tasks at modelling is the process of identification of a mathematical
model for the obtained results to be adequate to the experimental data with certain
precision. The solving of the set task was made in laboratory conditions. On the test
bench, there were determined dynamic loads in transmission elements, which appear
at ratio changing in a hydro-volumetric drive (VHD), at fuel supply or with load

application.
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When studying transition processes, there were measured torques on the primary
shaft of the transfer gear M, and on the load generator’s shaft M, the rotation
speeds of the engine ®, and generator o, shafts along with their rotation numbers #,
and n_, the pressure in the pressure line P, , the position of the servo stock S|, that
changes the adjustment value of the pump regulating e, , the position of the fuel pump
adjustment handle x, .

‘ |
v, 2 VA v P N e A r :
e A, ) 3; 5 m; fﬁ'“
E7 A J =

¥
&
¢

Fig. 8. Transition processes in the “engine-VHD-load” system
at spasmodic change in load

In Figure 8, transition processes in the studied parameters of the system at applying
and removing of a load (points 1 and 2) are shown.

At the initial position, the system’s parameters were as follows: M, =150 Nm;
o,= 165 rad/sec; M ;=300 Nm; o, = 57rad/sec; P,,,= 3,5 MPa.

Inpoint 1, when the contactor was switched, the load on the generator’s shaft increases
and reaches the value of M = 580Nm. The pressure P,,,, raises and reaches the value
of P, ... = 9MPa. This causes an increase in resistance of the hydro-pump’s shaft. The
rotation speed of the engine’s shaft decreases by 8 % compared with the initial speed.
The torque M, increases and reaches the value of M, . =267 Nm. In point 2, there
is the removal of load through switching off of a part of resistance from the excitement
coil of the load generator. The system’s parameters return to the initial position.

The analysis of the dependencies presented in Fig. 8 demonstrates a stability of the
processes occurring within the engine — VHD — load” system at a step-like disturbance.
The transition processes within transmission are of aperiodic or oscillatory character.

A comparison of the pre-calculated and the experimental dependencies demonstrates
a good correlation. The maximum error for the torque is 8 %, for the engine shaft
rotation speed is 4 %, for the hydro-motor shaft rotation speed is 7 %, for the pressure
in the pressure line is 11 %.
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In the course of the theoretic research, it was established that one of the reasons for
the occurrence of increased dynamic loads in the power transmission elements is a high
speed of the servo stock S, movement that changes the value of the pump regulation
parameter e, .

In Fig. 9, there is demonstrated the dependency of the dynamic coefficient’s value §,
on the speed of the servo stock movement/V, .

Notably, at this condition the system’s speed-performance decreases. This is why
the selection of the efficient speed of the control organ’s movement parameter that
regulates the VHD pump e, should be made with taking into consideration the dynamic
loads occurring in the process, as well as the time of the transition processes within
the system. For this system, these requirements are observed at the speed range V,
of 10...16 mm/sec, the dynamic coefficient 3, of 1.4...1.6. The system’s acceleration
time at these conditions is 1,4...1,6 sec.

d,

& ” ap - ;i N
: o < e lm.‘. mmser

Fig. 9. The dependency of the dynamic coefficient s value 3,
on the speed of the servo stock movement V.,

Conclusions. Depending on the modes of operation when the motion has not been
established, the operation options that ensure high speed performance at some levels
of dynamic loads, or the minimum dynamic loads, when the time factor is not prevailing,
are possible. Also, there is a perspective optimum control wherein the target function
includes additional parameters.
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