BicHuk TepHONiIbCHKOr0 HALIOHAIBLHOI0 TEXHIYHOT0 YHIBEPCHTETY
https://doi.org/10.33108/visnyk_tntu

7~ \
my Scientific Journal of the Ternopil National Technical University
u 2020, N2 2 (98) https://doi.org/10.33108/visnyk_tntu2020.02

ISSN 2522-4433. Web: visnyk.tntu.edu.ua

UDC 621.833.65

DYNAMIC MODEL OF A CLOSED-LOOP HYDRAULIC SYSTEM FOR
SPEED CONTROL THROUGH GEAR DIFFERENTIAL

Oleh Strilets!; Volodymyr Malashchenko?; Volodymyr Strilets!

INational University of Water And Environmental Engineering, Rivne, Ukraine
2Lviv Polytechnic National University, Lviv, Ukraine

Summary. A mathematical dynamic model of a closed hydraulic system for controlling speed changes
through a gear differential, which consists of a motor, a gear transmission, a gear hydraulic pump, a closed-loop
pipeline, and a control valve, is obtained. The engine can be a solar gear, or an epicycle, or a gear differential,
and with the help of a closed hydraulic system, you can change the speed of the solar gear, or an epicycle, or a
carrier from when the gear pump pumps fluid in a closed pipe. when the pipeline is closed by the regulating crane,
the gear hydraulic pump will be stopped and the link on which the closed hydraulic system is installed will be
stopped. The result is an analytical expression to determine the speed of the fluid in a closed hydraulic system,
which depends on the angular velocity of the engine — the control links of the solar gear, or epicycle, or carrier.
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Statement of the problem. In modern mechanical engineering to control changes in
speed of different machines in magnitude and direction, various stepped, stepless and combined
gearboxes have been widely described in [1-2]. Known methods and devices for controlling
changes in speed have many disadvantages. The main disadvantages of stepped speed control
by magnitude and direction are: the complexity of the design of such devices, high material
consumption, high dynamic loads that occur during the transition from one speed to another,
even with synchronizers. For stepless speed control, the main disadvantage is the intensive
operation of the parts due to friction because of the use of friction brakes and locking friction
clutches. These shortcomings adversely affect the durability and reliability of drive parts and
machines in general. The development at the level of the invention of a moving cargo stopper
(RU Pat. No. 2211796 and UA Pat. No. 44135) in the form of a closed hydraulic system and its
application in gear differential, allowed to develop at the level of utility models (UA Pat.
No. 7328, 11121, 18514, 18587, 28489, 48301, 48608, 108239) new devices for controlling
changes in speed due to the fluid moving in a closed-loop hydraulic system. Abovementioned
devices eliminate these shortcomings. Extensive kinematic [3-5] and energy [6-9] researches
have been carried out for such devices, which have proved the possibility of their application
in mechanical drives of machines. This work is devoted to the study of dynamic processes in a
closed-loop hydraulic system for speed control through a gear differential.

Analysis of the available investigations. Recent studies and publications on volumetric
hydraulic drive with gear hydraulic pumps [10-17] have been considered.

In [10] an experimental study of the flow of hydraulic fluid inside the gear pump have
been described, based on its low complexity, high reliability and ease of use, creating a constant
fluid flow rate and this computational study is recommended as a method to study fluid flow
within different volumes, capacitive models used in the field of industrial hydraulic drive.
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[11] describes the method of HY GESim modeling, external gear pumps that work with
non-Newtonian fluids with different viscosity characteristics and describes several comparisons
between modeling results and experimental data obtained to verify the presented method.

In [12], elliptical gear hydraulic pumps have been considered, in order to effectively
reduce fluid flow fluctuations by means of a variable angular velocity drive, where the influence
of eccentric ratio, number of placement order and rotor modulus on flow rate have been
analyzed, then external non-circular gear drive has been proposed and finally a prototype pump
has been created, which proves that the ripple of the flow can be effectively reduced.

In [13], a three-dimensional numerical simulation of an external gear pump has been
performed to study the influence of 3D-geometric design parameters on the pump performance
characteristics such as flow rate, internal pressure, local cavitation and supply pressure ripple.
The method (ISM) has been used to simulate the operation of the pump in extreme conditions
with high speed. It has been found that the maximum flow rate of the gear pump is a function
of the clearance of the gear tip and the side clearance and with the help of a 3D model highlights
the effect of the side clearance on the flow rate.

[14] has proposed a systematic procedure for determining the variable excitation loads
that occur due to changes in the pressure inside the gear spaces in the external gear pumps. A
general methodology for determining the pressure force and torque components along three
coordinate axes has been suggested. The pressures under this procedure have been compared
with other methods and showed that this methodology is able to describe a wider range of
phenomena involved in determining all components of pressure and torque.

In [15] the problem of determining the relative performance of spur and helical external
gear pumps (EGP) for fluid energy transfer has been considered. This includes solving two
main tasks, parameterizing the overall design of the EGP and quantifying its effectiveness.
Using this procedure, the genetic algorithm can continue to improve from generation to
generation until the optimal set of designs is determined, both for oblique and for straight-
toothed units.

In [16]-[18] the reliability of the use of gear hydraulic pumps in speed change devices
by means of gear differentials with closed-loop hydraulic systems has been substantiated, when
the control link is a sun gear, or an ring gear, or a carrier.

An analysis of recent publications shows that scientific work associated with the use of
volumetric hydraulic drives with gear pumps are barely associated with closed-loop hydraulic
systems.

The objective of the work. Development of a dynamic model of a closed-loop
hydraulic system with gear hydraulic pumps to control speed changes through the gear
differential of mechanical drives of machines.

Realization of the work. Figure 1 shows a scheme of a closed-loop hydraulic system
(hydraulic stopper) for controlling speed changes through a gear differential, which consists of
a gear hydraulic pump 1, pipes 2, control valve 3, check valve 4 and a tank for fluid 5.

A closed-loop hydraulic system works as follows. The gear hydraulic pump pumps the
fluid in a closed-loop hydraulic system when the control valve is open. If the control valve is
closed, the gear hydraulic pump is stopped and, at the same time, the link on which the closed-
loop hydraulic system is installed is stopped. This principle of operation of a closed-loop
hydraulic system is used to control changes in the speed of the driven link of the gear differential
depending on the speeds of the driving link and the control link.

The control link can be a sun gear, or an ring gear, or a carrier of gear differential, and
depending on the capacity of the fluid moving through the pipeline of a closed-loop hydraulic
system, the angular velocity of the control link w¢ varies from 0 to wcmax Or vice versa, leading
and subordinate links. This has been confirmed by kinematic studies [3-5] and others.
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Figure 1. Scheme of a closed-loop hydraulic system for controlling speed changes in a gear differential

To study the dynamic processes in the hydraulic stopper (closed-loop hydraulic system)
to control speed changes through the gear differential, we present it in the form of a structural
scheme shown in Figure 2. The engine «M» in the scheme is a control link 1 of a gear
differential — either sun gear, or an ring gear, or the carrier connected to the gear hydraulic
pump 2 of the closed-loop hydraulic system by a gear transmission (z1 and zz) and can pump
liquid, on the pipeline 3 when the control valve is open. The gearing can be with a gear ratio
u, =a,/w,=12,/7,,where u, >1 either u, <1, and o, = m,, isthe speed of the control link
«M» — the sun gear, or ring gear, or carrier.

Figure 2. Scheme of the drive of the hydraulic stopper for speed changes control in a gear differential

We model the motion of a mechanical system in a formalized form, using the Lagrange

equation of the second kind
d(oT
—| == |=3M. 1
dt (860) ' @

To do this, write the expression for the kinetic energy of the system shown in Figure 2.

1
T :E(‘]M a)fn +‘]zla)221 ""]zza)zzz +‘Jz3a)223 +‘Jz4a)224 +mV2)1 2
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where J,,, J,,, J,,,J,5 1 J,, —dynamic moments of inertia, respectively, of the engine, which
may be a sun gear, or ring gear, or carrier, gears 21, Z2, zz and z4 with shafts; m — is the mass of
the fluid in the closed-loop hydraulic system (in the gear hydraulic pump 2 and the pipeline 3,
see Figure 2); o, ,0,, ®,,, »,;10,, —angular velocities of the engine, gears zi, z, zz and zs,
respectively; v — is the velocity of the liquid in the pipeline.

Let's express the meaning o, ; o,,; o,;; ®,, by the value of «,, . From the scheme of
the hydraulic stopper drive for speed changes control in a gear differential (Figure 2 see) it is
obvious that o, =y, 1 @,, = wy Tuy,: @p =0, =w,,, Where u, =wy, /@,,, 0or u, =2,/z,.
By substituting these values into expression (2) and group we get

1
T:E[(JM +3 1) op + (50 + 355 +3,0)(@y Tup)® +mv2]; @)
or
2T = (I +30)of + (3o + 3,5 +3,4) @y Tug,)® +mv2. 4)

The mass of the liquid in the closed-loop hydraulic system and its speed during pumping
are determined from the expressions:

2
m=(—2

L+a)y, v=0% . 5)

In these formulas we have: L — length and dy — diameter of the conditional passage of
the pipeline of the closed-loop hydraulic system; y is the specific weight of the liquid and q is
the flow rate of the hydraulic pump per single revolution (volume of the hydraulic pump).

Substitute the values of v and m in (4) and group, we have:

4q° 4
2T =[(Jy + I U5 + (3o + 355+ 3,0) + 7L+ 29 )@y Tu,)?. (6)
ad 2 ad 2
y y
Then
49°y 4q
Iy + 3,00 +(J,5 + 3,5+ 3,,)+ L+ w
o7 _[( M U + (I 3 4) ”di( ;zdj)] M )
Owy, B u122 ’
and
49°y 4q .
Iy +I,)U + (I, +d,5+3,,)+ L+ w
dt ow,, = us,
Finally we have the equation
4q°%y 4q ..
[(Im +le)u122 + (I + 3,3+ d4)+ (L+ Moy,
wp N ©)
- fo!

2
U,
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where M ,, —the moment created in the hydraulic pump by the liquid, which is found from the
power of the hydraulic system.

P
ZMiszoza)_’ (10)
z3

where P — hydraulic system power; w,, —angular speed of a gear wheel of the hydraulic pump.
Hydraulic system power

PZ_’ (ll)

where p — the pressure of the fluid moving in the pipeline and Q — the flow rate of the hydraulic
pump.

Mg, =—. (12)

W,

Substituting the value of (12) in (2) we obtain the differential equation

4q° 4q |,
[(‘]M+‘J21)u122+(‘]22+‘J23+‘]z4)+ qzj/(l—"' qz)]a)M
mdy mdy _ pQ -0 (13)
ug, Om
or
B
Aoy, ——=0,
M o (14)
where
4q° 4
[y +I)Uf + (I o + 3,5+ J,4) + a 27/ (L+ ﬂqu)]
y y .
A= > ; B=pQ.
)
In differential equation (14) we divide the variables, integrate and obtain:
Awy dwy = Bdt; Afoydoy, = B[dt; Aoy’ /12=Bt+C. (15)
Since we have enough of any nonzero solution of equation (14), we accept C =0, then
oy’ = 2Bt A; (16)
or
@y =EV2BtIA. @an
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Let's return to the initial symbols, finally we have

2 pQuth

(‘]M +‘le)u122+(‘]22+‘]23+‘]z4)+

a)M:i

4q
dy

(18)

(L+

4q%y
5 )

y

Thus, a mathematical dynamic model of the motion of a closed-loop hydraulic system

for the speed change control through a gear differential and a link, which can be either a sun

gear,

or an ring gear, or a carrier, has been successfully developed in this work.
Conclusions. A mathematical dynamic model of a closed-loop hydraulic system for a

gear differential has been constructed, which according to the required speed makes it possible
to select a gear hydraulic pump to control the speed of its driven link. The obtained results can
be the basis for a quantitative analysis of the kinematic and force dependences of the mechanical
drive with hydraulic control.
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Hayionanvnuii ynieepcumem 6oonozo 2ocnodapcmea ma
npupoooxopucmyeans, Piene, Ykpaina
2Hayionanvuuti ynisepcumem «JIveiscoka nonimexuixay, Jlvsie, Yxpaina

Pe3tome. B cyuacHomy mawiuHoOyOy8anHi O KepyBAHHA 3MIHAMU WEUOKOCMI PISHUX MAUUH
BUKOPUCTNOBYIOMbC CMYRIHYAcmI Ul Oe3cmyninuacmi KopooOku weuokocmeu. Bidomi npucmpoi xepysanus
3MIHAMU WEUOKOCMI Maioms 6a2amo HeOOJIKI8, AKI He2amueHo 6NAUBAIOMb HA 008206I4YHICMb | HAOIUHICb
Odemanetl npugodie i mawiun y yinomy. Pospobrenns na pieni unaxooie 6anmansicoynopHo2o 3ynuHHUKA y 8Ueisioi
samxuymoi eiopocucmemu (nam. Ne 2211796 RU i nam. Ne 44135 UA) it 3acmocysanus tioeo y 3y6uacmux
ougepenyianax 00360uUN0 poO3pOOUMU PO RPUCMPOiE 0Nl KEPYBAHHS 3MIHAMU WEUOKOCMI Yy MeXaHiuHux
NpUBOOAx 3d PAXYHOK pe2yIio8anHts pyXy piounu 6 3amkHymiil iopocucmemi. Lle nos’sa3ano 3 mum, wjo 3youacmuii
oughepenyian 60100ic 080MA CMYNEHAMU GUILHOCMI U Y NepedasanHs pyxy NpuiiMac mpu JAHKU — COHSUHE
3ybuacme KoJeco, eniyuki ma 8oo0uno. 3anponoHo8aHo, wob 0OHY i3 JIAHOK GUKOPUCMOBYEAMU O/l KepYBaHHs
npoyecom 3MIiHU WBUOKOCMI MidC 8e0yy0I0 | 8e0eHO0I0 JIaHKAMU 34 OONOMO2010 3AMKHYMOI 2iopocucmemu.
Pospobneni na pieni kopucHux mooeneil psad HOBUX NPUCMPOI8 KEPYBAHHS 3MIHAMU WBUOKOCI NiOGUWYIOMD
POOOMO30amHicmb MeXHIKU, WO NIOMEEPOACYIOMb NPOBEOCHi MeOPemuyHO-KOMN TOMEPHI KiHeMamuuni ma
eHepeemuyni  0ocniodcenus. Pozenawymi ocmauni  00cniodcenHs U nyonikayii npucesueHi 006 €eMHOMY
2I0ponpusody 3 wecmepeHuacmumu 2ioponacocamu. Ananizyroyu ix 6ayumo, wo Haykosi pobomu, noe sa3ami 3
3ACMOCYBAHHAM 00 €EMHUX 2i0ponpusoodie i3 uieCcmepeHyacmuMy HACOCAMU, MAN0 NO8 A3aHI 3 3AMKHYmuMU
ciopocucmemamu. Memorw O0anoi pobomu € OmpumaHHs MaAMemMamuyHoi OUHAMIYHOL MOOeni 3aMKHYmMOI
2iopocucmemu 01 KEPYBAHHS 3MIHAMU WBUOKOCMI Yepe3 3youacmuil ougepenyian, sika cKiaoaemscs 3 08USYHa,
3y6uacmoi’ nepeoadyi, wiecmepenyacmozo 2ioponHacocd, 3aMKHYmMo20 mpyoonposooy U pezynio8aibHO20 KpaHd.
Jleuzynom modce Oymu coHsiume 3yduacme Koieco uu eniyuxi, abo oouno 3youacmoeo ougpepenyiana. 3a
00NOMO20I0 3AMKHYMOI 2i0pocucmemu MOXCHA 3MIHIOBAMU WEUOKICMb COHAYHO020 3YyOYacmozo koiaeca abo
eniyuxkia, abo 800una 8i0 My, = Wy ., KOIU Wecmepenyacmuli 2i0poHaAcoc nepekauye piouHy 6 3aMKHYMill
2iopocucmemi 'y 6uensioi mpyoonposoody, Koau mpybonposio eiokpumuu. A Koau mpyoonpoeio 3axpumuil
De2yo8AIbHUM KDAHOM, UlecmepeH4acmuil 2ioporHacoc 6yoe 3ynuneHull i 1aHKa, Ha Kl 6CMAHO0BNeHA 3aMKHYMA
eiopocucmema, 6yoe 3ynunena oy, =0. /[na oocsacnenns memu pyx MexaHiyHoi cucmemu y (hopmanizosaHomy

8U21A0i 3M00enboB8aHO pigHAHHAM JlazpaHxca 11 pody. [ns ybo2o cKnadeHo supasu 041 KiHemu4yHoi eHepeii Ui
0bepmasnbHO20 MOMEHMY Ma OMPUMAHO OugepeHuyianbHe PiBHAHHA, AKe 8UPAHAE MAMEMAMUYHY OUHAMIYHY
moleneb 3amMKHYmoi 2idpocucmemu. Ompumani pe3yrbmamu Modjcymv Oymu RiOIPYHMAM OAst HPOGEOEHHs.
KITbKICHO20 aHANI3Y KIHeMAMUYHUX Ma CUTO0BUX 3ANeHCHOCEl MEXAHIYH020 Npusodda 3 2i0poCUCmeMHUM
KepYBaHHSM.

Knwuoei cnosa: 3amxnyma ciopocucmema, wecmepenuacmuii 2ioporacoc, syouacmuil oughepenyian,
COHsIUHe 3ybuacme Koueco, eniyuki, 600UN0, OUHAMIYHA MOOEb.
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