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Summary. The algorithm of practical application of researches results of speed changes management
devices with a gear differential and the stopper of rotational movement in the form of the closed-loop hydraulic
system has been described. An example is a single-stage single-row gear differential, when the driving link is a
sun gear, driven is a ring gear, and the control link is a carrier. For such a device, the order of execution of in
design steps has been described. The described execution procedure of speed change devices designing will be
valid for all kinematic schemes of single- and multistage gear differentials with stoppers of rotational movement
in the form of the closed-loop hydraulic systems with control through carriers.
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Statement of the problem. In mechanical drives of machines and various
manufacturing units there is a need to control changes in the speed of their executive
mechanisms to ensure technological processes. Currently, devices with stepped and stepless
speed control, respectively, using stepped and stepless gearboxes, which have either simple
and complex gear transmissions, or chain, or belt and friction variators are widely used. The
main disadvantages of the existing stepped speed control are the complexity of the design,
high material consumption, the automation process complexity, the emergence of dynamic
loads during transitions from one speed to another. In te same time, traditional stepless control
drawbacks are intensive wear of parts due to the use of friction joints. This significantly
reduces the durability and reliability of drive parts and machines in general. Therefore, based
on the review and analysis of existing speed change devices [1, 2], it is concluded that the
urgent scientific and technical task is to develop and study new combined devices for stepless
control of the speed change process consisting of single- and multistage gear differentials
with rotational motion stoppers in the form of closed-loop hydraulic systems [3-8] installed
on the control links — sun gears, ring gears or carriers, instead of locking friction belt, pad and
disc brakes and couplings.

Analysis of the available investigations. To compile the algorithm for designing the
devices for speed change through gear differentials with a rotational motion stopper in the
form of a closed-loop hydraulic system, scientific works of authors [1-5] and other scientists
[6-15] together with the classical technical literature [16—21] are recommended for use in the
algorithm for determining kinematic, power and energy parameters, as well as dimensions in
their design.

In [1-5] the known methods and devices for speed control have been widely
considered, which have many disadvantages and the conclusion have been made about
the development of a new method, more rational — through gear differentials with
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rotary stoppers in the form of closed-loop hydraulic systems instead of friction brakes
and clutches. The structure of speed change devices and their components have been
described and the possibility of speed change control have been substantiated, if we
take, for example, the leading link — a sun gear, driven — ring gear, and the speed control
link — carrier. Kinematic studies have been given related to the control of speed changes
through the carrier using computer simulation of analytical expressions and obtaining
graphical relationships between the speeds of the gear differential. Energy studies have
been performed by determining the efficiency (efficiency coefficient), using the method
of potential power to evaluate the device speed change in terms of power loss and possible
self-braking. The structure and principle of operation of the rotational motion stopper
in the form of a closed-loop hydraulic system have been described. The choice of the
gear pump with external gearing for the closed-loop hydraulic system has been reasoned.
Based on classical analytical kinematic and force dependences with the use of computer
modeling analytical expressions and graphical dependences have been obtained, a dynamic
model has been built and thermal calculation has been performed. When designing a
closed-loop hydraulic system and optimizing its size, it has been proposed to initially perform
3D modeling of its components. Dynamic models have been developed for processes
in devices for change of speed by means of gear differential to choose the necessary
closed-loop hydraulic system in case of the carrier control link when one
shaft of gear differential is driven by the electric motor and the second (hydraulic motor)
is used to obtain the necessary law of motion on the driven link. To model the motion
of a mechanical system (gear differential plus carrier drive), it is recommended to use,
in a formalized form, the Lagrange equation of the second kind, which includes the
kinetic energy of the speed change device, consolidated moments and torques. In order to
optimize the size of the speed change devices at the beginning it has been recommended to
perform 3D modeling, and then choose the best option and start making technical
documentation.

In [6-12] some works of foreign scientists on research and design of differential
transmissions have been resulted. In particular, the design of a planetary transmission with a
high gear ratio have been considered. Studies held of the effect of changing the shape of the
tooth profile on the dynamics of gears with moving axes. A nonlinear dynamic analysis of
closed differential gears has been performed. Some theoretical and experimental methods for
determining the energy efficiency of the considered gears have been described. Works [13—
15] contain a description of the structure and study of brakes of various types used in the
design of continuously variable transmissions.

The considered scientific sources [1-15] together with the classical [16-21]
scientific sources related to this topic are proposed for use in the algorithm for determining
the kinematic, energy and power parameters and dimensions in the design of devices for speed
change through the gear differential with rotational motion stopper in the form of a closed-
loop hydraulic system. Creating an algorithm for designing such devices will reduce the
designing time.

The objective of the work is to give an example of the procedure for performing
practical calculations of devices for speed changes controlling through single- and multistage
gear differentials with rotational motion stoppers in the form of closed-loop hydraulic systems
in the case where the leading link is a sun gear, driven — ring gear, and the control link is the
carrier, using the results and extend this algorithm to all efficient schemes — with high
efficiency.

Implementation of work. The main initial data for the design should be: power
P;,, KW and angular velocity o, , rad/s of the drive shaft, the gear ratio between the driving

in?

and driven shafts u of the speed change device and various technical and technological
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conditions. In addition, much data is selected or received during the calculations, based on
the classic advice relating to the design stages, or obtained from studies of speed control
devices through gear differentials with rotational motion stoppers in the form of closed-loop
hydraulic systems. Fig. 1 shows the basic schemes of gear differentials taken from classical
scientific sources [16].

Fig. 2 shows a device for changing speed through a single-stage single-row gear
differential, which includes a sun gear 1, planets set 2, ring gear 3, and the carrier 4, mounted
in the housing 5. The rotational motion stopper 6 is connected to the carrier shaft 4 by a
gearing 7, from [1].

Consider the case when the driving link is the sun gear, and the driven is
the ring gear. The change in the speed of the driven link — the ring gear is carried out through
the carrier. If we take the angular velocity of the driving link for i = const,
then by changing the speed of the carrier (w4 =var) with the help of a rotational
motion stopper, you can smoothly change the speed of the driven link - the ring gear (w3).
We have the fact that the carrier through the gearing drives a hydraulic gear pump, which is
part of a closed-loop hydraulic system and pumps fluid when the control valve is open. If the
control valve is closed, then the hydraulic gear pump is stopped and, at the same time, the
carrier is stopped (w4 = 0). Thus, depending on the capacity of the shut-off valve, the speed
of the carrier (w4) varies from wamax t0 zero and, thus, the speed of the epicycle (w3) changes.

Figure 1. Basic schemes of gear differentials Figure 2. Scheme of a gear differential with control
through the carrier

For the selected scheme of gear differential, the relationship between velocities is
described by the expression from [2]

(4)
@, (L+u3’) —
W3 = U(];l) (1)
13

or is given by graphic dependences shown in fig. 3, obtained by computer programming of
expression (1).
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Figure 3. Graphic dependencie
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Figure 4. Graphic dependencies
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The energy efficiency of the speed change control device through the carrier of the
gear differential is evaluated by the efficiency taken from [3],

[y — @, L+ U3

13

M3 =

(2)
@ —w, 1+ U13771(§))

or graphical dependences shown in Fig. 4, obtained by computer programming of (2).
Next, proceed to the synthesis of the gear differential to determine the number of teeth

of the sun gear z1, planets z» and ring gear zz and the number of plavets k using classical advice,
for example, [20] or other authors, for which equations are made to test conditions:

- given gear ratio:

4
3 3)

- coaxiality of the solar gear and epicycle:

23— 1) = 21y,

- assembly:

where A — arbitrary integer;
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- neighborhood:

(6)

k z,+2,

Equations (1-3) and inequality (4) are solved by selecting z1, z2 z3 and k, as indicated
in the literature on the theory of mechanisms and machines, for example, [20].

The kinematic parameters are specified using the results of kinematic research [1, 2]
and energy capabilities using the results of research [3] of the future speed change
device

Then we determine the torques on the shafts of the gear differential according to [17].
When the power and angular velocity on the drive shaft are known, you can determine its
torque from the expression

10°P
Tin - in . (7)

Wiy,

Knowing the torque of one shaft in the gear differential, you can determine the required
others. For our case it will look like this:

. . 2 . 4
Ty =Ty Ty =—Thupthy; Ts = _T1“1(3)7713a T, =—T1(1—”1(3)7713) : (8)

Next, we perform preliminary calculations for the strength of the parts of the
gear differential. Here determine the geometric dimensions of the gears, shafts and carrier,
which will be used in the dynamic model of the speed changes control device. Calculations are
performed by typical methods, as for simple transmissions — with fixed axes. The wheelbase is
found using the expression for the condition of contact strength for straight gears:

KyT
ymin = 450(u +1)3|— 12— 9)
walyloy]

where u is the gear ratio; T2 —torque; Ky - load factor; y, - gear width ratio; [o, ] —permissible

contact stresses for tooth materials. The values included in expression (9) are selected from the
reference literature according to the recommendations of, for example, [17] or other authors.
The gear modulus is then determined as

mn — 2anSﬂ — 2an5n (10)

The obtained value of the gear module is rounded to the standard value and all
geometric dimensions of gears and planets are determined.

Next, the minimum diameters of the shafts are determined from the condition of
torsional strength, taking into account that they can be either solid or hollow

10°%T,
dpin = 3 ! (11)
J 0,21- &Yz ]
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where & =d, / d,,;, is the coefficient that characterizes the annular cross section of the shaft;

[z, ] —permissible torsional stresses. Next, choose bearings as shaft and planet supports, other

components. Calculations are performed by methods given in the classical textbooks, for
example, [17], or other authors.

Then proceed to the calculations of the components of the rotational movement
stopper in the form of a closed-loop hydraulic system and its drive from the control
link — the carrier, using the advice of research [4] and classical advice on this issue [18].
In fig. 5. the scheme and model of rotational movement stopper in the form of the
closed-loop hydraulic system is shown. Using the kinematic, power and energy dependences
in a closed-loop hydraulic system of a mechanical drive according to the power from the
catalog [19] choose the hydraulic pump HIII, which most rationally corresponds to the
application in this speed changing device. Focusing on the conditional diameters of the
suction and discharge holes of the pump, we accept pipes with
the same holes diameters, choose a revers valve, control valve and other components of a
closed-loop hydraulic system and its drive. The drive of the hydraulic pump is usually
made in the form of a cylindrical gear, the geometric dimensions of the gears are determined
as recommended by [18], or other authors. The structure of the rotary stop is widely described
in [1].

Figure 5. Scheme of stopper of rotational motion (a) and 3D model with drive (b)

Next, for the dynamic model analysis for obtained final expressions of the torques
from inertia of the driving and driven links [5, 19] we take and determine the values that they
include:

Mg3dis —MgJss M. = M3Jy —MgJyg

Mil = ) i3 ’ (12)
‘J13 _\/‘]33‘]ll ‘]33‘]11 - ‘]13
where:
km, r +J,+J.+J,
J =J 4+ u(4) (1) (4)u<1> " 2. 13
=g wy )
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2
] 2sz (u(“) B _ ), km,rl +J, +J +J7,u(4)_
13 ( (1) ( (1) 317
" kmer2+J +J L+ J, _
33 ( (1) ( ( () + J3’
gear ratios:
z z Z, z
(4) 1. @) 1.0 _ @ _ W @ _ 1.
u,, o Us, o u, =1-u,’ =1+— - Uy, =1-ug —1+Z—,
2 3 2 3
Z, (14)
ul) = —2—7,

consolidated torques:

M, =M, +Muly, M =-M, +Mu'). (15)

Here in expressions (13) we have: J; and m, —dynamic moments of inertia of links
with respect to the centers of mass and mass of the planet; k is the number of planets;
Ve = w,I, — circular speed of the axis of rotation of the planet, r, — the radius of rotation of
the carrier. This radius is equal to the sum of the initial radii of the sun gear and the planet
r, =0,5(dy, +d,, ). Parameters with the corresponding designations relating to components

of the speed change device correspond to the scheme shown in fig. 2. The dynamic moments
of inertia of cylindrical gears are defined as J;=0,5mr?, where m and

|
r, — respectively, the mass and radius of the gear. The consolidated moment M

determined from the equality of powers of the moments of forces when carrier fixed, and the
moment M _, when sun gear fixed. The moment M, = M (®,) is a function of the angular

velocity of the sun gear, the moment of load change on the ring gear shaft M, = M (¢)
depends on time, and M, =M., (v,,,) depends on the fluid consumption of the hydraulic

system.
The moment M _, which is the moment of resistance and is applied to the driven

link — ring gear, for this example, and is accepted from schemes of characteristic cases of
loading change in the form of the torque M of resistance of the executive mechanism shown
in fig. 6: a — the load changes periodically over a long period of time; b — the magnitude of
the shock load after a sharp increase remains unchanged for a long time; ¢ — the magnitude
of the shock load after a sharp increase is maintained for a short time; d — the actuator stops
instantly due to significant overload.

In expressions (15) to determine the torques we have: P — power; p — pressure in a
closed-loop hydraulic system; q — the cost of the hydraulic pump per revolution of the shaft;

gear ratio uly = uPu,. .
Next, determine the torque of all links of the gear differential and evaluate its
operation in the speed change device.
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Figure 6. Graphs of torque change on the working mechanism shaft

And, finally, a 3D model of the device is designed according to the advice [21], shown
in Fig. 7.

a

;8(‘0

L ¥ 4

Figure 7. Models of parts and assembly of differential transmission with closed-loop hydraulic system —
control through the carrier: b — without cut and ¢ — with cut

The 3D model is proposed to be implemented in order to optimize the size and placement
of the components of the speed change device, because at the initial stage of design you can get
a visual idea of differential transmissions with closed-loop hydraulic systems and use a computer
to view them from anywhere; increase design accuracy; easy to edit three-dimensional models,
i.e. make the necessary changes; achieve great savings in time and costs; get a large number of
possible design solutions that need to be analyzed in detail and in depth and choose a rational one;
on the basis of the created basic models of transfers it is possible to receive models of transfers
with the different sizes. At the final choice of the optimum variant of model, after various
specifications, start development of technical documentation of the device of change of speed by
means of a gear differential and the stop of rotational movement in the form of the closed
hydraulic system. The calculation steps are performed using computer programming.
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Conclusions. This paper proposes a procedure for practical calculations and selection
of parameters of the components of the speed change device on the example of a single-stage
single-row gear differential, when the leading link is a sun gear, driven — ring gear, and speed
control is carried out through the carrier using classical research and previous authors’ results.
The given example can be used, as algorithm, for calculations at designing of speed change
devices with gear differentials and rotational movement stoppers in the form of the closed-loop
hydraulic systems of any schemes and their work in the forward and revers directions. The
proposed computer-aided design with simulation can be a significant addition to the existing
and previously developed by the authors of theoretical methods for determining the rational
dimensions of the drive elements of mechanisms and machines of various branches of
engineering and an important basis for further research.
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AJITOPUTM NPOEKTYBAHHS NIPUCTPOIB KEPYBAHHSI
SMIHAMMU HIBUJIKOCTI YEPE3 BOJAHNJIO 3YBYHACTOI'O
JUPEPEHIIAJIA 3 3AMKHYTOIO I'TTPOCUCTEMOIO

Ouer Crpijsens’; Bosogumup Manamenko?; B’siuecias Iacika®

! Hayionanwnuii ynisepcumem 6001020 20cnooapcmea ma
npupoooxkopucmysanns, Pisne, Yxpaina
2 Hayionanvnuii ynisepcumem «JIvsiecoka nonimexuixay, JIveie, Ypaina

Pestome. YV mexauiunux npugooax MawiuH i pi3HUX 3Aco0AX SUPOOHUYMBA BUHUKAE HEOOXIOHICMb
KepYBaHHs 3MIHaMU WEUOKOCMI iX BUKOHABYUX MeXaHismi. [[Is ybo2o BUKOPUCMOBYIOMbCA CcmyniHyacmi i
bezcmyninuacmi Kopobxku weuokocmeti. Bidomi npucmpoi kepyeauHs 3minamu weuokocmi mawoms Oazamo
HeOONIKi6, AKI He2AmUBHO 6NIUBAIOMb HA 008208IYHICMb | HAOIIHICMb KOMNOHEHMI8 NPUBOOI8 | MAWMUH Y YLIOMY.
OcHOBHUMU HEOONIKAMU ICHYIOY020 CHIYNIHYACMO20 KePYBAHHS WBUOKICMIO € CKIAOHICMb KOHCMPYKYIl, 6eiuxa
MamepianomMicmkicmy, CKIAOHICMb a8MoMamu3ayii, BUHUKHEHH OUHAMIYHUX HABAHMAIICEHb NI0 4ac nepexolis i3
OOHI€ET WBUOKOCMI HA THULY, A MPAOUYiliHo20 Oe3CMYNIHYACIO20 — IHMEHCUBHE CUPAYI08AHHs Oemaell 8HACTIO0K
BUKOPUCMAHHSL PPUKYILIHUX 368 SI3KI6 CIMPINKOBUX, KOJIOOKOBUX A00 OUCKOBUX 2aibM MA OIOKYSANIbHUX DPUKYITHUX
my@pm. OcmaHHiM 4acom y mMexHiyl WUpoKo 3ACMOCO8YIOMbC KOMOIHOBAHI NPUCMPOl 3MIHU WEUOKOCMI 3
syouacmumu oupepenyiaramu i O10Ky8ANbHUMU GPUKYIUHUMU 2arbmamu | my¢mamu. Lle nose’szano 3 mum, wo
sybuacmuil oughepenyian 60100i€ 0860Ma CMeneHsIMU BLILHOCMI Ul 8 nepedadi pyxy nputimMac mpu JaHKu — COHSIUHE
3ybuacme Koeco, eniyuki i 600un0. 3anponoHo8ano, wob 1amuKka 0 Kepy8arHs NPoyecom 3MIHU WBUOKOCTNI Midic
6€0yUOI0 | 8e0EHOK NAHKAMU 3MIHIO8ANA WEUOKICHb 3a OONOMO2O0I0 3YRUHHUKA OOEPMANIbHO2O0 PYXY V 6UIAoi
samkHymoi ziopocucmemu. Lle do36o.5€ nioguugumu 3HOCOCMILIKICMb MAKUX RPUCMPOIs I 3a0e3neyye NIasHicmy ix
pobomu. s yb020 po3pobneni Ha PieHi NamMeHmie Ha BUHAXOO0U I KOPUCHI MOOeE pA0 HOBUX NPUCMPOI8 KepyBaHHs
SMIHAMU WUBUOKOCMI MA NPO8edeHi MeopemuyHO-KOMN TOMepHI KIHeMAMUuuHi, eHepeemuyHti i CUN08I OOCTIONCEHHS.
Memoto oanoi pobomu € npugedeHHs aneOpumMy 3ACMOCYSAHHA PE3VIbIMAmie 00CiONCeHb NPU NPOEKMY8aHHi
npUCPOi6 KepyeanHs 3MIHamu weuoKocmi. Bionogiono 00 uxionux oanux 3a60aHHA HA NPOEKNYBAHHS NPUCTIPOIO
KepyBamHs 3MIHAMU WEUOKOCHI Npoyec NOYUHAEMbCA 3 UOOPY KiHeMamuuHoi cxemu 3y0uacmozo ougepenyiana,
6UOOPY NIAHKU KepPYB8aHHsl, 002PYHMYBAHHS 1020 eHepeemudnol epexmusHocmi Koegpiyienmom kopuchoi Oil. [ani
nepexoosams 00 BUSHAYEHHA UUCAA 3VOYI8 COHAUHO20 3VYOUACMO20 Kojecd, CAmenimie i eniyuxiy ma uucia
camenimig, KOPUCMYIOUUCL —KIACUYHUMU nopadamu. [na yvbo2o cKiadaiombs mpu PIGHAHHA: 3A0aHO20
nepedasanbHo20 GIOHOWEHHS, CHIBBICHOCI COHAYHO20 3Y04ACMO20 Koleca i eniyuxiy; CKIao0auus i OOHI€i
HepieHicmi O/ YUCIA CAMeNimie — 0OMEeNCEHHs 3 YMOBU CYCIOCmEd. YMmOuHAIOmMbCs KIHEMAmuyHi napamempu
KOPUCTYIOUUCH Pe3YTbMamamil KiHeMamuiHo2o 0ociodcents. 11icas yb02o GUKOHYIOMb NONEPeoHi po3paxyHKu Ha
MiyHicmb demaneti 3y6yacmoeo ougpepenyiana. Tym eusHauaroms 2eomempudri po3mipu 3y0uacmux KoJic, 8anis i
600una, K 6y0ymv GUKOPUCMAHT 8 OUHAMIYHIL MOOE npUCmpoio 07l Kepy8aHHsL sMIHamu weuokocmi. Pospaxynku
BUKOHYIOMb Memooamu, npusedeHumu 6 demansx mawiun. I[lomim nepexodsms 00 6ubOpy wiecmepiHuacmozo
2idpoHacoca i KOMROHEHMIG 3YNUHHUKA 00EPMANbHO0 PYXY Y 8UIAOL 3AMKHYMOI 2iopocucmemu ma to2o npusood
80 IaHKU KepyBanHs, KOPUCIYIOUUCL NOPAOAMU NPOBEOEHUX D0CHIdCeHb. [lani Ha 0CHOBE OuHAMIYHOI Modeni ma
OMPUMAHI OCIMAMOYHUX BUPA3I8 WEUOKOCTel ab0 00epmanbHUX MOMEHMI8 iHepyii 8edyuoi i edenoi 1aHoK ma
BUKOPUCMOGYIOUY 36 A3KU MIJIC YuMu napamempamu y 3youacmomy oughepenyiani MojicHa npoananizyéamu oo
pobomy. I, nakineys, sukonyemocsa 3D modenv npucmpoio. Ilpu ocmamounomy 6ubOpi OnmuManbHo20 eapianma,
nics Pi3HUX YMOYHEHb, NPUCIYNAIOMb 00 PO3POOJIeHHA MEXHIUHOI OOKYMEeHmMayii npucmpoio 3mMiHu weuoKocmi 3a
00nomo2o 3y6uacmoeo ougepenyiana i 3yNUHHUKA 00epMaibHO20 PYXY Y U0 3aMKHYMOT 2iopocucmemu.

Kniouoei cnoea: npucmpiii 01 kepy8anHa 3MiHamu wWeUOKOCmi, 3youacmuil oughepenyian, 3amKHyma
2iopocucmema, consune 3youacme Koueco, eniyuki, 600Ul0, camenim.
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