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THE EFFICIENCY OF THE DIFFERENTIAL GEAR
TO DEVICES FOR CONTROLLING THE SPEED CHANGE
THROUGH A SUN GEAR

cTi yepe3 consiuHe 3yfuacrte KoJeco. I1ix yac BUKOHaHHS TEXHOJOTIYHHX TIPOLECiB BUHUKAE HEOOXiJHICTh KepyBaHHS 3MIHAMM IIBUJIKOCTI
3a BENMYMHOI Ta HanpsMkoM. Ha ceorozui ocobnrBa yBara IpuAiISETHCS CIIOCO0Y KEpyBaHHS 3MiHAMH IIBHAKOCTI 3a JOMOMOTON OHOC-
XOJMHKOBHX 1 6araTOCXOIWHKOBHX 3y0uacTux IndepeHIfianbHuX Hepeaad 3 3aMKHYTOH TiJPOCHCTEMOI0. AKTyadbHUMH CTArOTh ITHUTaHHSI
moao koedirieHTa KOPUCHOI Ail TaKHX NMPHUCTPOIB. MeTo pOOOTH € OTPUMAHHS aHANITHYHUX Ta rpadidyHuX 3aleKHOCTeHd KoedilieHTa
KOPHUCHOT Ii1 MiXk BEAY4OIO 1 BEICHOO JJAHKAMHU Y OJJHOCXOJMHKOBUX OJAHOPSIHUX i JBOXPSAIHUX 3yOuacTUX AU(EpeHIiaIbHIX Iepeaadax 3
3aMKHYTHMH TiIPOCHCTEMaMH, KOJIM BEAYYOI JAHKOK € BOIWIIO, a BEICHOK — CMIiLUKI, i HaBmaku. [IpoananizoBaHo poboty 3ybuactoi
OIHOPSAAHOT 1 IBOXpsAHOI JudepeHniaabHOl mepeaadi y BUMagKax, KOJIU BEAYYO0 JIAHKOI € BOJIHJIO, 8 BEACHOI — CMILMKI, I HAaBIaKH.
Kepyrouoro 1aHKO0 3MiHH IIBHIKOCTI € COHSYHE 3y04YacTe KOJECo, SIKe MOXKe 00epTaTuch, KoM Oyae MepeKadyyBaTHCh PiMHA B TiIPOCHC-
TeMi, a00 MOKe OyTH 3yIMUHEHHM 32 JJOIOMOTO0 3aMKHYTOI TiJpOCUCTEMH. BUKOHAHO aHATITUYHE TOCIHIIKEHHS KOe]ilieHTY KOPUCHOI il
JUIs Takoi mepenaui, i orpuMano rpadidHi 3aJeXHOCTI HOro Bix mapamerpis nepefadi. Ha ocHOBI oTprMaHNX aHANITHYHUX BUpas3iB i rpadid-
HUX 3aJIGKHOCTEH 3pO0JICHO BHCHOBOK IPO 3MiHY 3Hau€HHs KOe(Dil[ieHTy KOPUCHOI il Bi/l MepeAaTOuHOro BiJHOIICHHS, IIBUIKOCTI JIAHKH
KEepYBaHHS i OL[IHEHO HOTr0 3 TOYKH 30py CaMOrajbMyBaHHS.

Knmiouosi cnoea: xoedinieHT KOpUCHOI Aii, 3yOuacta qudepeHLiagbHa mepefayda, COHIYHEe 3y0uacTe KOoJeco, BOIMIO, CIMilUKII, 3a-
MKHYTa TiIpocucTeMa

O.R. Strilets. The efficiency of the differential gear to devices for controlling the speed change through a sun gear. When per-
forming technological processes, it becomes necessary to control changes in speed in magnitude and direction. Today, special attention is
paid to the method of controlling speed changes using single-stage and multistage differential gears with a closed hydraulic system. Relevant
issue is the efficiency of such devices. The aim of the work is to obtain analytical and graphical dependences of the efficiency between the
driving and the driven links in single-stage single-row and two-row differential gears with closed hydraulic system, when the driving link is
the carrier, and the driven one is the epicycle, and vice versa. The work of a single-row and two-row differential gear was analyzed in cases
where the driving link is the carrier, and the driven one is the epicycle, and vice versa. The control link of the speed change is a solar gear
that can rotate when fluid is pumped in the hydraulic system, or can be stopped by a closed hydraulic system. An analytical study of the
efficiency for such a transmission was performed, and its graphic dependencies on transmission parameters were obtained. Based on the
obtained analytical expressions and graphical dependencies, a conclusion was made about the change in the value of the efficiency from the
ratio, the speed of the control link, and its estimation from the point of view of self-braking was performed.

Keywords: efficiency, differential gear, sun gear, carrier, epicycle, closed hydraulic system

Introduction. When carrying out technological processes by lifting, transport, construction, road, me-
liorative machines, cars and tractors, and other equipment, it becomes necessary to control the speed and
speed changes in magnitude and direction. To date, methods and devices for stepped and stepless speed
control in terms of magnitude and direction are known in the form of stepped gear boxes, belt, chain varia-
tors, and the like. Known methods and devices for controlling speed changes have many disadvantages.
The main disadvantage of stepped control is the complexity of the design of devices, their large material
capacity, the large dynamic loads that arise when switching from one speed to another, even using syn-
chronizers. The main disadvantage of stepless speed control is the high wear of parts due to the use of fric-
tional bonds, as a rule, frictional brakes and locking friction clutches, which reduces the durability and reli-
ability of the details of drives and machines in general. Therefore, there are problems of creating new
methods and devices for controlling speed changes, which will eliminate these shortcomings.

Today special attention is paid to the method of controlling speed changes using single-stage and
multistage differential gears with a closed hydraulic system [1 — 16]. Control in such devices is real-
ised by means of a sun gear, which rotates the hydraulic pump of a closed hydraulic system through a
gear train and pumps the liquid in it with a certain angular velocity of the control link.
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Relevant issue is the efficiency of Spindle 4 | Mag [ Spindle3 Working
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General concepts of efficiency are nydraulic
widely described in the classical tech-
nical literature on the theory of mecha- Fig. 1. Block diagram of power losses in the device for

nisms and machines, for example in controlling speed changes in the case where the driving link
[26], but the data given do not take into is the carrier and the drjven is the epicycle, and the control link
account specific cases of operation of is the solar gear

specific mechanisms.

The aim of the work is to obtain analytical and graphical dependences of the efficiency between
the driving and the driven links in single-stage single-row and two-row differential gears with closed
hydraulic system, when the driving link is the carrier, and the driven one is the epicycle, and vice versa.

Materials and Methods. It is well known that the perfection of machines and mechanisms is as-
sessed with help of efficiency.

The efficiency is in the range of 0<n <1 and is a value that is determined by the ratio of the use-

ful power to the spent
nN="P, /P, (1)

where P,, — power of useful forces;

P, —total power, supplied to the mechanism,
P =P, +P,

p 1
where P, — power of harmful forces.

The general definition of efficiency as mentioned above can be specified for individual cases and,
importantly, it is possible to obtain formulas for determining the efficiency through other parameters
of the mechanisms.

The determination of the efficiency of differential gears is not always necessary. If such a trans-
mission is used as a reducer that transfers power to the machine's actuator for a long time, then to de-
termine its suitability it is necessary to calculate the efficiency. In the case where such transmissions
are used as movement control devices for some links, the calculation of the efficiency can be omitted
if there is a certainty that the transmission is not self-braking.

In practice, there are mainly three known methods of determining the efficiency [26], which can
be taken as the basis for solving the specific task.

The efficiency of the proposed device for controlling speed changes by means of a differential
transmission with a closed hydraulic system via the solar gear, in the case where the driving link is the
carrier and the driven one is the epicycle, appears as follows

N =MNgNeMN7 s (2)
where n,, — efficiency of differential gear;
ne — efficiency of a drive of closed hydraulic system (gear);
n, — closed hydraulic system efficiency (power loss at the pump when transferring liquid in a

closed hydraulic system).

A block diagram of possible power losses in the device for controlling speed changes by means
of a differential transmission with a closed hydraulic system through an epicycle, where the driving
link is the carrier, and the driven one is the epicycle, is shown in fig. 1.
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Based on the analysis of power losses in the device, it is concluded that some of the power sup-
plied to the carrier via the satellite is transmitted to the epicycle, and its other part is transmitted via
the satellite to the solar gear and the closed hydraulic system.

To determine the efficiency, let’s consider the scheme of the forces acting in the clutches of the
sun gear and satellite (F,,), of the satellite and the epicycle (F,;), of the satellite and the carrier (F,,)

and write the equilibrium condition of the satellite (fig. 2) in the following form

F,+F;+F,=0. 3
Fas i —
212 |3
0)3/ - -.== 4
= l_ﬁ — ==
6~ 7 5
7 Z3
T |

Fig. 2. Schemes of forces in single-row differential gear

In addition, the sum of the moments of forces acting on the satellite relative to the axis of its rota-
tion is zero

'Elzrz"'lfzsrz =0, 4)
where r, — radius of the initial circle of the satellite with z, number of teeth.

From the expressions (3) and (4) follows the dependence of the forces acting on the links of the
differential gear, which can be expressed as follows:

F, = _lfz3 ; ®)
Fou =—(F, + Fy). (6)
The obtained formulas show that one of the given forces makes it possible to determine the two
others. If there is a given torque 7}, then
Fo=T1r, @)
where r, —radius of the initial circle of the sun gear z,.
According to the expression (7) for the torque, which is applied to the wheel in the gear with the
stopped carrier, we have

r
Ty =Fyly = _?3T1 =-u3'T,, (8)

1
that is, the rotational moments 7, and 7, without friction are referred to as in a gear with fixed axes.

Considering friction on the teeth surfaces, the ratio between the rotational moments can be represented
as follows

Ty= _T1”1(§)nfs , (9)
where n,, — transmission efficiency with fixed axes is determined as for the sequential clutch;
k =+1 — when power is transferred from the carrier to the gear wheel z, and k=-1 — when
power is transferred from the gear z,to the carrier;
u'y — differential gear ratio with the driver stopped:

@ _
Uy =-2,/12,.
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In this case, the efficiency of the differential gear needs to be determined taking into account the
fact that significant power is transmitted from the carrier to the epicycle or vice versa. That is, the gear
differential transmission is used as a power gear, and the sun gear serves as a link for changing the
speed of the driven links of the epicycle in the first case, and the carrier in the second.

The relationship between the rotational moments that act on the links of the differential gear can
be established by considering the condition of the balance of the transmission as a whole, namely:

T,+T,+T,=0, (10)
where 7, — torque acting on the carrier.
According to [26]
T,=-T.(1- Ufg)nfa) . (11)
When the driving link is the carrier, and the driven one is the epicycle, that is, the torque of the re-
sistance forces is applied to the epicycle, then the expression for the efficiency will have the following form

_L_ (12)
T,0, + T,
Let’s substitute the values of 7, 7, and 7, to (12) and express o, as ®,, using formula (2)
from [10]. After simple transformations we obtain:
_ [(A+ ul(g) )0, — o]y, (13)
@+ Ul(;)ma)ﬂu -0 .
In order to better illustrate the nature of the dependence of the efficiency of a differential trans-

mission on a device in the form of a closed hydraulic system on the transmission parameters, when the
driving gear is the sun gear and the driven is the carrier the following is implemented.

Graphic dependences of the efficiency of the differential gear transmission n,, = f (o, ®,,u’)
for gear ratios u(y ={1...50}, with angular velocity of driving link ®, =100 rad/s were constructed.
The obtained graphical dependences n,; = f(o,0,,uy) for uf ={1..20} at n% =097,
o, =100rad/s and o, =0...50 rad/s are shown in fig. 3.
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Fig. 3. Efficiency dependences n,, = f (o, ®,,u$)) in differential single-row transmission in the case where the
driving link is the carrier, and the driven one is the epicycle

The efficiency of the device for controlling speed changes by means of a differential transmission
with a closed hydraulic system through the solar gear, where the driving link is the epicycle, and the
driven one is the carrier, appears as follows
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N ="Mz NNy (14)
where n,, — differential transmission efficiency;,

n, — efficiency of drive of closed hydraulic system (gear);

n, — efficiency of a closed hydraulic system (loss of power for pump operation when pumping
liquid in a closed hydraulic system).
A block diagram of possible power

losses in a device for controlling speed | prie o epirele || Spindle 4 Working
changes by means of differential transmis- w3 [ Tne -
sion with a closed hydraulic system T
'_[hrough a solar gear, wher_e the driv_ing link Spindle | Gear 6
is the epicycle, and the driven one is a car- rJ}:.Bfn gear
rier, is shown in fig. 4. o= Ome|  f g

If the torque T, is the moment of ] hcy-:]jl:':T:Ijic
resistance of the working machine (that system 7
is, the carrier is the driven link), T3 is
the driving epicycle torque and T, is the Fig. 4. Block diagram of power losses in the device for
steering torque (sun gear), then the effi- controlling speed changes in the case where the driving link
ciency with the driven carrier can be is the epicycle, the driven one is the carrier, and the control link
expressed by the ratio of the usable is the solar gear
power to total power

T,0
Mgy = ——— (15)
T0, +T)0,

If we substitute the values to the formula (15) 7, T, = -Tu\3dn;; and T, =-T,(1—ulyn;;) to the
formulas (9) and (11) and express o, through w,, using formula (3) from [10], after simple
transformations we obtain an expression for efficiency with entered carrier as:

_ (Mg + U3 ) (0, + 05u3)
* Q) (oms + ou))|
For this case, similar to previous graphs, we obtained dependences of efficiency mn,, from

uy =1...20 for n{? =0,97; w, =100rad/s; w, =0...50 rad/s . The results are shown in fig. 5.
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Fig. 5. Dependence of efficiency of n,, = f (,,®,,uS) in differential single-row transmission in the case
where the driving link is the epicycle and the driven one is the carrier
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For a two-row differential gear (fig. 6), the ratio value u;’ will be calculated as

7,2
U = -2 (17)
’
Z122
z [
1 = 22.. 4
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—— IF /— L
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)

Fig. 6. Diagrams of forces in a two-row differential gear

In addition, the sum of the moments of forces acting on the satellite relative to the axis of its rota-
tion is equal to zero:

'Elzrz + lfzsrz, =0, (18)
where r, and r, — radii of the initial circumferences of the gears of the satellite with the number of

teeth z, and z, respectively.

Conclusions. The following conclusions can be drawn from the study:

The obtained analytical and graphical dependences of the efficiency between the driving and
driven links (carrier and epicycles, and vice versa) in single-stage single-row and two-row differential
gears with closed hydro systems (fig. 3 and 5) show that the efficiency value varies and give the pos-
sibility to estimate it from self-braking point of view.

It is shown (fig. 3) that in the gear differential transmission in the case where the driving link is
the carrier and the driven one is the epicycle, the efficiency is higher than for the simple transmission
and significantly increases with the increase in the gear ratio in the range of 0.1...5, and further is al-
most constant and depends little on the angular velocity of the control link.

It is shown (fig. 5) that in the gear differential transmission in the case where the driving link is
an epicycle and the driven one is a carrier, the efficiency is higher than in the simple transmission and
decreases somewhat with the increase in the gear ratio within the limits of 0.1...0.5, and in the range of
0.5...5 increases and further is almost constant value and depends little on the angular velocity of the
control link. Analysis of expression (17) shows that the efficiency does not decrease to zero for a giv-
en quadrant and self-braking is not possible.
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