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Efficiency analysis of the planetary gear trains functional modules

Mladen Panti¢, PhD (Eng)l)

The efficiency analysis of the planetary gear trains functional modules was performed. The obtained results are very
important in the design process of planetary gear trains. Analytical expressions for the determination of efficiency for
several existing methods were shown. The correlation of the considered methods was determined from the standpoint
of the defined values of efficiency and the influence of relevant parameters on the functional modules efficiency was

considered.
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Introduction

HE power transmission in a planetary gear train occurs

after the creation of a kinematic connection between an
input and output element. In that case, the constant gear ra-
tio is established and the gear train has one ratio of the fre-
edom of movement. One of the aims of train design is to
provide several determined gear ratios. The distinct confi-
gurations of gear train elements are created in order to pro-
vide gear ratios. The created configuration which transmits
the power (functions), other than by the gear ratio, is cha-
racterized by other kinematic, dynamic and energetic para-
meters (angular velocity and peripheral speed of elements,
torques, flows of effective and circulating power and power
losses).

The configuration of a gear train, which performs the
determined gear ratio and cannot be separated functionally
into simpler configurations, is defined as a functional mo-
dule [1].

The definition of functional modules enables the simpli-
fication of the analysis of the current planetary trains kine-
matic schemes referring to kinematics, dynamics and
energy losses. On the other hand, the functional modules
have an important role during the creation of new kinematic
schemes, due to the simplified creation of kinematical
schemes during the planetary gear trains design.

Theoretical bases, kinematic and structure schemes ki-
nematic and dynamic analysis of the functional modules are
given in [2] and [3]. The analysis of efficiency in a gear
mesh, using the following methods: the method of mesh
power, method of M. A. Krejnes, method of I. N. Kornilaev
and Combination method, will be carried out in this paper.
Analytical expressions of efficiency, determined by the
mentioned methods for all considered functional modules
were derived from the initial expressions given in [1]. The
influence of relevant parameters on the efficiency value
was analyzed by the obtained expressions. The analysis
showed that in most cases, the value of basic gear ratios,
has an important influence on efficiency, regardless of the
applied type of a functional module (one-set, two-set, etc.)
and the method used for the determination of efficiency. Its
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dependence on the influence of other relevant parameters
(P, — input power, n, — input speed, Z, — number of sun ge-
ar teeth, m — gear module, n — lubrication coefficient) on
efficiency can be determined efficiently using the Combi-
nation method.

Considering the basic gear ratios influence on efficiency,
the following parameters were used for all types of functio-
nal modules: P,=500 kW; n,=2600 min’'; Z,=36; m=5 mm,;
n=1.4. During the consideration of the influence of other
parameters, adequate values of the parameters which were
constant during that consideration were chosen.

The basic aim of the analysis is to determine those influ-
ential parameters values which contribute the maximum
value of efficiency. Besides the correlation between the
mentioned methods from the standpoint of the achieved
efficiency values and the comparison of functional modules
of the same type was carried out.

Efficiency of the single-set functional modules

The kinematic schemes and power flows for the single-
-set functional modules are shown in Fig.1.

The derived analytical expressions for the efficiency of
functional modules are given in Table 1.

The meaning of the parameters given in Table 1 is as
follows:
k — Dbasic gear ratio of a single planetary gear

train (k=1.5-4.5),

n70=0.95 — efficiency of a single planetary gear train in
case the carrier is fixed,

A — experimentally obtained coefficient
(A=0.005/1.36),

C — constant (C = 7/60000) and

¢ — coefficient of power transmission by relative

motion (¢, =0-1).

The analysis of the expressions given in Table 1 shows
that the efficiency of functional modules with a fixed carri-
er (JM2, JM4), determined by the mesh power method and
the method of M. A. Krejnes, has a constant value
(7=1¢=0.95), while for other functional modules it depends
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Figure 1. Single-set functional modules - kinematic schemes and power flows
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As noticed from the diagram (Fig.2), the IM1
functional module is among others, the most
convenient from the standpoint of efficiency. Its
value of efficiency slightly varies in the whole
range of the basic gear ratio change.

The minimum values of efficiency were ac-
hieved in the JM6 functional module. This hap-
pens due to kinematic and dynamic performan-
ces of the JM6 functional module.

The overall gear ratio, as the most important
kinematic parameter, among all functional mo-
dules, for the same basic gear ratio, has the mi-
nimum value in the JM6 functional module. The
maximum pheripheral speeds occur in the JM6
functional module elements due to the previous
fact, and the maximum slide velocities happen
on the gear teeth, so the maximum energy is
consumed on the overcoming of frictional resi-
stance in the gear mesh.

The common characteristics of JM3, JM4,
JM5 and JM6 functional modules are the decre-
asing of their efficiency in case the basic gear
ratio increases.

The shown dependance, considering the gi-

ven teeth number of the sun gear (Z,=36), has
the practical application for the basic gear ratio

Table 1
Module| Power in gear | Krejnes L
label | mesh method | method Combination method
k " k
M1 |1-005 k| Ltk 24m ( Cny pmZa )" + 0.015P, 0

range k=1.5-3.0 (the teeth number of epicycle is

1-
I+k I+k ¢, Py

real for the application on vehicle gear trains).
The increasing of the internal gear ratio range

JM2 un Mo 1

_24m ( Cnymz, )" +0.015P,

(from 3.0 to 4.5) was performed due to the theo-

cr Pu

retical consideration and the comparison of

M3 | 1-005 L | Kt

24m ( Cn, ﬁmzu ) +0.015p,

1 efficiency values, obtained using various met-
1+k hods.

1-
I+k I+k cr Pu

In order to compare efficiency values obtai-

ned by the considered methods, for the same

_24m ( Cpn, kmz,)"+0.015p,

M4 My Mo 1 . . .
¢ Pu functional module and efficiency values of vari-

ous functional modules obtained by the same

1| a+k) 7, 24m ( Cpymz, ) + 0.015p, —— g

M5 | 1-0.05 ;- Tk g, 1- 1+k method, they need to be determined for the sa-
’ cr Pu me value of the basic gear ratio. However, this
v | n sk 24m (Cn, kmz, )'+0015p, & way of comparison is not useful for a number of

M6 | 1- 005 ; 1- o L TUl+k basic gear ratio values. In order to simplify it

I+k | n,+k P g . plily

and include the whole range of basic gear ratio

on the basic gear ratio. The efficiency determined by the
Combination method for all functional modules, except for
the module JM2, depends on the basic gear ratio. This de-
pendence is shown in Fig.2.
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Figure 2. Efficiency of the single-set functional modules

values (1.5-4.5), the average value of efficiency
(15), needs to be determined which is defined
by the following relation:

k max

&) dk
J 0
n.vr k max k min

An average value of efficiency determined by one of the
above mentioned methods depends on the functional mo-
dule. In order to consider a mutual relationship between
functional modules from the standpoint of efficiency valu-
es, the gradation of them was carried out in such a way that
the module with the highest value of efficiency was placed
in the first position and got the grade marked by the lowest
ordinal number.

The grade of the functional module for one method po-
ints out which module has to be selected in the phase of ki-
nematic scheme creation of gear trains. The comparison of
the same functional module grades for the various methods
of efficiency determination provides the correlation
between the used methods. In order to consider the grade of
functional modules on the basis of relation (1), using the
computer programme STEPKOR, the average efficiency
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values were determined and given in Table 2, together with
the module grade.

Table 2

N{:g:lle Power I;lr;t%le(:)adr mesh Krejnes method Corrrrlli)tllrllggon
Nsr grade Ner grade Nsr grade

IMI 0.963 2. 0.963 3. 0.979 1.

M2 0.950 3. 0.950 5. 0.978 2.

M3 0.987 1. 0.987 1. 0.968 3.

IM4 0.950 3. 0.950 S. 0.954 5.

IMS5 0.987 1. 0.987 2. 0.959 4.

IM6 0.963 2. 0.962 4. 0.944 6.

As shown in Table 2, there is no functional module of
the same grade for all three used methods. The JM3 module
has the same grade for the mesh power method and the
method of M. A. Krejnes.

The difference between the average values of the
efficiency coefficient calculated by the power method in
gear mesh and the M. A. Krejnes method, for the same fun-
ctional modules, is negligible (<0.001). The average value
of efficiency coefficient determined by the Combination
method differs from the average values obtained by M. A.
Krejnes method and power in gear mesh method. The diffe-
rence in values is from 0.004 (for JM4) to 0.028 (for IM2).

Besides the knowledge of the functional module grade,
for an applied method of the efficiency determination coef-
ficient, it is necessary to know the value of the basic gear
ratio the maximum efficiency is obtained for maximum and
minimum efficiency values, as well as corresponding valu-
es of the basic gear ratio (Table 3), were determined
numerically.

Table 3
Power in gear . Combination
Module mesh metz}glod Krejnes method method
label | o Homin Amex | Mmin | Nmax Himin
k K k K k K
Mi 0.970 0.959 0.970 | 0.959 | 0.980 0.979
1.5 4.5 1.5 4.5 1.5 4.5
0.950 0.950 0.978
M2 1.5-45 1.5-45 1.5-45
M3 0.991 0.980 0.991 | 0.980 | 0.977 0.958
4.5 1.5 4.5 1.5 1.5 4.5
0.950 0.950 0,969 0,949
M4
1.5-4.5 1.5-4.5 1,5 4,5
M5 0.991 0.980 0.990 | 0.979 | 0.974 0.932
4.5 1.5 4.5 1.5 1.5 4.5
IM6 0.970 0.959 0.969 | 0.959 | 0.966 0.920
1.5 4.5 1.5 4.5 1.5 4.5

According to the Combination method, for all functional
modules except for the JM2 (efficiency does not depend on
the basic ratio), with the raise in the value of the basic gear
ratio, efficiency decreases. The change of efficiency is also
the same for the other two methods for the modules JM1
and JM6, while for the modules JM3 and JMS5 it is
inversely proportional. The efficiency determined by the
method of mesh power and the M. A. Krejnes method for
the functional modules JM1 and JM2 does not depend on
the basic gear ratio.

During the analysis of the influence of other parameters
on efficiency, the value of the basic basic gear ratio was
k=2.0. The following was found:

— By increasing the input speed (from 1500 to 3000 min™),

efficiency decreases negligibly within all functional mo-
dules. The efficiency decreases because in the gear mesh
there is an increase in slipping speed, and also in slip-
ping work, which yields to the increase of power con-
sumption.
The greatest influence of the input speed on the value of
efficiency is in the functional module JM6 and the grea-
test difference in the value of the efficiency coefficient,
which corresponds to the given speed, is 0.019.

- By increasing the gear module value (from 3 to 6 mm),
efficiency decreases. The change in gear module (while
other parameters were constant) increases the gear dia-
meter and so the peripheral speed and the slipping speed,
which directly influences the power losses in gear mesh.
The increasing in the gear module value, in the above
mentioned range, has the greatest influence on the
efficiency change of the functional module JM6, and its
value is 0.032.

- By increasing the input power (from 50 to 500 kW), i.e.
the input torque (at the constant input speed) the
efficiency value significantly rises. To determine the in-
fluence of the moment of load on gear mesh efficiency,
the character of the change in internal resistance needs to
be determined.

When there is no external torque on output shaft, the
torque introduced in train design is equal to the sum of
moments of all internal resistances (frictional resistance
in gear mesh, hydraulic and ventilation resistance, etc.)
at the input shaft. In this case, efficiency is equal to zero.
In the case when the speed and lubrication temperatures
are constant, all internal resistances, except the frictional
resistance in gear mesh, are constant and independent of
the load (frictional resistance in bearings is very low be-
cause there is no load in planetary gear bearing). Signifi-
cant influence on the efficiency coefficient has the diffe-
rence between the torque on the input shaft and the
torque which includes all resistances of the constant va-
lue. If the input torque is higher, the difference will also
be higher as well as efficiency coeficient. In the opposite
case by decreasing the value of the input torque,
efficiency coefficient decreases.

In the analyzed case, the greatest influence of torque on
the efficiency of one-set functional modules is the grea-
test in the JM6 module. In this case, the change of
efficiency is 0.230.

- By increasing the factor of lubrication from 1.4 to 1.7,
the efficiency of all functional modules decreases. In this
case, the module JM6 also has the highest efficiency re-
duction and its value is 0.056.

The lubrication factor includes the oil effect on the

power losses on gear contact surfaces. In the analytical

expression for determining the power losses, this para-
meter is on exponent, so its increase causes the increase
of power losses and the decrease of efficiency.

On the basis of the given data, it was found that the input
torque, that is the moment of load has the greatest influence
on the efficiency value, while the input speed has the least
influence.

Among all one-set functional modules, the one named
JM1 was chosen for the I. N. Kornilaev method. This met-
hod is used to determine the efficiency in all gear meshes of
the functional module.

On the basis of the expression given in [3] and the esta-
blished energy balance, the following analytical expression
for efficiency in all gear meshes is deduced:
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The values of the auxiliary parameters D, E, F, and K
from expression (2) are:

E=Am(cmzamﬁ)”[kw] 3)
_1+k
K =235 4)
D=0.99, F=0.995

By using expression (2) and the same values for the pa-
rameters, used in the Combination method, the efficiency
values were determined for the internal gear ratio (1.5-4.5).
The efficiency change character is that with the increase of
the basic gear ratio efficiency slightly decreases, so it is
practically constant for the value of 0.985.

By comparing the efficiency values obtained by means
of the I. N. Kornilaev method and the Combination method,
it can be concluded that the character of the efficiency
change is identical in both cases. The value of the basic ge-
ar ratio has little effect on efficiency. The value obtained by
the I. N. Kornilaev method is slightly higher (about 0.005)
than the values obtained by the Combination method.

The simpler mathematical expression for determining the
efficiency by the Combination method and a very small dif-
ference in values obtained by both methods, give a great
advantage to the Combination method.

DM9 DM10

Efficiency of the two-set functional modules

Kinematic schemes and the power flows of the two-set
functional modules are shown in Fig.3.

The analytical expression for the functional module
efficiency obtained by the Combination method is given in
Table 4 and the one obtained by the M. A. Krejnes method
and power in mesh method in Table 5.

In this kind of functional modules, the efficiency in gear
mesh changes depending on the value of basic gear ratios
for all functional modules, regardless of the applied met-
hod. In relation to the basic gear ratio efficiency, in an
analytical way, it represents a function with two variables
(k1 and k) and in a graphical way-surface in space. In con-
trast to the one-set functional modules, the graphic repre-
sentation of several functional modules efficiency on the
same diagram is practically impossible.

The efficiency dependence of the functional module
DMS5, on internal gear ratios k; and k,, determined by the
Combination method, is shown in Fig.4.

As seen in the diagram (Fig.4), the efficiency rises with
the increase of the basic gear ratio of the first planetary set
(k) and decreases while the basic gear ratio of the second
planetary set (k) rises. Determining the average value of
efficiency for the two-set functional modules is much more
complicated than in the case of one-set functional modules,
because the field of the efficiency definition, considering
the basic gear ratio, is a surface.

s

!

DM8

Figure 3. Two-set functional modules - kinematic schemes and power flows
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Table 4
N{gg;l ¢ Combination method
k1k2 \n k2 \n k1k2
24 C +(C —e + 0.03
DM2 N m [ (CmZ g ny kiko-1 )T+ (CmZ gy ny kiko-1 )] Py kika-1
cr Py
kika ko (L+k) \n 142k,
oMs | 24m [ ( CmZ, na Ty )' + ( CmZ,, na Fs )" 1+ 0.015p, Ty
¢, Pu
24m [ ( CmZ. n, ki (+ k) Y + ( CmZ, n kik Y' 1+ 0.015p, 2+ki+k,
DM4 1- T A+ kit ks S+ ke + ks L+ki+k>
[
n ko (L+ k) \n I+ky, 2+k)
24 C + (C T Br—— + 0.015p, ——<—" "~
pvs |, A ECEmZan )t COmZom ) ) OO G Gk
¢, Pu
ki n 2 n ky (+ k)
pme | A LCOmZam g N COmZan p ) I OO T
¢, Py
ki A+ky) kik, n 1+2k,
- N 24m [ CmZym 0= (CmZne 770"+ 0015P, =
¢ Pu
ki n 2 n ke (L+2k
24 C — )"+ (C —t— + 0.015P, +— "+
ovs | 22 L CCmZam i g Y COmZem T ) P k) (ks
¢, Pu
| " 2 " 142k,
oMo | | 24m [ ( CmZ ,n. ik, ) + (CmZ,,n, Tkt )" 1+ 0.015p, Tt
¢, Pu
kitkiks \n 2 n ki t+kik,
24 C ——122 '+ (C —=— )"+ 0.015p, ——
outo | L CmZam gy ) (e T k) P Tt ke k]
cr Py
Table 5
N{ggslle Power in gear mesh method Krejnes method
kika 1 1
1- 0.05 —fH82— (+k+k) (A+kmy) (+kany)
DM1 1 1 1
Ttk ke R ey (k) (k)
kik2 l-kik.n
DM2 1- 0.1 =%= — 0
klkz'l l'klkz
DM3 1- 005 12k ot kit ks
1+ ki + ks 1+ ki +k»
DM4 1- 0,05 2tkitks Ny (o + kit k2)
I+ki+ks I+ki+k,
DMS 1. 005 Ltk @+k) 1o+ k) (kik2-1)
T (kk2-D) (4 k) (I+k») (klkz‘ﬂ(z))
ka (1+2k) (Lt k) 70+ ki + katty)
DM6 1- 0.05 0 0
(+k) A+ki+ko) o+ k) A+ki+ko)
DM7 1- 0.05 1+ 2, 770+k1+k277[2)
1+ki+k, 1+ki+k,
ki (1+2k2) (L4 k2) (70 + ity + ko)
DMS 1- 0.05 ————F——7"—— 0 0
(I+ko) (I+ki+ks) Mo+ ks) A+ki+ky)
DM9 1- 0.05 142k, 770+k177(2)+k2
1+k+k, I+ ki+k,
ket ki U+ kitty + kol
DM10 1- 0.05 ———=— _ TR T KR
I+ &+ kiks I+ ki +kik»
The average efficiency value is determined by: On the basis of the program STEPKOR and expression
b Ko (5), average efficiency values were determined (the interval
j (ks ko) dkidk of the basic gear ratio values for both planetary sets was the
e ®) same 1.5-4.5) and given in Table 6 together with the func-

N, =
(k]max - k]min) (kZmax - kZmin)

tional module grade.
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Figure 4. Efficiency of the functional module DM5

According to the data given in Table 6, it can be seen
that the functional module DM1 has the same grade for all
three methods. The functional module grade of DMS5 and
DMB6 is the same for the first two methods and the functio-
nal modules DM2, DM3, DM4 and DMS8 have the same
grade for the power met-hod in gear mesh and the Combi-
nation method, while for the M. A. Krejnes method and the
Combination method there is no correlation in average
efficiency value in gear mesh. The difference in the same
average efficiency value, calculated by the power method in
gear mesh and the M. A. Krejnes method, is the highest in
the DM 10 module and equals 0.0032.

Table 6
Module label | mesh method | Kreines method | COT0E"
Hsr grade Hsr grade Nsr grade
DM1 0,969 2. 0.969 2. 0.978 2
DM2 0,884 8. 0.887 7. 0.944 8.
DM3 0,95 6. 0.951 4. 0.950 6
DM4 0,943 7. 0.943 5. 0.945 7.
DM5 0,971 1. 0.972 1. 0.953 5.
DM6 0,963 3. 0.964 3. 0.934 9.
DM7 0,95 6. 0.951 4. 0.932 10.
DM8 0,963 4 0.964 3. 0.956 4.
DM9 0,95 6. 0.951 4. 0.970
DM10 0,954 5. 0.922 6. 0.980

The average efficiency value calculated by the Combi-
nation method differs from the average values calculated by
the two other methods. The difference is the highest in
DM?2 and equals 0.06.

The maximum and minimum efficiency values were
numerically determined for related gear ratios (Table 7).

According to Tables 6 and 7, and in respect to the
efficiency, it is clear that when the Combination method is
applied, it is the most rational to use the functional module
DM 10. The maximum value of the efficiency for this fun-
ctional module equals 0.980 and is realized with the basic
gear ratios k;=1.5 and k,=1.68.

On the basis of the data given in the same Tables, it is
clear that the values and the efficiency character of the
change, obtained from the Power method in gear mesh and
the M.A. Krejnes method are the same for the functional
modules DM3, DM7 and DM9 even though their kinematic
schemes are different. The reason for this is that the
analytical expressions for total gear ratios of these functio-
nal modules have the same mathematical form in respect to
basic gear ratios (this was depicted in the kinematic
analysis) and because the interval of values of all basic gear
ratios are the same (1.5-4.5).

While analyzing the dependences of main efficiency pa-
rameters it was assumed that the values of basic gear ratios
equal k1=k,=2.0, hence the following was concluded:

- By increasing the input speed from 1500 to 3000 min™
the efficiency value of all functional modules decreases
from 0.00248 (DM9) to 0.01356 (DM?7), which means
that the efficiency of the module DM9 least depends, in
relation to the other two-step modules, on the change of
the input speed. Among all two-step modules, the grea-
test influence of the input speed on efficiency exists in
the functional module DM7 because its kinematic sche-
me was chosen in a way that chosen values of basic gear
ratios (ki,k,), relative tangential velocities, and the slip-
ping velocities on gear meshes, depend mostly, in res-
pect to other described two-step modules, on the input
speed.

- After the changing of the gear module from 3 to 6 mm,
the efficiency value of all functional modules decreases.
The decrease of the efficiency value is especially low in
the functional module DM7 (0.0410), while in the func-
tional module DM9 there is the lowest change of
efficiency (0.0075). If the functional modules JM6 and
DM7 were compared, having the greatest influence of
gear module on efficiency, in respect to the values for
which there is a decrease in efficiency, (for the chosen
range of the gear module), it is noticeable that the grea-
test change happens in the module DM7. The absolute
efficiency values in these functional modules are lower,
and the reason for this is the existence of a greater num-
ber of teeth in mesh.

- By increasing the input power (from 50 to 500 kW),
while the input speed is constant, there is a significant
increase in efficiency in all functional modules. The hig-
hest increase is in the module DM7 and it equals 0.2945,
while in the module DM9 there is the lowest change in
efficiency and its value is 0.0538. The least influence of
the input torque on efficiency is in the functional module
DMO because the structure of its kinematic scheme and
the value of basic gear ratios influence in such a way that
the difference of the input torque and the resistance
change the least in respect to other functional modules.
On the other hand, the greatest change in the input
torque and internal resistance exists in the functional
module DM7, which also depends on the kinematic con-
cept and a chosen value of basic gear ratios.

- By increasing the lubrication factor (from 1.4 to 1.7), the
efficiency decreases due to the increasing power losses
in gear teeth interaction. The efficiency decreases the
most in the functional module DM?7 (0.05377), while the
lowest efficiency decrease is in the module DM9 and its
value is 0.0059.

For the analyzed two-set functional modules it is cha-
racteristic that there are two extremes: the functional mo-
dule DM9, the efficiency of which does not depend on the
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Table 7
Module Powerr;rétizzhr mesh Krejnes method Combination method
label Hmax Hmin Mmax Hmin Mmax Hmin
hlek|lbhleklbhlbklbhlbh|lbh] & | ]k
omi L0977 0.963 0977 0.963 0979 0977
15154545 15[ 15|45 [45]15] 398 [45] 15
vy 0895 0.820 0.897 0.824 0.956 0.887
454515154545 |15 [15]45] 45 [15] 15
omz L0971 0.928 0972 0.930 0.967 0.929
1545 451515454515 15] 15 [45]45
oMa 0945 0.937 0.945 0.938 0.967 0.921
4545|1515 4545|1515 15] 45 [45] 15
oM | 0-986 0.900 0.986 0.909 0.955 0919
4545|1515 4545|1515 ]45] 15 [15] 15
oM | 0-980 0.948 0.981 0.949 0.958 0.906
45 151545451515 [45]|15] 45 [45] 15
om7 L0971 0.928 0972 0.930 0.953 0.907
45 151545451515 [45]|15] 45 [45] 15
Mg L0980 0.948 0.981 0.949 0.951 0.951
1545 4515154545 15]45] 45 [15]15
oMo L0971 0.928 0972 0.930 0.973 0.968
1545 451515454515 15[ 15 [45] 44
0.960 0.952 0.938 0914 0.980 0979
DM10
15154545 15[ 15|45 [45]15] 168 [45] 15

change of influencing parameters and the functional module
DM7, where the significant parameters influence efficiency
most. Other functional modules are between these
extremes.

In contrast to the one-set functional modules, where the
analysis was conducted in relation to the applied methods
(the I. N. Kornilaev and the Combination method) in the
same functional modules, in the two-set functional modu-
les, the effect of circulated power on efficiency regardless
of the applied method was also taken into consideration.
For this reason the DM1 functional module in which only
the effective power exists was chosen, as well as the DM5
where, besides the effective power the circulated power was
present. On the basis of the analysis, the following was
concluded:

— The value of efficiency, determined by any of the above
mentioned methods is higher in the functional module
DM1 (0.97329 — 1. N. Kornilaev method and 0.96493
determined by the Combination method) than the values
of efficiency in the functional module DM5 (0.94196 —
the I. N. Kornilaev method and 0.92009 — the Combi-
nation method). In respect to the absolute differences in
efficiency values of the depicted functional modules
(0.03133 — the I. N. Kornilaev method and 0.04484 — the
Combination method), it is concluded that the circulating
power has significant influence on the value of losses in
gear mesh.

— For the same functional module, the efficiency differs
depending on the applied method. The values obtained
by the I. N. Kornilaev method are higher than those ob-
tained by the Combination method (the absolute diffe-
rence for the DM1 module is 0.00836, and for the DM5
module — 0,02187). In the functional modules where
only the flow of power exists, this effect is negligible
while it is somewhat higher in those modules where the-
re is the circulating power.

Efficiency of the functional modules of the
RAVIGNEAUX type

The kinematic schemes and the power flows for the
RAVIGNEAUX functional type modules are given in
Fig.5.

The analytical expressions, on the basis of which
efficiency is determined by the power flow method in gear
mesh, are given in Table 8.

Table 8
Module label Power in gear mesh method
ka1 1-—ki_(0.033k*2 k2 4 g 0p
k=73 ok 8T P00
. ! i ki
RMI;RMI3 | j =52 10054
ky-1 ki 3ky-5ki-2
<kl 1- 0.03 +0.02
ki 2 kz'kl( 1+ k, )
RM2; RM19 1-0.09-k1
1+,
ko
RM3:RM9 | 1-—— %2 [0.03Gk,+2-k)+0.02(1+
, T [003Gk: +2-k) 0,020+ £)]
RM4; RM24 1-0.05- k2
1+k,
RMS; RMI18 0,95
RM6; RM12 0.91
. 1 Bkat2-k
RM7; RM15 T 0037 0.02)
. . 1
RMS; RM21 10091
RM10; RM23 1-0.08—k2
17K2
RM11; RM17 0.92
RM14; RM20 1-0.08—K1_
27 K1
. ) 1
RM16; RM22 1-0.05 -
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Figure 5. RAVIGNEAUX functional type modules - kinematic schemes and power flows

Table 9
1::[1(; (3;::11 Krejnes method 1\/{2](3‘1;16 Krejnes method
(k2-k») (L+kin,) (1+ky) (kzﬂz'kl)
RM1 — RM13 - 70 "
A+ k) (kz'kl’]o) (kz‘kl)ﬂg(ﬂo+k1)
1 .-
RM2 * kit RM14 Kally i
1+k Uo(kz'kl)
1, (o + k2) (ki-k2) (I+ k) (my+k2)
RM3 —— 5 RM15 o
1+ k) (kg - k2) (I+k2) (+ ko)
RM4 Lk, RM16 Tt ka
1+ ks 1+k,
RMS5 7, RM17 n
RM6 o RM18 7,
RM7 “ ((::k)) ’171(770 +)kl) RM19 7o (k)
kl ( kz’70 7]0+k1
RMS 1o+ ki RM20 ko-ki .
1+k1 k2-k Mo
avo | ) (k) | o 1,1+ k)
(ki-k2) (1+k2770) 1+ k un
ka1 1+
RM10 kitkainy RM22 T+ k2)
ki-k» I+k,1,
2
RM11 m RM23 o U-k2)
kimg-ka
7, (1+k2)
RMI2 RM24 1y Ut ko)
Mo Mo+ ko

On the basis of the formulas in Table 8, it is evident that
the efficiency of the functional module RM1 and its inverse
module RM13 depends not only on the value of internal ge-

ar ratios, but also on their mutual interaction. For the func-
tional modules with the fixed carrier (RMS5, RM6, RM11,
RM12, RM17, and RM18), the efficiency has a constant
value. For ten modules of this kind, it is characteristic that
efficiency depends on both basic gear ratios, and for the
eight rest modules only one of the basic gear ratios has an
effect on the efficiency.

The obtained analytical expressions for the efficiency
determined by the M. A. Krejnes method are shown in Ta-
ble 9.

The type of efficiency change of functional modules, de-
pending on the basic gear ratios, is the same as in the power
method in gear mesh, except that for the functional modules
RMI1 and RM13 it does not depend on mutual relations of
basic gear ratios.

The obtained analytical expressions for the efficiency
determined by the Combination method are shown in Ta-
ble 10.

The efficiency change character, determined by this
method, in relation to basic gear ratios, is the same as in the
power method in gear mesh, except for the modules RM11,
RM12, RM17 and RM 18, where the efficiency is not con-
stant but changes in relation to the basic gear ratio of one of
two planetary sets.

Analyzing the expressions given in Table 10, it is evi-
dent that there are four groups of functional modules, re-
garding the dependences of their efficiency on basic gear
ratios. In the first group, there are functional modules the
efficiency of which does not depend on planetary sets
(RMS and RM6) basic gear ratios. The second group con-
sists of modules the efficiency of which depends on the ba-
sic gear ratio of the first planetary set (RM2, RMS§, RM11,
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Tabela 10
N{;)]()i;le Combination method
! 2
ki n ki 3.5ki-k,+2.5
2-1 44m ( C . +P, 0.01
kl>/£2 N m(CmZ, n 1Jrkl) P ( T+, )
¢, Py
n ki
RM1 k1=k22'1 . 44m ( CmZ,, n. 1 ) +0.015p, i
cr Pu
ki 3k,-4.5k-1.5
-1 44m ( C ki 3k-43k-1.5
k1<k22 N m(CmZ, n E ik
cr Pu
ki
RM2 I_A'"(CZ[., mn, 1+k )" (3+0995)+003Pu T
cr Pu
ky k>
44m ( C K 1001 (ky-k)+0.02 (1+k,)+0.005 (1+
RM3 1- m ( mZ‘” Mu 1+k ) + Py (1+k2) (kz‘kl)[ (kz kl) ( kz) ( kl) ]
cr Py
k»
RM4 N Am ( CmZ,, nu 1+k ) (1+099)+0015pu s
cr Pu
RM5 ) Am ( CmZ,,2 e ) (1+099)+0015PU
cr Py
RM6 Am (CmZ,, n) (3+0995 )+0.03p,
¢r Pu
hoyp 1 .
RM7 | | 44m ( CZ,, mn. T+ )'+ P, YA (1+k2)[ 0.01 (Jp- k1) +0.02 (14 k,)+0.005 (1+4,) ]
cr Pu
RMS L Am(CmZ Ny 1+k) (3+0995 )+0.03p, 1+k
cr Pu
44m ( Cmz,, n, 252y 4 p, ks [ 0.01 (fo-k)+0.02 (14 45) +0.005 (1+4,) ]
RMO . “ ™ ko (k) (ka-k)
cr Py
klk2 n k
RM10 - Am (CmZ .m0 (3+O995 )+0.025p, 2
cr Pu
RM11 Am (CmZ,, n k) (3+099 )+0.025p,
¢, Py
RM12 ) Am ( CmZ,, n. ki) (3+0995 Y+0.03p,
cr Py
ka-1 4dm (Cmzy, n FE2y 4 p K 00135k, k,+2.5)
k> é 1- k2-ki (I+k) (ka-k)
cr Py
kiky n ki
21 44m (C , Kaka 0 015p,
RM13 k1=k~2 . m(CmZ, n kz'kl) P s
cr Py
kiks \n 13
-1 4dm ( Cmz,, n, "2y 1 001p, ~— K (3f,-45
k1<k22 L (CmZ, n joys ) P %) (kz‘kl)( oo i)
cr Py
klkl n k
Am (€ 3+ +0.025p,
RM14 [ Az m ) 699 P on
cr Pu
kz n % )
RMIS | |- 4dm (CmZ, om0V +Pu ey gl 01 (kemk) +0.02 (L4 £2)+0.005 (1+£) ]
cr Py
k2 n
RM16 1- Am ( CmZaz M 1+k2 ) (1+099)+0015Pu 1+k
¢, Pu
RM17 . Am ( CmZ,, nu k2) (3+O995 )+0.015p,
cr Pu
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Table 10 (continued)

RM18 (CmZy i k2 ) (1+@)+0015p“
cr Pu
1 \n 1
Am ( C - 3+ +0.03
RM19 Ny mCCmZo, mag=)" 0995) P
cr P
n k
RM20 . Am ( CmZ,, n, k) (3+—0 gg )+0.025P, "L
cr Py
n 1
RM21 N Am ( CmZ,, n.) (3+0995)+003Pu s
cr Py
n 1
Am ( C +0.015
RM22 N m(CmZ, n,)" (+ 099) P
cr Pu
n kz
RM23 N Am ( CmZ,, n. k> ) (3+0995)+0025pu s
cr Pu
n . kz
RM24 N Am (CmZ,, n, k2)' 1+ 099)+0 015p, 12
cr Pu

RM12, RM19 and RM21). The efficiency with the numeri-
cal value depending on the basic gear ratio of the second
planetary grade k; is related to the functional modules of the
third group, consisting of RM4, RM6, RM17, RMI1S,
RM22 and RM24. The efficiency of the fourth module gro-
up depends on the basic gear ratios of both planetary sets k;
and k. The functional modules in this group are: RM1,
RM3, RM7, RM9, RM10, RM13, RM14, RM15, RM20,
and RM23. For the functional modules RM1 and RM13, it
is characteristic that the efficiency depends only on the pa-
rameter k; when k1= (k>-1)/2.

The efficiency dependence of the functional modules of
the second group on the basic gear ratio of the first
planetary set is shown in Fig.6. The efficiency of the func-
tional modules of this group, except RM19, slightly chan-
ges (decreases) with the increase in value of the internal ge-
ar ratio. Among all functional modules, the module RM11
has the highest efficiency value in the whole range of pa-
rameter k;. The greatest dependence of efficiency on the
basic gear ratio exists in the functional module RM19,
where the efficiency value also increases with the increase
of kl.

Efficiency 5

RM19

0.82 T T T T T T T T T T T ]
0.4 0.5 0.6 0.7 0.8 0.9 1.0
Basic gear ratio &

Figure 6. Efficiency of the second group of the functional modules of the
RAVGNEAUX type

The efficiency dependence of the functional modules of
he third group on the internal gear ratio of the secondary
planetary grade is shown on the diagram in Fig.7. The cha-
racter of efficiency change of the functional modules of this
group is characterized in this way: with the increase of the
basic gear ratio k,, the efficiency decreases. The efficiency
of the functional module RM4 changes very little with the
change of k, parameter, and its value is the highest in res-
pect to the efficiency of other functional modules in the
whole range of k,. The efficiency of the functional modules
RM17 and RM18 are almost identical for all values of the
parameter K,.

h RM4

Efficiency 5

0.85 — T T 7 T T T T T T T ]
1.5 2.0 2.5 3.0 3.5 4.0 4.5
Basic gear ratio k,

Figure 7. Efficiency of the third group of the functional modules of the
RAVGNEAUX type

Comparing the efficiency for several functional modules
of the fourth group by graphical means is rather difficult.
That is the reason why only one of this functional modules
(RM15) and the dependence of its efficiency on the para-
meters k; and K, is shown in Figure 8.
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Figure 8. Efficiency of the functional module RM15

As shown on the diagram (Fig.8), the maximum value of
efficiency is obtained from the range of basic gear ratios:
£1=0.5-0.8 and k,=1.5-1.8.

By using expression (5), in the same way as in the two-
-set functional modules, the average values of efficiency
were determined (the value of the basic gear ratio for the
first planetary set was between 0.5 and 1.0, while for the
second planetary set it was between 1.5 and 4.5), on the ba-
sis of which the functional module was graded (Table 11).

Table 11
Power in gear . Combination
N{;)S;le mesh method Krejnes method method

Nsr grade N grade Nsr grade
RMI1 0.968 2. 0.959 10. 0.971 3.
RM2 0.962 5. 0.979 3. 0.960 9.
RM3 0.880 12. 0.902 16. 0.935 16.
RM4 0.963 4, 0.963 7. 0.9735 1.
RMS5 0.950 7. 0.950 13. 0.972 2.

RM6 0.910 10. 0.950 13. 0.952 12.
RM7 0.951 0.714 20. 0.965 6.
RMS 0.948 0.971 S. 0.963 7.
RM9 0.880 0.895 17. 0.926 18.

RM10 0.887
RMI11 0.920
RM12 0.910
RM13 0.968
RM14 0.967
RM15 0.951

0.862 19. 0.917 21.
0.903 15. 0.966 S.
0.950 13. 0.961 8.
0.939 14. 0.943 15.
0.955 12. 0.958 10.
0.958 11. 0.957 11.

g e R ISR I B N=E E = ) Y P (= ol g =S8 =

RM16 0.987 0.987 1. 0.950 13.
RM17 0.920 0.903 15. 0.9232 19.
RMI8 0.950 0.950 13. 0.9230 20.
RMI19 0.962 0.978 4. 0.906 22.
RM20 0.967 0.961 9. 0.968 4.
RM21 0.948 0.970 6. 0.947 14.
RM22 0.987 0.986 2. 0.933 17.
RM23 0.887 0.868 18. 0.838 24.

RM24 0.963 4. 0.962

*

0.903 23.

By analyzing the results obtained in Table 11, it is seen
that there is no functional module with the same grade for
all applied methods. The functional module RM16 has the
same grade for the power in gear mesh method; the module

RM17 has the same grade in the power in gear mesh met-
hod and in the Combination method, while the modules
RM3 and RM15 have the same grade for the M. A. Krejnes
method and the Combination method.

The difference between the average values of the
efficiency determined by the power in gear mesh method
and the M. A. Krejnes method is the greatest in the RM12
module and its value is 0.04. The average efficiency value
determined by the Combination method for the module
RM24 is significantly lower from the average efficiency
values determined by the power in gear mesh method and
the M. A. Krejnes method, so the difference is 0.06. The
functional module RM4 has the highest grade obtained by
the Combination method, which means this module should
be used when determining the kinematic scheme, especially
since efficiency slightly changes in the whole range of va-
lues of basic planetary gear ratios.

Testing the character of efficiency change in dependence
on basic gear ratios the maximum and minimum values are
determined, as well as the values of the basic gear ratios for
which the losses in gear mesh are minimal or maximal (Ta-
ble 12).

While analyzing the dependence of efficiency on other
significant parameters the values of the basic gear ratios
were k;=0.5 and k,=2.0. The following was concluded:

— By increasing the speed (from 1500 to 3000 min™), the
value of efficiency of all functional modules decreases in
the range from 0.00317 (RM1, RM7 and RMS) to
0.07778 (RM19). In functional modules RM1, RM7 and
RMS the values of efficiency decrease are the same be-
cause the analytical expressions for relative peripheral
speed are identical (Table 10), and the values of power
in gear mesh are very similar because of the mutual re-
lationship of basic gear ratios and their chosen values.

If the functional module RM19 is compared with the
two-step functional module DM7 (with the efficiency al-
so depending on the input speed), regarding the
efficiency (for the given values of other parameters),
higher values are obtained in the functional module
DM?7. This is explained by the fact that in this module
exists a greater number of internal gear meshes where
the losses are less than those in outer gear mesh. Compa-
ring the values of the efficiency change of these two mo-
dules, it is evident that efficiency depends significantly
on the input speed in the functional module RM19.

- By increasing the value of the gear module from 3 to 6
mm, efficiency decreases. The highest decrease of
efficiency is in the functional module RM19 and its va-
lue is 0.12883, while the lowest change of efficiency is
in the functional modules RM1, RM7 and RMS
(0.00524). As stated before, in this type of functional
modules, with the change of gear module, the gear dia-
meter also changes and so do the pheripheral speed and
slipping speed in gear mesh.

- Among all significant factors, the input speed (input
torque), when the speed is constant, affects most the
change of efficiency in all functional modules. By incre-
asing the input power from 50 to 500 kW, efficiency inc-
reases in all functional modules for a value with the ran-
ge from 0.03754 (RM1, RM7 and RMS) to 0.83738
(RM19). In the functional module RM19 the dependence
of efficiency on the input torque is evident, and the rea-
son for this are the chosen values for basic gear ratios
and the structure of kinematic scheme of this functional
module.
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- By increasing the value of lubrication factor from 1.4 to
1.7, the efficiency for all functional modules decreases
from values 0.00366 (RM1, RM7 and RMS) to 0.22718
(RM19). The lubrication factor has a greater influence
on these functional modules than on the common two-
-set functional modules.

Table 12
Power in gear mesh method Krejnes method Combination method
Module label Hmax Hmin M max Hmin Hmax Hmin
kl kz kl kz k1 kz kl kz kl kz k] k2
1 3 4
0,983 0,86 0977 0,889 0.980 0.903
RMI
0.5 ‘ 20 | 1.0 | 15 0.5 ‘ 45 1.0 ‘ 1.5 0.5 ‘ 2.0 1.0 ‘ 15
R 0.970 0.955 0.983 0.975 0,962 0,96
05 |1545] 1.0 [1545] 05 [ 1545] 10 [1545] 05 1.5-4.5 10 [ 1545
B3 0.902 0.759 0.930 0.783 0.949 0.862
05 | 45 | 1.0 [ 15 05 | 45 10 | 15 05 [ 45 10 [ 15
RM4 0.970 0.959 0.970 0.959 0.974 0.973
05-10] 15 Jo5-1.0] 45 [0510] 45 [o0510] 15 [o0510] 15 0510 | 45
0.950 0.950 0.972
RM5
0.5-1.0; 1.5-4.5 0.5-1.0; 1.5-4.5 0.5-1.0; 1.5-4.5
RM6 0.910 0.950 0.957
0.5-1.0; 1.5-4.5 0.5-1.0; 1.5-4.5 0.5-1.0; 1.5-4.5
RM7 0.959 0.942 0.956 0.473 0.969 0.962
1.0 | 15 [ 05 ] 45 10 | 45 05 | 15 05 [ 15 10 [ 45
RMS 0.955 0.940 0.975 0.967 0.966 0.960
10 [1545] 05 [1545] 10 [ 1545] 05 [1545] 05 | 1545 10 [ 1545
RMO 0.902 0.759 0.928 0.735 0.953 0.776
05 | 45 | 1.0 [ 15 05 | 45 10 | 15 05 [ 45 10 [ 15
0.910 0.765 0.890 0.713 0.943 0.781
RM10
05 | 45 | 10 | 15 05 | 45 10 | 15 05 [ 45 10 [ 15
0.920 0.902 0.970 0.962
RMI1
0.5-1.0; 1.5-4.5 0.5-1.0; 1.5-4.5 05 | 1545 1.0 | 1545
RM12 0.910 0.950 0.965 0.957
0.5-1.0; 1.5-4.5 0.5-1.0; 1.5-4.5 05 | 1545 1.0 [1545
0.983 0,86 0.969 0.770 0.963 0.796
RM13
05 [ 20 | 10 | 15 05 | 45 10 | 15 05 | 20 10 | 15
0.990 0.845 0.986 0.790 0.985 0.823
RM14
05 [ 45 | 10 | 15 05 | 45 10 | 15 05 | 45 10 | 15
0.959 0.942 0.965 0.947 0.963 0.952
RMI5
1.0 | 15 [ 05 | 45 10 | 45 05 [ 15 05 | 15 10 | 45
RMI6 0.991 0.980 0.991 0.980 0.969 0.931
05-10] 45 J05-1.0] 15 [0510 ] 45 [os-1.0] 15 |1545] 15 1545 | 45
0.920 0.902 0.962 0.878
RM17
0.5-1.0; 1,5-4.5 0.5-1.0; 1.5-4.5 0510 15 05-1.0 | 45
0.950 0.950 0.962 0.878
RMI8
0.5-1.0; 1.5-4.5 0.5-1.0; 1.5-4.5 0510 15 0510 | 45
RMIO 0.970 0.955 0.983 0.974 0.943 0.837
05 [1545] 1.0 [1545] 05 | 1545 [ 1.0 [1545] 1.0 [ 1545 05 [1545
RM20 0.990 0.845 0.988 0.841 0.987 0.898
05 [ 45 | 10 | 15 05 | 45 10 | 15 05 | 45 10 | 15
. 0.955 0.940 0.974 0.966 0.950 0.944
1.0 [1545] 05 [1545] 1.0 [ 1545 05 [1.545] 05 | 1545 1.0 [1545
RV 0.991 0.980 0.990 0.979 0.952 0913
05-10] 45 J05-1.0] 15 [0510 ] 45 [os-1.0] 15 [o051.0] 15 0510 | 45
0,91 0.765 0.892 0.759 0.899 0.769
RM23
05 [ 45 | 10 | 15 05 | 45 10 | 15 05 | 15 10 | 45
A2 0.970 0.959 0.969 0.959 0.947 0.854
05-10] 1.5 J05-1.0] 45 [ 0510 15 [os-1.0] 45 [o051.0] 15 0510 | 45

meters).

In these functional modules, in respect to major para-
meters, it is evident, that there are two extreme cases: func-
tional modules RM1, RM7 and RMS8 (efficiency depends
least on major parameters) and functional module RM19
(the greatest dependence of efficiency on significant para-
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Efficiency of the three-step functional modules and
the functional modules of the RAVIGNEAUX type
in combination

The kinematic schemes and power flows of the three-
step functional modules are given in Fig.9.

The derived analytical expressions for efficiency, deter-
mined by the power method in gear mesh and the M. A.
Krejnes method are given in Table 13, and fo the Combina-
tion method in Table 14.

The efficiency of these functional modules (no matter
which method is applied) depends on the value of basic
gear ratios of planetary sets which form the respective
module.

While determining the efficiency of the three-set functi-
onal modules, no mather which method applied, the values
of basic gear ratios (ki, k, and k;) are found in a range from
Kinin — kmax for the modules TM2 and TM3, while for the
functional module TM1 they are determined by:

™2

Figure 9. Three-step functional modules - kinematic schemes and power flows

Table 13
h/{;)gglle Power in gear mesh method Krejnes method
T™I1 1-0.05 kil Ghoks+ko+D) A+ k) +(+k) (+k)+ ks (+k)] (koks + ka-ki) (7o+ks) (1+kin,)
(koks+kak) (k) (k) (+ k) I+ k) (kaks+katt - k)
™ 1-0.05 kikaks (1, 1 ks ) A+kimy) (A+kany) Atk [A+k) (+k)+(+k+k) ks ]
' [(A+k) (1+k2)+(1+k1+k2)k3]k1+k1 I+ky 1+ks (+k) A+k) A+ k) [ A+ kny) A+kany) + A+ ki, + kan,) ks, ]
T™3 1-0.05 KoKs[(1+2K) A+ K)+ 1+ K+ K5) ] [A+k) A+ks)+ ko] A+ksn,) (770+k1+k2’7§)
[A+K) A+ K)+ K] A+ K3) 1+ K+ K>) (k) (+ky+ k) [+ k) (+ksny) + kame)
RMK ] 1 005 kel Gokat ks 1) (k) + (14 k) (ko) +ha (Lt )] Ueskatks=ka) (10t ka) (+kany)
(eska+ ks ko) (ko) (ko) (I+ks) (1+k2) (ksks+ Kty - ko))
RMK2 |- ky (0.00kskat kst o 051+ 2ksy (kskatks-k) (ot ks) A+kim,)
kskat sk 1+ £, Ttk (1+k) (4 ks) kska+ksm, - kimy)
_ 1 1 ko (I +k3) -2k -1 ks 1+ + Jy Sy S
R |! k,[0.03—1”“+kﬂh+k2_k1 (0.06 ok +0.05—1+k3+0.02k2)] I+ k) (ny+ks) (kaks+k, kls)
A +k) A+ks) (kaks+kang- ki)
Table 14
N{;)S:II e Combination method
ki kiks " kiky 2+ kit k»)
24m[ (C " +(CmZ ny 77—~ —+——)"1+0.015p,
™I AT CmZan )+ Emzan ) gy ] P+ k) (k) (k)
cr Py
kiks \n ky \n kik,
24m[ (C +(C —X2 y"140.03
™2 A Cmzam g, D) CmZen D OO
cr Py
k]kz n k2(1+kl) n 1+2k1
T™3 1_2Am[(cm2mnur+k1+k2) +(CmZuzn1171+kl+k2) ]+0-015Pu71+k1_*_k2
¢ Pu
ka \n ko \n koka n k» ky kskatks+1
24 C +(C 3 +(C dp,——24—H)"1+0.015p, ——=—(1+ e
RMK1 N m[( mzmnquz) (Cmz. n,,1+k2) (Cmz, o k) (sz)) ] P“k;k4+k3-kz( T+ ks 1+ ks )
cr Py
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. 1+k3)°
kl E{ klminamln[kzl(_'_i:;]]iﬁ: klmax]}
3

kZ € [kZmin’k2max]
k3 € [k}mimk}max]

Q)

The values determined by expression (6) refer to the
RMKI1 module that is, in a functional way, identical to the
TM1 module, with one difference concerning the indices of
markings the basic gear ratios that are increased by one.

Since there is a relatively small amount of functional
modules of this type, the grading according the average
value of efficiency is not done, but the minimum and
maximum values were determined along with the basic gear
ratios (Table 15).

The data given in Table 15 show that for all functional
modules there is a correlation between the Power method in
gear mesh and the M. A. Krejnes method in respect to the
efficiency and their basic gear ratios.

For the functional modules TM1 and TM3 the values of
efficiency obtained by the Combination method are very
similar to the values obtained by the M. A. Krejnes method.
The value of efficiency for the functional module TM2
greatly differs in respect to the applied method. For
example, the difference between the maximum values of
efficiency obtained by the first two methods (Table 15) and
by the Combination method is 0.16988, while the differen-
ce between the minimum values of efficiency is 0.3071.

For the functional modules of the RAVIGNEAUX type
in combination (kinematic schemes and power flows are
shown in Fig.10), the maximum and minimum values
efficiency as well as the value of the corresponding basic
gear ratios were determined (Table 16).

Moreover, in this kind of functional modules it is evident
that there exists a correlation between the power in gear
mesh method and the M.A. Krejnes method regarding the
maximum and minimum values of efficiency. The values of
efficiency determined by the Combination method, for both
functional modules, greatly differ from the values obtained
by the first two methods (Table 16). The difference is the
greatest with the functional module RMK3 and the
maximum value is 0.09111, while the minimum efficiency
value is 0.44794.

RMK3

Figure 10. Functional modules of the RAVIGNEAUX type in combi-
nation — kinematic schemes and power flows

A significant difference in the efficiency values obtained
by the Power in gear mesh method, M. A. Krejnes method
and Combination method for these two functional modules
and also in the three-step module TM2 shows that these
functional modules do not function under nominal loads (in
the first two methods, it is assumed that the gear functions
under a nominal load [1]), which means that the input
power (with the unchanged input speed), i.e. the input
torque, should have a higher value. Because of this, during
the analysis of the influence of other relevant parameters on
efficiency the chosen input power was 1000 kW. In this
analysis, the values of basic gear ratios of the planetary sets
were assumed to be constant and their value was 1.5, and
all the characteristics regarding the module TM1 are the
same as in the module RMK 1. Therefore, the following was
concluded:

— With the increase of the input speed from 1500 to 3000
min™ the efficiency of all functional modules decreases.
The values of this decrease are in the range from
0.00342 (TM1) to 0.06984 (TM2), which means that the
greatest influence of the input speed is in the functional
module TM2. Comparing the efficiency of this functio-
nal module and the two-step module DM7, where there
is also the greatest influence of the input speed on

Table 15
Power in gear mesh method Krejnes method Combination method
Module
label nmax 7]min ’7max 7]min ”nmx 7]min
hlhlbhlolblb|lhlbklblbhlek]lb|lble]b|b]le]k
T™L, 0.79000 0.96164 0.82558 0.96271 0.82618
RMKI | 15 [ 4515 [45[15[45[ 15451545 15]45[45]15][45]|15]45]45
™o 0.96090 0.92844 0,983558 0.96702 0.81370 0.65992
151515454545 151515454545 ]45]45]15]15]15]45
M2 0.98288 0.95821 0,98322 0.95857 0.96995 0.87146
45 [ 15 [45[15[45[45][45] 1545154545 15]45]15][45]15]45
Table 16
Power in gear mesh method Krejnes method Combination method
Module
label Nmax _ . nmin . nmix _ nmin . nmix _ ann .
k [k [k[k[k|k[k[k|[k|[k[k|[k][k][k[k][k]k
0.96995 0.89318 0.98153 0.94774 0.90296 0.54298
RMK2
05 [15[45[10]15]15]05 (4545 10[15[15[10]15]45]05]45] 45
RMK3 0.97000 0.94915 0.98060 0.93256 0.88949 0.48462
05 [15]15[10]45]15]os]as]4as[10]15]15[10]15]15]05]45] 45

*For the RMK2 the indice of parameters are increased by one.
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efficiency, it is evident, even though the value of the in-
put torque is twice as large, that the efficiency values are
lower. The reason for this is the fact that the number of
gears in mesh in the functional modules TM2 is greater,
and so are the losses.

— With the increase of the gear module from 3 to 6 mm,
the value of efficiency decreases negligibly. The mini-
mum decrease is in the functional module TMI1
(0.00565), and the maximum decrease is in the module
TM2 with the value of 0.07595. In this case, there is also
the greatest influence of the gear module on efficiency in
the functional module TM2, which is the result of its ki-
nematic scheme and chosen values for basic gear ratios.

— With the increase of the input power from 500 to 1000
kW (input speed is constant), the efficiency increases.
The highest increase is in module TM2 (0.09204), and
the lowest increase is 0.00450 in the TM1 module. If the
efficiency of the two-step functional module DM7 is
compared with the three-step module TM2 (where
efficiency depends mostly on the input torque) efficiency
it is evident (with the same values of other parameters)
that a lower value is obtained in the three-step functional
module. For example for the 500 kW input power, the
efficiency of the functional module TM2 is 0.80092 and
for the module DM7 — 0.92977. Lower efficiency values
are obtained on the three-step functional module TM2
because there are more gears in mesh.

— With the increase of the lubrication factor (from 1.4 to
1.7) the efficiency decreases. The minimum decreases of
efficiency is obtained in the module TM1 (0.00529), and
the highest decrease is 0.083906 (TM2).

Duting the analysis of the influence of other parameters
on efficiency of the functional modules of the
RAVIGNEAUX type in combination, it was assumed that
the values of basic gear ratios are k=0.5 and k,=k3=1.5.
Therefore, the following was concluded:

— With the increase of the input speed from 1500 to 3000
min™', the efficiency decreases. The decrease is greater in
the RMK2 module and its value is 0.00937, while the
value of the module RMK3 is 0.00651. In these functio-
nal modules, in contrast to others, the characters of
efficiency change are very similar and so are their valu-
es. For example, at the input speed of 1500 min™, the
efficiency for the functional module RMK2 is 0.89512
and for the RMK3 module its value is 0.88853.

— With the increase of the gear module from 3 to 6 mm,
the efficiency decreases from 0.01780 (RMK3) to
0.01550 (RMK?2).

— With the increase of the input speed from 500 to 1000
kW, efficiency increases for both functional modules,
from the value 0.00857 (RMK3) to 0.01130 (RMK2).

— The efficiency for both functional modules decreases

when the lubrication factor increases from 1.4 to 1.7. For

the module RMK2 the decrease is 0.01036, while for the

module RMK3 the decrease is lower and its value is

0.00705.

During the analysis of the obtained values, it is evident
that the dependence of efficiency on other influencing pa-
rameters, for both of the functional modules, is very similar
(a slight change of efficiency value in a chosen range of
values of influencing parameters). The values of efficiency
of these functional modules, in respect to the three-step
modules are lower by 0.08.

Conclusion

There is a correlation of the M. A Kreines method and
the Power in gear mesh method in respect to the efficiency
value in the considered functional modules, while their cor-
relation with the Combination method exits only for some
functional modules. The character of torque influencing the
efficiency in gear mesh is that in the range of high values of
torque, the efficiency change is smaller in comparison to
the low values of torque. The absolute difference between
the values obtained by the Combination method and the 1.
N. Kornilaev method is low. This difference appears becau-
se the Combination method disregards the influence of los-
ses of one gear mesh on the efficiency in other gear mesh.
The grade of functional modules according to the efficiency
values is very significant in the creation of a correct kine-
matic scheme.
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Analiza stepena korisnosti funkcionalnih modula planetarnih
prenosnika

IzvrSena je analiza stepena korisnosti funkcionalnih modula planetarnih prenosnika ¢iji su rezultati veoma znacajni
pri projektovanju planetarnih prenosnika snage. Prikazani su analiti¢ki izrazi za odredivanje stepena Korisnosti za
nekoliko postojecih metoda, utvrdena je korelacija razmatranih metoda s aspekta odredenih vrednosti stepena Koris-
nosti i sagledan je uticaj relevantnih parametara na stepen korisnosti funkcionalnih modula.

Kljucne reci: planetarni prenosnik snage, funkcionalni modul, stepen prenosa, stepen korisnosti.
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Analyse de Pefficacité des modules fonctionnels de ’engrenage
planétaire

Lefficacité des modules fonctionnels de 'engrenage planétaire était le sujet d’'une analyse dont les résultats sont trés
importants pendant la conception des trains d’engrenage planétaires. Les expressions analytiques pour la
détermination de Pefficacité sont présentées pour quelques méthodes existantes et puis la correlation entre les
méthodes traitées est effectuée de point de vue de leur efficacité. Peffet des paramétres pertinents sur Pefficacité de
modules fonctionnels est également déterminé.

Mots-clés: train d’engrenage planétaire, module fonctionnel, rapport d’engrenage, efficacité.





