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ABSTRACT

In a planetary gear drive, the power circulating within the system elements may vary significanily from that
of input power Lo the system, This is because of the relative motion of the gear members, which has o
considerable effect on the performance and efficiency of the systems. This paper describes the design and
development of the coupled planetary gear train test rig. The test g can be used for studying the efficiency
and recireulation of power in coupled planetary gear trains (PGT3).
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1. INTRODUCTION

Applications using planctary gears have inereased over 4 period of years because of the advantages related
with planetary gears in comparison with ordinary gear trains. The aspects which characterise a planetary gesr
system arc its compaciness, co-axial amangement of driving and driven shaft, large speed reduction
possibilities, higher torque-to-weight ratio and decreased bearing loads, The Planetary gear systems are
widely used in automaobile finzl-drive umis and automatic transmission.

Theoretically, the efficiency of PGTs can be calculated by assuming that the gear-mesh loss as the only
power loss. Radeimovsky EL [1, 2] has given a simplified approach for determining power Iosses and
efficiency of PGTs Glower LH. [3] has given formulas for the overall efficiency of different gear trains,
Jensen P.W. [4] has given a simplificd method to determine the transmission ratio and the efficiency of
coupled planetary gear trains simultanecusly. Pennestri E and Freudenstein F, provided a method to calculate
the efliciency of PGTs [5] and & review of formulas available to caleulate the efficicney of PGTs [6] White
G. [7] has mven method for identifving those arrangements that avoids intemal circulation of power. Sanger
D1, 8] has provided a technique of power flow analysis through any single path of a general multi-path
transmission system. The contributions discussed above are for theoretically caleulating the efficiency of
PETs and power flow in coupled planetary gear trains.

Kasuba BE. and Radzimovsky EL [9] developed a multipurpese testing machine for rescarch studics in
pearing with a compound planetary gear drive. The testing machine consists of compound planetary gear
drive with the provision of changing the gears of the planetary gear drive to change the gear ratio, It has been
used for determination of instantaneous gear tooth engagements loads, minimum film thickness and
efficiency of compound planetary gear systems. The present test rig consists of two separate planetary gear
trains with gears on the auxiliary splined shafi 1o change the configuration of coupled planetary gear tmin, 1t
can be used for observing the efficiency and recirculation of power in coupled planetary gear train.
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2. DESCRIPTION OF TEST RIG

The assembly drawing of the coupled planctary gear train test rig is shown in Fig.1. The design of
the test rig is such that all the three shafts of basic clements {(ie. sun gear, ring gear and plamet carrzer
respectively) of the two planctary gear trains have an accessible projection of shaft. These three shafis from
cach PGT have gears mounted on them and eight different configurations of the coupled planctary gear trains
can be obtained by coupling different clements of the two PGTs using gears sliding on two splined auxiliary
shafts. Tn this test rig, provision has been made for the alignment of mput shaft, output shaft and the twa
splined auxiliary shafis with the help of a distance block which can be ground for proper alignment.

BOT BET
Tomee
Tramdnc e

F

T
It 1 ) i

o

Ealine s chals

Fig. 1 Assembly of coupled planetary gear train test rig

In this test rig, the input can be given to either the sun gear of the first PGT or to the planet carrier of seeond
PGT. Twa scparate DC motors are provided to drive the system. With the input to the sun gear of the first
PGT and holding the ring gear of the sccond PGT using a band brake, it is possible o obtain four differcnt
coupled planetary gear train systems. Out of these four, two confizurations comespond o systems having
positive recirculation of power, The remaining (wo configurations correspand to systems having negative
recirculution of power, Additional four configurations are obtained by making planet carmier of second POT
as the input and holding the sun gear of the first PGT using a band brake. All four configurations in this case
correspond o power spht systems,
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The motors to drive the input tu the transmission are mounted on platforms, which are free to rotate around
the motaor 2xes bul are restrained from rotating by an instrumented link, When an input torque is gpplied, dn
il and opposite reaction torque acts on the platform and corresponds to a proportional force sensed by the
instrumented link. Thus, the force transducer in the link measures the input torque,

Rope brake dynamometer arrangement is provided 1o facilitate regulation and measurement of the output
torgue. Torgue and speed can also be measured in the coupling between the two PGTs by using the inline
torque sersors mounted on the splined-shafts. With these sensors it 15 possible 0 measure the power split
ratio or the ratio of recirculated-power o the input power under steady state running conditions. Efficiency
can be computed from the above moasurcments.

3. DESIGN OF PLANETARY GEAR TRAINS

In this test rig, cight configurations of coupled planctary gear systems are possible, For these configurations
the forces acting on the gear tooth are calculated. It has been found that Torces acting on the gear woth ane
maximum in the configuration where sun zear is the input gear, ring gear of the first PGT is conneeted to sun
gear of the second PGT, ring gear of the second PGT is hold and planet carricrs of both the planetary gear
trains are connected from where the oulput s taken. Based on this configuration the planetary gear train is

designed which is shown in Fig. 2,
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Fig. 2 Design of planetary gear triin
4. POWER-FLOW IN COUPLED PLANETARY GEAR TRAINS

A simple PGT has two degree of freedom as there three independent shatts and hence constraint to one
member gives single degree of frecdom system, Two PGTs have four degree of freedom and hence three
constraints arc required to have single degree of freedom system. These constraints can be applied by holding
menbers or with coupling rotating members. Two PGTe with three constrains a5 mentioned shove is shown

in Fig.3,
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Fig. 3 Constraints with two PGT; in parallel connection

¥

LT
1r
¥

173



The main difference between PGT and conventional gear train is the velocity of gear engagement. In case of
conventional gear train, the axis of rotation i fixed. Therefore, the engagement velocity is equal to the pitch
line velocity and power transmitted by the gears does not exceed the input power. In case of PGT, the
velocity of engagement is not equal to the pitch line velocity because the planct gears rotate about their own
axis as well as about the axis of central gears, Therefore, the power developed at gears may be different than
that of the input power Lo the svstem.

In case of coupled planctary gear trains, there are three types of power flow systems: the power split system,
the negative recirculation system and positive recirculation system. Types of power flow depend on the

cemnection between PGT units, Kinematic and power-flow analysis gives following results for two PGTS in
paralle] cennection as shown in Fig.3.

fguem ULRI W+ B = 1) (1
ol i (Rg = DR 2 Ry = 8) {2}
Where,

By = putput/input speed ratio

it = input power, /= power carried in pathl, P,= power camied in path2

R = aulpul/input speed ratio for PGT1 when member £, is stationary

R = gutput/input speed ratio for PGT2 when third member is stationary

It is possible to develop eight different coupled planctary pear trains in output coupled armangement with the
present test g, Power flow diagram of eight coupled planetary gear trains is shown in Table 1, Where input
is from the keft, output is to the rightand A, Cand S represents ring gear, carrier and sun gear of PGTs,

Table 1 power flow diagram for coupled planetary gear trains
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From equation {2}, three types of power fow can be determined. As shown in the Fig.1, the two aligned
planetary gear trains are coupled using two splined shafts on cither sides of the common axis of the PGTy.
Torque, speed and power can be measured in the coupling between the two PGTs by using the mline torgue
sensors mounted on the splined-shafis, These experimental results can be compared with theoretical results
obtained from equation (2). Out of the eight systems two systems have posilive recirculation of power; two
systems have negative recirculation of power and the remaining are split power systems, A positive
recirculation of power comesponds to (P/Py) = 0 while a negative recirculation of power comesponds to
(Pi/Pin) = 0.

5. EFFICIENCY OF COUPLED PLANETARY GEAR TRAINS
Fig.4 shows a schematic of coupled planetary gear train, where sun gear is the input gear, ning gear of the

first PGT is connected to sun gear of the second PGT, ring gear of the second PGT is hold and planet carriers
of both the planetary gear traing ane connected from where the output i:.'_lak-_*n.
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Fig.4 Schematic of coupled planedary gear train
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Simple planetary gear train has three main elements two central gears (sun gear and ring gear} and one arm.
The ratios of torque acting on them are given in Table 2 when power flows from central gear (o ring gear and
ring gear to central gear.

Table 2 Ratios of torgque acting on main elements of simple planetary gear trains

{a) Power flows from central gear to ring (b} Power flows from ring gear to eentral
gear gear
T mhn ity majh
LiTy m=hniin+1) LiTm =R/ +1)
Toffy m=Liin £ 1} iy m=iRe

Where, T, T, and T are the torque acting on the sun gear, ring gear and planet carrier respectively. & is the
ration between the radii of ring gear and sun gear. n is the efficicncy of simple planetary gear train
considering planet camer as stationary. From Table 2 the following equations can be developed when applied
1o the above eoupled planctary gear train.

el (3

Ty mTy 2T 4
T wm (=g 4 1) (]

175



Table 3 Schematic of coupled planetary gear trains with equations for efficiency
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FafTy w(=1/{F'Y +1) (7
Tff; =y ()
As ring gear 4 and sun gear 27 are connected,

m=Ty (=

Substituting the equations (§), (77, (8) & (9) into equation {4}

T =By’ DT (10)
From equation (3} and (10

Tour/Tro = BRI =1 (i
Let, 7=7'=]

Rrgm =T T wi =R (12)

Equation (12) is the input/output speed ratio (% ,,) for coupled planetary gear trains shown in Fig 4.

o, = = (Tur e 1Tt ) m (2 = AR"g )i (2 ~ ART) (13)
Equation {13} is the overall efficiency () for coupled planetary gear trains shown in Fig4. Similarly,
equations for overall efficiency has been derived for all eight configuration of coupled planetary gear trains
and are given in Table 3. As discussed previously, Efficiency canbe computed from the measurements in this

test rig, These experimental results can be compared with theoretical results obtained from efficiency
equation of coupled planetary gear trains as shown in Table 3.

6. CONCLUSIONS
The desien and development of coupled planetary pear train test rig is explained with the scope of

experimentation, The test rig is under fabrieation, The test rig can be used for studying the efficiency and
recirculation of power in coupled planetary gear traing (PGTs)
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