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In a planetary gear train (PGT), the power loss by tooth friction is
a function of the potential power developed within the gear train
elements rather than that being transmitted through it. In the pres-
ent work, we focus on the operating conditions of two-degree-of-
freedom (two-DOF) PGTs. Any operating condition induces its
own internal power flow pattern; this implies that tooth friction
loss depends on the mechanism of power loss developed in the
gearing that differs from one case to another over the entire range
of operating conditions. The approach adopted in this paper stems
from a unification of the kinematics and tooth friction losses of
PGTs and is based on potential powers and power ratios. The
range of applicability of the power relations is investigated and
clearly defined, and tooth friction loss formulas obtained by their
use are tabulated. A short comparison with formulas currently
available in the literature is also made. The simplicity of the pro-
posed method for analyzing two-input or two-output planetary
gear trains is helpful in the design, optimization, and control of
hybrid transmissions. It assists particularly in choosing correctly
the appropriate operating conditions to the involved application.
[DOI: 10.1115/1.4039452]

Introduction

Most of the one-degree-of-freedom (DOF) planetary gear trains
(PGTs) are suitable for use in aerospace, automobile, and renew-
able energy technologies where smaller size and higher reduction
ratios are required. Other applications include vehicle power
transmissions [1], winches [2], capstans [3], and aircraft hoists
and actuators [4,5]. Two-degree-of-freedom PGTs are gaining
increasing interest in hybrid transmissions [6-9], turbine-
generator control [10], and windmills [11]. In the present work,
we shall concentrate only on two-DOF PGTs.

When the two-DOF PGT is operating as a differential, with
power flow at all three members, many different combinations are
possible depending on whether the member is an input or an out-
put link. One phenomenon in multi-input multi-output PGTs is
that for any given combination of input and output members, the
system can operate only under certain operating conditions. This
phenomenon was studied for single gear pair (GP) entities in
Ref. [12].

In the design of a transmission mechanism, mechanical effi-
ciency is one of the most important consideration factors. The
mechanical efficiency depends primarily on the losses due to tooth
friction in gear pairs. It is called tooth friction loss or mesh loss.
In this study, the tooth friction losses due to the gear tooth mesh-
ing friction are the only consideration. Tooth friction loss (/) is
equal to the carrier-potential power in a gear pair (P;) multiplied
by the tooth friction loss coefficient (¢ =, — 1). That is

I=(n.—1)P; (1)
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Macmillan was the first to observe that the torques acting on the
links and power losses are independent of the observer’s motion.
The following quote is taken from Ref. [13]: “...our analysis is
based upon an important principle relating to torques and the
power lost in friction; this is the fact that magnitudes of the tor-
ques acting upon the various members of the gear are quite inde-
pendent of the motion of the observer who measures them. In
addition, the power lost, being determined solely by the internal
torques and the relative motions of the wheels within the gear, is
also independent of the observer’s motion.”

Equation (1) is valid whether the carrier is stationary or not
[14-16]. Hence, torque or power distribution has a significant
effect on the tooth friction loss of a PGT. A few significant
articles related to torque and power flow analyses can be found in
Refs. [17-23]. Various approaches for the derivation of mechani-
cal efficiency in PGTs can be found in Refs. [24—-36]. In particu-
lar, several formulas for the estimation of tooth friction loss due to
tooth friction can be found in Refs. [37-42]. More complicated
models of tooth friction loss were proposed by Chiu [43] and
Dorey and McCandlish [44]. The effect of elastohydrodynamic
lubrication is considered by Chiu [43], while both load-dependent
and speed-dependent losses according to the variant quantities of
the input power and speeds are considered by Dorey and
McCandlish [44]. In this work, a simple loss factor is used to esti-
mate the tooth friction loss. It is assumed that the loss factor is not
velocity or load dependent.

Of particular interest in this work are two-DOF PGTs which are
fundamental trains in many applications [7-11,45-51]. A review
of the existing efficiency formulas for two-DOF systems is found
in Ref. [52]. According to Pennestri and Valentini [52], all of the
nonisomorphic cases were considered by Maggiore [45] and the
formulas added by Monastero [48] may only ease the computa-
tions. With reference to Fig. 1, it will be seen later that the work
of Monastero [48] completes that of Maggiore [46].

With regard to the efficiency formulas of a simplified model of
a two-DOF system, Chen and coworkers [16] obtained similar
analytical relations deduced by Maggiore [46] and Monastero [48]
but by means of a different approach. A recent study on the com-
plete system [53] showed that the mechanical efficiency may drop
to a value lower than 0.33, which is usually much lower than that
of a simple gear train. They attributed the efficiency jump, when
the input torque is increased to different local loss factors induced
at gear meshes with different loads. The efficiency of gear trains
determined using graph and screw theories was presented by Laus
et al. [54].

Figure 1 shows a PGT in which there are three links where
power can input or output. In this gear train, there are two external
GPs; GP1 containing gears 1 and 3 and GP2 containing gears 4
and 3'.

In such a PGT, many different combinations of power flow can
be obtained by attaching different links to an input power source

L | |
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Motor or
generator

Motor or
generator

Motor or
| ‘ generator

Fig.1 The two-DOF PGT
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or to an output power source. There are two main groups: the first
includes the cases where the gear train operates with two inputs
and one output, while the second contains the cases where the
gear train operates with one input and two outputs.

The potential power in a gear pair can be expressed as the prod-
uct of the torque acting on gear x by gear y and the angular veloc-
ity of gear x with reference to link j (link j is any link in the PGT,
not limited to the planet-carrier as it is usually defined in the pre-
vious literature)

P{( = T,\‘(wx - wj) (2)
In the carrier-moving reference frame, this power is called the
carrier-potential power [12]. It is known as the virtual power in
Ref. [14] or the latent power in Ref. [27]. The concept of potential
power [12] is a generalization of the latent power to all of the
kinematic inversions of a PGT.

The efficiency of planetary gear trains is frame dependent and
can be written in terms of the potential power that can be devel-
oped in the gearing when link j is relatively fixed (will be called
here as link-j-potential power) as

r,

o =~ ®

where j is any link in the PGT, and x and y are, respectively, the
input and output links in the link-j-moving reference frame. A
detailed explanation can be found in Ref. [12].

By looking at the gear train in a rotating reference frame
attached to the planet carrier, the PGT reduces to a simple gear
train. This allows the use of Eq. (1) to calculate tooth friction
losses with the potential power (P¢) in place of the actual power
(P).

It is shown in Ref. [12] that these tooth friction losses in the
carrier-rotating reference frames are the same as in a grounded or
inertial reference frame.

A comprehensive review of existing formulas for this system
can be found in Refs. [16] and [52]. In the present work, we focus
on the operating conditions of the two-degree-of-freedom PGTs to
realize satisfactory train operation. After these operating condi-
tions are specified and in order to complete the picture, the tooth
friction loss for the two-DOF PGTs is derived over the entire
range of operating conditions. The range of applicability of the
power relations is investigated and clearly defined, and tooth fric-
tion loss formulas obtained by their use are tabulated.

In what follows, we will first review a general method to solve
the kinematic equations of any PGT [55]. Then, the limitations on
angular velocities and torques on the links of a PGT are analyzed
in order to determine the input(s) and output(s) links for each
case. Finally, the tooth friction loss formulas of the PGT under the
specified operating conditions are derived.

Velocity Ratio Analysis

The planet gear ratio N,, can be written for an external gear
pair p and ¢ as
Z, w4— 0

Ny =20 =P 4
P Z, w,— o @)

where w,, w,, and @, denote the speeds of gears p and ¢, and their
carrier ¢, respectively, with the minus sign corresponding to the
rotation of the external gears in the opposite direction.

The velocity ratio is used to denote the velocity ratio between
two links of the PGT with respect to the third. Let the symbol R}, ,
denote the velocity ratio between links u and w with respect to
link v. Then, the velocity ratio R;’,u is

Ny
“N,»

R Wy — Oy Ny

w,u

(&)

Wy —w, Npy
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Potential-Power Ratio. The potential power ratio is defined as
the ratio between the potential power that can be developed in
link u relative to link j and the actual power transmitted through
link u

ﬂ _ Tu(wu - wj) _ (wu - wj) — Ru
P, Ty W, — of o

(6)

where fis a hypothetical stationary link with zero angular velocity
(0 = 0).

Power-Flow Ratios in Planetary Gear Entity. Let 7.,
denote the efficiency associated with a planetary gear entity in
which x and y denote, respectively, the input and output links in a
moving reference frame in which the carrier ¢ appears relatively
fixed, then from Eq. (3), Ne(x—y) CanN be written as

T, (wy — wl,) T,
PR R Y 7
T T T (o) T @

By multiplying Eq. (7) by w,/w, and using the facts that P =
T - w and Rﬁ:y = .,/ wy, the power ratio can be written as

P n(‘ X—
o= ®)
x Ry"XRX,y
From Eq. (7)
Ty Ne(x—y)
L = 7 9
T, R, ©)
and since T + T, + T, = 0, then
T, T,
1+2+-°=0 10
T (10
Substituting Eq. (9) into Eq. (10) and simplifying, we get
Tc- nc(xfy)
—= -1 11
T, R¢ an

yX

Similarly, multiplying Eq. (11) by ./®, and using the fact that
RQX = w./wy, and simplifying, we get

& _ 77(?()(‘—}') 1 Rf ]
P, RS, o

Tooth Friction Losses and Total Efficiency. The tooth fric-
tion loss L can be estimated from Eqgs. (1) and (6) as follows:

1= (Nepey) — V)R P

12)

13)

For ordinary gear trains, the velocity ratio R; , = 1, and hence, the
actual power flowing in the train is the same as the potential
power (P, = P¢).

The efficiency of the planetary gear train can be written in
terms of the actual powers as

(14)

Determination of the Operating Conditions for a
Planetary Gear Train

A two-DOF PGT can provide several operating modes depend-
ing on the assignment of the input and output links. These various

operating modes need to be estimated in order to arrive at a proper
design.
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Given a PGT, we ask ourselves the following question: What
are the range restrictions of torques and angular velocities which
play a vital role in assigning a function to a link in a two-DOF
PGT?

To answer this question, it will be necessary to develop a methodol-
ogy for arranging the angular speeds of the links of the PGT in a
sequence and to identify torques directions. The two-DOF PGT shown
in Fig. 1 will be used to demonstrate and apply the approaches.

Arranging the Angular Speeds in a Sequence. By expressing
the velocity ratio in terms of the gear ratios, the range of the angu-
lar speeds can be estimated without knowing the exact dimension
of a mechanism. We now propose a step-by-step procedure for
arranging the angular speeds of the links of the PGT shown in
Fig. 1 in a sequence:

Step 1. Select any velocity ratio for the PGT and apply Eq. (5).
Let us select R} |, then

Npa _ Npa| _ (@02 — )

R = — —
SN INpa| (@1 — o)

(15)

Step 2. Specify the gear sizes, N, /s, and estimate the value of
R;,. From Eq. (4), we can write N, =—Z3/Z; and
Np4 = —Zy /Z4. Since both N, ; and N, 4 are negative, then both
of |Np,1| and |N, 4| are positive. There are two cases:

Woal (01— o)
1 > 1 Ry, =— 2 >1
O Wl R @ )
[Npal . 2 (04 — )
2) 0 < — <1 O<R; =——-"2<1
N T I T gy

Step 3. Each result obtained from step 2 can be further subdi-
vided into two subcases which can be determined by the signs of
the numerator and the denominator.

1.1 Both of the numerator and the denominator have a positive
sign, then from the first case of step 2, we get
(w4 — ) >0, (w1 —wy) >0, and (w4 — w2) >
(w1 — wy). Therefore, from thesethreeinequalities, the
angular velocities can be related to each other by the fol-
lowing inequality:

W4 > W1 > W
It is not difficult to show that this inequality includes inclusively
the following four ranges:

1.1.1 w4 > >wy >0
1.1.2 w4 >w; >0>
1.L1.3 w4 >0>w >
1.1.4 0> w4 > w > wy

1.2 Both of the numerator and the denominator have a negative
sign, then we get

Wy > W) > Wy

It is not difficult to show that this inequality includes inclusively
the following four ranges:

121 @y > w; > w4 >0
122 w; > w; >0> wy
123 @ >0>w > wy

124 0> wy > w > wy

Step 4. Similarly, eight velocity ranges are obtained for the case
when 0 < |N,4|/|Np.1| < 1.
In detail, there are two cases, they are as follows:

2.1. Both of the numerator and the denominator have a positive
sign, then from the second case of step 2, we get
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(w4 — ) >0, (w; — ) >0, and (w1 — ) >
(w4 — wp). Therefore, from thesethreeinequalities, the
angular velocities can be related to each other by the fol-
lowing inequality:

W] > W4 > W

It is not difficult to show that this inequality includes inclusively
the following four ranges:

2.1.1 w; >ws>w >0
212 oy > w4 >0>
213 o >0> w4 > m
214 0> w; > wy >

2.2. Both of the numerator and the denominator have negative
sign, then from the second case of step 2, we get
0> (w4 —), 0> (w1 —w), and (w4—wy)>
(w1 — @y). Therefore, from thesethreeinequalities, the
angular velocities can be related to each other by the fol-
lowing inequality:

Wy > W4 > W]

It is not difficult to show that this inequality includes inclusively
the following four ranges:

221 wy>wy4>w >0
222 wy>ws>0>
223 wy >0> w4 > w

224 0> wy > mwy >

A total of 16 velocity ranges is reached.
However, it should be noted that the selection of the velocity
ratio to estimate the velocity ranges is arbitrary.

Identification of Torques Directions. In this section, we will
show how the torque ratios can be estimated in terms of the poten-
tial power that can be developed in the gearing when link j is rela-
tively fixed. We now propose a step-by-step procedure for
estimating the torques directions of the links of the PGT shown in
Fig. 1:

Step 1. Back to the previous example, there is a case where link
1 may be an input link in the carrier-moving reference frame, then
Eq. (3) can be written as

Ma(1-4)
R,

T,
T,

16)

Also, there is a case where link 1 may be an input link in the sun-
four-moving reference frame, then Eq. (3) can be written as

T Mg
T, R%)l

an

Step 2. As before, there are two cases:

[Np4|

1
W,

> 1givesR;, >0andRj, >0

@ 0< el | gives B2 4
givesR; | >0andR; | <0
INp.1] ’ ‘

Step 3. Case when |N,,4|/|Np,1| > 1.

According to Eq. (16), and since 0 < 1754y < 1 and Ril >0,
then 7, and T4 must have opposite signs. According to Eq. (17),
and since 0 < 14,5 < 1 and R‘z‘,1 > 0, then T and T, must have
opposite signs. The torque ratios 74/T; and T, /T; become nega-
tive only when the torques have opposite signs. There are two
cases
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1. T, >0,T, <0, andT4<0} (18)

2. Ty <0,T, >0, and T4 >0

Step 4. Case when 0 < [N, 4|/|Np1| < 1.
According to Eq. (16), and since 0 < 175, _4) < 1 and R%, >0,
then Ty and T, must have opposite signs. According to Eq. (17),
and since 0 < 174(;_,) < 1 and R‘z“, < 0, then Ty and T, must have
the same sign. There are two cases
1. T, >0,T, >0, andT4<0} (19)
2. T1<O,T2<07 and T, >0

Estimating Proper Operating Conditions. A two-DOF PGT
with power flow at all members can provide several assignments
to its various links as inputs or outputs, depending on the torques
and angular speeds. The relationship between power, torque, and
angular velocity is

P=Txow (20)
Since the torques can assume two possibilities for each set of gear
ratios, while the angular speeds assume eight ranges, 32 power-flow
combinations can be derived from Eq. (20), some of them are similar.

These cases will not be detailed, so as not to confuse the reader.
However, it should be noted that a detailed summary can be found
in Table 1 accompanied by power loss formulas. Only one case
will be detailed to illustrate how the operating conditions are
related to their power loss formulas.

Estimating the Operating Conditions When Links 2 and 4
are Inputs. For example, if the PGT shown in Fig. 1 is to have
links 2 and 4 as inputs and link 1 as output, then if the gear ratios
are selected such that (N,,,4 /N,, 1) > 1, then the velocity ranges
must be selected such that they satisfy the following:

Tiw; < O7 Trwy > 0 and Tawy > 0

For the first combination of torques from Eq. (18), there are two
ranges that meet the condition, they are

1.1.4 0 > w4 > w; > wy and
1.24 0> wy > w; > wy

Also for the second combination of torques from Eq. (18), there
are two ranges that meet the condition, they are

1.1.1 wg > w; > @y > 0 and
1.2.1 wy > w; > wy >0

Any two-DOF PGT will not work properly unless it is operated
under the prescribed conditions. Therefore, we must first know the
operating condition of a revolving drive before we can decide on
a link to be an input or an output.

Tooth Friction Losses

Even for the same two-input PGT and for the same input and
output links, we cannot write down the proper efficiency expres-
sion unless we know the sequence of the angular velocities. As
will be described in the following, the originality of this method
consists mainly in the way these expressions are related to their
operating conditions.

The method of calculating the loss will be explained to only
two cases. They are the cases described in Estimating the Operat-
ing Conditions When Links 2 and 4 are Inputs section, where

First case

(1) (Npa/Np1) > 1
(2) T, >0,T, <0, and T4 < 0
(3) 0> w4 > >,

054501-4 / Vol. 140, MAY 2018

Since, for the case under consideration, 7 > 0 and (w1 — )
> 0, then Ty (w1 — @) > 0, and link 1 is an input link in the car-
rier moving reference frame.
The tooth friction losses of GP1 and GP2 are given by Eq. (13)
as
I=1h+bL=(nn—1)R),P 3))
The efficiency of the PGT when links 2 and 4 are input links and

link 1 is the output link can be written by substituting the tooth
friction loss from Eq. (21) into Eq. (14) to yield

1
NMea-1) =7 (22)

+ (mmy — R,

Also, the total losses can be written as

[ = (;7(2_4,” — I)Pin, and for Py =1, it becomes /= (1/1
+(mn, — HRY  —1)

1112 2f

Second case

(1) (Np>4/N[,‘1) > 1
(2) T, > 0, T, < 07 and Ty <0
(3) 0> wy > > wy

Since, for the case wunder consideration, 77 >0 and
(w4 — ) < 0, then Ty (w1 — w2) > 0, and link 4 is an input link
in the carrier moving reference frame.

The tooth friction losses of GP1 and GP2 are given by Eq. (13)
as

L= (nny — 1)RgJ'P4 (23)

From Eq. (3), the efficiency of the gear train in the carrier-moving
reference frame is

P} Ry P
Ma-1) =M= —%5 = 53 24
“-0 P R} Py

From Eq. (24), R‘Z‘J‘P4 = —RéfPl/r/lr/z. Therefore, Eq. (23) can
be rewritten as follows: [ = — (i1, — 1) (RéfPl/m;h).

By substituting the tooth friction loss / into Eq. (14), the effi-
ciency of the PGT when links 2 and 4 are input links and link 1 is
the output link can be written as

1
= 25
N24-1) 1 (’h’lz—l)Réf (25)
MmN

A similar procedure can be used to derive the equations for fric-
tion losses over the complete range of operating conditions of the
gear train. Many different combinations of power flow are possi-
ble, depending on whether the links are input(s) or output(s) links.
All the possible combinations are compiled in Table 1.

There are eight formulas proposed in Ref. [46], applied to
exactly the same train discussed here. Monastero [48] added also,
in addition to those given in Ref. [46], four formulas to cover the
complete range of the working conditions of the PGT. Our solu-
tions match exactly those reported in Refs. [46] and [48]. The
present method value lies in the fact that before the formulas can
be applied, it is necessary to determine the circumstances in which
it is applicable, which are defined by the condition that the torques
and angular velocities in which the PGT will operate shall occur.
This does not appear to have been previously stated. Despite the
apparent equivalence in the formulas presented, the symbolic
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Table 1

Friction losses for different operating conditions of the PGT shown in Fig. 1

Input | output Tooth Friction Loss
0 < (Nya/Nys) <1 (Npa/Nyp) > 1
Ty, Ty >0ana Ty, <0 T, T, > 0anaTy <0 Ty>0,T; <0 anaT, >0
Wy > Wy >wp >0 W1 > wWe > wy >0 Wy >0>w > w,
12 4 orTy > 0ana T, T, <0 orTy > 0ana Ty, T, <0 orTy <0, Ty >0 aaT, <0
2 0> w; > wy>w, 0> wy > wy > wy Wy > w>0>w,
1(1,2—4) y ! -1 (mz — 1)R§,f -
= [1 + (11, — 1)R§,f] =1 (29 Min2
Ty >0, T; <0 anaT, <0 Ty >0,T; <0 anaT, >0 Ty>0,T; <0 anaTy >0
w; > ws >0>w, Wy > wy; > wy, >0 Wy > W > wy > 0r
orTy <0, Ty >0 anaT, >0 orTy <0, Ty >0 anaT, <0 To<0,Ty>0 aaT, <0
24 1 Wy > 0> wy > wy 0> wy > w > wy 0> wy > w > w,y
4 1
l . — 1
(24-1) _ 1 PN R —
1- (7]1772 l)Rz,f (24-1) 1+ (7]1772 = l)R%'f
UEUP)
To <0, Ty >0 andT, >0 Ty>0,T <0 anaT, >0
w;>0>w, > w, wy > 0> w; > w,
0Ty >0, Ty <0 anaT, <0 0Ty <0, Ty >0 anaT, <0
Wy > we >0>wy Wy > w; >0> wy
1,4 2 1 1
’ li1ggy = ———————-1 lhgogy= ———————-1
(:4-2) 1- (11m2 — 1)R12,f (472) 1— (n1n, — 1)RZ,f
kUK Mim2
Az _q Az _q
(-] (1)
Ty <0,Ty >0 anaT, >0 T, <0,Ty >0 anaT; <0 Ty>0,T <0 anaT, >0
0> w;>wy> w, W1 > we > wy >0 Wy > w, > 0> w,
orTy <0, Ty >0 anaT, <0 orTy >0, Ty < 0anaTy >0 orTy >0, Ty <0 anaT, <0
4 12 Wy > Wy >w; >0 0> wy > wy > wy Wy > 0> w > wy
(mmn, = DR
lgory = —— 222 Lia-1,2) = (mma — DRz
1712
Ty <0,Ty>0 anaT, <0 Ty <0,Ty >0 anaT, <0
w,>0>w, > w, Wy >0>w > w,
orTy <0, Ty >0 anaT, >0 orTy >0, Ty <0 anaT, >0
2 1,4 Wy > we > 0> wy Wy > w > 0> wy
! _ (m2 — 1)R2,f ! _ (112 — 1)R12,f
@-14) = T i, @14 = T A,
(pz-—D (pz-—D
7, &,
Ty >0, Ty <0 andTy >0 Ty <0, Ty >0 anaT, <0 Ty>0,T; <0 anaT, >0
w1 > ws>0>w, Wy > Wy > wy >0 0> wy >w; > w,
orTy <0, Ty>0anaT, <0 orTa >0, Ty <0 anaT, >0 orTy <0, Ty >0 anaT, <0
1 24 Wy > 0> wy > wy 0> wy > w > wy Wy > w1 >wy >0
(mn2 — DR;
lg-24) = (12 — 1)R%,f laz4) = — A8t 2]
MiM2

solution of the efficiency of a two-DOFs PGT with associated
applicable ranges is more precise.

Conclusions

The approach adopted in this paper stems from an extension
and unification of earlier works [12,55], concerned with the kine-
matics and efficiency of PGTs.

In this study, we have addressed three subjects of importance to
the design of planetary gear trains. First, a systematic methodol-
ogy for the determination of the operating conditions of a plane-
tary gear train is described. Second, the range restrictions of
torques and angular velocities are used to identify the proper
assignment of the links of a two-DOF planetary gear mechanism.
Third, since the tooth friction losses associated with a carrier-
moving reference frame are the same as in a grounded reference
frame, the tooth friction loss relations associated with three links
having two inputs and one output or one input and two outputs are
derived. Finally, a procedure for estimating the total efficiency of
the two-DOF planetary gear train is developed. The procedure is
demonstrated by a typical planetary gear train.

It is hoped that the simplicity of relations (1)—(6) is particularly
helpful in the analysis and design of PGTs, and consequently to
their wider application, particularly for those with multi-inputs or
multi-outputs. These relations should also assist the designer by
helping him to correctly choose the appropriate operating
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conditions for the desired power flow case from which the effi-
ciency can then be determined.

Nomenclature

L = overall tooth friction loss

Li = local tooth friction loss
N,.4 = planet gear ratio
P, = total input power
P,y = total output power
P/ = potential power that can be developed in gear x when
link j is relatively fixed
R}, = speed ratio between links w and u with respect to link v
Ty = torque on link / which belongs to the kth gear pair entity
T, = external torque acting on link p
Z; = number of teeth on gear i
1, = conventional gear train efficiency
Ne(p—q) = mechanical efficiency of the gear pair entity when oper-
ating with a fixed carrier with link p as input and link ¢
as output link
11, = planetary (epicyclic) gear train efficiency
¢ = tooth friction loss coefficient
; = angular speed of gear j
References

[1] Kahraman, A., Ligata, H., Kienzle, K., and Zini, D. M., 2004, “A Kinematics
and Power Flow Analysis Methodology for Automatic Transmission Planetary
Gear Trains,” ASME J. Mech. Des., 126(6), pp. 1071-1081.

MAY 2018, Vol. 140 / 054501-5

Downloaded From: http://mechanicaldesign.asmedigitalcollection.asme.or g/ on 04/03/2018 Terms of Use: http://www.asme.or g/labout-asme/ter ms-of-use


http://dx.doi.org/10.1115/1.1814388

[2] White, G., 1994, “Epicyclic Gears From Early Hoists and Winches—II,” Mech.
Mach. Theory, 29(2), pp. 309-325.

[3] White, G., 2003, “Derivation of High-Efficiency Two-Stage Epicyclic Gears,”
Mech. Mach. Theory, 38(2), pp. 149-159.

[4] Park, J. J., Kim, B. S., and Song, J. B., 2007, “Double Actuator Unit With Plan-
etary Gear Train for a Safe Manipulator,” IEEE International Conference on
Robotics and Automation (ICRA), Rome, Italy, Apr. 10-14, pp. 1146-1151.

[5] Rabindran, D., and Tesar, D., 2008, “Power Flow Analysis in Parallel Force/
Velocity Actuators (PFVA): Theory and Simulations,” ASME Paper No.
DETC2008-49164.

[6] Chen, L., Yin, C., Zhu, F., and Tang, L., 2010, “Scheme Design and Optimal
Selection for Hybrid Electric Vehicle Planetary Gear Mechanism. Zhongguo
Jixie Gongcheng/China,” China Mech. Eng., 21(1), pp. 104-109.

[7] Sheu, K. B., 2007, “Analysis and Evaluation of Hybrid Scooter Transmission
Systems,” Appl. Energy, 84(12), pp. 1289-1304.

[8] Kim, J., Kim, N., Hwang, S., Hori, Y., and Kim, H., 2009, “Motor Control of
Input-Split Hybrid Electric Vehicles,” Int. J. Automot. Technol., 10(6),
pp. 733-742.

[9] Kim, J., Kang, J., Choi, W., Park, J., Byun, S., Jun, Y., Kim, J., Ko, J., and
Kim, H., 2010, “Control Algorithm for a Power Split Type Hybrid Electric
Vehicle,” International Symposium on Power Electronics, Electrical Devices,
Automation and Motion (SPEEDAM), Pisa, Italy, June 14-16, pp. 1575-1580.

[10] Barman, I., and Flugrad, D. R., 1992, “Design of an Epicyclic Transmission for
Speed Control of a Turbine-Generator System,” Flexible Mechanisms, Dynam-
ics, and Analysis, Vol. 47, American Society of Mechanical Engineers, New
York, pp. 497-504.

[11] Zhao, X., and Maiber, P., 2003, “A Novel Power Splitting Drive Train for Vari-
able Speed Wind Power Generators,” Renewable Energy, 28(13), pp.
2001-2011.

[12] Esmail, E. L., 2016, “Meshing Efficiency Analysis of Two Degree-of-Freedom
Epicyclic Gear Trains,” ASME J. Mech. Des., 138(8), p. 083301.

[13] Macmillan, R. H., 1949, “Epicyclic Gear Efficiencies,” The Engineer, Dec. 23,
pp. 727-728.

[14] Chen, C., and Angeles, J., 2007, “Virtual-Power Flow and Mechanical Gear-
Mesh Tooth Friction Losses of Epicyclic Gear Trains,” ASME J. Mech. Des.,
129(1), pp. 107-113.

[15] Chen, C., and Liang, T. T., 2011, “Theoretic Study of Efficiency of Two-DOFs
of Epicyclic Gear Transmission Via Virtual Power,” ASME J. Mech. Des.,
133(3), p. 031007.

[16] Davies, K., Chen, C., and Chen, B. K., 2012, “Complete Efficiency Analysis of
Epicyclic Gear Train With Two Degrees of Freedom,” ASME J. Mech. Des.,
134(7), p. 071006.

[17] Freudenstein, F., and Yang, A., 1972, “Kinematics, and Statics of Coupled
Spur-Gear Trains,” Mech. Mach. Theory, 7(2), pp. 263-275.

[18] Esmail, E. L., 2013, “Nomographs and Feasibility Graphs for Enumeration of
Ravigneaux-Type Automatic Transmissions,” Adv. Mech. Eng., 2013,
p. 120324.

[19] Macmillan, R. H., and Davies, P. B., 1965, “Analytical Study of Systems for
Bifurcated Power Transmission,” J. Mech. Eng. Sci., 7(1), pp. 40-47.

[20] Laughlin, H., Holowenko, A., and Hall, A., 1956, “How to Determine Circulat-
ing Power in Controlled Epicyclic Gear Systems,” Mach. Des., 28(6),
pp. 132-136.

[21] Pennestri, E., and Freudenstein, F., 1993, “The Mechanical Efficiency of Epicy-
clic Gear Trains,” ASME J. Mech. Des., 115(3), pp. 645-651.

[22] Sanger, D., 1972, “The Determination of Power Flow in Multiple-Path Trans-
mission Systems,” Mech. Mach. Theory, 7(1), pp. 103—-109.

[23] Esmail, E. L., and Hassan, S. S., 2010, “An Approach to Power-Flow and Static
Force Analysis in Multi-Input Multi-Output Epicyclic-Type Transmission
Trains,” ASME J. Mech. Des., 132(1), p. 011009.

[24] Macmillan, R. H., 1961, “Power Flow and Loss in Differential Mechanisms,” J.
Mech. Eng. Sci., 3(1), pp. 37-41.

[25] Radzimovsky, E. I., 1956, “A Simplified Approach for Determining Tooth Fric-
tion Losses and Efficiency of Epicyclic Gear Drives,” Mach. Des., 9,
pp. 101-110.

[26] Radzimovsky, E. 1., 1959, “How to Find Efficiency, Speed and Tooth Friction
Losses in Epicyclic Gear Drives,” Mach. Des., 11, pp. 144-153.

[27] Yu, D., and Beachley, N., 1985, “On the Mechanical Efficiency of Differential
Gearing,” ASME J. Mech., Transm., Autom. Des., 107(1), pp. 61-67.

[28] del Castillo, J. M., 2002, “The Analytical Expression of the Efficiency of Epicy-
clic Gear Trains,” Mech. Mach. Theory, 37(2), pp. 197-214.

054501-6 / Vol. 140, MAY 2018

[29] Nelson, C. A., and Cipra, R. J., 2005, “Simplified Kinematic Analysis of Bevel
Epicyclic Gear Trains With Application to Power-Flow and Efficiency Analy-
ses,” ASME J. Mech. Des., 127(2), pp. 278-286.

[30] Mantriota, G., and Pennestri, E., 2003, “Theoretical and Experimental Effi-
ciency Analysis of Multi-Degrees-of-Freedom Epicyclic Gear Trains,” Multi-
body Syst. Dyn., 9(4), pp. 389—-408.

[31] Hsieh, H. 1., and Tsai, L. W., 1998, “The Selection of a Most Efficient Clutch-
ing Sequences Associated With Epicyclic-Type Automatic Transmission,”
ASME J. Mech. Des., 120(4), pp. 514-519.

[32] Duan, Q. H., and Yang, S. R., 2002, “A Study on Power Flow and Meshing
Efficiency of 3K Type Epicyclic Gear Train,” Mech. Sci. Technol., 21(3),
pp. 360-362.

[33] Hsieh, L.-C., and Chen, T.-H., 2011, “The Design and Efficiency Analysis of
Epicyclic Gear Reducer,” J. Adv. Mater. Res., 317-319, pp. 2226-2229.

[34] Hsieh, L. C., and Chen, T. H., 2012, “On the Meshing Efficiency of 3K-Type
Epicyclic Simple Gear Reducer,” J. Adv. Sci. Lett., 12(1), pp. 34-39.

[35] Hsieh, L. C., and Tang, H.-C., 2013, “On the Meshing Efficiency of 2K-2H
Type Epicyclic Gear Reducer,” Adv. Mech. Eng., 2013, p. 686187.

[36] Ayats, J. G., Calvet, J. V., Canela, J. M., Diego-Ayala, U., and Artes, F. F.,
2011, “Power Transmitted Through a Particular Branch in Mechanisms Com-
prising Epicyclic Gear Trains and Other Fixed or Variable Transmissions,”
Mech. Mach. Theory, 46(11), pp. 1744-1754.

[37] Tuplin, W. A., 1957, “Designing Compound Epicyclic Gear Trains for Maxi-
mum Speed at High-Velocity Ratios,” Mach. Des., pp. 100—104.

[38] Martin, K., 1981, “The Efficiency of Involute Spur Gears,” ASME J. Mech.
Des., 103(1), pp. 160-169.

[39] Anderson, N., and Loewenthal, S., 1982, “Design of Spur Gears for Improved
Efficiency,” ASME J. Mech. Des., 104(4), pp. 767-774.

[40] Anderson, N., and Loewenthal, S., 1983, “Comparison of Spur Gear Efficiency
Prediction Methods,” Army Research and Technology Laboratory, Cleveland,
OH, Technical Report No. NASA-CP-2210.

[41] Petry-Johnson, T. T., Kahraman, A., Anderson, N. E., and Chase, D. R., 2008,
“An Experimental Investigation of Spur Gear Efficiency,” ASME J. Mech.
Des., 130(6), p. 062601.

[42] Vaidyanathan, L. S., Harianto, A., and Kahraman, J., 2009, “Influence of
Design Parameters on Mechanical Tooth Friction Losses of Helical Gear Pairs,”
J. Adv. Mech. Des., Syst., Manuf., 3(2), pp. 146-158.

[43] Chiu, Y. P., 1975, “Approximate Calculation of Tooth Friction Loss in Involute
Gears,” Joint ASLE-ASME Lubrication Conference, Fiami, FL, Oct. 21-23,
Paper No. 75-PTG-2.

[44] Dorey, R. E., and McCandlish, D., 1986, “The Modelling of Losses in Mechani-
cal Gear Trains for the Computer Simulation of Heavy Vehicle Transmission
Systems,” International Conference on Integrated Engine Transmission Sys-
tems, Bath, UK, July 8-9, pp. 69-82.

[45] Esmail, E. L., 2012, “Hybrid Transmission for Mobile Robot,” ASME J. Mech.
Des., 134(2), p. 021001.

[46] Maggiore, A., 1971, “The Efficiency of Epicyclic Two DOF Gear Trains,” Atti
I Congresso Nazionale di Meccanica Teorica ed Applicata, Udine, pp. 65-85.

[47] Pennestri, E., Mariti, L., Valentini, P. P., and Mucino, V. H., 2012, “Efficiency
Evaluation of Gearboxes for Parallel Hybrid Vehicles: Theory and
Applications,” Mech. Mach. Theory, 49, pp. 157-176.

[48] Monastero, R., 1976, “The Efficiency of Series Connected Epicyclic Gear Trains,”
Rivista Associazione Tecnica dell’ Automobile (ATA), Torino, Italy (in Italian).

[49] Webster, L. D., 1987, “Rotary Drive Mechanism Accepts Two Inputs,” NASA
Ames Research Center, Moffett Field, CA, Report No. ARC-11325.

[50] Bottiglione, F., and Mantriota, G., 2008, “MG-IVT: An Infinitely Variable Trans-
mission With Optimal Power Flows,” ASME J. Mech. Des., 130(11), p. 112603.

[51] Pennestri, E., and Freudenstein, F., 1993, “A Systematic Approach to Power-
Flow and Static-Force Analysis in Epicyclic Gear-Trains,” ASME J. Mech.
Des., 115(3), pp. 639-644.

[52] Pennestri, E., and Valentini, P. P., 2003, “A Review of Formulas for the
Mechanical Efficiency Analysis of Two Degrees-of-Freedom Epicyclic Gear
Trains,” ASME J. Mech. Des., 125(3), pp. 602—608.

[53] Chen, C., and Chen, J., 2015, “Efficiency Analysis of Two Degrees of Freedom
Epicyclic Gear Transmission and Experimental Validation,” Mech. Mach.
Theory, 87, pp. 115-130.

[54] Laus, L. P., Simas, H., and Martins, D., 2012, “Efficiency of Gear Trains Determined
Using Graph and Screw Theories,” Mech. Mach. Theory, 52, pp. 296-325.

[55] Esmail, E. L., 2017, “A Universal Kinematic Analysis of Geared Mechanisms,”
J. Braz. Soc. Mech. Sci. Eng., 39(6), pp. 2253-2258.

Transactions of the ASME

Downloaded From: http://mechanicaldesign.asmedigitalcollection.asme.or g/ on 04/03/2018 Terms of Use: http://www.asme.or g/labout-asme/ter ms-of-use


http://dx.doi.org/10.1016/0094-114X(94)90038-8
http://dx.doi.org/10.1016/0094-114X(94)90038-8
http://dx.doi.org/10.1016/S0094-114X(02)00093-9
http://dx.doi.org/10.1109/ROBOT.2007.363139
http://dx.doi.org/10.1115/DETC2008-49164
http://dx.doi.org/10.1016/j.apenergy.2006.10.004
http://dx.doi.org/10.1007/s12239-009-0086-1
http://dx.doi.org/10.1109/SPEEDAM.2010.5542273
http://dx.doi.org/10.1016/S0960-1481(03)00127-7
http://dx.doi.org/10.1115/1.4033693
http://dx.doi.org/10.1115/1.2359473
http://dx.doi.org/10.1115/1.4003568
http://dx.doi.org/10.1115/1.4006526
http://dx.doi.org/10.1016/0094-114X(72)90008-0
http://dx.doi.org/10.1155/2013/120324
http://dx.doi.org/10.1243/JMES_JOUR_1965_007_009_02
http://dx.doi.org/10.1115/1.2919239
http://dx.doi.org/10.1016/0094-114X(72)90020-1
http://dx.doi.org/10.1115/1.4000644
http://dx.doi.org/10.1243/JMES_JOUR_1961_003_007_02
http://dx.doi.org/10.1243/JMES_JOUR_1961_003_007_02
http://dx.doi.org/10.1115/1.3258696
http://dx.doi.org/10.1016/S0094-114X(01)00077-5
http://dx.doi.org/10.1115/1.1814392
http://dx.doi.org/10.1023/A:1023319515306
http://dx.doi.org/10.1023/A:1023319515306
http://dx.doi.org/10.1115/1.2829308
http://dx.doi.org/10.4028/www.scientific.net/AMR.317-319.2226
http://dx.doi.org/10.1166/asl.2012.2810
http://dx.doi.org/10.1155/2013/686187
http://dx.doi.org/10.1115/1.3254855
http://dx.doi.org/10.1115/1.3254855
http://dx.doi.org/10.1115/1.3256434
https://ntrs.nasa.gov/search.jsp?R=19830011870
http://dx.doi.org/10.1115/1.2898876
http://dx.doi.org/10.1115/1.2898876
http://dx.doi.org/10.1299/jamdsm.3.146
http://dx.doi.org/10.1115/1.4005590
http://dx.doi.org/10.1115/1.4005590
http://dx.doi.org/10.1016/j.mechmachtheory.2011.10.012
https://ntrs.nasa.gov/search.jsp?R=19870000243&hterms=Rotary+Drive+Mechanism+Accepts+Two+Inputs&qs=N%3D0%26Ntk%3DAll%26Ntt%3DRotary%2520Drive%2520Mechanism%2520Accepts%2520Two%2520Inputs%26Ntx%3Dmode%2520matchallpartial
http://dx.doi.org/10.1115/1.2976802
http://dx.doi.org/10.1115/1.2919238
http://dx.doi.org/10.1115/1.2919238
http://dx.doi.org/10.1115/1.1587157
http://dx.doi.org/10.1016/j.mechmachtheory.2014.12.017
http://dx.doi.org/10.1016/j.mechmachtheory.2014.12.017
http://dx.doi.org/10.1016/j.mechmachtheory.2012.01.011
http://dx.doi.org/10.1007/s40430-017-0711-2

	FD1
	1
	aff1
	l
	FD2
	FD3
	FD4
	FD5
	FD6
	FD7
	FD8
	FD9
	FD10
	FD11
	FD12
	FD13
	FD14
	FD15
	s3A
	FD16
	FD17
	FD18
	FD19
	FD20
	s3D
	FD21
	FD22
	s4
	FD23
	FD24
	FD25
	1
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16
	17
	18
	19
	20
	21
	22
	23
	24
	25
	26
	27
	28
	29
	30
	31
	32
	33
	34
	35
	36
	37
	38
	39
	40
	41
	42
	43
	44
	45
	46
	47
	48
	49
	50
	51
	52
	53
	54
	55

