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Sequences Associated with Epicyclic-Type
Automatic Transmission Mechanisms

Copyright 1996 Society of Automotive Engineers, Inc.

ABSTRACT

This paper presents a systematic methodology for
the enumeration of clutching sequences associated with
epicyclic-gear-type automatic transmission mechanisms.
The methodology is based on the concept that an epicyclic
gear mechanism can be decomposed into several fundamen-
tal geared entities and that the overall speed ratio of an
epicyclic gear mechanism can be symbolically expressed in
terms of its fundamental geared entities. First, a proce-
dure for estimating the overall speed ratio of an epicyclic
gear mechanism, without specifying the exact gear dimen-
sions, is outlined. Then, an algorithm for comparing vari-
ous possible speed ratios of an epicyclic gear mechanism is
described. Finally, a methodology for systematically enu-
merating all possible clutching sequences of an epicyclic
gear mechanism is established.

1 INTRODUCTION

Most automotive automatic transmissions use epicyclic
gear trains (EGTs) to achieve a set of speed ratios [1].
Typically, the central axis of an EGT is supported by bear-
ings housed in a transmission case. This way, the EGT
and the casing form a fractionated mechanism called the
epicyclic gear mechanism (EGM). An EGM may pos-
sess two or three degrees of freedom (DOF) depending on
whether the EGT is a one or two-DOF gear train [1]. Fig-
ure 1 shows an EGM, in which rotating and band clutches
are denoted by C and B, respectively, and one-way clutches
are replaced by band clutches for the reason of simplicity.
In such a transmission mechanism, various speed ratios are
obtained by clutching different links to the input power
source and the casing of a transmission. A table depict-
ing a set of speed ratios and their clutching conditions is
called the clutching sequence. Table 1 shows the clutching
sequence of the transmission shown in Fig. 1, where an
X indicates that the corresponding clutch is activated on
the ith link for that “gear.” The speed ratios selected for
a transmission are tailored for fuel economy and perfor-
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Figure 1: A Typical Transmission Mechanism

mance, a first gear for starting, a second or third gear for
passing, and a high gear for fuel economy. Usually, these
speed ratios are listed in a descending order, from the first
gear to the last gear followed by a reverse, in a clutching
sequence table.

Given such an EGM, we can ask ourselves the following
questions. How many feasible clutching sequences can be
arranged? And what is the best clutching sequence among
all the feasible clutching sequences? To answer these ques-
tions, it will be necessary to develop a methodology for the
enumeration of feasible clutching sequences. It will also be
necessary to develop a methodology for the evaluation and
comparison of various clutching sequences.

A literature survey reveals that most of the recent stud-
ies on EGMs have concentrated on the kinematic and
static torque analyses [2-11], the power flow analysis {12-
14] and the structural and dimensional synthesis [15-22].
Relative little work has been done on the enumeration of
clutching sequences. Traditionally, the arrangement of a
clutching sequence is accomplished by the engineer’s inge-
nuity and intuition. This iterative approach does not nec-
essarily results in an optimal design. Recently, Nadel and
his associates [23-25] developed an artificial intelligence






Table 1: Clutching Sequence of the Mechanism Shown in
Fig. 1

Activated clutches
Gear | Cy | Cy | By | B2 | Bs
First | X, Xs
Second | X4 Xo
Third X 4 X 1
Fourth | X4 | X,
Reverse X | Xs

technique for the enumeration of clutching sequences for
EGMs made up of two simple planetary gear trains. They
used a multiple abstraction level approach. The design of
a transmission mechanism at the kinematic, topological
and gearset levels were formulated as constraint satisfac-
tion problems.

The artificial intelligence technique is a powerful tool
for solving the transmission design problem. However, the
technique involves assumptions of the design variables be-
ing discrete values in prescribed domains. Furthermore, it
requires a search over all the feasible solution space. This
inevitably reduces the generality and efficiency of the algo-
rithm. In this paper, we develop a more efficient method-
ology to overcome this shortcoming. The methodology is
based on the concept that an EGM can be decomposed
into several fundamental geared entities (FGEs), the over-
all speed ratio of an EGM can be symbolically expressed
in terms of the gear ratios of its FGEs [11], and the range
of each speed ratio can be estimated before the actual di-
mensions of a transmission mechanism are chosen.

In what follows, we will review the definition of an FGE
and its various modes of operation. Then, we apply these
concepts for the identification and comparison of the var-
ious speed ratios of an EGM. Finally, we will describe
a methodology for the enumeration of clutching sequences
for EGMs.

2 OPERATION MODES OF FGES

Canonical graph representation [26] is used to analyze
the topological structure of a mechanism. The canoni-
cal graph representation of the EGM shown in Fig. 1 is
sketched in Fig. 2(a). In a canonical graph representation,
links are denoted by vertices and joints by edges. The gear
pairs are represented by heavy edges, revolute joints are
represented by thin edges, and the thin edges are labeled
according to their axis locations in space. In addition, all
the thin edged paths originated from the root have dis-
tinct edge labels. The vertices in a canonical graph can be
divided into several levels as shown in Fig. 2(a). The first-
level vertices represent coaxial sun gears, ring gears and
carriers. The second-level vertices represent planet gears.
In this study, we shall limit ourselves to those EGMs with
their vertices distributed up to the second level.

To simplify the synthesis problem, an EGM is decom-
posed into several FGEs [22]. An FGEF is a subgraph of
a canonical graph formed by a single second-level vertex
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Figure 2: Canonical Graph and FGEs of the Mechanism
Shown in Fig. 1

or a chain of heavy-edge connected second-level vertices
together with all the lower level vertices connecting them
to the root. Figures 2(b) through 2(d) show the graphs
of three FGEs identified from Fig. 2(a). In this paper,
we shall consider only those FGEs having a maximum of
two meshing planet gears each of which is composed of a
maximum of two gears. In this regard, we may be over
looking some complex FGEs. In our judgment, FGEs with
more than two meshing planet gears and/or with multiple
compound planet gears are not practical.

An operation mode of an FGE is defined as a power
transmission mode which employs three first-level links as
its three ports of communication to transfer power from
and/or to its external environment [11). For a set of three
coaxial links, six speed ratio arrangements are possible.
Let the symbol R?  denote a speed ratio between an input
link y and an output link = with reference to a fixed link
z,ie. Rf = (wy —w;)/(wz —w;) = 7. Then, the other
five speed ratios associated with links z,y and z can be
expressed as a function of r as shown in Table 2 [11]. For
example,

R? Wy — Wy 1 1
Y& — T W —W.. Rz
Wy — Wy ( z z ) Ra:,y
Wy — W,

1
T

(1)

The range of a speed ratio can be classified into three
kinds: (1) drive (D) if RZ , > 1, (2) overdrive (OD) if
1> R; . >0, and (3) reverse (N) if 0 > R . For a given
range of R} _, the ranges of the other five speed ratios can
be determined as shown in Table 2.

There are four different operation modes associated with
various FGEs. Each operation mode has several different
gear train arrangements as shown in Tables 3 through 6,
where one representative speed ratio is given for each gear
train in terms of the three ports of communication and
their gear sizes. The other five speed ratios due to kine-
matic inversions can be derived from Table 2. We note that
most of the speed ratio ranges of these FGEs are known
to certain extent without specifying the gear sizes. These






Table 2: Speed Ratio Relations and Their Ranges
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Table 3: Operation Mode 1 - One Carrier and Two Coaxial
Gears Meshing with One Planet
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tables provide a basis for the speed ratio analysis of a multi-
stage transmission gear train.

3 OVERALL SPEED RATIO ANALYSIS

An EGM contains several coaxial links. Except for the
direct drive, typically one coaxial link (called the input
link) is clutched to the power source; another coaxial link
(called the fixed link) is clutched to the casing, while a
third coaxial link (called the output link) is permanently
attached to the final reduction unit and then the differ-
ential to transmit power from an engine to the wheels.
An EGM can, therefore, provide several speed ratios de-
pending on the assignment of the input, output, and fixed
links. These various speed ratios need to be estimated and
arranged in a sequential order in order to arrive at a proper
clutching sequence.

A methodology for expressing the overall speed ratio
of an EGM in terms of its FGEs was recently developed
by Hsieh and Tsai [11]. In their approach, an EGM is
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Table 4: Operation Mode 2 - Three Coaxial Gears Meshing
with One Planet
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decomposed into two subsystems and each subsystem is
subsequently decomposed into two subsystems until the
lowest level subsystem contains only one FGE. This way,
the speed ratio of an EGM can be symbolically expressed in
terms of the various operation modes of the FGEs shown in
Tables 3 through 6. Hence, by performing the speed ratio
analysis, the ranges of some speed ratios can be estimated
without knowing the exact dimensions of the mechanism.

For example, when the mechanism shown in Fig. 1 is
in the second gear shown in Table 1, links 2, 3, and 4
are connected to the casing, output shaft, and input shaft,
respectively. Using Hsieh and Tsai’s methodology [11], the
overall speed ratio R ; can be expressed as

2 . Wq—wa
R4,3 =
w3 — W2
Wy — W w] — w3
= 1- 4 3x 1
Wiy —Wws Wy—ws

= 1-R}, xR}, (2)
In Eq. (2), both speed ratios R} , of FGE 1 and R}, of
FGE 2 belong to the operation mode shown in Table 3(a).
From Tables 2 and 3, we obtain R ; <0and 0 < R}, < 1.
Hence, it can be shown that
Ris=1-R}; xR},>1 (3
Equation (3) implies that the range of R} 5 can be es-
timated without specifying the gear sizes. However, it
should be noted that some of the speed ratio ranges can
not be estimated this way due to the fact that the dimen-
sions of the gears are not known at this time. The following
section presents an algorithm for estimating the ranges of
such uncertain speed ratios.






Table 5: Operation Mode 3 - One Carrier and Two Coaxial
Gears Meshing with Two Planets
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4 SPEED RATIO RELATIONS

In arranging a clutching sequence, it is desirable to
achieve a single shift transition, i.e. only one clutch is
turned on while another is simultaneously turned off be-
tween two successive speed ratios. Four types of single-
shift transitions are possible: (a) band-to-band shift, (b)
band-to-clutch shift, (c) clutch-to-clutch shift, and (d)
clutch-to-band shift. In common practice, these shifts are
for the following transitions. Types (a) and (c) shifts occur
between two reductions or two overdrives. Type (b) shift
occurs between the last reduction and the direct drive.
Type (d) shift occurs between the direct drive and the
first overdrive. In order to achieve single-shift transitions,
two speed ratios with one commonly activated input link
or fixed link are compared and arranged in a sequential
order.

4.1 BAND-TO-BAND SHIFT. A band-to-band shift
occurs when one band clutch is turned on while another
band clutch is simultaneously turned off between two suc-
cessive speed ratios. That is the fixed link is switched from
one of the coaxial links to another while the input and out-
put links remain unchanged. Hence, a band-to-band shift
is feasible when there is one common input link between
two speed ratios.

Let R, and R} , denote two such speed ratios. Di-
viding 1 — R7, by 1 — R}, and after simplification, we

obtain 1- R®
Z_E0 _ 1 _ R 4
1 —- Rg,o Y,e ( )
Hence, if the ranges of R} , and RY , are known, the

speed ratio relation between R} , and RY , can be derived
from Eq. (4). For example, if 1 > R , >0 and RY, > 1,
then Eq. (4) yields RY , > R, > 1. Similarly, if 1 >
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Table 6: Operation Mode 4 - Three Coaxial Gears Meshing
with Two Planets
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R, > 0and RY, < 1, then Eq. (4) yields 1 > R, >
RY ,. Since both R} , and RY , can assume three possible
ratio ranges, D, OD and N, nine speed ratio relations can
be derived from Eq. (4) as shown in Table 7.

4.2 CLUTCH-TO-CLUTCH SHIFT. A clutch-to-
clutch shift occurs when one rotating clutch is turned on
while another rotating clutch is simultaneously turned off
between two successive speed ratios. That is the input link
is switched from one of the coaxial links to another while
the fixed and output links remain unchanged. Hence, a
clutch-to-clutch shift is feasible when there is one common
fixed link between two speed ratios.

Let RZ , and R} , denote two such speed ratios. Di-
viding 1 — RZ , by 1 — R ; and after simplification, we
obtain

1-RZ,
1-Rg,

(5)
Hence, if the ranges of RY , and R} , are known, the
speed ratio relation between R; , and R , can be derived
from Eq. (5). Again, nine speed ratio relations can be de-

rived from Eq. (5) as shown in Table 8.

=1- Rg,o

5 ARRANGEMENT OF CLUTCHING SEQUENCES

We now describe a step-by-step procedure for arranging
feasible clutching sequences of an EGM.
STEP 1. An EGM is decomposed into several FGEs
[22]. Then, the operation modes and their ratio ranges are
identified from Tables 3 through 6.

STEP 2. All possible speed ratios of an EGM are
expressed in terms of its FGEs using the method devel-
oped by Hsieh and Tsai [11]. Then, Table 2 is applied to
identify the ranges of some of the speed ratios. We note
that some speed ratios cannot be identified in this step due
to the fact that gear sizes are not specified.

STEP 3. In this step, two speed ratios sharing one






Table 7: Speed Ratio Relations with One Common Input

Link
RY o> 1
207 RYo>1>R%,
RX,.>1 1>RY . >0
Y0 Yy 2,0
———\R R§’°>1 > R¥,°>°

2,0
o0>RY
z,0 RX RY
z,o> 1>0> Z,0

Ry°>1

Table 8: Speed Ratio Relations with One Common Fixed
Link

R§,,°> 1> R%e

z
1>Ry >0
z ¥,0 z z
)}——— Rx,o>1>Ry,o>°

RZ_ <0
y.0 z z
| I L\ Rx,o>1>°>Ry,o
1

Y 4 r4
Ry,o’ R %0 >1

1>RY >0 1>RZ,>0
X,0 2 y,0 2 z
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common input link are compared and arranged in a de-
scending order. These two speed ratios are the potential
candidates for achieving a band-to-band clutching condi-
tion. In addition to a predetermined output link, o, we
choose three coaxial links, (z,y, 2), from an EGM to con-
struct Table 7. For an EGM with m coaxial links, there
are (m — 1)(m — 2)(m — 3)/6 possible sets of three coax-
ial links which can be classified into four groups according
to the number of known speed ratio ranges obtained from
Step 2.

Group 1: All three speed ratio ranges associated with a
set of three coaxial links are known. Let one of the three
coaxial links be the common input link and apply Table
7 to arrange their speed ratios in a descending order. By
taking one of the three coaxial links as the common input
link at a time, three speed ratio relations can be derived.

Group 2: Two of the three speed ratio ranges associated
with a set of three coaxial links are known. Let the three
coaxial links to assume proper positions of (z,y, z) shown
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in Table 7 such that the ranges of R} , and RY , are known.
This way, the range of R, and the speed ratio relation
between RY , and R, can be determined from Table 7.
‘We perform this operation as many times as possible until
all possible arrangements of (z,y, z) are exhausted. Note
that, after this operation, other sets of three coaxial links
containing the newly determined speed ratio, R ,, may be
re-classified as group 1 members.

Group 3: One of the three speed ratio ranges associated
with a set of three coaxial links is known. Let the three
coaxial links to assume proper positions of (z,y, z) such
that R , becomes the only known speed ratio. Then, we
let RY , to assume three possible ranges, D, OD, and N,
and derive the speed ratio relation between RY , and R},
by applying Table 7. Again, after this operation, other
sets of three coaxial links containing the newly determined
speed ratios, RY , and R} ,, may be re-classified as group
1 or group 2 members.

Group 4: None of the speed ratio ranges associated with
a set of three coaxial links are known. For this case, we
derive the speed ratio relation by using two assumed speed
ratio ranges, Ry , and RY .

Note that, several sets of three coaxial links may de-
pend on the same assumed speed ratio ranges. We further
classify such dependent sets and their speed ratio relations
into families. Thus, an EGM may have several families of
speed ratio relations.

STEP 4. Similar to Step 3, two speed ratios sharing
one common fixed link are arranged in a descending order
by applying Table 8. These two speed ratios are poten-
tial candidates for achieving a clutch-to-clutch clutching
condition.

STEP 5. In this step, we further classify the speed
ratio ranges into three kinds: D, OD and N. A clutching
sequence usually includes a direct drive between the last
reduction and the first overdrive. Thus, the reductions
and the overdrives ‘are classified into two different kinds.
The speed ratios of the same family and same kind are
then arranged in a descending order. To help visualize the
speed ratio relations, we sketch the speed ratio ranges in a
flow chart wherein two related speed ratios are connected
by an arrow pointing from a higher speed ratio to a lower
one. Then, we label the arrows with a B or C to denote
a band-to-band or clutch-to-clutch shift. Such a sketch can
also help us in realizing the maximum number of feasible
reductions and overdrives in a clutching sequence.

STEP 6. A direct drive is obtained by simultaneously
clutching two coaxial links of an EGM to the input power
source. In order to achieve a single-shift transition, three
rules are proposed:

Rule 1: If the input clutches used for the last reduction
and the first overdrive are different, we apply these two
input clutches for the direct drive.

Rule 2: If the input clutches used for the last reduction
and the first overdrive are the same, then apply this input
clutch and another clutch used in the other speed ratio for
the direct drive.

Rule 3: If there is only one input clutch used for all
speed ratios, then add an additional input clutch to the







Table 9: Twelve Possible Speed Ratios Derived From the
Mechanism Shown in Fig. 1

Range Overall speed ratio
D Ri& Rcli,s’ Ri.s, Rfsfs
OD Ril 31 R%,S
p R3s
N Ris Ris
Unknown | Rj 3, R33, RS 3

mechanism.

STEP 7. Finally, we add a reverse drive to the clutch-
ing sequence. In order to reduce the number of rotating
and band clutches, we apply two of the clutches designed
for the forward drives for the reverse drive.

6 EXAMPLE

The mechanism shown in Fig. 1 is composed of a Simp-
son gear train and a simple planetary gear train. Assuming
that the sizes of the sun gears are in the descending order
of gear 1 > gear 1’ > gear 4, and the sizes of the ring gears
are in the descending order of gear 3 > gear 4 > gear 5.
The procedure for deriving possible clutching sequences is
as follows:

STEP 1. The three FGEs are shown in Fig. 2. Since
all three FGEs belong to the operation mode shown in
Table 3(a), we have R3; < 0, R}, < 0, and R}, < 0.
All the other speed ratios of the FGEs due to kinematic
inversion can be found from Table 2.

STEP 2. Since there are five coaxial links and link
3 has already been assigned as the output link, a total of
twelve clutching conditions and, therefore, twelve overall
speed ratios are possible. Each of these speed ratios can
be expressed in terms of the above three FGEs using the
methodology developed by Hsieh and Tsai [11]. After some
algebra, we obtain twelve speed ratios grouped according
to their ratio ranges as shown in Table 9.

STEP 3. Selecting three out of the four coaxial links
at one time, yields four sets of three coaxial links which can
be divided into three groups. The first group includes one
set of three coaxial links (1,4, 5), the second group includes
two sets of three coaxial links (1,2,4) and (1, 2,5), and the
third group includes one set of three coaxial links (2, 4, 5).

For the coaxial links (1,4, 5), we use the fact that R} 3 >
1 and R ; > 1 from Table 9 to begin our evaluation. By
asmgnmg z =1 y=4,and z = 5 in Table 7, we obtain
R53>1>R Assxgmngz—s y=4,and z=1in
Table 7, we obtam Ris>1> R} 3- And assigning = = 5,
y=1, and z = 4 in Table 7, we obtain R33>Ri3> 1.

For the coaxial links (1,2,5), we obtain R?; < 0 and
1> Rl; > 0 from Table 9. By assigningz =2,y =1,
and z = 5 in Table 7, we obtain 1 > Rl > RZ,. By
assigning £ = 5, y = 1, and z = 2 in Table 7, we obtain
1>R}; >R} 3 Note that from the above two operations
the range of R 3 is identified as R} 3 < 1. Two possible
subcases exist: (1) 1>R3;>0 and (2) 0> R3 ;. Welet
z=5y=2,2=1in Table 7 and evaluate each subcase
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Figure 3: Speed Ratio Evaluation For the Mechanism
Shown in Fig. 1

separately. If 1 > R3 3 > 0, then 0 > R} ; > R?;; and if
0> R3 3, then 0 > R%, > RS ;. After thls step, the ranges
of R} ; and RZ ; become known.

Similarly, the ranges of R 3 and R} ; are obtained by
performing the second-group evaluation for the coaxial
links (1,2, 4).

For each subcase, we obtain the ranges of RS ,, R%,,
RS 5, and R?; which enable us to perform the first-group
evaluation for the set of three coaxial links (2,4,5). The
sequence of evaluation are schematically depicted in Fig. 3.

STEP 4. In this step, we compare two speed ratios
with a common fixed link. The procedure is similar to that
of Step 3. For example, the two speed ratios R} ; and Rf 3
can be compared by applying Table 8 to the set of three
coaxial links (1,2, 4).

STEP 5. After completing the speed ratio evalua-
tions, we obtain two families of speed ratio ranges. In each
family, there are six drives (D), three overdrives (OD), and
three reverses (N) as shown in Tables 10 and 11. We note
that there are two sets of three reductions in each family.

STEP 6. In this step, we add a direct-drive between
the last reduction and the overdrive. For example, the in-
put clutches C; and C, shown in Table 1 are applied for the
direct drive based on Rule 3. Hence, with one overdrive,
we obtain four feasible four-speed clutching sequences as
shown in Table 12. If two overdrives are permitted, eight
five-speed clutching sequences are feasible.

STEP 7. Finally, a reverse drive is added to each
clutching sequence. Table 1 shows one feasible clutching
sequence with rotating clutches attached to links 1 and
4, and band clutches attached to links 1, 2, and 5. This
clutching sequence has been applied in several four-speed
transmissions.

7 RESULTS

A computer program for the enumeration of clutching
sequences has been written in MATHEMATICA language
[27]. The algorithm obviates the necessity of inputting
the exact gear dimensions of an EGM. The designer only
needs to specify the vertex-to-vertex adjacent matrix of an
EGM, the number and type of gears on each link, and
the information containing the approximate gear sizes ar-






Table 10: Speed Ratio Flow Chart Derived From the Mech-
anism Shown in Fig. 1 - Family 1

First set of solutions
y)
LR1 3 [R§,3
C B
Reduction 4 2
C| [Rza| B| |Ras
¥ C B
4
RE 4| |Rial
1
RS 3
Overdrive c \B
5 2
. R23 Ris
everse Q
5
Ris

ranged in a descending order. The program starts with the
identification of the various operation modes of an EGM
and arriving at all feasible clutching sequences. We have
tested the program on various gear trains. As a result,
we obtain two three-speed and two four-speed clutching
sequences for each of the Simpson, Ravigneaux, and Type-
6206 gear sets [1] as shown in Figs. 4, 5, and 6.

The clutching sequence shown in Figs. 4(b) and 5(b)
have been used in most three-speed automatic transmis-
sions (See [1] for examples). The clutching sequence shown
in Fig. 6(b) has been applied in the HYDRA-MATIC 3L80
transmission. The clutching sequence shown in Fig. 6(d)
has been used in HYDRA-MATIC 4T60 and Ford Axod.
The other clutching sequences shown appear to be new.

8 CONCLUSION

In this study, we have concentrated on three issues re-
lated to the enumeration of clutching sequences associated
with epicyclic gear mechanisms from the kinematic point
of view.

First, a procedure for estimating the overall speed ra-
tio of an EGM, without specifying the exact gear dimen-
sions, is outlined. Then, an algorithm for comparing var-
ious possible speed ratios of an EGM is described. Fi-
nally, a methodology for systematically enumerating all
possible clutching sequences of an EGM is established.
The methodology has been demonstrated by a transmis-
sion gear set making up of three simple planetary gear
trains. In addition, a computer program has been written
in MATHEMATICA [27] and successfully tested on vari-
ous transmission gear trains including the Simpson, Rav-
igneaux, and Type-6206 gear sets. It is shown that all
possible clutching sequences of an EGM can be systemat-
ically enumerated. It is hoped that this methodology will
provide transmission designers an efficient tool for enumer-
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Table 11: Speed Ratio Flow Chart Derived From the Mech-
anism Shown in Fig. 1 - Family 2

Second set of solutions
4
Ri3 R%3
Reduction
Overdrive
Reverse
2
Ri3

ating feasible clutching sequences of an EGM.

In this paper, the physical layout of a transmission
mechanism has not been studied. It is possible that some
of the clutching sequences enumerated may lead to infea-
sible mechanical layout. This is a subject of future study.

9 NOMENCLATURE

D Drive, R , > 1
EGM Epicyclic gear mechanism
FGE Fundamental geared entity
N Reverse, R , <0
OD  Overdrive, 1> R , >0
P Positive speed ratio, R, > 0
Npr  Gear ratio defined by a planet gear p
and a sun or a ring gear .
Npz =+ T,/T;, where T, and T,
denote the number of teeth on a planet
gear and a sun or ring gear, respectively,
and the positive or negative sign depends
on whether z is a ring or sun gear.

R:, Speed ratio between an input link z and
an output link y with reference to a
fixed link 2, R , = (wr — w;)/(wy — w2)-

c Carrier
Ring gear
s Sun gear
w; Angular velocity of link <
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ABSTRACT

This paper presents a systematic methodology for
the enumeration of clutching sequences associated with
epicyclic-gear-type automatic transmission mechanisms.
The methodology is based on the concept that an epicyclic
gear mechanism can be decomposed into several fundamen-
tal geared entities and that the overall speed ratio of an
epicyclic gear mechanism can be symbolically expressed in
terms of its fundamental geared entities. First, a proce-
dure for estimating the overall speed ratio of an epicyclic
gear mechanism, without specifying the exact gear dimen-
sions, is outlined. Then, an algorithm for comparing vari-
ous possible speed ratios of an epicyclic gear mechanism is
described. Finally, a methodology for systematically enu-
merating all possible clutching sequences of an epicyclic
gear mechanism is established.

1 INTRODUCTION

Most automotive automatic transmissions use epicyclic
gear trains (EGTs) to achieve a set of speed ratios [1].
Typically, the central axis of an FGT is supported by bear-
ings housed in a transmission case. This way, the EGT
and the casing form a fractionated mechanism called the
epicyclic gear mechanism (EGM). An EGM may pos-
sess two or three degrees of freedom (DOF') depending on
whether the EGT is a one or two-DOF gear train [1]. Fig-
ure 1 shows an EGM, in which rotating and band clutches
are denoted by C and B, respectively, and one-way clutches
are replaced by band clutches for the reason of simplicity.
In such a transmission mechanism, various speed ratios are
obtained by clutching different links to the input power
source and the casing of a transmission. A table depict-
ing a set of speed ratios and their clutching conditions is
called the clutching sequence. Table 1 shows the clutching
sequence of the transmission shown in Fig. 1, where an
X; indicates that the corresponding clutch is activated on
the ith link for that “gear.” The speed ratios selected for
a transmission are tailored for fuel economy and perfor-
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Figure 1: A Typical Transmission Mechanism

mance, a first gear for starting, a second or third gear for
passing, and a high gear for fuel economy. Usually, these
speed ratios are listed in a descending order, from the first
gear to the last gear followed by a reverse, in a clutching
sequence table.

Given such an EGM, we can ask ourselves the following
questions. How many feasible clutching sequences can be
arranged? And what is the best clutching sequence among
all the feasible clutching sequences? To answer these ques-
tions, it will be necessary to develop a methodology for the
enumeration of feasible clutching sequences. It will also be
necessary to develop a methodology for the evaluation and
comparison of various clutching sequences.

A literature survey reveals that most of the recent stud-
ies on EGMs have concentrated on the kinematic and
static torque analyses [2-11], the power flow analysis [12-
14] and the structural and dimensional synthesis [15-22].
Relative little work has been done on the enumeration of
clutching sequences. Traditionally, the arrangement of a
clutching sequence is accomplished by the engineer’s inge-
nuity and intuition. This iterative approach does not nec-
essarily results in an optimal design. Recently, Nadel and
his associates [23-25] developed an artificial intelligence



Table 1: Clutching Sequence of the Mechanism Shown in
Fig. 1

Activated clutches
Gear C 1 Cg B 1 Bz B 3
First X4 Xs
Second | X4 Xs
Third X 4 X 1
Fourth | X4 | X)
Reverse X1 | Xs

technique for the enumeration of clutching sequences for
EGMs made up of two simple planetary gear trains. They
used a multiple abstraction level approach. The design of
a transmission mechanism at the kinematic, topological
and gearset levels were formulated as constraint satisfac-
tion problems.

The artificial intelligence technique is a powerful tool
for solving the transmission design problem. However, the
technique involves assumptions of the design variables be-
ing discrete values in prescribed domains. Furthermore, it
requires a search over all the feasible solution space. This
inevitably reduces the generality and efficiency of the algo-
rithm. In this paper, we develop a more efficient method-
ology to overcome this shortcoming. The methodology is
based on the concept that an EGM can be decomposed
into several fundamental geared entities (FGEs), the over-
all speed ratio of an EGM can be symbolically expressed
in terms of the gear ratios of its FGEs [11], and the range
of each speed ratio can be estimated before the actual di-
mensions of a transmission mechanism are chosen.

In what follows, we will review the definition of an FGE
and its various modes of operation. Then, we apply these
concepts for the identification and comparison of the var-
ious speed ratios of an EGM. Finally, we will describe
a methodology for the enumeration of clutching sequences
for EGMs.

2 OPERATION MODES OF FGES

Canonical graph representation [26] is used to analyze
the topological structure of a mechanism. The canoni-
cal graph representation of the EGM shown in Fig. 1 is
sketched in Fig. 2(a). In a canonical graph representation,
links are denoted by vertices and joints by edges. The gear
pairs are represented by heavy edges, revolute joints are
represented by thin edges, and the thin edges are labeled
according to their axis locations in space. In addition, all
the thin edged paths originated from the root have dis-
tinct edge labels. The vertices in a canonical graph can be
divided into several levels as shown in Fig. 2(a). The first-
level vertices represent coaxial sun gears, ring gears and
carriers. The second-level vertices represent planet gears.
In this study, we shall limit ourselves to those EGMs with
their vertices distributed up to the second level.

To simplify the synthesis problem, an EGM is decom-
posed into several FGEs [22]. An FGE is a subgraph of
a canonical graph formed by a single second-level vertex
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Figure 2: Canonical Graph and FGEs of the Mechanism
Shown in Fig. 1

or a chain of heavy-edge connected second-level vertices
together with all the lower level vertices connecting them
to the root. Figures 2(b) through 2(d) show the graphs
of three FGEs identified from Fig. 2(a). In this paper,
we shall consider only those FGFEs having a maximum of
two meshing planet gears each of which is composed of a
maximum of two gears. In this regard, we may be over
looking some complex FGEs. In our judgment, FGEs with
more than two meshing planet gears and/or with multiple
compound planet gears are not practical.

An operation mode of an FGE is defined as a power
transmission mode which employs three first-level links as
its three ports of communication to transfer power from
and/or to its external environment [11]. For a set of three
coaxial links, six speed ratio arrangements are possible.
Let the symbol R , denote a speed ratio between an input
link y and an output link = with reference to a fixed link
z,ie. R = (wy —w;)/(wz — w;) = r. Then, the other
five speed ratios associated with links =,y and z can be
expressed as a function of r as shown in Table 2 [11]. For
example,

. Wy —wy 1 1 1
Ry,z—wz_wz - (wz—wz) —R:"i,y—'r (1)
Wy — Wy

The range of a speed ratio can be classified into three
kinds: (1) drive (D) if R} ; > 1, (2) overdrive (OD) if
1> RZ . >0, and (3) reverse (V) if 0 > R ;. For a given
range of R ., the ranges of the other five speed ratios can
be determined as shown in Table 2.

There are four different operation modes associated with
various FGEs. Each operation mode has several different
gear train arrangements as shown in Tables 3 through 6,
where one representative speed ratio is given for each gear
train in terms of the three ports of communication and
their gear sizes. The other five speed ratios due to kine-
matic inversions can be derived from Table 2. We note that
most of the speed ratio ranges of these FGEs are known
to certain extent without specifying the gear sizes. These



Table 2: Speed Ratio Relations and Their Ranges
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tables provide a basis for the speed ratio analysis of a multi-
stage transmission gear train.

3 OVERALL SPEED RATIO ANALYSIS

An EGM contains several coaxial links. Except for the
direct drive, typically one coaxial link (called the input
link) is clutched to the power source; another coaxial link
(called the fixed link) is clutched to the casing, while a
third coaxial link (called the output link) is permanently
attached to the final reduction unit and then the differ-
ential to transmit power from an engine to the wheels.
An EGM can, therefore, provide several speed ratios de-
pending on the assignment of the input, output, and fixed
links. These various speed ratios need to be estimated and
arranged in a sequential order in order to arrive at a proper
clutching sequence.

A methodology for expressing the overall speed ratio
of an EGM in terms of its FGEs was recently developed
by Hsieh and Tsai [11]. In their approach, an EGM is
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Table 4: Operation Mode 2 - Three Coaxial Gears Meshing
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decomposed into two subsystems and each subsystem is
subsequently decomposed into two subsystems until the
lowest level subsystem contains only one FGE. This way,
the speed ratio of an EGM can be symbolically expressed in
terms of the various operation modes of the FGEs shown in
Tables 3 through 6. Hence, by performing the speed ratio
analysis, the ranges of some speed ratios can be estimated
without knowing the exact dimensions of the mechanism.

For example, when the mechanism shown in Fig. 1 is
in the second gear shown in Table 1, links 2, 3, and 4
are connected to the casing, output shaft, and input shaft,
respectively. Using Hsieh and Tsai’s methodology [11], the
overall speed ratio R ; can be expressed as

2 . Wi w
R4,3 -
w3z — w2
_ 1_w4—w3xw1—w3

w1 — w3

Wwo — W3
(2)

In Eq. (2), both speed ratios R} , of FGE 1 and R ; of
FGE 2 belong to the operation mode shown in Table 3(a).
From Tables 2 and 3, we obtain R} ; <0and 0 < R}, < 1.
Hence, it can be shown that

Ri;=1-R} xR}, >1 (3)

Equation (3) implies that the range of Rj 3 can be es-
timated without specifying the gear sizes. However, it
should be noted that some of the speed ratio ranges can
not be estimated this way due to the fact that the dimen-
sions of the gears are not known at this time. The following
section presents an algorithm for estimating the ranges of
such uncertain speed ratios.



Table 5: Operation Mode 3 - One Carrier and Two Coaxial
Gears Meshing with Two Planets

(b)
p1 p2
& ,
& r 2
o]
P2
3 T p1 1
£ = T |°
g —T
- r p1 [C r2 p2 ~T
(% = — =
E\ s2 -
T
L. T
k<]
| T
5 c _Ts c _Tn RC. =_=Sl.p
§1>(Rr7s=7r)>0 HT2,T1 Tr2<0 s2,s1 T_82<
&

4 SPEED RATIO RELATIONS

In arranging a clutching sequence, it is desirable to
achieve a single shift transition, i.e. only one clutch is
turned on while another is simultaneously turned off be-
tween two successive speed ratios. Four types of single-
shift transitions are possible: (a) band-to-band shift, (b)
band-to-clutch shift, (c) clutch-to-clutch shift, and (d)
clutch-to-band shift. In common practice, these shifts are
for the following transitions. Types (a) and (c) shifts occur
between two reductions or two overdrives. Type (b) shift
occurs between the last reduction and the direct drive.
Type (d) shift occurs between the direct drive and the
first overdrive. In order to achieve single-shift transitions,
two speed ratios with one commonly activated input link
or fixed link are compared and arranged in a sequential
order.

4.1 BAND-TO-BAND SHIFT. A band-to-band shift
occurs when one band clutch is turned on while another
band clutch is simultaneously turned off between two suc-
cessive speed ratios. That is the fixed link is switched from
one of the coaxial links to another while the input and out-
put links remain unchanged. Hence, a band-to-band shift
is feasible when there is one common input link between
two speed ratios.

Let R7, and RY , denote two such speed ratios. Di-
viding 1 — R, by 1 — RY , and after simplification, we

obtain 1_ R
— 20 z
o _qy_ 4
1 - Rg,o 1 Ry’o ( )
Hence, if the ranges of RZ A and RY , are known, the

Y,0 Z,0
speed ratio relation between R , and RY , can be derived

from Eq. (4). For example, if 1 > R , > 0 and RY , > 1,
then Eq. (4) yields RY , > R, > 1. Similarly, if 1 >
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Table 6: Operation Mode 4 - Three Coaxial Gears Meshing
with Two Planets
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R;, > 0and RY, < 1, then Eq. (4) yields 1 > R, >
RY ,. Since both Ry , and R} , can assume three possible
ratio ranges, D, OD and N, nine speed ratio relations can
be derived from Eq. (4) as shown in Table 7.

4.2 CLUTCH-TO-CLUTCH SHIFT. A clutch-to-
clutch shift occurs when one rotating clutch is turned on
while another rotating clutch is simultaneously turned off
between two successive speed ratios. That is the input link
is switched from one of the coaxial links to another while
the fixed and output links remain unchanged. Hence, a
clutch-to-clutch shift is feasible when there is one common
fixed link between two speed ratios.

Let R, and R} , denote two such speed ratios. Di-
viding 1 — RZ , by 1 — R} , and after simplification, we
obtain

1-RZ, ’
TR, 1- R, (5)

Hence, if the ranges of RY , and R? , are known, the
speed ratio relation between R} , and Ry , can be derived
from Eq. (5). Again, nine speed ratio relations can be de-

rived from Eq. (5) as shown in Table 8.
5 ARRANGEMENT OF CLUTCHING SEQUENCES

We now describe a step-by-step procedure for arranging
feasible clutching sequences of an EGM.
STEP 1. An EGM is decomposed into several FGEs
[22]. Then, the operation modes and their ratio ranges are
identified from Tables 3 through 6.

STEP 2. All possible speed ratios of an EGM are
expressed in terms of its F'GFEs using the method devel-
oped by Hsieh and Tsai [11]. Then, Table 2 is applied to
identify the ranges of some of the speed ratios. We note
that some speed ratios cannot be identified in this step due
to the fact that gear sizes are not specified.

STEP 3. In this step, two speed ratios sharing one



Table 7: Speed Ratio Relations with One Common Input
Link
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common input link are compared and arranged in a de-
scending order. These two speed ratios are the potential
candidates for achieving a band-to-band clutching condi-
tion. In addition to a predetermined output link, o, we
choose three coaxial links, (z,y, 2), from an EGM to con-
struct Table 7. For an EGM with m coaxial links, there
are (m — 1)(m — 2)(m — 3)/6 possible sets of three coax-
ial links which can be classified into four groups according
to the number of known speed ratio ranges obtained from
Step 2.

Group 1: All three speed ratio ranges associated with a
set of three coaxial links are known. Let one of the three
coaxial links be the common input link and apply Table
7 to arrange their speed ratios in a descending order. By
taking one of the three coaxial links as the common input
link at a time, three speed ratio relations can be derived.

Group 2: Two of the three speed ratio ranges associated
with a set of three coaxial links are known. Let the three
coaxial links to assume proper positions of (z,y, z) shown
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in Table 7 such that the ranges of R , and RY , are known.
This way, the range of R, and the speed ratio relation
between RY , and Rj , can be determined from Table 7.
We perform this operation as many times as possible until
all possible arrangements of (x,y, z) are exhausted. Note
that, after this operation, other sets of three coaxial links
containing the newly determined speed ratio, R ,, may be
re-classified as group 1 members.

Group 3: One of the three speed ratio ranges associated
with a set of three coaxial links is known. Let the three
coaxial links to assume proper positions of (z,y,2) such
that Ry , becomes the only known speed ratio. Then, we
let RY , to assume three possible ranges, D, OD, and N,
and derive the speed ratio relation between RY , and R} ,
by applying Table 7. Again, after this operation, other
sets of three coaxial links containing the newly determined
speed ratios, RY , and R ,, may be re-classified as group
1 or group 2 members.

Group 4: None of the speed ratio ranges associated with
a set of three coaxial links are known. For this case, we
derive the speed ratio relation by using two assumed speed
ratio ranges, K7 , and RY .

Note that, several sets of three coaxial links may de-
pend on the same assumed speed ratio ranges. We further
classify such dependent sets and their speed ratio relations
into families. Thus, an EGM may have several families of
speed ratio relations.

STEP 4, Similar to Step 3, two speed ratios sharing
one common fixed link are arranged in a descending order
by applying Table 8. These two speed ratios are poten-
tial candidates for achieving a clutch-to-clutch clutching
condition.

STEP 5. In this step, we further classify the speed
ratio ranges into three kinds: D, OD and N. A clutching
sequence usually includes a direct drive between the last
reduction and the first overdrive. Thus, the reductions
and the overdrives are classified into two different kinds.
The speed ratios of the same family and same kind are
then arranged in a descending order. To help visualize the
speed ratio relations, we sketch the speed ratio ranges in a
flow chart wherein two related speed ratios are connected
by an arrow pointing from a higher speed ratio to a lower
one. Then, we label the arrows with a B or C to denote
a band-to-band or clutch-to-clutch shift. Such a sketch can
also help us in realizing the maximum number of feasible
reductions and overdrives in a clutching sequence.

STEP 6. A direct drive is obtained by simultaneously
clutching two coaxial links of an EGM to the input power
source. In order to achieve a single-shift transition, three
rules are proposed:

Rule 1: If the input clutches used for the last reduction
and the first overdrive are different, we apply these two
input clutches for the direct drive.

Rule 2: If the input clutches used for the last reduction
and the first overdrive are the same, then apply this input
clutch and another clutch used in the other speed ratio for
the direct drive.

Rule 3: If there is only one input clutch used for all
speed ratios, then add an additional input clutch to the



Table 9: Twelve Possible Speed Ratios Derived From the
Mechanism Shown in Fig, 1

Range Overall speed ratio
D R .32 R4 \3? R?lj, Rgs
OD R 3, R 5
P R243
N R3 3, RY 5
Unknown | R 3, R33, RZs

mechanism.

STEP 7. Finally, we add a reverse drive to the clutch-
ing sequence. In order to reduce the number of rotating
and band clutches, we apply two of the clutches designed
for the forward drives for the reverse drive.

6 EXAMPLE

The mechanism shown in Fig. 1 is composed of a Simp-
son gear train and a simple planetary gear train. Assuming
that the sizes of the sun gears are in the descending order
of gear 1 > gear 1' > gear 4, and the sizes of the ring gears
are in the descending order of gear 3 > gear 4 > gear 5.
The procedure for deriving possible clutching sequences is
as follows:

STEP 1. The three FGEs are shown in Fig. 2. Since
all three FGEs belong to the operation mode shown in
Table 3(a), we have R}, < 0, R},, < 0, and R}, < 0.
All the other speed ratios of the FGEs due to kinematic
inversion can be found from Table 2.

STEP 2. Since there are five coaxial links and link
3 has already been assigned as the output link, a total of
twelve clutching conditions and, therefore, twelve overall
speed ratios are possible. Each of these speed ratios can
be expressed in terms of the above three FGEs using the
methodology developed by Hsieh and Tsai [11]. After some
algebra, we obtain twelve speed ratios grouped according
to their ratio ranges as shown in Table 9.

STEP 3. Selecting three out of the four coaxial links
at one time, yields four sets of three coaxial links which can
be divided into three groups. The first group includes one
set of three coaxial links (1, 4, 5), the second group includes
two sets of three coaxial links (1,2, 4) and (1, 2,5), and the
third group includes one set of three coaxial links (2,4, 5).

For the coaxial links (1,4, 5), we use the fact that R} ; >
1 and Rf; > 1 from Table 9 to begin our evaluation. By
assigning z = 1, y = 4, and z = 5 in Table 7, we obtain
Ry >1> RL,. A551gn1ng:c—5 y=4,and z = 1in
Table 7, we obtain R 3 > 1 > RS ;. And assigning z = 5,
y =1, and z = 4 in Table 7, we obtain R%, >R43 > 1.

For the coaxial links (1,2,5), we obtain R ; < 0 and
1> R53 > 0 from Table 9. By assigning z = 2, y = 1,
and z = 5 in Table 7, we obtain 1 > R}; > RZ;. By
a551gn1ng z=5,y=1, and z = 2 in Table 7, we obtain
1>Ri;> RS 3 Note that from the above two operations
the range of R2 3 is identified as R3; < 1. Two possible
subcases exist: ( Y1>R3,>0 and (2) 0> R3 5. Welet
T=58,y=2,2z=1in Table 7 and evaluate each subcase
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43 1,3 53
(1,2, 4) (1,2,5)
c?btain (known) obtain
P 313 obtain R 3’3 R 2,3 R 523 obtain RS .
(2,4,5)

Figure 3: Speed Ratio Evaluation For the Mechanism
Shown in Fig. 1

separately If1> Rg > 0, then 0 > R} ; > R} ; and if
0> R3,, then 0 > R1 3 > RS 5. After this step, the ranges
of R} ; and RZ, become known.

Sumlarly, the ranges of Rg 3 and R} ; are obtained by
performing the second-group evaluation for the coaxial
links (1,2, 4).

For each subcase, we obtain the ranges of Rg 3 R4 2
R2 3, and R5 3 which enable us to perform the ﬁrst-group
evaluation for the set of three coaxial links (2,4,5). The
sequence of evaluation are schematically depicted in Fig. 3.

STEP 4. In this step, we compare two speed ratios
with a common fixed link. The procedure is similar to that
of Step 3. For example, the two speed ratios R} 3 and Rj 5
can be compared by applying Table 8 to the set of three
coaxial links (1,2,4).

STEP 5. After completing the speed ratio evalua-
tions, we obtain two families of speed ratio ranges. In each
family, there are six drives (D), three overdrives (OD), and
three reverses (N) as shown in Tables 10 and 11. We note
that there are two sets of three reductions in each family.

STEP 6. In this step, we add a direct-drive between
the last reduction and the overdrive. For example, the in-
put clutches Cy and Cs shown in Table 1 are applied for the
direct drive based on Rule 3. Hence, with one overdrive,
we obtain four feasible four-speed clutching sequences as
shown in Table 12. If two overdrives are permitted, eight
five-speed clutching sequences are feasible.

STEP 7. Finally, a reverse drive is added to each
clutching sequence. Table 1 shows one feasible clutching
sequence with rotating clutches attached to links 1 and
4, and band clutches attached to links 1, 2, and 5. This
clutching sequence has been applied in several four-speed
transmissions.

7 RESULTS

A computer program for the enumeration of clutching
sequences has been written in MATHEMATICA language
[27). The algorithm obviates the necessity of inputting
the exact gear dimensions of an EGM. The designer only
needs to specify the vertex-to-vertex adjacent matrix of an
EGM, the number and type of gears on each link, and
the information containing the approximate gear sizes ar-



Table 10: Speed Ratio Flow Chart Derived From the Mech-
anism Shown in Fig. 1 - Family 1

First set of solutions

L{ [Fi
C
Reduction c B
Y C
Hg,3 |R31,3|
R1
Overdrive C = B
Rja
R3] (R 2|
Reverse o ./B
R?3

ranged in a descending order. The program starts with the
identification of the various operation modes of an EGM
and arriving at all feasible clutching sequences. We have
tested the program on various gear trains. As a result,
we obtain two three-speed and two four-speed clutching
sequences for each of the Simpson, Ravigneaux, and Type-
6206 gear sets [1] as shown in Figs. 4, 5, and 6.

The clutching sequence shown in Figs. 4(b) and 5(b)
have been used in most three-speed automatic transmis-
sions (See [1] for examples). The clutching sequence shown
in Fig. 6(b) has been applied in the HYDRA-MATIC 3L80
transmission. The clutching sequence shown in Fig. 6(d)
has been used in HYDRA-MATIC 4T60 and Ford Axod.
The other clutching sequences shown appear to be new.

8 CONCLUSION

In this study, we have concentrated on three issues re-
lated to the enumeration of clutching sequences associated
with epicyclic gear mechanisms from the kinematic point
of view.

First, a procedure for estimating the overall speed ra-
tio of an EGM, without specifying the exact gear dimen-
sions, is outlined. Then, an algorithm for comparing var-
ious possible speed ratios of an EGM is described. Fi-
nally, a methodology for systematically enumerating all
possible clutching sequences of an EGM is established.
The methodology has been demonstrated by a transmis-
sion gear set making up of three simple planetary gear
trains. In addition, a computer program has been written
in MATHEMATICA [27] and successfully tested on vari-
ous transmission gear trains including the Simpson, Rav-
igneaux, and Type-6206 gear sets. It is shown that all
possible clutching sequences of an EGM can be systemat-
ically enumerated. It is hoped that this methodology will
provide transmission designers an efficient tool for enumer-
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Table 11: Speed Ratio Flow Chart Derived From the Mech-
anism Shown in Fig. 1 - Family 2

Second set of solutions
4
Ry3 [Rf,sl
N
Reduction 4
o [R2s 8 [Ris
i C B
4 1
[R2y3l IRia
1
c R23 .
Overdrive /
1 5
Rs3 R23
5
Rsa
Reverse c B
2
Ris|

ating feasible clutching sequences of an EGM.

In this paper, the physical layout of a transmission
mechanism has not been studied. It is possible that some
of the clutching sequences enumerated may lead to infea-
sible mechanical layout. This is a subject of future study.

9 NOMENCLATURE

D Drive, R , > 1
EGM Epicyclic gear mechanism
FGE Fundamental geared entity
N Reverse, R; , <0
OD  Overdrive,1 > R; >0
P Positive speed ratio, R% , > 0

N,  Gear ratio defined by a ,planet gear p
and a sun or a ring gear T.

Npz = = T,/T:, where T, and T,
denote the number of teeth on a planet
gear and a sun or ring gear, respectively,
and the positive or negative sign depends
on whether z is a ring or sun gear.

R:, Speed ratio between an input link z and
an output link y with reference to a
fixed link z, R , = (wz — w,)/(wy — w2).

c Carrier

T Ring gear

s Sun gear

Wy Angular velocity of link 7
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Table 12: Four Four-Speed Clutching Sequences Derived
From the Mechanism Shown in Fig. 1

First set of solutions
Activated clutches Activated clutches
Gear Gear
C1]/ Ca| Bi| B2| B3 C1[C2]Cal Bi[B2
First | X4 X5 First X4 X4
Second| X4 X Second X2 X4
Third X4 X1 Third X5 X4
Fourth [Xa[ X Fourth X2] X5
Reverse X1] X Reverse| X1 X5
Second set of solutions
Gear Activated clutches Activated clutches
cilcd B{BI By |%* [ciccdBBJ
First X4 X2 First X1 X4
Second| Xg X5 Second Xsg X4
Third [ Xa X1 Third X2 X4
Fourth | X4] X1 Fourth Xs5] X2
Reverse X4 X5 Reverse| X1 Xs
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