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ABSTRACT

Recently, there has been an increasingesitén the development of bicycles speed changers.
Multi-speed changers allow cyclists to pedal airthmst efficient pace at different road conditions
In this paper, a modified solution technique baseda flawed previous one is presented to
investigate the kinematics, the torque distribugiand the power flow through one-degree of
freedom planetary gear trains. Nomographs are ased design tool to enable the designer to
simultaneously visualize these one-degree of freedariables without first selecting a particular
PGT and without the need to solve equations redlate
After that, these techniques will be applied toigies three-speed automatic speed changer. Three
design examples are demonstrated to illustratentbdified methodology.

KEYWORDS: Solution Technique, Automatic speed changr, Planetary Gear train,
Nomography, Bicycle, Design.
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INTRODUCTION AND LITERATURE REVIEW

A planetary gear train (PGT) is defined as @ain in which one or more gears orbit by turning
about a rotating axis just as a planet turns alioeitsun. For the kinematic analysis of PGT's,
various approaches such as the relative velocithaae[1-3], energy methodNilkinson, 1960,
bond graph methodAllen, 1979 and the vector-loop methodijbson and Kramer, 1984 and
[Willis, 1982] have been proposedrreudenstein and Yang, 197Rintroduced the concept of
fundamental circuit to analyze PGT's. The conceps Yurther extended by other researchers [9-
10]. The analysis involves the solution of a selirdar equations for all the kinematic variabls.
does not provide much insight into mechanics o8 P

The elementary PGT is shownkigure 1, with its simplified representation. It consisfstwo
gears, the central (1) and planet (2) gears ang@ldreet carrier (3) or arm .The central gear may be
either an external or an internal gear.

The elementary PGT is somewhat limited in pcattpplication .More useful , however , are the
PGT's referred to as the simple , compound and EBxRGT's where a second central gear is used
and also there is a sequence of planets ,connectgdeither a shaft or by a tooth mesh , between
the first and last central gears .

The simple PGT shown #igure 2 consists of a first central gear (F), a planetr &3, a
planet carrier or arm (A), and a last central degar

[Lévai, 1964 identifies twelve possible variations of PGTlsey are shown iifrigure 3 using
kinematical representation. These PGT's are cledsid

(1) Simple and compound PGT's in whicl fhanet gears are in mesh with both central
gears, and

(2) Complex PGT's in which the planetrgeare partially in mesh with each other and
partially in mesh with the two central gears.

Notice that, for these PGT's and regardléssrangement the multiple planets are always on a
common carrier (multiple central gears PGT or mpigticarriers PGT will be referred to as a multi-
stage PGT's).

Taking the arm to be fixed, one can quicklyutby examination that the PGT's in quadrant (1)
and (2) yield negative transmission ratios betwienfirst and last gears while PGT's in quadrant
(3) and (4) yield positive transmission ratios.

[Willis, 1870Q] discusses for the first time in published literat the analytical modeling of a
PGT. He suggests the use of a generic "transmisaitol' in defining the kinematic motion of a
PGT. This ratio, R, is defined as the angular viegfaatio between the last and first central gears
the train relative to the arm. Mathematically, ttés be written

a, — G
R =L A (1)
We — W,

Graphically, this equation can be solved usiommographyNomograph is defined as three or more
axes, or scales, arranged such that problems @& thr more variables can be solved using a stexght
[Corey, 2003. In the particular case of EGTs, a nomographlmeonstructed using three vertical parallel
axes [2, 17] or three or more vertical parallelsafgsmail, 2007. Corey's approachdorey, 2003 is a
practical one which uses nomographs to investigatie the angular velocities and the torques aamghe
first, last gears and the carrier of a two inpatrtrwithout reaction link. However, two input plaaey gear
trains contain an uncertainty in the torque solutspace Esmail and Hassan, 201]0 Unfortunately,
Corey applied his approach wrongly to two inputcgplic gear trains without reaction link. In my ojon
and since there is no torque uncertainty in thquersolution space of epicyclic gear trains witteaction
link, Therefore, Corey's approach can be considemrdect for such trains and in this paper it viaé

78



Al-Qadisiya Journal For Engineering Sciences Vol. 5 Nb. Year 2012

adopted for one-degree of freedom epicyclic gednsr This is the main modification to Corey's aauh to
make it applicable to epicyclic gear trains. Theigios of homographs date back to professor Maurice
d'Ocagne in late ninetieth century. In the palicease of epicyclic gear trains, nomographs titeuader
progress and not yet a well-established technijbis. technique was first applied by Toyota to inigede
their Toyota Hybrid System [17]. Toyota's solutismot a general, concise solution technique; dnly an
application to their case, no details are givenoasow nomographs can be drawn and where axesean b
placed. Toyota uses the three parallel axes nompbgraa different manner to that used by Corey.

In this paper a modified solution technique based previous one is developed to solve PGT's
problems with the help of nomographs.

PGT's are considered adaptable to suit automaamial speed changers for bicycles.

A bicycle, or bike, is a pedal-driven land ai with two wheels arranged in line. First
introduced in 19th century, it evolved quickly inte current design. With over one billion in the
world today, bicycles provide the principal meamgransportation in many regions and a popular
form of recreation in others.

Recently, there has been an increasing interése development of bicycles speed changers and
their shifting mechanisms [13]. Multi-speed chamsgaltow cyclists to pedal at their most efficient
pace at different road conditions. The bicyclel wiadually adopt the automatic shifting fashion,
by following the path of a motorcycle or an autont®lBYy referring to such related patents such as
those on automatic bicycle transmission [8, 15 &6 we form the following ideas about the
bicycle speed changers:

The bicycle speed changers can be divided exiernal and internal speed changers. The
external speed changers in turn are divided imwatfexternal speed changers and back external
speed changers. A complete speed changer contains:

(1) The speed changer entity which is the maidylof the speed changer in of transmitting the
power while the bicycle is running. The chain-drivexternal speed changer entity consists of three
parts, i.e. front chain wheel group, chain, andkld@in wheel group.

(2) The shifting control device which is usedcontrolling the operation of each gear position of
bicycle speed changer entity, and is not respoaddyl transmitting the driving power. It is usually
located inside or nearby the speed changer efitiy.chain-driven external speed changer contains
the front chain-shifting mechanism and back chaiftisg mechanism. The internal speed changer
contains the control mechanism inside the axle iamoay be (a) revolving (b) translating or (c)
revolving plus translating control mechanism.

(3) The shifting steer device is used to steershifting control device. It does not transmiiveo
and is usually installed in a position far awaynirthe speed changer entity. The shifting control
device can use the shifting line or other meartmect with the shifting control device.

Most bicycle external speed changers use thallplafour-bar linkage as the main body for
shifting while internal speed changers use plagajaar train (PGT) as the main body for shifting.
Internal speed changers use the sun gear as tlreltog element to obtain the shifting effect. The
shifting effect is obtained by either turning thensgear around the central axis or by pulling or
pushing the central axis. As to the external atelmal speed changers, there are two shifting types
manual and electronic. Manual shifting includes $hédting line and revolving handle. Electronic
shifting uses central process unit (CPU) with spasditorque sensors to control the shifting control
device.

New approaches are needed to evolve mechanicgkedromechanical solutions. The prior-art
inaction to evolve a widely acceptable automataydle is also regrettable from environmental and
socio-economic points of view, since bicycles cosich less and take much less space than
automobiles, put less a load on the road, do niwtpahe atmosphere like automobiles, are much
less expensive to operate, and subject rider taireaal salubrious exercise unavailable in any
automobile.
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THE MODIFIED PLANETARY GEAR TRAIN SOLUTION TECHNIQU E
1- Nomographs for PGT's

Nomograph is defined as three or more axescales, arranged such that problems of three or
more variables can be solved a straightedge. Irp#ntcular case of PGT's, a nomograph can be
constructed using three vertical parallel axes. aghaxis is chosen to pass at the origin; alsauthe
andor axes are chosen to be one unit [2].

Following the Technique developed by Corey @h the present modifications, any straight
line through arbitrary points on the andwor axes will intersect the horizontal axis, which geat
the zeros of the three axes at point s, a dist8rfcem the origin.

FromFigure 4, we can write

(@)

The location of thea axis, for a particular PGT, is at a distance HEnfribe origin. Thaoa axis
may actually be to the left of the axis or between theL and thewr axes or to the right of ther
axis.

In general, fronfrigure 4, we can write

E= W -W,

W, -W,

E can be defined in terms of R, the generaktrassion ratio of the gear train.
Also, fromFigure 4

W, - W E
LA - (3)
W, -W, 1-E
Re-arranging, we get
w, -w, _ E @)
W, -W, E-1
which is exactly equation (1) when
E
=— 5
E_1 (5)
In general, E can be written in terms of R as
R
E=—— 6
21 (6)

For the purpose of analysis R can be foundgushe knowledge of the arrangement of the
particular PGT with the arm fixed, so
R:% (7)
WFo

Now this ratio R (and hence E) is a constaegardless of the rotational speeds of the three
elements of the particular PGT, and is proportidadhe tooth numbers whether the arm is rotating
or not, and in general we may write

_ Product of first Gear Teeth
Product of last Gear Teeth

(8)

Equation (8) is based on our arbitrary designaof first and last gear teeth (which is often
referred to as "Product of Driving or Driven Geareth ).
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The sign of R is positive if the arbitrary dgsated first and last gears would rotate in theesam
direction with the arm stationary.
In design, E can be selected arbitrary as aauevother than one or zero.

2. Modified Solution Technique for PGT's Using Nomgraphs
Using the principle of energy conservation, ¢éinergy balance equation for the general PGT can
be written as
TAWA +TFWF +TLWL = O (9)

Figure 5 shows the torquesLT Tr and Ta represented as arrows perpendicular to the thvee a
at the points representing the rotational speels.moment of any torque vector about the zero of
its rotational speed axis, represent the powerifigun that branch (T o).

In general, fronFigure 5, we can write

Wi = We = W (10)
S-E S-1 S
from which
S
W =g g Wa (11)
And
S-1
We =g g 42
Substituting equations (11) and (12) into equaf®nand multiplying by (S — E), we get
TA(S-E)+T(S-D+T. (5 =0 (13)

Perhaps it is more convenient to representditpie vectors as arrows along the three axes as
shown inFigure 6. Therefore, equation (13) is equivalent to summingments of the torque
vectors about point s.

Upward torque vector is assumed to have pesgign. Power flowing in the system is assumed
to have positive sign also. Therefore, any torgeeor pointing away from zero is representative of
power flow in the system.

Although, the S-value is a variable quantityjelh depends on the operating rotational speeds of
the PGT, it allows early in the design processyiswmalize how the PGT is intended to react to
typical PGT rotational speeds. The S-value vamatoth different input speeds has the distinct
advantage of providing a clear visual represenaioboth the torque response of the PGT and the
power flow through it.

3. Nomographs for One-Degree of Freedom PGT's

A PGT has three members that can serve as éijhuts or outputs; the first central gear, st |
central gear and the planet(s) carrier or armwelflock one of the three elements of the PGT and
prevent it from rotation, then we have two memliket can transmit power to or from the external
environment; one input and one output .In this casee the power does not branch or meet, it
follows that the input power is transmitted throughery link of the PGT. The planets are
considered as non-torque carrying links. It is welbwn that under static equilibrium, torques
acting on the three elements of the one-degreeetibm PGT must be summed up to zero

TA +TL +TF =0 (14)
Solving equations (9) and (14) yields
Te =-R0O, (15)
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And
T,=(R-T, (16)

Equations (15) and (16) express two of the exteorglues in terms of the thirefigure 7 shows a
nomograph for a PGT like the one shownFigure 3 (d) when the first central gear is held
stationary (S=1).

By summing the torques in the y-direction, &tn (14) will be obtained.

Equations (9) and (14) together imply that tbejue vectors on the two extremes of a one-
degree of freedom nomograph, both must point upveardownward and that the third torque
vector must point to the opposite direction.

After some examination, one finds that thejies shown ifFigure 7 can be solved for in the
same way as forces on a rigid beam may be solved fo

Summing torque vectors moments about the akttte wa axis yields

~T E+T.{l-E)=0 (17)

Solving for Tr and simplifying one arrives at equation (15).
Summing torque vectors moments about the Zettte@r axis generates the equation

T,1-E)-T . =0 (18)

Substituting equation (6) into equation (18gn solving for kK and simplifying, one arrives at
equation (16) which is the same as equation (9nwire= O.
Summing torque vectors moments aboutthexis yields

T, -T,[E=0 (19)

Similar results can be obtained when the lastral gear is fixed (S = 0) or the planet(s) earri
or arm is fixed (S = E).
A nomograph for a one-degree of freedom PGAdre (of the three branches is fixed), allows
designer to
(a)Define the kinematic relationships between the three Iv@sic of the
PGT without first selecting a physical arrangenargears.
(b)Yield equations completely definitlg torques on the three branches of the PGT.
(c)Yield the energy balance equation for the PGT and provide clear
representation of the power flow through it.

DESIGN OF AUTOMATIC SPEED CHANGER

PGT's are considered adaptable to suit autonrd@grnal speed changers. What follows is the
design of such a gear train using the present nethiadology with the help of nomographs.

The first step in the design process is tdaath any design constraints on the design.

1. Design Constraints

In this paper, several requirements must be meh&design to be viable. These are:

1. The input and output speeds of the speed chamgsgtrrotate in the same direction.

2. The speed changer needs to possess three spgmds. They are in the rang of +30 to 40 % of
the ideal pedaling speed (cadence) usually assdovwth efficient riding.

3. The speed changer needs also to possess timeatigtghift function that replaces the manual or
the electromechanical fashions.

4. The foot-board axle is connected with the shiéchanism's input axle.
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5. Considering the effect of the output axle, tharacteristic of one-way clutch is that the fast-on
way clutch acts as the output. Considering thecefféthe input axle, the slow one-way clutch acts
as the input.

2. Design of Three-Speed Automatic Changer

In what follows one-way clutches and centrifughutches are reviewed

A one-way clutch (OWC) consists of an inner ringh a slanting flange, an outer ring and
several rollers placed between the inner ring &wedouter ring. If the one-way clutch inner ring is
the driving part, the outer ring is the driven p&then the inner ring rotation speedasger than
that of the outer ring, the rollers will move taethigh end of the slanting flange of the inner fing
thus causing the inner ring, outer ring and roltgfrghe one-way clutch to join together in one part
and move as a rigid body.

By this movement, the one-way clutch transtles driving power from the inner ring (driving
part) to the outer ring (driven part). When theenmning rotation speed is lower than that of the
outer ring or has stopped, the rollers will movehe lower end of the slanting flange of the inner
ring, thus causing the inner ring and outer ringeparate .The outer ring can now rotate freely in
the same direction (or make circular movementsthis paper,Figure 8(a) shows the one-way
clutch in the separated state, witigure 8(b) shows the one-way clutch in the engaged state.

A centrifugal clutch consists of clutch crudtjtch blocks and clutch springs. The input axld an
output axle are respectively connected with cluithitks and clutch crust. The driving power is
transferred to the driven axle by the centrifugaté caused by the clutch rotation. In this paper,
Figure 8(c) shows the centrifugal clutch in the separated statereasFigure 8(d) shows the
centrifugal clutch in the engaged state.

PGT's combined with one-way clutches and ceigial clutches, have led to the design of the
automatic internal speed changer as showkigare 9.

To make the design of the system simpler, noapits are used to quickly and simply remove
ranges of R from consideration. Referring to thenagraph in figurel0, the graph can be divided
into three sections labeled in the figure. Theisastrepresent the locations of thé axis for the
cases of R listed in the figure. For example, it®R5, E=4 from equation (6) and theA axis must
lie between theL andoF axes.

This nomograph gives the designer the abtitguickly select a broad range for R, depending on
how the gear train is intended to react to typicplt speeds.

Nomographs, like the one kigure 7 in which the first central gear is fixedr =0, allow the
designers to visualize critical details of a desigesponse. The designer can freely select one
torque and either the two remaining speeds or oteional speed and the general transmission
ratio; R. Nomographs provide some insight into thiedamental differences between these two
approaches. In the first approach, one can vistiaiawing a straight line between the selected
speeds on ther andwL axes and placing thea axis such that it intersects this line at the cteld
rotational speed at the arm. In the latter appro#uh designer would simply place tha axis
according to equation (6), draw a straight linewssn the two selected speeds, and read on the
third axis the unspecified speed.

To search for an appropriate R, one can exaihedirst design constraint that the input and
output speeds of the speed changer must have e sign.Figure 11 shows three nomographs
for the system for the three ranges of R. Notigg thhen R is between negative infinity and zero
and between zero and one, the rotational speedmdwa both have the same sign. Conversely
when R is between one and infinity, the rotatismdedso. andwa have opposite signs.

With this range of R-values eliminated, the gesy that need to be considered
during the design effort from here forward are lg@fween negative infinity and zero and (b)
between zero and one.

PGT's with R-values between one and infinity bave R-values between zero and one if the
arbitrary designation of first and last gears @aeed by each other.
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After establishing broad ranges of R-valuebdaonsidered, the next task is to attempt to apply
the remaining design constraints to the governimpgagons of the system. Examining the second
design constraint, using equation (9) and puténg0, we get, X ma + TL oL = 0. It is convenient
to rewrite this equation in the form

T_A = —ﬂ (20)
TL a)A

Since the three output speeds of the speedyehane in the range of +30 to +40 % of the ideal
pedaling speed as required by the second desigstraort, and the input and output torques are
inversely proportional to these speeds, as seem déguation (20), then the design will allow cyclist
to pedal it his ideal cadence at different roaddabons. The gear needed will depend on the slope
of the road, the wind conditions and the cyclishaendition at any given time.

Aside from selection of a broad range for Ry ttomograph also has the distinct advantage of
providing a clear visual representation of both tibrgjue response of the gear train and the power
flow through the PGT.

Returning td=igure 7, one can visualize speeds, torques and powertflosugh the PGT from a
single nomograph.

Since the human body provides most efficiengrobetween speed of 80 and 100 rpm, it would
be advantageous to select a gear ratio that wdate phe values afL andwA in the range of +30
to £40 % of this speed. Obviously, as shown irukggll, a designer could select E between 0.21
t0 0.29 (R =0.23t0 0.28 ) or between0.39 to— 0.3 (R = 0.4 to— 0.27 ) with a nominal
cadence to force both speeds into the ideal region

Nomographs allow engineers to define the abh@hees and the relationships between the three
branches of PGT without first selecting a physaraangement of gears .

As can be seen fromigure 12, the value ofwA asymptotically approaches zero, whid
increases linearly with decreasing R. The samdtsesan be obtained frofigures 12 and 13as
those obtained frorfirigure 11 Figure 13 shows the output rotational speeds in terms obtsac
transmission ratio R for nominal cadence.

,shown on the nomographskfjure 11

After selecting a gear ratio, it becomes imgattto decide upon one of the twelve possible
arrangements of the gear trains. Returningitpure 3, taking the arm to be fixed, one can quickly
deduce by examination that the trains in quadr@ntand (2) yield negative ratios between the first
and last central gears while those in quadrantarfd)(4) yield positive ratios. In order to simplif
the actual construction of the device, only thepdentrains in Figure 3 will be considered.

3. Design of three-speed automatic speed changer lmtycle
By applying the above solution technique thtgees of three-speed automatic changers are
created.

3.1 Plan1

This design adopts the PGT shownFigure 3(d) to achieve the front internal speed changer
shown in figure 14. As required by the fourth dastgnstraint, the foot board rotation axle is used
as the input axle of the automatic speed changer.

The actuating maps of the three speeds ofpthis are shown ifrigure 15 (a), (b) and (c)with
their corresponding nomographs.

At the beginning, the one-way clutch OWC-L, ammk-way clutch OWC-A are engaged. The
driving power is transmitted to the chain devica the last gear (ring gear), planet gear and arm of
the PGT. When the speed reaches a preset levet|uteh C-L engages and the one-way clutch
OWC-A separates. The driving power is then traneahitirectly to the chain device. If the engine
speed is increased again, the clutch C-A engaggshenone-way clutch OWC-L separates. The

84



Al-Qadisiya Journal For Engineering Sciences Vol. 5 Nb. Year 2012

driving power is transmitted to the chain devica the arm, planet gear and the last gear of the
PGT.

3.2 Plan 2 and 3

These designs adopt another PGT's with poditare ratios to achieve the automatic three-speed
front internal speed changers. Design 2 is showhigunire 16. The actuating maps of the three
speeds of this design are shown Figures 17 (a), (b) and (c)with their corresponding
nomographs. Nomographs are plotted for R=0.25#t=and 80 rpm cadence. Design 3 is shown in
Figure 18. The actuating maps of the three speeds of thigrmese shown irFigures 19 (a), (b)
and (c) Since R=0.25 (E34) for this train which is the same as that for PG@Tdesign 2,
nomographs are the same for both of these traimhsvdhnot be repeated.

CONCLUTIONS

This study contributes to the development o$adution technique for the analysis of the
kinematics, the torque distributions and the pafleev through one-degree of freedom PGT's.

Nomographs are used as a design tool to emladldesigner to simultaneously visualize these
variables without first selecting a particular PGhd without the need to solve equations
repeatedly.

After developing the solution technique anddesign tool, these were applied to design a three-
speed automatic speed changer. PGT's are considdegdable to suit automatic internal speed
changers. PGT's combined with one-way clutchescanttifugal clutches, have led to the design of
the automatic bicycle speed changer. Three desigmpgles were demonstrated to illustrate the
methodology. The design can serve as a referendadtgstrial circles to develop three-speed
automatic speed changers bicycles.
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Figure 1 (a) The elementary PGT and (b) its kinematicatesentation.
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Figure 3 The simple, compound and complex PGT's as origipaésented by Lévai.
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Figure 7 Nomograph for the PGT.
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Figure 8 One-way clutch and centrifugal clutch in the ereghgnd separated states.
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Figure 9 The automatic internal speed changer design.
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Figure 11 Nomographs for the system for the three rangé®with ideal regions.
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Figure 14 Design 1 for the bicycle three-speed automatiagha
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Figure 15 The three speeds of the speed changer of plan 1.
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Figure 16 Design 2 for the bicycle three-speed automatiagha
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Figure 17 The three speeds of the speed changer of plan 2.
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Figure 19 The three speeds of the speed changer of plan 3.
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