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Abstract: In the paper three graph-based methods of plangtay modeling are discussed. The following methuaise
been considered: Hsu’s graph, contour graph and goaphs-based methods. The theoretical ideaseoiméntioned ap-
proaches were shortly revised and compared. Twthei were applied for analysis of an exemplary gtiary gear.
The consistency with traditional Willis method wamecked. Advantages of the proposed approachésgméghted.

1. INTRODUCTION

Design of gears especially planetary gears is Hetttp
ing engineering task. The computer or Artificialtdlti-
gence (Al) aided approaches to design are morenwore
needed nowadays. In case of gears, graph-baseddseth
for modeling of planetary gears seem to deliveewry effi-
cient aid. The main advantages of graph-based model
of planetary gears are as follows: the methodsakyerith-
mic, they allow for comparison of results withircancep-
tual stage of design e.g. for kinematical analy3ieey
deliver algebraic structures to encode a planejasy what
allows in turn for evolutionary (Rao, 2000) or newal
networks approaches to design (Zhang et al., 200y
allow for creation of complete atlases of desighutmns
(functional schemes of planetary gears) which canhe
done by means of any other tool (Tsai, 2001). Tine a
of the present paper is to present a rough congraris
of three chosen graph based methods used for mgdeli
of planetary gears and additionally an applicatodntwo

of them for an analysis of an exemplary planetagarg
The practical engineering task e.g. kinematical lyeis
shows some details of modeling. Moreover, it allows
for proving of usability of the proposed approach.

2. GRAPH-BASED MODELS
OF PLANETARY GEARS

In the present paper, the graph-based methods délmo
ing of planetary gears were utilized for their kimetical
analysis. The obtained results were compared \mightrta-
ditional Willis method and the method of geometrica
scheme of velocities. Three considered graph-based
thods are as follows:

Hsu graph-based (Drewniak and Zé&ak, 2009a,
2009b, 2010a; Zawlak, 2008) which can be also called
linear graph-based method; the original method were
tailored by the authors to the analysis of somecigpe
types of planetary gears;

contour graph-based  (Marghitu,
and Zawglak, 2010b; Zavdlak, 2010);
bondgraph-based method (Cervantes et al.,
Wojnarowski et al., 2006).
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Moreover, other tasks of planetary gear analysig. (e
analysis of dynamics) can be performed by mearcthadr
graph-based approaches:

— vector network method (especially forces and mdmen

of forces) (Lang 2005, Prahasto 1992);

- flow-graphs method (Nagaraj and Hariharan, 1973;

Wojnarowski and Lidwin, 1975).

The ideas of three first mentioned methods are hiyug
compared in Tab. 1. The detailed description ofttte®ret-
ical background for these methods can be founditadc
references (Marghitu 2005, Tsai 2001) as well aetirer
works of the authors of the present paper. Theiegtjon
of these methods for an analysis of the exemplEmegtary
gear (Fig.1) is presented underneath.

3. EXEMPLARY PLANETARY GEAR

The exemplary planetary gear is presented in Fig.1
and Fig. 2. It has the following elements: mainsdxwith
gear wheell, planet carrier (armh, special rotating ele-
ments carried by the planet carrier (suns) i.elemels b
and d. These elements have two toothings mounted on
common axes i.e.2 and3 as well agl and5, respectively
- corresponding to axds andd. Wheel6 has an internal
toothing.
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Fig. 1. Exemplary planetary gear; general layout

Other aspects of the gear are not taken into atdotne
considerations. Several modes of operation of thegpary
gear are usually possible. If we brake a particalament
(link) then the obtained ratio changes. In our casecon-
sider the mode when linB is braked, e.g.: elemenmtis
considered as an input. An output is the armhich exter-
nal surface can be consider as a drum for a rolameP
carrier h creates a housing form for majority of the gear



elementsThe numbers of teeth for the considered planetary

gear are as followsz;=18; z=36; z:=24; z,=36; z:=18;
z=90 or -90 — in case of Willis-method notation. We
assume that modules amey=1; my=1.5 and m;=2mm

respectively.

Additionally we consider two modes of working (oper

ating) conditions:

(mode 1) - inputs: links andh; output elemeng;
W — mobility (DOF — degree of freedom);
W=3n-2pg—-m,;=3-5-2.5-3=2;
(mode 2) - input: link, output: linkh and elemers
is braked (is fixed);

W=3n-2g-m;=3-4-2.4-3=1,
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of full and half joints.

where: n — number of movable links, [, : numbers
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Tab. 1. Comparison of ideas of three graph based modgiknétary gears

Fig. 2. Exemplary planetary gear; second operational mode

Task General Graph-based methods
Comments
Hsu'’s graph Contour graph Bond graph
1 2 3 4 5

Abstracting Rules Relation between planetary Closed sequence of pairs General rules of assign-
Discretization | of gear elements, consideratipof planetary gear elements e.g| ment of bondgraphs
Modeling assignment of kinematical pairs: starting and ending in fixed to technical systems;

- meshing pair (gear pair), | elements (e.g. bearings), relativen our case to mechanical

- rotating around common | rotational speeds of theses system.

axis and elements (links )are taken into

- ‘arm-planetary wheel’ paif account
Generation Subgraphs f-cycles (Tsai, 2001) so Assignment of physical
of special used in modeling called fundamental cycles incontours - (Marghitu, 2005) theyproperties and parame-
graph routines the meaning of their usage| can be recognized also as cycleters to the set of nodes
structures: for representing some im- | but due to several books of (bondgraph elements).
e.g: portant features of mechanj-Marghitu, the original notion is | Bonds (corresponding
f-cycles, cal system which is modeledised to the edges of commorj
contours, via a graph with f-cycles graph). Analysis of

power flow paths.

and cuts, paths
etc.

Method of making
a representative set

Every meshing pair is take
into account

plus

additionally traditional
meshing pairs (what is just
considered)

nAll independent contours are
taken into account. Every con-
tour generates several equatio
e.g. sum of relative rotational
velocities, sum of vector prod-
ucts: arm multiplied by an ade-
guate rotational velocity

Bond-graph rules for
creation of equations fo
nparticular types of node

2

Generation
of codes
Transfer

of knowledge

Numerical/symbolical
codes

Code of f-cycle: (a,b)c
where:

(a,b) meshing pair;

a,b — geared wheels or a
pinion or a ring with interng
tooth,

c — arm (planet carrier)

0—1-2—...—0;

string of descriptions of conseg
utive gear elements; where:
every of them passes rotary
Imovement and power alongsid
a gear

Constitutional equations
-of bondgraph elements

which are possible
especially due to graph
based methods

tions, evolutionary design,
-neuronal network based
analysis (graphs deliver a

E.g.: E.g.: Generalized Kirchhoff
Generation of Wa— 0¢ = Ny, (0p — ) laws
Solution Equations where: ;=0
of the + for internal and where:
considered — for external meshing. oj - relative velocities
problem Solution Solution of system of alge{ Turning of vector equations intpSolution of DAE (diffe-
braic equations scalar ones, rential and algebraic
e.g. due to the fact that all vec{ equations) system
tors act along the same direction.
Solving the system of algebraiq
equations
Further Different tasks: e.g.: Enumeration according to | Analysis of forces and momentsAnalysis of forces and
possibilities synthesis, enumeration|; functions, atlases of solu- | e.g. via contour method moments,

code of mechanical object)

analysis of vibrations
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Fig. 6. Scheme of forces and moments
3.1. Linear-graph-based model of planetary gear

The linear graph assigned to the planetary geprds
sented in Fig. 3. This type of graph was introdulbgdisu
(enclosing a polygon instead of a clique) but thethod
was slightly updated (Zadlak, 2008). The polygon
represents the links rotating around the main axishe
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planetary gear. Stripped line-edges represent pdilisiks
which are in mesh. Continuous line-edges repregains:
planet wheel and planet carrier (arm). The notiorisand
‘out’ in Fig. 3 represent inputs and outputs, respely.
The paths from inputs to the output were introduadiwt
was not considered by Hsu.

The graph based-method is performed in the follgwin
steps (Tab. 1): (a) abstraction i.e. process oéggization
by reducing the information content — taking into
consideration only gear kinematics and considanatifothe
moving chosen gear links; (b) discretization perfed
simultaneously with the step “a”; addionally — ddihg
the links; (c) distinguishing of relations among #lements
(gear links); (d) assignment of a linear graph fametary
gear — represented via its functional scheme; r@)ster
of knowledge from mechanics to graph theory;
generation of needed graph structures e.g. disshiong
of f-cycles; (g) generation of their codes; (h) getion
of equations; (e) solving of equation system raogiv- in
the considered case — ratio or the output rotatieslacity
of the modeled planetary gear.

The structures related to a graph of the planegaar
are: so called f-cycles(1,2)h and (5,6)h Moreover we
consider a paif3,4) which represents two mating elements
i.e. toothings3 (on the link2/3) and toothing4g (on the link
4/5). For the last considered pair, the wheels hawes ax
mounted on the arm which are not moved in mutdatios
to themseves (axes fixed in relation to the AynHowever,
they move always simultaneously with the arm. We
consider the case when the gear works in the mode 1
Therefore, for the first mode of operation, the aifed
system of equation is as follows: two equationnstfeo
f-cycles plus one equation for traditional meshafgtwo
geared wheels:

W, =0, == Ny (0, — )
05— 0, =+ Neg(wy - o)
W5 = = N3y,
where:w; (i = 1,2, ..., § andw, rotational velocities of the
links; N;j = z/z local ratios; sign + depends on external
() or internal (+) meshing of a geared pair.

Taking into account, calculated from the first ands
calculated from the second equation we have:

(f)

@)

- (Q"I(N21+1)_(01 (2)
Ny,
(*)2(_ N34) = w5 =+ Ngsuy, + 0%(1_ Nes) 3)

Taking into account the equations (2),(3) and aftene
transformations we can calcutate the wantgd

o-alfsrz)- 23]

L 4 %
AR A

The same formula was obtained by means of the aVilli
method.

Ws = (4)



3.2. Contour-graph-based model of planetary gear

Contour graph method consists in the following step
(a) distinguishing of independent contours; (indefence
is considered here in the light of graph theorp); listing
the codes of the contours and sets of indexegeegration
of system of equations; (d) solution of this sysihequa-
tions. The similarities and differences betweeedingraph
and contour-graph based methods are listed in Tab.
The main advantage is: that they are algorithminespro-
cedures can be turned into computer programs. Dhe c
tours for the planetary gear presented in Fig.r2bmwrit-
ten upon the contour graph assigned to the comsidgla-
netary gear (Fig. 4). These contours are as follows
:0—-h—-2/3-1-0
(IN:h— 2/3—4/5—h
(im: 0-»>h—4/5-6—-0

Every contour generates a system of equations oence

ing velocities, forces and moments (Marghitu, 200fre,
we analyze kinematics, only, therefore we assign égua-

()

tions to every contour. We consider the second mode

of operation. The code of a contour generatestafisn-
dexes — e.g. (1)h,0); (2,h), (1,2); (0,1). Therefore the sys-

tem of equations for the contour graph based method

is as follows:
Wy, + 0y, Ty, —w; =0
W, + 0, + W5 =0
W + 0y + W, + 05 =0
°~)2h(r1 +r2)+°°12 (£, =0
W1y #0410, + 005 (1 1, +15) + i1y +1,) =0
g (1 +... 41+ g(r +...+ 1) =0

where the following formulas — coming off the meaihe
are necessary to solve the system:

(6)

Wz = Wy Wip = W
0 =0 Wy =~ Wj (@)
mz
[ =0 +..+Ig riz'TZ'

where: w; — is a relative rotational velocity of the link
in relation to the link.

Let's take into accounbi, - SO we consider a relative
velocity in relation to the suppor®) then we can omit this
0 and consider a general rotational velocity. THecuate
notions were placed in the respective equations: e.g
the first in the system (6).

The last equation of the set (7) means that weidens
the cylindrical geared wheels and we do not assame
corrections — therefore the distance between mxegual
to the sum of respective radiuses (pitch radiuses).

Originally, the equations of the system (6) encldse
vector quantities. However, cross products canuoeet
into scalar ones due to the physical and geomépicper-
ties of planetary gear: rotational velocities astoes act
along the same axis and angles between radiusesotaid
tional velocities are equal to 90°. So, the tramséa sys-
tem is discussed for simplicity reasons. Solving $lgstem
(6) we eliminate all relative velocities which aret impor-
tant for us, leaving only the general rotationdbegies.
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The solution of the system is as follows:
W1 x, CF, -1-% [z, [z,

Wy rs [y [, z; [,

The equality of the expressions for radiuses an-nu
bers of teeth holds due to the fact that theretlaepairs
of teeth being in mesh - in the numerator and dénator
of the fraction so modules are pairwise reduced.iSis

interesting feature that the ratio does not depamanod-
ules in consecutive geared pairs. Therefore we finaky:

® _, 90B6(B6 __, ©

(8)

W, 18[2418

The obtained result will be compared with the tiadr
al methods of an analysis of planetary gears.

3.3. Willis formulas for the considered planetary gear

In case of the second mode of operation for thesieon
dered planetary gear, the Willis formulas are #evis:

TNl N R
14 = -
W, — W, z, z,

(10)
h_Ws W, | Zg
lsg = =| "7~
W ~ Wy, Zs
Additionally, we have:
W; =0 Wy =wy (11)

The first condition from (11) confirms that this is
the second mode of operation. The next expressieanm
that element$ and6 are stiffly mounted on the same axis.
The solution is as follows:

+ zg Lz, [, _
z5 L5 [y

0,

=1 -14 (12)

wh (‘)6:0

Traditionally in the Willis method, the number @feth
for an internal toothing is consider as negativeeréfore
the formulas (8) and (12) are equivalent becauseast
assumed that; = — 90.

In the same manner the Willis formula was generéded
the first mode of operation of the considered piaryegear.

4. GRAPHICAL-PHYSICAL ANALYSIS
OF THE PLANETARY GEAR

Graphical physical analysis of planetary gear clao a
be performed. It allows for additional confirmation
of the obtained results as well as for furtherghsiinto the
working conditions of a gear.

Like it was mentioned above also this phase of idens
erations can be done via graph based approachadoah
1992) but it is beyond the scope of the presenagedip

The scheme of linear and rotational velocitiepris-
sented in Fig. 5 and the scheme of forces and mtsmen
in Fig. 6, respectively. Based upon the Fig. 5ftilwing
formulas can be written:
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nin
v,=w, 0, =—1 Gd—l

3 2 (13)

The value ofw, is the input velocity which is passed on

the gear from the drive system (motor).

The next three relationships can be deduced upen th

scheme presented in Fig. 5.

Vit Vi(23) _ V3~ Vi(23)

(14)
r ry
Vs _Vh(4s) (15)
ry+rs s
Vh(23) _ Vh(a5) (16)
r+r, I +r+rp+r +rg

Finally we can calculate the output rotational eélno

_Vh(23) _
r1+ ry

V h(45)
L+l +r+r, +1g

W, = (17)

Solving the system of the above formulas the search

ratio of the gear can be calculated:

. (0%}
i ?’h: [_1j =-14
W, w6=0

The same result as previously was obtained.

(18)

consequence — allows for evolutionary, neuronat net
work and immune analysis of gears;

three graph methods were theoretically compared;

two methods were used for kinematical analysis
of an exemplary gear;

compatible results were obtained for them and ridodi-t
tional Willis method as well as the graphical-plogsi
analysis;

the graph-based methods of modeling of planetaaysge
are just recently after a constant development tdue
a possibilities of artificial intelligence conseques
of this modeling — e.g. possibility of algorithmegnthe-

sis of gears.
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