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ABSTRACT

The paper presents a method of selecting the parameters of external involute spur gearing

components with straight and helical teeth for general - purpose gears, using the method of
searching an area of possible solutions, understood as a space for values that meet several
geometric, strength and operating criteria. Possible effects of this method in the context of
gear production process organization and optimization, were also described.
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Introduction

The gears structures and all kinds of power trans-
mission systems are still the object of intense re-
search, based primarily on the development of the
existing design and analysis methods as well as cre-
ation of new methodologies, based on the latest de-
velopments in applied science. Most research in this
area is very detailed and related to the geometry and
strength of meshing, trying to create new, more pre-
cise mathematical models, and to ensure higher qual-
ity and reliability of gear boxes.

The contemporary literature is rich with studies
on design methods for various types of propulsion
systems, nevertheless, especially in terms of gearing,
proposes the solutions based on static and sequential
algorithms. Although, currently available algorithms
allow the implementation of information technology,
but they still have a discrete character, giving a lim-
ited analysis of meshing parameters. Descriptions of
some graphical methods for visualizing the results
of calculations can be found in a few publications
[1-3], but an attempt to apply the no comprehensive
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approach to construction of toothed elements, later
contributes to their fragmentary analysis.

The problem of gear design does not only boil
down to the calculations of geometric parameters and
meeting the related criteria. Existing discreet meth-
ods are insufficient when it is necessary to simultane-
ously take into account the many diverse groups of
criteria (geometry, strength, exploitation, economy,
organization of production process etc.) that are of-
ten in mutual opposition. Available scientific studies
treat this sphere in a very selective way, since many
items apply only to geometric problems [4-7], while
a separate group of studies, related to the strength
calculations [5, 8] and exploitation-oriented issues,
are described only in a very narrow range of publi-
cations.

Trends in the ever wider use of computer tech-
niques on design and analysis of the spur and helical
gears, can be found in several publications of Litvin
[9-11]. Also, the computational models of toothing
strength analysis, especially in the context of the use
of finite element method (FEM), seems to be inter-
esting in the publications of Kramberger [12] and
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Brauer [13]. The recent work, with emphasis on the
creation of integrated models, such as Chong [14],
Abersek [15] and using genetic algorithms — Gogolu
[16], confirm the thesis of the continuous research for
uniform methods, combining many different aspects
of the gear drives design.

There are, thus, no studies, characterized by
a holistic approach to the subject, and indicating
methods for rapid and effective gear design, tak-
ing into account all the aspects discussed, especially
when it comes to connecting the design of gears and
the organization of production process.

Therefore, the primary objective of this paper is
an attempt to develop the basic assumptions for the
generalized gear design model, allowing the devel-
opment of complex software, intended to conduct a
series of studies on dynamic optimization of gears
parameters, including their strength and also the or-
ganization of the production process. Moreover, the
presented model is intended to allow a combination
of analytical algorithms with graphical methods for
visualizing the effects of calculations, to extend the
capabilities of the interpretation of final results, and
thus facilitate the process of production preparation.

The basic assumptions of the model

Specifying the construction of general-purpose
gear drives, the following assumptions should be tak-
en into account [17-21]:

e cach gear drive can be constructed as one or multi-
stage system,

e cach gear stage is made up of two toothed ele-
ments, forming a cooperating pair,

e cach toothed element should have such parame-
ters, that it would be possible to create multiple
peer associations while maximizing the diversity
of ratios obtained,

e any combination of pairs of toothed elements
should comply with all restrictions imposed in
terms of geometric, strength and performance ac-
curacy, and as far as possible meet the accepted
criteria of optimization,

e the degree of unification and standardization
(the technological similarity of toothed elements)
should provide on the one hand, low production
costs and the other — the opportunity to obtain a
wide range of products.

The model of parameters selection
for toothed elements

The model concept for general-purpose gear drive
model is shown in Fig. 1.

14

Let a set of gearings be given:

R = {TT}T:1,...,R (1)
and — a set of toothed elements (Fig. 1., item 1):
U= {up}p:1,,,7p : (2)

Let a binary matrix, determining the assignment of
individual elements to the gearings be given:

(3)

Y = [yp,r] p=1,..,

P
r=1,...,R
Yp,r = {

Moreover, let a matrix of gear mesh be given:

Z = [Zivj]i,jzl,...,P (5)

corresponding to the set of meshing gears (Fig. 1.,
item 3) where:

P IP, T19, 1179, if exists a gears mesh u,/uq
“J a, otherwise
(6)

and IIP, TI? represent a separate sets of attributes
for u, and ug respectively, II”"? represent a set of
attributes for u, and wu, arising out their meshing
(Fig. 1, item 2,4).

where
1, if up — 1y,
0, otherwise.

(4)
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Fig. 1. The model concept for general-purpose gear drive
design.

Sets of attributes, from the standpoint of practi-

cal implementation of the model, can be regarded as
the sum of subsets:
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P =114, U I}, UII,
7 =11%, UIIS, UIIf,

and
4 _ TP D,q p,q
P = 117% U I U 1Y,

where

P o_ [P p P
Iy, = {ﬂ-Ml’“.77TMm’-“’7TMZ\/I}m€N o)

a _ {4 a a

I3, = {ﬂ'Ml, e T ""ﬂMM}meN

e are sets of material properties of elements u, and
ug. These sets contain the basic parameters de-
termining the surface layer and mechanical prop-
erties, also the chemical composition of material
used to manufacture toothed elements u, and u,,

P _ [P p P
Il = {7TK1, s T ”'77TKK}]€EN

q q q q (10)
I}, = {ﬂ'Kl, s T -“’T(.KK}]CEN

e are sets of design data of elements u, and u4. They
define the basic overall parameters of gears. In or-
der to standardize the data structure, an appro-
priate system of dimension classification may be
adopted,

P _ [P P P
I, = {TFUl, e T, ""WUU}UEN

¢ q q q (11)

U= {wUl e T s Ty, }uEN

e are sets of teeth geometric parameters for elements
u, and u, respectively,

Pa _ [P p.q
IT;" = {ﬂ'Zl -

p.q
TG e

Tz,

z€N (12)

e is the set of geometric parameters that are the re-
sult of meshing between elements w,, and u,,

Pq _ [P P.q
ITy; = {ﬂ'Wl, ..

p,q
ST, s

s Ty }wEN (13)

e is the set of strength characteristics of meshing
Up/ug. It includes strength parameters such as
various coefficients, design loads, breaking stress,
nominal and working stress etc.

157 = {ﬂ,%;] P.q

gy TR 5 oee

M5 Feen (1)

e is a set of operating characteristics of the gear
pair u,/u,. This set contains the parameters such
as rotational and angular speed, the nature and
characteristics of lubricating an cooling media, vi-
broacoustic and thermal parameters etc.

For each element of the setII?, I17 and IIP-7 let it
be known the boundary conditions on the admissi-
bility of solutions as:

cr=CR,ucCh ucy,
Ct=Cf,uCkucy,
Ccrt=Chiuchiuch,
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where each element ¢, ¢! and "7 is a logical ex-
pression, which may take the True (1) or False (0)
depending on the argument 7%, 77 or 74

o,
Let

DP ={dy, ....d",...,d"},.,, DV CIIP,

D= {d!,....d,...dl}, .y, DTCIIY, (16)

DO = {7, ... dP, . d2Y. ., DM C TP,

i€EN?

are the sets containing the decision variables such
that:

v 5 FP(DP) =P, ieN,
WfEHP\DP Ff:R”’—»]R"
v 3 FIDY) =17, ieN,

nl€lla\D1 FI:R"—R"

5 FPYDPIY =P i eN,

wf’qenpvq\Dqu Fip’q:R"HRn
(17)
where the functions:
Ff(D?),  FY(DY),  FPU(DPY),  (18)

are known and result directly from the geometry of
the involute meshing.

Moreover, let

Q" =A¢/ () }ien, Q' ={gl(m)

QP = {Qfﬁq(wgq)}igl\] )

the sets of functions which are the criteria of opti-
mization be given.

Yien:
(19)

Consequently, the possible solutions sets for gear
parameters are defined as:

SP = {Sﬁ}nEN’ St = {ng}nGN ’

(20)
59 = [ e,
where
sh={rf €ll’: e =1},
sd={rlell?: ¢! = 1}in€N’ (21)

spt={m el =1},
and n € N is the number of iteration in the algo-
rithm.

For all possible solutions (S? U S?U SP9) of
meshing u, and u, (Fig. 1., item 5), the optimization
procedure can be performed to obtain the optimum,
according to the adopted criteria:
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D Py __ P
sgopt P ell’: 3 v g (7T.)_7TZ~ . ,
DPCTIP i,jEN ot [ en

Nopt ™

q q . a (. _qa\y_ 4
s {7T eIl Dqgnq - & (7ri ) 77riopt} s
»J neN

sg;‘lpt: ﬂ.qu e 1P - 3 4 qJqu ( ZP7‘Z) _ﬂ.f»qt .
DP:aCIIP:9 i,5€EN op neN

The area of possible solutions

Based on the presented mathematical model,
computational algorithms have been defined and
adopted the following parameters.

According to the formulas (6)—(8) and on the ba-
sis of the definition (9) the following parameters have
been assigned to the sets of material properties:

HI])M = {matl, El, Vl} 5
(23)
Hl]]\/j = {matg, EQ, VQ} 5

where Ey () is the Young’s modulus, v () is the Pois-
son’s Ratio, and mat;(y) indicates a type of material
used for the construction of toothed element. All the
following symbols are used in accordance with the
standards [22] and [23].

According to the definition (10), the following pa-
rameters have been assigned to the sets of overall
dimensions:

M = {1},  TOi ={b}. (24)

According to the definition (11) the following para-
meters have been assigned to the sets of teeth geo-
metric values:

dy,da1,dp1,ds1,dpr,din, dpi, dwt,

hyp1, Jnts K1 M1, Met, Dits Ppett s
Snl,Snal, Stl, Stwl, Wnla L1, Tgri,Ynl,

215 R2grly Zz1, Qnl, Otl, Opwl, Otal, Ctwl,
B1s Bat, Bo1, €81, PfP1; Ptal, Ptfl, Ptlil, Ptpl
II{,— as before.

I, =

(25)

According to the definition (12) the set of geomet-
ric parameters that are the result of meshing between
elements u, andu,, has been determined as follows:

a, C, ZPa Uy Gort1,25 €y Cf2al5 Cfla2,

Ptal(dpe)s Pta2(dp1)s Dal(dye)s Da2(dp1)s (26)
Ptal(dss)s Pta2(ds)s Qal(dss)s a2(ds)y [
Ptal(diz)s Pta2(di)s Dal(diz)s Da2(ds)

D, _
7" =

According to the definition (13) the following pa-
rameters have been assigned to the set of strength
characteristics of meshing u,/u,:

16

K’Ua Kvmax; K’UF) K’uH, KA, KAFa
KanKra, Kramax, Krg, Krgmax,
KHoz; KHozmaxa KHﬁ; KHBmaxa SF;
SFmin, SH, SH min, YF, YN, YRraT,
Ys,Ys, Ysrer, Ye, Zv, ZB,D, ZE,
ZH,ZL, ZN,ZR,ZQ,ZE,O'F,
OFE,OFES,OFGOFGN,O0FGS,O0F lim,
OFP,0OFPN,OFPS,0FS,0FO,
OH,0HG,0OHGN,;OHGS O H lim,
OH1limS,OHP,OHPN,OH,0HS;OHO

5 = .(27)

According to the definition (14) the following pa-
rameters have been assigned to the set of operating
characteristics of the gear pair u,/u,:

2" = {Fy, Fy max, P, v1, v2} (28)

Sets of boundary conditions for determining the ad-
missibility of solutions have been determined accord-
ing to the definition (15) — as follows:

Snal Z 0.25mn1,

T1 2 Tgri,
cr = 21 2 Zgri,
Pnb1l = Pnb2, (29)
T S <1 STp1 Srpn <
<rp < rwt Srg1 < TR < Tal,
Cf, — as before,
tana a1 > tanapy,
tan a2 > tan aps,
Ea > 1,
€y =Eq +Eg > 1,
a= M = const,
chl = L2 (30)
dp1 = dpa,
dpy 2 dpa2,
+01 £ B2 =0,
1 = const,
T1 + x9 = const,
(cg <omp) NSz > SHmin),
(cus <omps) A (Sus > SHmin),
cna — (o <oupN) A (SHN 2 SHmin), (31)
(or <opp)A(SF > SFmin)s
(crs < orps) A (Srs > SFmin)s
(cr < orppN) A (SFN > SPmin)s
(ey =€a+e3>25)V(ea > 2),
C’é’q _ c1 > 0.2my1, (32)

c2 > 0.2my2,

,yl o~ ,yll-
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The sets containing the decision variables have
been determined according to the definitions (16),
(17) and (18), such as:

ES

DP = {an1, b1, 21, mn1, 21,91, k41, 01},
*

Dq - {an2762az27mn27x27y27ka27b2} .

According to the proposed model, the selection
of gear toothing parameters is to identify the sets
of possible solutions (20), (21) and find the opti-
mum (22), based on sets of criteria (34):

(33)

oy — min,
ogs — min,
opF — min,

QP =

ops — min, (34)

€q — INAX,
€ — max,

Vgq — Min.

The basic idea in the model is that the design-
er and the technologist had the opportunity to de-
termine values of parameters characterizing the gear
drive, to be at the same time met all the defined con-
straints and to the extent possible, met all the crite-
ria of optimization. Moreover, it is desirable that in
every moment of the gear drive process design it is
possible to assess the fulfillment of constraints and
criteria in the context of changing input parameters.

It is achievable trough the suitable construction
of the possible solutions areas. To achieve this, it is
necessary to identify such a decision variable, among
the element of the sets DP and D9, which as far as
possible influences on the behavior of other parame-
ters, by which constraints and optimization criteria
are formulated. For the general-purpose gear drives,
it is most convenient to use the values of correction
(shift profile) coefficients and analyze all the other
parameters as a function of 27 and x2 (see Fig. 2,
Fig. 3).

s0 b9y

//-T/_‘ 9y

 i——.a4 _ _%na(®)=04 my
e T = P
a0

FARS S

&

*9rmax

Fig. 2. The area of possible solutions for a single mesh,

according to the following constraints: > x4y, Sna > 0,
or Spq > 0.25m, or snq > 0.4m.,.

Xgr .
9'min
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& Kok dyr dy2 R a2

Sna2
__ _ Sat(%)=04 m,
7 T sar()=025m,
o _ Sna1(x)=0

1
i ot my
0 ol e Ay 075m, 17"
______ PR PR R o A
(] g ] 1 1 I
[ [ R
[ 1 I 1 1 !
[ H : 1 [ ! : a2
[ [} 1 1 1 [
T | N " P Lil
2 *Grmin *9rmax

Fig. 3. The area of possible solutions for a single mesh,

according to the following constraints: 1 > xgr1, z2 >

ZTgr2, T1 + 22 = 0, Sna1 > 0, Sna2 > 0, €a12 > 1, dy1,
dy2 € R,

Selecting the profile shift coeflicient as the main
determinant of the possible solutions area size is also
based on practical reasons on the effects on:

1. meshing correctness in the sense of geometry,
2. strength (eg. bending stress, surface durability),
3. operation (exploitation).

Due to the fact, that a gearing analysis is per-
formed in the context of the profile shift coefficient,
it is necessary to take into consideration both the
P-0 correction (which implies a symmetrical distrib-
ution of profile shift, ie. z1 + 22 = 0) and P (where
x1 + xo = const).

The orientation of the x-axis of both coordinate
systems, in case of P-0 correction, is shown in Fig.4.

—
—

-1 =05 0
%
|

05 1 X
f
]
T

f I I
—— f f T f
1 - -
X 5 0.5 0 0.5 1
Fig. 4. Axis orientation in the analysis of meshing with
correction P-0.

In the case of P — correction (where 2,1 + 22 =
const), the x-axes are shifted relative to each other
by the value corresponding to a fixed sum z,1 + 2
(see Fig. 5).

~

-1 =05 0 05 1 X
t }
f f

Il
T
|
1

|
T
Il
T

|
T
I
105 0

Nl |

Fig. 5. Axis orientation in the analysis of meshing with
correction P.

With a simple transformation, the analyzed mesh

can be represented in a form which permits estab-
lishing an area of possible solutions in terms of ac-

17
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tive contact range (ie. between the diameters dp1(2)
and dp,1(2)), as shown in Fig. 6.

p2
dal
dhl
Iz
da2
9,
d

:'\\\\\\1'%

dy VM// g |

X
2
Fig. 6. The area of possible solutions concerning the ac-
tive control range correctness.

Given the fact, that most geometric characteris-
tics of the mesh are presented as a functions of x,;
and x,2, it is possible to identify and analyze — in
a common coordinate system — more than one mesh
at the same time, with all the possible constraints
arising from the conditions of geometric accuracy.

9

%

ipn|

\\ \
L

il ///

R A UIIKIKIK, l
SRLRKRERELRLKLRIRRELLKHIRRRLS i

2
Fig. 7. An example of an area of possible solutions for
the gear strength parameters.
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There is also the possibility of finding such val-
ues of arguments, both graphical and analytical, for
which the optimization criteria (as defined in sets
QP and QP9) take the optimum (eg. the face contact
ratio €412).

An example of an area of possible solutions for
the gear strength parameters is shown in the Fig. 7.

In the chart above many other characteristics
concerning strength parameters can be also embed
(bending stress and surface durability).

Software implementation

Based on the presented method, a computer
aided gear design system for general-purpose gear
drives, has been developed.

The basic functions of this system relate primar-
ily to the visualization of geometric and strength
gear parameters and identification of possible solu-
tions areas, taking into account all restrictions (con-
straints) on the meshing correctness.

The system was built with several related mod-
ules. Figure 8 shows an example of geometric para-
meters for wheel and pinion. Basic input data for the
calculation are presented in Table 1.

GEAR SIMULATION CHART oF1

—dl1
—— 2l
—dH1
dA1dP2
—dA1
—dA1dL2
dA1dF2
TO oo drF2
—dL2
—dP2
—dH2
dA2dP1
—dA2
—— dA2dL1
dA2dF1
—— sNA1
|| ——sTW1
—sNA2
sTW2
— epsilonAlfa
¥n gAlfaT12

czab > Kalma

B e
£
T
7

T
60
58
56

Fig. 8. Application user interface.

Table 1
Exemplary input data for calculations.
Symbol Wheel
21,2 29 69

Mn1,2 2

20°

11.478°

left-hand | right-hand

100.0

0.25

Parameter Pinion

Number of teeth

Normal module

Normal pressure angle | an1,2

Helix angle B2

Direction -

Center distance a

Clearance c

Volume 3 e Number 2 e June 2012
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The main emphasis in the design phase of the ap-
plication was placed on the possibility to dynamically
change the values of selected decision variables (eg.
kX, ap, B) and study the impact of these changes on
the possible solution areas, as well as the behavior of
all remaining parameters presented in the simulation
chart. The use of the object-oriented programming
(not only in the user interface, but also in the same
calculation algorithm) resulted in the possibility of
real-time visualization of any change in the possible
solution area.

Conclusions

The possibility of visualizing the characteristics
of selected gear parameters and consideration of all
known constraints (geometry, strength, exploitation)
allows for a gradual narrowing the common area of
possible solutions and consequently obtaining the in-
terval of the arguments (27 and z3), for which a so-
lution of meshing really exists.

The last stage of the design process is to iden-
tify such values of decision variables, for which the
adopted criteria of optimization will be met most
satisfactorily.

The combination of graphical and analytical
methods for determining areas of possible solutions,
and practical application of the methodology de-
scribed, also provides the following benefits:

e the ability to design custom gears, with not stan-
dardized parameters (amn1,2, 812, Mn1.2, €tc.),

e the ability to efficiently and quickly recover gear
elements, that do not have the original technical
documentation,

e the ability to create series of gear drives,

e the possibility of an effective classification of gear
components, taking into account the technological
similarity,

e the ability to use any criteria for creating groups
of technological similarity,

e the possibility to improve the manufacturing
process organization by simplifying the technolog-
ical routes for similar products,

e the ability to differentiate the gear elements in
terms of the type of materials (testing the suit-
ability of material alternatives while maintaining
the same geometrical parameters),

e the possibility to simplify and accelerate the pro-
duction process through the unification of product
range.

e the gear design process automation with the use
of computer algorithms,

e reduce the time and costs of technical production
preparation stage.

Volume 3 ¢ Number 2 e June 2012
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