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Abstract: This paper presents a software for multi-criteria optimization of external cylindrical gears. The
outputs of the software are different solutions ordered depending on their approach to the imposed criteria.
The optimization method is based on taking decision in condition of certainty and allows the selection of an
optimal solution from a k number of possible solutions considering quantity and quality criteria of
optimization.

1. INTRODUCTION

The durability and safe functioning of an external cylindrical gear that is part of a
mechanical transmission are influenced by a great number of factors. Designing a gear
that is able to transmit an imposed torque at an imposed rotation speed — in certain
functioning and size conditions — is an undetermined problem which can be, in fact,
described by the dimensioning equations and is satisfied by a large number of solutions.
During design, using some correlations and intervals of the variables — based on designing
experience or theoretical research — makes the solutions number decrease, but it still
remains big enough. As a result, an optimal solution cannot be obtained without imposing
certain optimizing criteria depending on constructive, technological and functional
particularities of the gearing and using dedicated software.

This paper presents software for multi-criteria optimization of external cylindrical
gears; the outputs are several solutions ordered depending on their approach to the
imposed criteria.

2. THEORETICAL BASES

For choosing the optimal solution for an external cylindrical gearing, a method that
is based on taking decisions in certainty states is used. This method allows choosing the
optimal solution from k possible solutions, taking account of all the influencing quantitative
and qualitative criteria. The decision is based on favorable and unfavorable spaces of the
different solutions.

The optimizing criteria have been chosen by authors and the marks N;, for each
criterion and each solution i from the k possible solutions (ie[1...k]), have been

established following the next rules [3]:
e The range of the marks must be the same for each criterion (from 0 to 10);
e The marks must be as higher as the solution is closer to optimum.
The objective function is determined with relation

N, =>aN,, (1)
j=

where a; represents the j criterion importance coefficient; m — the total number of criteria;
N; — the mark for the j criterion of the i solution. The g; criterion importance coefficient has
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to be as big as the importance of the criterion. Establishing the reference order for the k
solutions is done by descendent ordering the objective function (1).

The main imposed restrictions for external cylindrical gearings are [6, 9, 10]:

— Avoiding the teeth profile interference;

— Achieving a minimum transverse contact ratio of egmin=1.3;

— Avoiding the sharpening of the gearing wheels teeth s;1 2= Samin and Sa2 = Samin;

— Choosing the minimal normal module according to the applied treatment. (mumin
21.5 mm, for improvement treatment, respectively mpmin =2 2.0 mm, for carburation, nitrating
and superficial hardening).

— The superficial stresses for the two main stress types should not be bigger then
the corresponding permissible stresses, ¢, < G,,; 0f < 0y, respectively op, <opp,.

The imposed optimizing criteria and their mathematical models have been
presented in [3] and Table 1 is presenting their synthesis.

Table 1
Mathematical model of the optimizing criteria
Optimizing criteria \ Mathematical model
Technological, constructive and functional criteria

Volume of material of the V... -V

N,,, =10—/=—:-0<N,, <10
wheels criterion Cy v =V v

V... =max(V,i=1.k);V,, =min(V,i=1.k)

2
V = raz b, L
(b, +2)
i a -a,

G.ear. centre distance N, =10 W max W0« N, <10
criterion C,y awi a _—a, awi

a, ... =Max(a,,, i =1..k); a, ., =min(a,,;, i =1...k)

, - b "y
Gear width criterion C, N, —10—2m "% oy <10
2max ~ ™2min

b,.. =max(b,i=1..k); b, =min(b,i=1..k)

Technological Trpri; = Trpr,
echnologica accuracy N, . = p p 0<N,,. <10

criterion Cpt prti Trpr,.. —Trpr,.. prti

Tromax =Max(Tr,, i =1..k); Tryy i = min(Tr,,, i =1..k)

Gear efficiency criterion C, Ng, =10 Ni ~ Mmin ; 0< N, <10,

MNmax ~ Nmin
Nmax = Max(m;, i =1..K); N, = min(n,., i :1...k), where [8]:
COs?B vZ; + V%,

n,=1-p 5
COS AL, Ly + Ly
o = Ui +1
i1 — ’
all u

]

. 2
. Zl,-/COSB"'Z(han T X _ki) —cos?2q, —Ssina
z,/cosP+2(h., + X, ’ n

1329



A

Fascicle of Managemen

NNALS of the ORADEA UNIVERSITY.
t and Technological Engineering, Volume V11 (XVII), 2008

Table 1 (continues)

Vg2 = (Ui +1)'

|

ki = (ani + Xn2i)_(

Z,,/cosP + z(h;n + X0 — K
ZZ/’ /COSB + 2(h;n + ani)

|

2
) ro _si
] —cos?a, —sina,

—1j [2]

Zli + ZZ/’
2cosf

cosa,
COS L,

Geometric and kinematics criteria
Gear ratio precision AU — AU.
criterion Cay Nex,; =10 Au_. —Au_ "’ 0< Nea, <10
Au,, =max(Au,, i =1..k); Au,,, =min(Au,,i =1...k)
AU,- — ui udat
Udat
Frontal contact ratio €. —g
o Ng,, =10———=m - 0 <N, ; <10,
criterion Cyq eal €y max — Eqrmin eal
Eqmax = Max(e,;, i =1..k); e,y =min(e,;, i =1...k)
Specific addendum slidin A —AE.
hee I Ny, =10-25me =85 gy <10
criterion C¢ e AS oy — Al -

AE,.. =max(Ag,, i =1..k); AE,, =min(Ag,, i =1...k)

Ag; = |E.in - E.»Ai|’ where:

min

u, +1 cosa,tga,,
Ce = U 1- >
! Zli/COSB + z(h;n T X — kl) —cos?aq.
Zli/COSB + 2(ha*n + ani) !
£, = (u, +1) 1 coso,tga,, :
Zzi/COSB + Z(h;n + Xnai — ki) —cos?o..
ZZI/COSB + 2(h;n + XnZi) '
Strength criteria
Loading to the Ilimit of AG ey — AC
Nc.n =10 ;0< N,y <10

contact stress criterion Cy

AcYHmax - AcYHmin
A0 =Max(Ac,,, i =1..k); Ao, =min(Ac,,, i =1...k)

AGy; = Opp — Oy
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Table 1 (continues)

Bending stress approach AGE o —ACE

between pinion and wheel | Noar =10 Ao — Ao 0 <Ny <10
. . Fmax Fmin

criterion Cagr

AGs . =Max(Acy, i =1..k); Aoy, =min(Ac,, i =1..k)

YFliYSli _ YFZIYSZI'|

biGepy  DyOrpy;

AcF, :|

3. SOFTWARE

Gear dimensioning or verification calculus usually takes a large amount of work.
Following calculus methodology, imposing optimization criteria and the complex and large
calculus amount recommends development of dedicated software for gear calculus. All
these and also the purpose of obtaining optimal solutions of external cylindrical gears for
any specific conditions have been the base for developing the software presented in this
paper.

The software is using the mathematical models of the optimization criteria
presented in [3] and also the design methodology, notes and recommendations presented
in [6, 10]. For a friendly user interface, the software is using the advantages of the existing
Windows objects.

The main menu of the software is presented in fig. 1.

In order to show the stages

7' Optimization of cylindrical external gears Q@@ of running the software, this paper is
Initial daka  Optimization criteria  Results  Exit presenting, USing the screen
images, the steps followed for a
¢ ¢ concrete optimal calculus of an
Tvpe of transmission Preliminary optimization external cylindrical gear.
Technical daka Final optimization

The Input data are introduced
in the following steps:

e Screen Type of
Transmission  (fig. 2) allows
choosing the destination of the gear,
with direct effect on the range of the gear precision and also on the standardized or non-
standardized values of the centre distance.

e Screen Technical Data (fig. 3) allows the input of the necessary design data for
strength and geometric dimensioning of cylindrical external gears, used for establishing of
the parameters of the possible solutions. For certain input data, like transmitted load or
imposed durability, there is the possibility to choose between specific known inputs like
torque or power, respectively running time or number of running cycles. The application
factor is determined by accessing the Choose application factor button, which opens the
screen Application factor (fig. 4). By choosing the type of the driving machine and the
character of load, the value of the application factor is automatically taken from the
recommended values.

Wheel construction data
Steels and treatments

Fig. 1. Main menu
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The variables of the multi-criteria
optimization algorithm are: pinion number
of teeth, gear helix angle, gear width
coefficient, normal addendum
modification coefficient at pinion. For
each of them, the Technical Data screen
gives the possibility to set the range
(minimum and maximum value) and
iteration step.

e Screen Wheels Construction
Data (fig. 5) allows introduction of the

7 Transmission type

Transmission type Lifting machines; -

Tractors
o OK

General use reductors
Autovehicles
Trucks

Textile industry machines
Tool machines
Agrnicultural machines

Fig.

2. Type of transmission

constructive features, separate for pinion and wheel, and also the length of the shafts
sustaining the pinion and the wheel (considering the same length). These data have
influence on the reduced mass of pinion and wheel and also on the critical input rotation of
the gear, which determine the K, dynamic factor. The length of the shafts is necessary for

determining the Kyg and Kgg factors.

}"‘ Technical data

B(=1ES

Trangmizsion load

" Pimon torque momentul - T1 [Hmm]

* Power to transmit - P [kW] 12

Impozed durability

* Functioming duration - Lh [hourz] 10000

" Number of functioning cycles - HL1 [cycles]

Functioning conditions

Application factor - KA 15

Choose the apphcation factor ‘

Pinion revolution speed - n [rot/min] 850

Gearing ratio -u 5

Gearing ratio tolerance - deltau 0.04

Minimum value Maximum value Iteration step
Pinion teeth number 1 |-| 4 j |-| g j |-|
Helix angle beta 10 = |'I 2 ﬂ |'I
Gear wheel: width coefficient psia ||:| 2 ﬂ |D-35 ﬂ |D-':'5
Mormal pinion addendum modification coefficient xnl |D'2 ﬂ |D'5 ﬂ |I:I-I
x Cancel |

Fig. 3. Technical data
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e Screen Steels and Treatments, presented in fig. 6, allows choosing the materials
of pinion and wheel and their features. There have to be set the type of steel and specific
treatment, and also the steel symbol. The contact and bending limit stresses for pinion and
respectively wheel have to be chosen depending on the recommendations presented in

the panel.

i Application factor

Engine type: |Intemal combustion pu:ulicylindﬂ

Load character |""'|':'d‘3“3‘tE shocks j

Application factor
PP K, [®
x Cancel

Fig. 4. Application factor

After introducing the technical data,
by pushing the OK button (see. fig. 3), the
screen Supplementary data for gear
strength calculus (fig. 7) opens. In this
screen, the following elements must be set:
data on gear machining (roughness of the
profile and of the foot of the tooth);

?"‘ Wheel construction data

B=1E
Pinion
Construction data

+ Common piece with the shaft

" Massive construction l—

" Shaft-digk-rim construction

Driven wheel
Construction data

(" Common piece with the shaft
(+ Massive construction

" Shaft-digk-rim construction

Bearing reaction application points distance

7 mm
W O | X Cancel ‘

Fig. 5. Wheels construction data

exploiting specifications on accepting or not any pits on the tooth profile and safety
coefficients for the two contact and bending stresses (according to recommendations).

Tl’:"‘ Steels and treatments

superfically tempered

improvement alloyed steels

" Improved and - | 4558
nitrocarburated

improvement or carb. alloyed steels

i Improved and I—Ll 3b...48
nitrided 48 BOD
improvement or carb. alloyed steels

" Improved
improvement

alloyed steels
Contact

Obtained hardness

Flank [HRC]
t Carburated and |17MoCiNi4 ~ ||| 58...62
tempered
carburation alloyed steels
" Mitnded ~ || 60...65
nitration
alloyed steels
i Improved and - ||| 50...56

| 200...360 HB | 220...350

Limit streszes - Pinion

9 Cancel | 1500 MPa

EBX

Limit stresses [MPal

Core [HE] Contact Bending
300._..400 1500 460_..550
250270 1250 425

250270 1160...1225 | 355 __370
250...270 1000 370
260270 680...800 250...320
250270 800 320
640...850 270...330

Limit stresses - Wheel
Contact Bending

1500 MPa  [430 MPa

Bending
430 MPa

Fig. 6. Steels and Treatments
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Screen Optimizing criteria, presented in fig. 8, allows choosing of the optimizing
criteria and the importance of each criterion. For the presented example, four criteria have
been selected: volume of material criterion; technological accuracy criterion; frontal contact
ratio criterion and loading to the limit of contact stress criterion. The importances of the
three criteria are (in percents): 100, 50, 50 and 90. The software is following the calculus

y Supplementary data necessary for the strength calculus E@@

Teeth manufacturing data

Flank roughness

f* Unrectificated teeth

i~ Rectificated teeth with Ra>0.4
" Rectificated teeth with Rac<=0,4 |~ Roughness Ra>3.2

Fillet curve roughness
f* Houghneszs Ra<=3.2

onditions impozed dunng exploitation
(+ Certain level of pitting is admited

(" Mo pitting 1= admited
Minimum security coefficients

For contact load -
Recommendations

SH min 1.2 1.0 ___ 1.3 for common industrial transmisions

1.3 ... 1.6 for transmizziong with high deterioration rigk
or when repairing iz too expensive

For bending load
Recommendations

5F min 1.5 1.4 _. 1.6 [generraly 1.59] for common industrial transmizions
1.8 for transmigsions with high revolution speeds

1.6 ___ 3.0 for important transmissions

x Cancel

Fig. 7. Supplementary data for the strength calculus

methodology presented in [6].
The parameters of all possible
solutions of the cylindrical gear
are determined first. Then, the
marks Nj of each solution / are
established, for each of the j

selected optimizing criteria
and, based on relation (1), the
objective  function (general

mark N;) is determined for
each solution. The solutions
are then ordered by their
approach to optimum. A part of
the table containing the
solutions from the preliminary
optimization is presented in fig.
9. It shows that there are 8969
solutions fulfilling the imposed
restrictions, the optimal
solution being evaluated with a
general mark of 8.679.

o Optimization Criteria - Importance

Technological. constructive and functional criteria

v Yolume of material criterion 1] ﬂ
| Centre distance criterion J
[~ Gear width criterion J
|+ Techological precizion criterion 1] ﬂ
[~ Efficiency criterion J

Geomelnic-cinematic critena

[ Gearing ratio precizion criterion J
|+ Frontal contact ratio citerion {1 ]
[~ Specific shding criterion J

Strength cntena

v Criterion of material loading to the {1 1]
contact stress limit

[~ Pimion and wheel bending ztress J
difference criterion

J ﬂ'll]l] 50

J ﬂ'll]l] 50

Importance

_|»]100 g
I/
2l

ol

Importance

ol

ol

Importance

| |00 g4
B

Fig. 8. Optimizing criteria and their importance
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7 Results of preliminary optimization

Mr.var. |21 |z2 |beta |aw |mn I:-m1 |:-m2 |b2 Ipsia |Tr|:|r |Nota |N Wi |N pr |N eps IN Cant |
1 16 (77 12000 142 3000 02000 -0.4022 4550 (032 & 8679 5095 5000 3176 9985
2 5 72 12000 155 3500 |0.2000 -0.3832 5400 035 9 8623 B716 10000 8713 9926
3 16 77 12000 142 3000 02000 -0.4022 4950 (035 &8 8520 BE23 5000 3176 9989
4 15 72 12000 155 3500 |0.3000 -0.4832 5350 (035 9 B.481 6793 10000 |7E95 9.950
5 16 77 12000 142 3000 02000 00705 4620 |[032 &8 8427 8572 5000 7941 9996
= 15 72 12000 156 3500 02000 -0.0396 54.20 (035 9 233 B5E1 10000 7536 9841
i 15 72 12000 155 3500 |0.2000 -0.3832 4360 028 8 8319 8317 5000 (B3 9947
g8 15 73 12000 157 3500 02000 -0.3246 5450 (035 9 8306 6326 10000 |2504 9453
5] 15 72 12000 185 3500 |0.2000 -0.3832 5150 (023 9 8303 7101 10000 |83 8467
10 16 78 12000 144 3000 02000 -0.24358 4700 033 8 8296 8.753 5000 |2E42 9420
11 16 Fid 12000 143 3000 |0.3000 017094610 (032 8 8271 8985 5000 |7062 9968
12 16 77 12000 1432 3000 02000 00703 4950 (035 &8 8256 B.406 5000 7941 9934
i) 15 72 12000 156 3500 |0.2000 0199 5400 (035 9 8246 EEOZ 10000 BEIE  9.951
14 16 79 12000 145 3000 |0.2000 -0.4233 4610 (032 8 8244 'B773 5000 |9.270 G888
15 16 78 11.000 1432 3000 |0.2000 -0.4095 4970 035 &8 8200 8491 5000 3476 8942
16 15 72 12000 155 3500 |0.3000 -0.4832 4330 (028 8 8159 8363 5000 |7E95 9944
17 15 73 12000 157 3500 03000 -0.4246 5450 (035 9 8157 | 6.390 10000 (7509 9.457
18 16 78 12000 144 3000 |0.3000 -0.3498 4670 032 8 8149 8793 5000 |7E91 943
13 15 72 12000 155 3500 |0.32000 -0.4832 5110 (032 9 8149 7162 10000 7635 8.470
20 16 Fifd 12000 144 3000 |0.2000 02768 4630 (032 8 8139 8873 5000 (6496 9980
21 16 Fid 12000 142 3000 |0.2000 -0.4022 3890 (027 7 8125 10000 0.000 (91768 9973
22 16 77 10000 165 3500 02000 -0.2740 5220 (032 49 8123 5916 10000 |3.208 8929
23 14 £8 12000 146 3500 |0.2000 -0.3991 4860 (033 8 8121 8371 5000 |B355 9446
24 16 77 12000 142 3000 04000 -0.2703 4580 (032 &8 8119 '5.024 5000 6107 9965
Mumber of solutions conzidered For optimization 8969
Mumber of gzolutions for final optimization |3|]— L x il I

Fig. 9. Results of the preliminary optimization

?"‘ Results of final optimization

Geometry of gear | Geometry of pinion and wheel ‘ Control elements ‘ 2
IL Cloge

Substitute gear | Calculus factors ‘ Stresses ‘
Mr.war. |21 2 beta  |aw mh sl #n2 b2 psia Trpr |Mota [MWm |Mpr |Meps |MCont
1
2 16 7 12000 142 (3000 02000 -040223880 027 7 8091 10000 0000 92001 9849
3 16 7 12000 (142 |3000 02000 -0.402243950 035 8 7823 EE43 5000 9200 9957
4 16 7 12000 143 (3000 02000 -00709 4620 032 8 7565 7482 5000 5913 10.000
5 15 2 12000 155 (3500 02000 -03932 4360 028 8 7268 58Y3 5000 V967 9693
E 16 I 12000 143 (3000 02000 -007094340 035 8 (7132 E293 5000 5913 9925
7 16 7 12000 143 (3000 03000 -07709 4610 032 8 (7116 FH14 OO0 3573 9817
g 15 72 12000 185 (3500 03000 -0.4832 4330 028 8  E834 5992 5000 5258 9664
5 16 7 12000 144 (3000 02000 02768 4630 032 8 B7H6 7241 5000 2067 9.895
10 16 7 12000 143 (3000 03000 -00709 4970 035 8 B743 B358 5000 3573 99241
1 15 72 12000 155 (3500 02000 -03832 5400 035 3 B¥35 1958 10000 7967 9543

Fig. 10. Results of the final optimization
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The final  optimization is - B T X

accomplished by considering a _

relative small number of the Cemodatanze 142 L
pre”minary solutions, closest to Reference centre distance 14261651 mm
optimum. The marks Nj of the first Normal module 3.00 mmim
solutions are re-calculated for the el 1200 s
seleqted optlmlz.lng criteria. Flgure Helix angle on base cylinder 11.26652  dea
10 is presenting the re-ordered .

. . . =]
solutions according to the final rontalpressisiasic 2RI
optimization and their genera| an Frontal pressure angle at pitch cylinder 1973095  deg
criteria marks. There can be seen Mormal pressure angle at pitch cylinder 19.33542 deg
that the solution set as optimal is the Tatal profie shift cosfficient 0.20225
same with the one from the _

.. .. . Conkact ratio: frantal 158
preliminary optimization phase. The
order of the following solutions is L s
slightly changed. For each of the total 274
shown solutions the software can Speed at pitch cylinder 218 e
perform the geometric calculus Tk oioi e e s g
(geometry of pinion, wheel and gear, o

. Lubricant viscozity 270 50C
geometry of the substitute gear, _
control elements) and the strength Roudiness piotic LEC microni
calculus (calculus factors, real roat 3.20 microni
stresses and permissible stresses)
by simple selection of the row of any

solution. By pushing one of the

buttons placed at the top of the Fig. 11. Gear geometrical elements

screen, a new screen s

automatically opening showing the selected outputs of the selected solution of cylindrical
gear.

As an example, for the first solution, figures 11...13 are showing: gear geometrical
elements (fig. 11), pinion and wheel control elements (fig. 12) and geometrical elements of
pinion and wheel (fig. 13).

Optimization outputs are mostly depending on the chosen optimizing criteria and
their importance. The software can be used by setting only one optimizing criterion or a
small group of criteria, giving an image of the significant influences on each optimizing
criterion.

7 Control elements Q@@

Dimension over teeth
Pinion 1 Wheel 2

Murnber of teeth M1z 3 3
Mormal dimension over teeth Wihinl 2 2326743 TE89973 mm

Constant arc of tooth
Pinion 1 Roata 2

Mormnal constant arc Sonl 2 | 454682 330545 o
Fromtal constant arc S 7 | 453485 2 A7EER 5
Height at normal constant arc L 2 276278 116738 i
Height at frontal congtant arc hct'l 3 2 T4ER2 1.15528 T

Fig. 12. Pinion and wheel control elements
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I’ Geomet ry of pinion and wheel

Pinion and wheel geomety
Pinicr 1 wheel 2

Tip diameters BE.25281  mm 239.72765  mm
Root diameters 4277235 mm 22624713 mm
Reference diameters 4307235 mm 2361E068  mm
Pitch diameters 4886022  mm 23513978 mm
Bace diameters 4599155 mm 221.33433  mm
Nurnbers of teeth 16 7
‘width 479 g 45.9 mrm
Mormal addendum madification coefficients 0.20000 -0.40225
Mirirumn normal addendumn modification coefficients 0177 -3.991
Mormal addendumm width 1.77 ] 280 uuy
Winurmnurm normal addendum width 1.20 i 1.20 mrm

Fig. 13. Pinion and wheel geometrical elements
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