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ABSTRACT

Planetary gear train (PGT) had widely used for power
transmission in construction equipment and machinery. The
main purpose of this paper is to present methods for minimize
the volume of PGT as well as the minimum weight for space
saving. This paper presents a comparison of develop
algorithm based Artificial Immune System (AIS) to find the
optimum combination of parameters design for minimize
volume of two-stage PGT system. The developed algorithm is
hybrid with Genetic Algorithm (GA) based AIS which named
as Transform of Artificial Immune System (TRANS-AIS) and
Three Parents Cross Transform of Artificial Immune System
(X3PAIS). Developed algorithm were tested in three
benchmark mathematic test function before apply in the PGT
design. The optimum volume from this research are compared
with other researchers and it is experimental that the
presentation of TRANS-AIS and X3PAIS are as good as (if
not superior) to other researchers’ algorithm.
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1. INTRODUCTION

PGT have several advantages where they can produce high
power density compare to standard parallel axis gear trains,
have multiple kinematic combinations, high efficiency,
reduction in volume, purely torsional reactions, and coaxial
shafting. But there is a main problem faced by designer when
design PGT system which is the volume as well as weight of
the design combination. Therefore, for the advantages
mention above, researcher are focused on research in optimize
design of PGT.

KaoutarDaoudi [1] design minimum weight of optimal
combination of spur gears by using GA. Takao Yokota [2]
described GA in the optimization of gear weight. Abdelmajid
[3] optimize gear trains with spur gears based on two level
optimizations to reduce the weight. Tianpei Chen [4]
optimizes volume of two-stage PGT by using differential
evolution algorithm based on mathematical. A. Sri Harsha [5]
described optimization of two-stage PGT by using GA to
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satisfy the strength and geometric constraints. B. Rosic [6]
solving multi objective nonlinear optimisation of planetary
gear trains and minimizes the weight. Zarefar and
Muthukrishnan [7] optimized the weight of helical gear with
random search algorithm. FarukMendi [8] presented a
dimensional optimization to achieve the optimal dimensions
for rolling bearing, gear and gearbox shaft by using GA.
Prashant S. Walunj [9] using Finite Element Analysis to
minimize vibration by investigates planetary gearbox
parameter.

Reduction of volume during optimization gear design, the
continuous variables and discrete variables are included in
consideration. In traditional method, the optimal design is
round to the adjacent discrete points. But this will affect the
design point may run out of the specific region. Mostly
traditional optimization method is based on gradient
algorithm and normally will trap into local minimum search.
This leads to incapable in getting favor outcome compared to
the modernized Artificial Intelligent (Al) approaches. Al is
normally discussed to think or study about patterns or
behavior by using computer language [10].

AIS and GA is the two Al methods which have been chosen
for simulation in this paper. Operator of GA which is
crossover is choose and be composed with AIS with the aim
of strengthen the optimization fitness. Proposed algorithms
described in this paper are TRANS-AIS and X3PAIS which
united the mechanism of improved AIS and GA (using
crossover operator). All the information of each algorithm is
described in section below. The proposed algorithm will be
evaluated with popular benchmark mathematics function. The
proposed algorithms were used to optimize the volume of
two-stage PGT design.

1.1 Artificial Immune System

The idea of AIS is inspirited by the nature biological immune
system. Besides that, AIS can be used in solving engineering
problem with immunology theory, immune principles, models
or function [11]. One of the optimization technique in AIS
operation of AIS named as clonal selection algorithm (CSA)
was used in this paper. For optimization, the fundamental of
CSA in AIS which is the affinity maturation and clonal
expansion are used [12].
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During CSA cloning process, the antigen which can be best
recognize by the antibodies will proliferate. Every antigen
will have their own specific immune reaction and it will be
clone with recreate immune cells in tandem. When the
immune cells which can be identify and compete with the
specific antigen, this process only consider as success. Plasma
and memory cells will be characterized when the newly
cloned cells produced. Under mutation process, the plasma
cells are subject to create antibody to enrich the genetic
variation while the memory cells are in responsible for
incursion of antigen in the upcoming immunologic response.

Henceforth in the next mechanism population, selection will
depends on which greatest cells have similarity higher with
the particular antigen. If mutation process still on going, the
high affinity cells with hyper mutation will go into sleep mode
while it will undergo withdraw through apoptosis process for
the low affinity cells [13]. Theory of CSA process described
in Figure 1.
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Figure 1: The clonal selectlon theory
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Layout of pseudo code for a typical CSA process is written off
as shown in Figure 2.

begin AIS
¢:=0 { counter }
Initialize population
Do:
Compute affinity
Generate clones
Mutate clones
Replace lowest affinity Ab with a new randomly generated Ab
c=c+]
end
end AIS

Figure 2: Pseudo-code of the CSA

1.2 Genetic Algorithm

GA is the members of Evolutionary Algorithm (EA) and it
was introduced by John Holland in 1960’s [14-16]. GA have
since long been used for optimization of high demand in
searching for a design with minimal cost for performance of
an enquiry [17]. GA is one of the. It used to solve assortment
of problems and is proven capable in optimization of
determined problem strategy. The crossover operator of GA
was chosen to improving AIS algorithm where the idea is
comes from the conjugation of bacterial cells.

The purpose of crossover is generates a new set of antibodies
by using two or more of members which selected from current
population. Crossover process is swapping the genetic criteria
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between chromosome of same parents or with other parents.
There is few type of crossover method in GA but in this paper,
the single point crossover method and three parents’ crossover
method was selected to improve the optimum minimum
value.

During single point crossover process, a crossover point will
be randomly selected. The new set of chromosome is
produced by uniting the first parent of first chromosome until
the crossover point with the second parent of chromosome
from the point after crossover point until the end of
chromosome. The single point crossover process was clearly
described in Figure 3.

In Figure 3, the dash line indicates the selected random point
of crossover for Antibody A and Antibody B. There are two
mature antibody produce after crossover process where the
genetics of the chromosome of both parent antibodies was
transacted. An enhanced or matured antibody hoped to be
born via crossover by expected to inherit the good genetics
from two parents.

‘
1234 | 5678
14321

Antibody A:
Antibody B:

8765

Mature Antibody A: 1234 4321
Mature Antibody B: 8765 5678

Figure 3: Single-point crossover

Another method of crossover operator was used is the three
parents crossover. It means that there are three chromosomes
are chosen as parents for crossover process. Every bit of each
parent is comparing with each other. In the beginning of
crossover process, same point of each bit from first parent and
second parent go under comparison. It is used for offspring if
the bits are the same; or else the third parent’s bit is taking as
offspring. Summarized for input and output of the each bit for
three parents was represent in Figure 4.

Antibody A: 1234 | 5678
Antibody B: 8765 14321

After crossover....... ‘

= 5

Mature Antibody A: 1234 4321
Mature Antibody B: 8765 5

Figure 4: Logic Diagram of input &output for three
Parents crossover
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1.3 Hybrid of Algorithm

As mention in previous section, to enhance the optimization
of AIS algorithm; conjugate of two genes used in this paper.
There are a lot of new reformed bacteria or virus happening
from place to place, this brings idea to develop the proposed
Al algorithm in this paper. The transformation of new virus
can be generated by genetic alteration of a cell and can be lead
from the direct uptake or rephrase by external factors of
genetic element from the environments. Some species of virus
can be transformed naturally or affected by non-natural
factors.

1.3.1 Transform of Artificial Immune System (TRANS-AIS)

Conjugation genes between two bacterial cells with direct
interaction is one of the transformation bacteria processes
where it united between two bacterial cells to exchange the
genetic material. The crossover process where similar to the
idea of conjugation of bacterial cells was applied to improve
the performance of AIS algorithm. Cloning process in AlS
algorithm is important here to guarantee that the two
nominated superior genetics have the greatest antibody. The
genetics populations which have better criteria will be
undergoing a cloning process.

When the crossover process is finalized, two matured
antibodies will produce by swapping the genes of both
antibodies. An enhanced and matured antibody had found via
crossover which predictable to take over the superior genes.
This conjugation procedure is represented by the GA operator,
crossover

1.3.2 Three Parents Cross Transform of Artificial
Immune System (X3PAIS)

The X3PAIS algorithm process was similar to TRANS-AIS.
The difference is X3PAIS is conjugated of three bacterial
cells and only produce a brand new and mature cell. Direct
contact of crossover process is happen in X3PAIS. Since
X3PAIS needs to select three superior genetics to undergo
crossover process, it’s more competitive compare to
TRANS-AIS in antibody selection.

When the process of crossover is accomplished, a mature
antibody Y will created by conjugate the genetics of the three
selected antibodies. The new established antibody was
achieved through crossover process which is probable to
become heir of superior genes. This conjugation procedure is
represented by the GA operator, crossover.

2. SIMULATION

2.1 Mathematics Test Function

There are several benchmarks of mathematics test functions
with different characteristic used by researchers to do
performance checking for each algorithm developed.
Researchers will exploit the characteristic of the benchmark
mathematics test function for better results. Only three
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benchmark mathematical test functions used to optimize
minimal value by evaluate the developed algorithm in this
paper. The test functions are Ackley’s, Rosenbrock’s and
Griewank’s function which described as below.

2.1.1 Ackley’s Function

—-0.2
f(x) =20 +e —20e (B _ on Ll cos(2mx;)

@)
—32768 <x; <32768, i=,........,n
global minimum at x = 0 wheref(x) =0
2.1.2 Rosenbrock’s Function
f(x) = X100 (xipg — x,%)% + (x; — 1) )
—2048<x; <2048, i=1,....... ,n
global minimumatx =0 wheref(x) =
2.1.3Griewank’s Function
fG) = 1+ X 22 — [T cos(P) (3)

—-600<x;,<600, i=1,........,n
global minimum at x = 0 wheref(x) =0

2.2 Planetary Gear Train

The model of application was a gear box of two-stage PGT
which proposed by A. Sri Harsha [5]. The main objective is to
minimize the volume of the PGT. Volume for each stage of
the gear train which contains sun and planets calculated.
Optimize volume for each respective gears equivalent as
minimize the volume of the PGT. The objective function is
formulated as below.

= 1o (a5 + 30, 2)) + (b (0 + 30,.7))

where:
ds, ds,

51!

=addendum circle diameter of sun gear.
dp,, dp2 =addendum circle diameter of planet gear.
The addendum circle diameter formulated as below.

4)

= (t+2(1-¢))*m (5)

where:

t = number of teeth on gear.

¢ = addendum modification coefficient of the gear.
m = module of stages.

The number of teeth on the planetformulated as below.

_1
t, = ;(7”_2)*’55
- p
r= 2(1+t)

S

(6)
()
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where:
r = reduction ratio of first stage.

To optimize the volume of planetary gear train with proposed
algorithm, the design variables of vector X is created as
below:-

X = {x1, X3, X3, X4, X5, Xg, X7, Xg, Xo}
= {t;, my, by, 1,7, t3, My, by, €3} 8
Where:

t; = number of teeth on sun gear in first stage.

t, = number of teeth in the second stage.

m;, m, = module of first stage and second stage respectively.
by, b, = width of tooth in first and second stage respectively.
1, C; = modification coefficients of sun gears in first and
second stage respectively.

r = reduction of ratio of first stage.

The bounds of the design variable of X described as Table 1.

Table 1: Bound for each parameters

Variable | t; | mqy | by | ¢ | v | t, | my | by | ¢,
Lower | 5| 5 | 0| 4 |5 13| 2 |10| 2
bound 17 17
Upper | 5o | g | 61 105 9 | 140
bound

2.2.1 Constraints formulation

Some constrains have to be set for design the parameters and
constant for the PGT system. The model of material chosen is
20CrMnMo. Below is the constant and formulation of
constraints.

Table 2: Description of parameters for constraints

Parameters|Description 1st Stage |2nd Stage
Zy Node region coefficient 2.22 2.25
Zg Elastic coefficient 189.98 | 189.98
Z, Contact ratio coefficient 0.95 0.94
K Load factor 2.89 2.95
Yra Tooth form factor 2.29 2.32
Ysa Stress concentration coefficient 1.73 1.73
Y, Contact ratio coefficient 1.12 1.08
O¢ Allowable contact stress 1033.41 | 1104.47
Op Allowable bending stress 499.39 521.53
2.2.1.1 Contact Stress Calculation
_ 25K, *Ty#(r +1)
0y = Zy, *Zg *Ze * /ms% 9)
_ 5.78+T,x(1r,+1)
Oy = Zy, * Zg, * Ze, * /ms% (10)

where
Ty, T, = input torque on the first and second stage.
ry, r, = ratio of tooth number for first and second stage.
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2.2.1.2 Bending Stress Calculation

2%Ky +T;
03 = YFa1 * Ysa1 * Yel bl*t11*m112 = b, (11)
2%K,*T,
04 = YFaz * Ysaz * Yez * bz*tzz*mzzz = b, (12)
2.2.1.3Adjacent Condition
dp, < 2% a5,sin60° (13)
d,, < 2% a';,sin60° (14)
where
d,,, dp,= addendum circle diameter of the planet gears.

aq,, a'y,=center distance of the gear wheels that are sun and
planet gears in first and second stage.

2.2.1.4Tooth Width Condition

06+t <2 <13+t (15)
my

06+t <2 <13xt, (16)
my

3. RESULTS AND DISCUSSION

3.1Mathematics Test Function

With the aim of validate the presentation of AlS, TRANS-AIS
and X3PAIS algorithm, three benchmark mathematic test
functions were chosen and the simulations are simulated by
using Matlab programming language. The simulation is
running under same circumstances for the three mathematic
test function as described on last section.

Figure 5 -7 described the simulation results of algorithm (AIS,
TRANS-AIS and X3PAIS) which were simulated hundreds of
iteration. As shown in the results, most of the function values
are packed and as close to value zero by using X3PAIS
algorithm for each mathematics test function. Comparison of
the three mathematics test functions in term of minimum,
mean and standard deviation are summarized in Table 3
simulated with the respective algorithm. Therefore, X3PAIS
algorithm succeeds to achieve the minimum fitness value
compare to others.

Ackley's Function

#AIS
ETRANSAIS
AX3PAS

o 20 40 60 80

Figure 5: Ackley’s Function: hundred experiments data collected

Rosenbrock's Function

SAIS
HTRANSAIS

AX3PAIS

Figure 6: Rosenbrock’s Function: hundred experiments data
collected
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Figure 7: Griewank’s Function: hundred experiments data collected

Table 3: Comparisons of Mathematics Functions Results
(Minimum, Mean and standard Deviation) for Each Algorithm

Function A B C
AlS  |3.237714E-02]2.903467E-03| 1.250190E-03
Minimum | TRANSAIS |1.127733E-082.255263E-110.000000E+00
X3PAIS |9.536773E-07|2.255263E-11|0.000000E+00
AlS  |9.862162E-01]2.610492E-01 1.174186E-01
Mean |TRANSAIS |3.713335E-01|7.421306E-07| 8.372556E-08
X3PAIS |7.812897E-02|4.415802E-10| 4.118649E-08
AIS  |6.810099E-01]2.376589E-01|6.035374E-02
Siﬂ:ﬁﬁ TRANSAIS |4.746891E-01|5.392661E-06| 9.124667E-08
X3PAIS |2.325098E-01|8.837248E-10| 3.861412E-08

3.2Planetary Gear Train

The minimum volume of the two-stage PGT had calculated
and optimized with design of their bound respectively as
mention in Table 1.

Volume of Planetary Gear Train
2.50E+06 -

2.45E+06
2.40E+06

t“ 2.2136+06 1
. 22136406 e
0 10
i 22136406
% 100
Ul

0 10 20 30 40 50 60 70 80 90 100
Iteration

——AIS ——TRANS-AIS ——X3PAIS

Figure 8: Value of objective function (V) by using each algorithm
respectively

Table 4: Comparisons value of volume (V) (minimum, mean
and standard deviation) for each algorithm

Minimum Mean Standard Deviation
AlS 2.213197E+06 2.221514E+06 3.946888E+04
TRANS-AIS| 2.213064E+06 2.219242E+06 3.297880E+04
X3PAIS 2.213166E+06 2.214882E+06 6.342265E+03

The comparison of minimum, mean and standard deviation
between AIS, TRANS-AIS and X3PAIS were shown in table
4. The results describe that X3PAIS manages to obtain a
better results than standard AIS and TRANS-AIS.

Minimum value obtain in simulation were compared with
other researchers as described in table 5. A. Sri Harsha [5]
using GA, KaoutarDaoudi [18] was using Particle Swarm
Optimization (PSO), Differential Evolution (DE) used by
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TianPei Chen [4] and Real Coded Genetic Algorithm (RCGA)
was introduced by [19] ParidhiRai. The developed algorithm
which are TRANS-AIS and X3PAIS in this paper is
comparable with other algorithm.

Table 5: Comparisons value of volume,
V with other researchers

Minimum (V)
AlS 2.213197E+06
TRANS-AIS [2.213064E+06
X3PAIS 2.213166E+06
GA[5] 1.204459E+07
PSO[18] |2.224500E+06
DE [4] 1.455583E+07
RCGA [19] [3.844900E+05

4. CONCLUSION

The performance of developed algorithm which are
TRANS-AIS and X3PAIS algorithm is comparable (if not
superior) was clearly described and demonstrate from the
simulation in this paper. The developed algorithm was apply
into benchmark mathematic test functions and PGT design in
minimize of the volume. TRANS-AIS and X3PAIS manage
to obtain toward the optimum of best minimum value in
benchmark mathematic test function and design of PGT
compare to other researchers. Performance improvements of
the TRANS-AIS and X3PAIS algorithm still can be done by
tweaking the selection criteria and parameters in future
research.
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