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ABSTRACT

Through the analysis of the symmetry fuzzy optimization in the structural design, on the basis of the construction of the
iterative criterion, provides the fuzzy method of the objective function and constraints, and give the building method of
the fuzzy optimization model and solving flow chart. Takes the spindle device of a marine engineering equipment for
the sample, according to its design requirements and characteristics, build the spindle device fuzzy optimization
design model, make it the smallest mass in ensuring the strength, stiffness and other conditions. The solved results
showed that fuzzy optimization design method isto solve the structural optimization with good development potential,
laid the foundation for large-scal e equipment complete machine optimization and simulation.

Key words. Spindle device; structural optimization; symmeftizzy optimization; iteration criteria

INTRODUCTION

Optimized design is a very effective product desigethod which is to ensure the products with ercell
performance, reducing weight and volume, reduchey dos{1~3]. Currently, the optimization method has been
widely used in engineering equipment design[4~@]ideal device also has the smallest, lightestt mawinces and
lowest cost of materials and other advantagesaimetiable working conditions in addition to goaolyer. Therefore,
lightweight has become an important indicator efalvanced nature of the assessment dealigimthe combination
of structural optimization and fuzzy mathematidaddry, the structure fuzzy optimization theory radyally paid
attention[7~9].

1 The mathematical basis of the fuzzy optimal

The optimal solution of the fuzzy optimization pkeim depends on the maximum points of the membefahigions

of the fuzzy judgment sets. This results that tirens of the aggregate operators, the sub-objefttivetions and the
constraints directly affect the fuzzy optimal sauat The different forms of the fuzzy judgmentse thggregate
functions and the membership functions determiie tile fuzzy optimal solution is not unique. Thesthe fuzzy
optimization feature which is different from the rmmal optimization, it is also the advantages of thezy

optimization. It which the solution is not uniqueopides a choice of the several designs, whicim iéne with the

characteristics of the engineering design [10].

Based on the feature of the fuzzy optimization,deant the analysis of the application examples [t2¢ates a
symmetric fuzzy optimization model, and the itaratmethod is used. The iterative method is suitkdrleolving the
symmetry fuzzy optimization problems. The symmefuzzy optimization refers to the equally importarftthe
objectives and constraints in the optimization jeots. Thus the intersection of the fuzzy objectisets and the
fuzzy constraints has a point, It also enablestijectives and constraints to get the maximum degfesatisfaction.
It uses a symmetric approach by introducing theceph of the considering the fuzzy judgm Ditthe fuzzy
constraintsG and the fuzzy objectives functickrto be equal, denoted D = G N F, n is the combined operator,
Membership functions can be described as a form:
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k500 = Hg () * 1p(x) , X € X (1)

In the formula, #’ is the operator corresponding o

Let Mevel sets ofhe fuzzy constraint sef ( x):

Gy = {x|G(x) =1 x € R} (2)
The maximum of the intersectidh = G N F of the fuzzy objectives sdt and the fuzzy constraints &et
D(x*) = maxD(x) = maxye[o1]] [AAmaXF(X) (3)
AEGA

According to the above analysis, construct antitezdesting guideline. The symmetric fuzzy optiationfor solving
problems can be attributed to demand

A* = maxF(x) = maxD(x) (4)
AEGys

Just seek suid®, in the level setG,-under the maximization of fuzzy objective functiF(x), you can get the
optimal solutionx*. soA* is called the optimal*, the corresponding level sets is the optimal |eet!

From the formula (4), we know:

A —maxF(x) =0 (5)
AEG~

For A* is unique, only whexis optimal, the formula (5) was set up, otherwtsill not equal.

Therefore, you can use (5) as a guideline, thega®to search for the optimal solution comes doamake
g® =k — max, o Fx) =0 (6)

gradually approach zero. The project does not rfeetrequirements to get the absolute optimal smiutf the
formula (6), The only requirement of the formulg {$ less than the advanced given non-negativel srahie ‘¢'.
Therefore, the process of finding the optimal aptmal solutions can be attributed to the followicmnditions to
make

N -F()| <e W

gradually met. Where, k represents the numbereiténations.
F(x¥) = max, F(x) (8)

!

The formula (8) represents tfi€x)maximum value on the level sef& of the k-th iteration’s’ is the advanced

given convergence precision, typically the ranggsof0~3~107°.

2 Fuzzy Optimization Engineering Applications

Let the high-speed three stepped shaft of a marigmeering equipment, the material is 45 steelsttaft middles
mounted a gear which the quality@s= 10kg, the shaft speed =60r/min, eaclstepped section lengih= 150mm,
the requiremen30 < d; < 60,50 < d, < 100. The density of the shaft matepial 7.85 x 10~°kg / mm3, the
elasticity Modulusk = 200GP,. Seek the design scheme to meet the requiremethiecdmallest mass under the
conditions of dynamic stability.

(1) The stepped shaft mathematical model
1) Select the design variables.
According to the problem, select the journalgalesign constant:

X = [prz]T:[dpdz]T )
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Fig 1 Symmetric fuzzy optimization iterative diagram
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Fig 2 The stepped shaft schematic diagram
2) Build the objective function. The mass is expressed as
W = pml(2d? + d3) / 4 (10)
That:
f(x) = pml(2xf + x3) / 4 (11)

3) Build the constraint conditions. Because of the high-speed rotation, need to etbarstability and prevent its
resonance in the critical state, should satisfyctivalition:

w < 0.7w, (12)

where w: the angular velocity of the shaft,
w =2nm/60 =2 X 60m/60 = 21 rad /s (13)

where w,: the shaft fixed lateral frequency ,
wy =g/ f (14)

Where g: the acceleration due to gravity;

f: the static deformation of the cross-sattdthe shaft intermediate.
_ QB /1 238
f=10.672 (5 +%F) (15)

1 2

where E: the elastic modulus of the material tffi#t relevant data and formulas in the formula (12),

w<07 |—EFF—— (16)

1 238
10.67QlI3 <—+—)
df " a3

0.0459gTE
Ql3w?

g (x) = (F+%0)=0 (17)

dp = a3

In addition, according to the structural requiretsethe boundary conditions can be given as

30<d;, <60, 50<d, <100 (18)
4) Build the standar dized mathematical model.
x = [x4,%X,]7=[dy, d,]" (19)
f(x) = prl(2x% +x3) / 4 (20)

S.t.
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0.0459gmE 1 2.38
g1(x) = Ql%gz - (E d—%) =0 (21)
g,(x) =x,—-30=0 (22)
g:(x) =60—x, =0 (23)
8400 =% —-50=0 (24)

For simplicity, in the establishment of fuzzy opization model,g, (x)and g;(x) joint are denotegl, (x), gs(x) and
g,(x) joint are denotegd;(x).

(2) Fuzzy optimization method for solving.

1) The standardization mathematical model transfoimto the symmetric fuzzy optimization model. Need
determine the membership function of the fuzzy traists and fuzzy objective function, Solving fuazgtimization
problems generally represents as

Find  x = [xq,x,]7=[dy,d,]T
Min  f(x) = pml(2x} +x5) / 4

St BSBxZ b (26)
_(1 0. ,_ T. U= T
WhereB = (0 0)' b'=(30,50): b"=(60,100)T.

Obviously the fuzzy constraints membership fun&igy(x), g5 (x), g4 (%), gs(x) are the linear functions (showed in
Figure 3)

UGi(BX) A
la
Bx
=
bih di blljl bl‘g di blljz
Fig 3 The fuzzy constraints schematic
0 0 < (Bx); < b}
1
(Bx)j—b;* 1
b.ull—b!ll b;! < (Bx); < b;*
1 1
ug,(Bx) =14 1 bi' < (Bx); < b2 (27)
b;?-(Bx); 1
,lj_uz_b!zl bz < (Bx); < b;”
1 1
0 b:lz < (BX)i

g1(x) is nonlinear, it cannot use the linear criteriatehmay take a pro-rata scaling, with respedt t0 1,2, the
minimum reduction ratio 5/100=0.05, ubg to represent.
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0.0459gmE 1 2.38

81 (X) = 1.05x Q13mg2‘lT - (d_‘i' E) =0 (28)

Where (Bx);: The i-th constraint functiof k = 1,2);
obviously: i=1,(Bx);=x4;
i=2,(Bx),=x,
Let each linear fuzzy constraint is the same tteomsil interval b
Givend,; =5:
b¥=bl+h;=bl +5, =23 (29)
1 1 1 0.0459gmE

b2 = (b2 + hy, b2 + hy, b2 + hy) = (1.05le3—jz“, 65,105) (30)

To make the objective function fuzzy, need to be-gstimated a maximum target value at the maximeesilhle

region. It should the largest target value whichetseall the constraints. The basic method for etting is as
followed:

dl = 65

1 N 238 _ 1.05x 0.0459gmE (31)

at ' oad QB3 w?

Solve @=68, fill d,, d, into the formula (10):
f(x) = pml(2x? +x3) /4 =7.85%X107%x WX 150 X (2 X 652 + 682) + 4 =12.09kg (32)

When d=25,0=45, the objective function value is minimum.;
f(x) = prl(2x2 +x3) /4 =7.85X107% x ™ X 150 X (2 X 252 + 452) + 4 = 3.01kg
(33)

Then construct the fuzzy membership function ofdbgective function :
_ pml(2x%+x3)/4-3.01

Mp(x) = 12.09-3.01 34
Determined the fuzzy objective set after fuzzy ¢aists determined, the fuzzy optimization probleetomes the
design space X

F|nd X = [Xll Xz]Tz[dl, dz]T (35)

M5 (x) = () A (A 1g(Bx) (36)

2) The iterative solution.
_ arbitrarily assigned a level valié® = 0.9, convergence precisiar= 0.001.
11 solve A\®Vlevel set.

G = {ug(Bx) |ug(Bx) = 0.9,i = 1,2,3,4,5;x > 0} (37)
That:
b;l—(BX)i
W > 0.9 (38)

(Bx); can be solved,

(Bx); < b! —0.9(b! —b)),i=1,2,3,4,5 (39)
So the fuzzy constraint set becom&%) level set which is the ordinary constraint.
X; < 65 — 0.9(65 — 60) (40)
25+0.9(30-25)<x, 41)
X, < 105 — 0.9(105 — 100) (42)
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50 + 0.9(50 — 45) < x; (43)
1 238 0.0459gnE 0.0459gnE  0.0459gnE
(d—‘{ + d—g) < 105X 53 — 0.9(1.05x e — 20 (44)

[ At Ggll) level set ,solve the ordinary optimization probgem
Flnd X = [Xl' Xz]T:[dl, dz]T
5

15 (0 = () A ( A ua(BX))
i=1

x; < 65 — 0.9(65 — 60)
25+ 0.9(30 — 25) < x,
x; < 105 — 0.9(105 — 100)
50 + 0.9(50 — 45) < x,

S.t

1 238 0.0459gnE 0.0459gnE  0.0459gnE
| £ 1.05x————— — 0.9(1.05x ————o— — ——
di  d; QPw QBw QBw
Obtain the values ot x{" ur(x®
7 calculates™.,
) =@ _ HF(X(l) (45)
[J convergence checks.
|e€¥| > &, No converging
|e€®] > e,  converging
7 calculater®.
A, = AD — W) (47)
That: aM=0.5 (48)

3) Process optimization results. Noted that stejgpeadt install the bearing at both engls,Must end in O or 5. Further,
the shaft diameter is preferably taken as an imtélge optimal solution can be gotten:

X = [Xl’ Xz]T:[dl, dz]T = [55,70]T (49)
then the quality of the shaft is 10.3275kg.
CONCLUSION

This paper systematically states the fuzzy optittopamethod of large marine engineering equipmearalyzes the
problem s of the structure symmetric fuzzy optirtia On the basis of the structural convergengerghm, through
take the high-speed spindle of the marine engingexgquipment in a for the sample, gives the fuanggss of the
design variables, the objective function, , thestmints particularly, build the spindle fuzzy epization model,
Solve the model, and obtain the satisfying optitizaresults.

As can be seen that the structure fuzzy optimindtieory is one of the main direction of developthwdiihe theory of
structural optimization in the future, and when tdmed with the finite element theory and the sofewvaNSYS, and
other methods for solving large-scale machine aptition and simulation equipment provides a pratticay. The
method provides a practical way to solve the whuokechine optimization and simulation of the largerima
engineering equipment.
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