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Unification of Constraints for Robust Optimization Using an Envelope Function
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Abstract

Design variables and design parameters are rarely deterministic in practice. Robust optimal design takes
into consideration of the uncertainties in the design variables and parameters. Robust optimization
methodology with probability constraints requires a lot of system analyses for calculating failure probability
of each constraint. By introducing an envelope function to reduce the number of constraints, efficiency of
robust optimization techniques can be considerably improved. Through four illustrative examples, it is shown
that the number of system analyses is greatly decreased while little differences in the optimum results are
observed.
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Fig. 1 Flow chart of robust optimization method
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minimize f(X,Z)=¢XIx, +C,x,X, (z2 +x2)
subject to
g (x)=7(x,z)/z,-1<0
gz(x)=o(x,z)/z7—1£0
g (x)=x/x,-1<0
g,(x)=6(x,2z)/z,-1<0
g (x)=1-P(x,2)/z, 50
3.175<x, €508 , 0<x,,x, <254 |
0<x, <508
where
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t(x,z)zz,/\/fxlx2
u(x,z)=M(x,z)R(x)/J(x)
2 2
M(x,z)=¢z (zz+x—zj , R(x)=m
2 2
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4.013x,x} /2,2, x, |z
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2={2.6688x10°N  3.556x10°mm
2.0685x10°MPa  8.274x10° MPa
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¢, =6.74135x107°, ¢, =2.93585%x10™°
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Table1 The robust optimal design results of welded
beam design

Robust optimum

Deterministic - -
optimum Not using an Using an
E(X) function | E(X) function
Object function 2.380 2.643 2.695
X3 6.198 5.568 7.745
Xz 157.9 177.1 1353
X3 210.7 2224 188.7
X4 6.198 6.535 7.898
£ satisfaction
probability, % 61.03 99.98 99.33
g3 satisfaction
probability, % 62.79 99.99 99.90
Sub-problem
function call 68981 10787
Shaft 1
=
Shaft 2
Xy

S
B R

Fig.3 Speed reducer configuration
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minimize f(x)= 0.7854)c1x32 (3.3333)532 +14.9334x,
—~43.0934)—1.508x, (x; +x7 )
+7.477(x; 4x§ )+0.7854 (x,x] +x,x7)
subject to
& (x)=27/xxx,-1<0
2 (x)=397.5/xx3x] -1<0
& (x)=1.93%] /x,x,x! -1<0
€, (x)=1.93% /%% -1<0

)z\/(&] +16.9x106/).1x231100

X,

g (x :\/(Zféﬁ) +157.5><106/).1x3s850
A X

=x/x,-12<0

20 (x)=(1.5x,+1.9)/x,-1<0
g, (x)=(1.1x, +1.9)/x,-1<0
26<x<36,07<x,<08,

73<x, <83, 73<x, <83,

50<x, <55

oo

&

—_
o)

17<x, 528,
29<x,<39,

G714 x), %, x5 247 7]oJHY E )] &
E(teeth module), F A2 FY 7l¢E vehdc}
E xS 44 EF 130 F2 9 oy A
JE VeI, %7 x, & 742 F 13 £ 29 ¥

B =59 HAE B 7

A HAREAS 2

Table 2 The robust optimal design results of speed
reducer design

FE Table 2 o] eI 2 AFHF2] BES
2= 0005 2 ARG B A4 ] z“f}
$ BT #@& Zolrt A AT =AY v
FEL 04% A= ZAHFAT, ¥ HH3} rxﬂoﬂ
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W on

M7 MaE g Ajolm, AA Was 4aE =
A% A9S AT ZAL 6 Aol AREH HA
A AL e g

minimize f(x)=0.4x"%" [x3 +0.4x27 [ x0¢
+10—-x —x,
subject to
g,(x)=0.1x, +0.0588x,x, -1< 0
g2,(x)=0.1x, +0.1x, + 0.0588x,x, ~1< 0
g,(x) = 4x3/x5 +2/x0x, +0.0588x, /x}* -1<0
2,(X)=4x,/x, +2/x3"x, +0.0588x, /x> 1< 0
g, =1-f(x)<0
g,(X)=f(x)-4.2<0
0.1<x,<10 , i=1-,8

7t Ao EEHAE 0001 2 A5
743 HZA4A A}E Table 3 o] JeERRRQT) §7H
TrE o83 AL & ZA FHH H§)
E2g g2 2% AR FolFpow, A 279
o gE55 zols) i 2y, B HAE B
Ao 28 == Al2a® Y des 14 HEZ 7
234

3.4 $EH 25 11309
A7 MeE 10 fo)x, AA) w9 48 =7

Table 3 The robust optimal
HS104)problem

design results of

Deterministic RObUSt optimum
optimum | renon | E(%) fation
Object function 2994 3262 3262
" 3.50 3.56 3.55
2 0.70 0.70 0.70
X 17.0 17.8 18.1
Xs 7.30 7.45 751
Xs 771 8.29 7.99
X6 335 3.47 3.42
X7 5.29 537 532
ﬁj{j;;“jf]‘jf;”/“ 65.99 99.85 99.48
Sub-problem 83019 15141

Deterministi | Robust 0ptim[}u_n
. ot using an sing an
¢ optimum E(X) function | E(X) function
Object function 3.951 4.156 4.059
Xy 6.24 5.93 6.11
X2 2.48 2.08 242
X3 0.68 0.70 0.68
X4 0.59 0.66 0.60
Xs 5.95 6.01 6.12
Xe 5.52 5.81 5.73
X7 1.07 113 1.05
Xg 0.39 0.58 0.43
g; satisfaction
probability, % 69.15 99.99 99.99
Sub-problem
function call 33868 7669
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minimize f(X)=x+x; +xx, —14x, - 16x,
+(2,=10)" +4(x, - 5)" +(x, -3)’
+2(x5=1) +5x2 +7 (%, - 1)’
+2(x,~10)" +(x, = 7) +45
subject to

4x, +5x, —=3x, +9x,
X)m=—— = — 1 "%
&(x) 105
&g,(x)=10x —8x, =17x, +2x, <0
=8x, +2x, +5x, - 2x,,

-1<0

= -1<0
&(x) 12
3(x, —2) +4(x, -3) +2x - 7Tx,
= -1<0
g.(x) 120
5x] +8x, +(x, —6)Z -2x,
X)= -1<0
&(x) 40
2 2
gs(x)ZO.S(xl—S) +2(x,—4) +3xI —x, _1<0

30
g, (x)=x7 +2(x,-2)" —2x,x, +14x, —6x, <0

85 (X) =—=3x, +6x, +12(x, —8)" ~7x,, <0

Z AP So] FEARE 002 B AAINYD
ZA HHHA AIE Table 4 o) A A8 o]
Aol Ay AAEA AHed va) 43 A

k6 o BT AT 2U W5 28
e GAFFE 8315L W 0.6% BE 2as

GAY, * A48 TANA a7HE A29 o

Table 4 The robust optimal design results of HS113(Y

problem
Deterministic Robust optimu'm
optimum Q%‘}?ﬁfﬁ E(;(J)S Ei:gen
Object function 24.38 42.46 38.65
X 2.169 2.056 2.157
X 2374 3.253 2.620
X3 8.780 6.936 7.863
X 5.120 5.033 5.050
Xs 1.068 1.021 1.048
X6 1.605 1.796 1.853
X 1314 0.839 1.928
Xs 9.822 9.112 9.789
Xo 8270 7.621 7.869
X1 8375 8.555 7.909
ﬁ;;;;‘;fl‘l‘fy‘“’/" 57.84 99.99 99.41
Sub-problem 278907 27423
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