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NOMENCLATURE

6,2 : Angular velocity
T? . Kinematic energy of the disk element
0, ¢,¢ - Rotational angles

[ M ‘f] . Translational mass matrix of the disk element
[ M ‘i] : Rotational mass matrix of the disk element

[ G? : Gyroscopic matrix of the disk element

{ F?} : External force vector of the disk element

T® . Kinematic energy of the shaft element

Ve . Potential energy of the shaft element

{q} . Generalized displacement vector

{q} . Generalized velocity vector

{q . Generalized acceleration vector

{qd} . Generalized displacement vector of the disk element
{¢% : Generalized velocity vector of the disk element

{qd} . Generalized acceleration vector of the disk element
{qg°}  Generalized displacement vector of the shaft element
{qe} . Generalized velocity vector of the shaft element

{qe} : Generalized acceleration vector of the shaft element
{¢”}  Generalized displacement vector of the bearing element
{éb} : Generalized velocity vector of the bearing element
{.q.b} : Generalized acceleration vector of the bearing element
m . mass



> Young's modulus

I : Second area moment of inertia

I, . Polar mass moment of inertia of the disk element

I, . Transverse mass moment of inertia of the disk element
G : Shear modulus

P : Axial force

oW . Variational work

0] : Transverse shear effect

[ M €] - Translational mass matrix of the shaft element
[ M¢] - Rotational mass matrix of the shaft element

[ G°] . Gyroscopic matrix of the shaft element
{F°} : External force vector of the shaft element

[ K9] - Stiffness matrix of the shaft element

[ K¢] - Stiffness matrix of the shaft element
{Q) . cosine term of unbalance force vector
{QJ . sine term of unbalance force vector

[C%] : Damping matrix of the bearing element

[ K’] : Stiffness matrix of the bearing element
(F% : External force vector of the bearing element
[ M] : Mass matrix of the overall system

[ K] - Stiffness matrix of the overall system

[C] : Damping matrix of the overall system

{F} . External force vector of the overall system
A . Eigenvalue

A, : The real part of the eigenvalue

,Vi,



A; : The imaginary part of the eigenvalue
. Logarithmic decrement
: Damping ratio
Ap . Eigenvalue of the k-th node
Ak . The real part of the eigenvalue of the k-th node
A : The imaginary part of the eigenvalue of the k-th node

X, : Amplitude of the k-th mode

0, . Rotational angle of x axis

0, . Rotational angle of y axis

0, : Rotational angle of z axis

{w} : Displacement vector

7(s) - cosine term of mass eccentricity at s position
&(s) - sine term of mass eccentricity at s position
7L . cosine term of mass eccentricity at 0 position
& : sine term of mass eccentricity at 0 position
N : cosine term of mass eccentricity at 1 position
& . sine term of mass eccentricity at 1 position
P; . Probability of a selection

fit; . Fitness value for each chromosome

Q,; : Accumulated probability of each chromosome
R : Randomize number

E(x) : Fitness function
Ax) : Object function
p(x) © Penalty function

e . Indicator number of object function

- Vil -



. Penalty constant

. Penalty of i-th constraints

. 1-th scaling parameter of penalty

: Amount of i-th constraints

. 1-th scaling parameter of penalty

. 1-th constraint equation

: 1-th satisficing level

. Weighting parameter of penalty function
. Weighting parameter of object function

. 1-th object function

. 1-th scaling parameter of object function
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Rotor

Ceramic bearing

Ceramic bearing

Fig. 2.1 Typical components and configuration of a built-in motor

spindle system
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Fig. 2.2 F.EM. model of a typical rotor-bearing system
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Fig. 2.4 Coordinate system of shaft element model
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Fig. 25 Bearing element model
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1011101110

Chromosomes l
1100101010 |——| 110010 1110
Solutions encoding | 1011101110 101110 1010
; 0011011001

—{ 1100110001 \ T
001101 1001
00110 0 1001

Selection
o Evaluation
) offspring

Fopulation 110010 1110
101110 1010
L | ROULETTE WHEEL 00110 01001

decoding

Fiimess computation

Fig. 3.1 General structure of a simple genetic algorithm

3.2.1 A ¥ (Selection)

Age 7 A9 AREE ol&ste] e AdE s Juds A=
o] AAstE AAE wEth AL EAGE gho AWE Id54E &
Asto] 1 Aol E FUiAZl gto =2 ol HAS 2ALH| g FE
oh olgfgk Melo= 9 7% Wrlo] Exjsit) gl or wWol ALE3)
= WS oge o E =FdA=E EZUE (roulette wheel) X
WS A 835k T

(7hH &4 A9 (roulette wheel)

7|2 o2 A A el ZF AMA e AL grol 7z SEL
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2 s, 2 AAA e Aol
Weate 298 d9e @ odd Aunde Eal AdAdA 2
FAAAY T GAAE 2o ARE 4 A Hol AYLL B
AR AsHgl A A% Aeso] A D HEol f—comua .
WA dudon we AFE @ 7
A wjAEe] AANE SEo] Wold Aol =
4 FEE Rod

(3.9) 0.2 HE Aty

ity (39)

where, fit, = iHA JHA Q] A=

(W) A8 E B E A9 (elitist survival selection)

Sl wet NAE AdEste] wuf B2 =AWl FAE AT
a7 AdEHE As 9] St M L E e Adel 2re
Holth, gHe =& /A §H4A7 AATY AAZ HE 754
F71el 7 wAAR] MM FHE sbsAde] AT A Al
7b APEHAA 7Y g AYES] ASEs AR "WolAA ge
= ZHo] At aYr® HE v AUy g3kste] ARggh

<
o

£ 2 9 oF (o

(th) EYWE A= (tournament selection)

g WMol Aol o' p whFe] JRAE MAEstal v Aldie] o] g
Mol AMA F Mg FL AS At o] AL EHG A7
(population size)WHE wrE-E 1 2 T A7 =7t S7hE =

k
o] Agole p=2% T=E A&

i
i

X B ¥ (ranking selection)
o] HE 7] FHEE dle] ALt Hd s X FIste 25
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& WA (super chromosome)ell 7]¢1gtth= Aol 2etete], dAAE A
Ao A= o] HrhA s el v st ﬁ@ag Ao
7V S MAIRE =95 Fol 1 e£d met A9 ES Foske
W o]tk

3.2.2 8 (Crossover)

W= F O RERAES J43] 2o 2 AEs AAstE Azt
S #3 FAA g s e ww) Axbxe Aol =4 oF
3l7] W&o i SnlE wa] AARE Ao e Agd Fart gl
W EHE( p, ) The ol AFestm, o] nl&ol o p xpop_size
7| wrEo] o A A (chromosome) 7} wuje] thato] & 4 glth Y
vl el HE ALY
— Bl
be A A7) (pop_size) (310

N
L
My
£l

vl (simple crossover)

WE &%H BN 4 AAE A%E Bdse] wHE Y5l @

o AR X, X,ENE AE X X,E Ak

Xl_[alyazy ...... Appy Ajpy1, """ ,dn]
XZ_[bl’bZ’ ...... bk,bk+1, ...... ’bn]

! (3.11)
Xl—[CZl,CZz, ...... ,ak,bk+1, ...... ’bn]
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(3.12)

L a,]

R bk, ak+ 1 . e o s o
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1

select of the design parameters
and initial chromosomes

!

Generation of the 1°t population

Analysis routine  [*

h

1. Critical speed

2. Harmonic response
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2 Unbalance response
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34 A4 FNYZL o] §F 2UE HAHA

| B

i

341 HA A AF#l1l (Design optimization casel)

l>

o] &A= H. Eschenauer, J. Koski™®Wej] o]a}e] #Aotdl 2244
HAEY 7244 2 HAAA 9 FAZ, Fig. 3.3 oA HXo] 21 F2
2719 Hold & 7}2] 2y Eolth o] A HAASEA = 7 @] T
A d,%d, =9 TEsHe W4 (q, ), slete] Ael(L ) o 2
2 4709 AWM (design variable), 97019 A& -4 %71( linear cons-
traint), 170¢] ¥®]A3 FE&ZZ(non-linear constraint)E 7FA 3l 271 9]

=43k (objective function)& #HA3} A7)+ A o]tk

l> o

Fig. 3.3 Sketch of machine tool spindle

ool Al A|¢kEl 2 34 (Objective functions) 23 Ao} o] =&
o A AAS FALIYEFS HE3 AAE vuPGret o] HAH} &
AE g2gstd S 2o
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Where

x1=d,={55.00, 55.01, 55.02, 55.03, - - -, 71.99, 72.0}
xy=L={180.00, 180.01, 180.02, , - - -, 189.99, 190.00}
x3=d,={80,85,90, 95}

x,=d,=1{75,80,85,90} (3.14)
Minimize
Ax) = wl—]—Lf () + wz—z—Lf () (3.15)
f /s

4714 2=3E F5 9 (Volume of the spindle) @ (mm?)

filx) = VS=—ff[a( di—d3)+L(d%—d?)]

42 7 (Static displacement) @ (mm)

2

s _Fd* L L\ _F a\’ _cua”
Folx) = A= 3E1a(1+ p [b)+ ca[(1+L) T

371A, I,=0.049(d*—d"') , I,=0.049(d 4— d )

1 10 1 10
c,=35400168,,1 ° d,® , ¢,=3540010,,] ° d,°

)

Ia’lb =
56,5 WMoY kel <% HHe hebut,

A X W E (moments of inertia) , ¢,, ¢,= Wold A,
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Subject to

a) side constraints (bounds)

gl: L—-1[,<0
g [,—L<0
(3.16)
g dy—d, <0
g d,—dpy<0
& dy—dy=<0
& dy—dp=<0
gl d,,—d,<0
b) Designer’s proportion requirements
8 pldo—dbé()
(3.17)
g9 : pgdb_daéo
c) Maximal radial runout of the spindle nose §
g | 0, +(8,~ )7 |-0=0 (3.18)
oA714, 5,9 &, /H wlolge wAEWFEe] I EZFH(Runout)
gehf o Qoh 7 27 Wa5e o .
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d,,, = 25.00 mm
dp = 95.00 mm
dyp = 90.00 mm
Py =1.05

[, = 200.00 mm

E = 210,000.0 N/ mm®
8, = 0.00540000 e
&= 0.01000000 7

0,5 = —0.00100000 mem

d, = 80.00 mm

dy = 75.00 mm
=125

/= 150.00 mm
a = 80.00 mm
F =10, 000 mem

0, = —0.00540000 mm

0,,= —0.00100000 meme

(3.19)

of Aol AbgH FAALIE T A= 100, A= 3062 A
ey, wAEEL 082 stgon, 24 wANAE ALEE T 1
9 Edvel FEL 0012 A ey AuRge B 1L
=4S wEe OEATSA fA0E Jeseus AEE F5E 4
) 3kA 71 = B4 S  Fig. 34 o JeRH 9l
1.4 /
- 1.2; /
[ R
D.EE—_ /
0.64890 |
Generations

Fig. 3.4 Generation history for optimization
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Table 3.1& o] HAs3st EAA siAl¥l ZA3E H. Eschenauer, ].
Koski™?M 2 Monte Carlo MethodsS A}&3}e] 3t AA M9} 22
ghrol s AR vlaste] H gkt

Table 3.1 Comparison of results for variables and objectives

design variables objectives
method
1 2 3 4 /i 1(951‘) f: z(xz')

Literature

(a0 63.89 [183.29| &5 80 531059.8 | 0.030182
Literature

ol13114] 66.45 [183.36| 95 85 694101.0 | 0.023078
Monte
Carlo 11904 59.08 [189.17| 90 7 606667.43 | 0.032467
ar
This Paper 6750 [184.04| 90 85 608413.9 | 0.025102

Table 3.191A4¢] AP A5 HAA HI& Yeld= 543
T f(x,) %2 H. Eschenauer, J. Koski ™ol o] A A5 3142

3} Literature 1914] WE 531059.80] 11, ~HE9] AA HHAS YEY
= B5A%5A f(x,)® A= Literature 291 #H A3} Aol A vrERT
0.023078¢]t}. o] =iolA 3k HAAAY] AAE 99 BAFFHE
oA 7P F2 fa vas) B A3 f(x) F OIS 145%
folxnd BAAAL 8%57td A5 UeUidth o= b& HAAHAA
Aypgol weto] HAFegio] HA A A AAE YW= As =
= 9}
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3.4.2 A A AF#2 (Design optimization case2)

spoo) ZE & ALg3a9 ™ Fig. 350 JEbd A z‘:—

Q48 Botatgda, AF 1, 4, 59 120 4702 ddo] F2Ho a4
WA Aol 0.00108 [ke - m]e) BB o] Fojsof glrh E3 Table
3.2, Table 3.3 , Table 349 A= o] ZE-wojg A~wle] AARS T
Alskal gl

(Ll bl E] [@] i o ] O3
—r 17 == n———
- _._._._I_ ______ e = = :

Fig. 3.5 Schematic of rotor-bearing system

Table 3.2 Bearing stiffness data

Bearing Num. Node Num. Stiffness ( MN/m )
1 3 3.5
2 6 127.0
3 13 12.0
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Table 3.3 Initial design data of a rotor-bearing system

Node No. Distance to Node #1 (m)

1 0.0
2 0.0429
3 0.0889
4 0.1049
5 0.2017
6 0.2769
7 0.4420
8 0.5944
9 0.7468
10 0.8992
11 1.0516
12 1.2014
13 1.2794

E=206.9 GPa , p=8193.0 kg/m®

7o =0.0295 m, i=1,12

Table 3.4 Rigid disk data

Node No. Mass(kg) Polar Inletia Diametral Iznertia
(kg * m” ) (kg + m” )
11.38 0.1953 0.0982
7.88 0.1670 0.0835
7.70 0.1761 0.0880
12 21.70 0.4448 0.2224
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of RH-wlofd Alxgle] Agol, siAe e Sl wgh
Bow -

A A2 7HAsk Mgt o] EAle AANMSTE F9o UYAHo=E

A5 B Ao 2WY SRRE B4 B A= Ry 49 A

Ao wAZ, A EAS BB GeI 2

Minimize
X; 2 X

f(x)=w1f( )+w2f( ) (3.20)
A f
ANA fi(x) = We =7

) = AU BREE ()
Subject to
g Lo, < 100[H] : 98%= sz
@2 LT,z 0[] AVEE FHE (321)

g3: H max < 100[/11%] . %rc:}ﬁé %%%]: Xﬂ@-

ANy W EH Y F(maxium unbalance)S WERWH AL, ©] A

25lo] SH(FE) 49 HA 132[Hzlol A 23 281[Hz]ol 2=, 919

b [e)
27} Zbzh Ao 25%0] oA HABEE gl g2 & AATF)
KL, Ho EE P o] 1000 pmlE HA F=F T30
Where
0.0142m < », < 0.0269 m, =1,2,3,4,5,11,12 (3.22)

FAARALIYEFY AdaE 200, MAGTE 3002 AR k=3
L 042 3oy, 28 nAAMAES ALgsYT 18 BdWo] g5
H

[e)
2 0012 A4t FEE2AS U EA d5d AnE
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et M Age FdeE AN 7= HS  Fig. 360 Heia 3l

0.26 —

8 T T . T
024 —

022+

Fitness
=
i
(o]
|

T T T T T T ]
1] a0 100 1480 200

G ernerations

Fig. 3.6 Fitness generation history of optimization

Fig. 3.69 A= (fitness)oll Al H o] 1634t F-ZLolA FHE 332
™, Table 45914% 7154 W3 (weighted method)", 7] W+
method)®, 12|31 o] =9 Zo WA AA WHE wasia
Table 4.6 7t WHo| WM& F9o FA, 9F =
Atk HA3 Ay 7] mdo Hlsle] =
o, BYPY THS 0%HE Fod=e e B F A
(weighted method)™e]tb 32 ¥ (fuzzy method)¥oll H]ate] 20
25% A% FAZE AA v, 2o mE JEFoR A|xF 2
AAEEe} EGY Sdo] Wk WA 2w S & 5 2
o slrhe

[e)
2 Zol7] A Fol $AAHQ WeFo] B

ool B4 39 shehi
2% wath o ARE Batel 27 Ml Ml B3 FirEol o
2o 542 UthiE A B 5 Y



Table 3.5 Comparison of optimum design variables

elSe}rfef;t initial value WeightedUS] fuzzy[8] this paper
num inner radius (cm)
1 1.882 2.296 2.155 2.660
2 1.940 2.369 2.224 2.670
3 1.466 2.690 1.582 2.520
4 1.660 2.618 2.614 2.660
5) 2.151 2.690 2.690 2.650
6 2.690 2.690 2.690 2.690
7 2.690 2.690 2.690 2.690
8 2.690 2.690 2.690 2.690
9 2.690 2.690 2.690 2.690
10 2.690 2.690 2.690 2.690
11 1.420 2.441 2.422 2.670
12 1.880 2.287 2.354 2.95

Table 3.6 Comparison of shaft weight, critical speed, and

unbalance response

mitial ahted ™8| fuzzy!30 this
value paper
Shaft weight(N) | 100.371 61.076 64256 | 49.51
Critical | L | 109.15 81.8 81.48 80.5
speed Z
(Hz) % w,| 42115 376.43 377.02 | 353.96
7 127 79.84 79.54 88.43
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Fig. 3.8°14 H %
el A &= A

(a) shape by weighted method

10

(b) shape by fuzzy method

(c) shape by proposed method
Fig. 3.7 Each optimum design shapes
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Amplitude(m)

1E-3 -
1E4 -

1E-5 -

=XF

__________ hefore optimization
after optimization

operating speed ra.ngé
-— .

167

T . T . T T I I
25000 30000

T T T
10000 15000 20000

Rotating speed (rpm)

Fig. 3.8 Unbalance responses of system before and after

optimizations
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ABSTRACT

Dynamic Design Optimization of a High speed Machine Tool
System Using a Genetic Algorithm

by Kim Jong—-Moo

Department of Mechanical Design and Manufacturing
Graduate School, Changwon National University
Changwon, Korea

This study introduces an optimum design of the high speed
spindle system for minimum critical speed, compliance, and weight
construction using a genetic algorithm. The disk, shaft, and bearing
components of a spindle system are modelled as appropriate finite
elements respectively. In the design optimization, the shaft length, the
shaft outer diameter, the shaft inner diameter, bearing positions (or
bearing span) and bearing stiffness were set as design variables. The
unique objective function is obtained by multiplying an appropriate
weighting factor by multi-objective functions, such as critical speed,
compliance, and the total weight. The constraints are limitations of
maximum critical speed and weight, and the vibration limit of the
spindle system. Optimization results show that critical speed, weight,
and the compliance are reduced by 186% , 22% and 36%

respectively compared with the initial spindle system.
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