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Abstract

Dynamic behaviors are analyzed for an automatic ball balancer with double races which is a device
to reduce eccentricity of rotors. Equations of motion are derived by using the polar coordinate system
instead of the rectangular coordinate system which is used in other previous researches. To analyze the
stability around equilibrium positions, the perturbation method is used. On the other hand, the time
responses are computed from the nonlinear equations of motion by using a time integration method.
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Fig. 2 Cdnﬂguration of an automatic ball balancer
with double races

A71A, T+ +5d4A, Ue AAAN4YA,
Q, = gitslg uREHolg, dulAF 4,
T 70, du. bi2, v, iy Bas P v, B =
Uebdth 999 Lagrange A
p+Hg+2719 A2 Y8 LEHAANE 98
F Aok LEHANE FEE7] AT AXHH

= g3 go,



olFHUel=E #e AFH

re = {r+ecos(wt—6)} e, @
+esin(wt—6) ey
I, = {r+Ricos(¢);+wt—0)} e, 3)
+R15in(¢1i+0)t'—0) €y
(i=1,2,,p)
Ip, = {7’+R2COS(¢2j+(t)t_6)} €, (4)

+ stin(¢2j+ wt— 6) €y
(;=1,2,-,9)

S ANA 1o HAA FAFA B 9
AYEE, 15, 155 7 dola 2o 9
BE btk 29 ure] HaAe W)
§ GRAo B A W B FA B
20 AY PYRAES TAG) AEWYA

9 £5IUAE TeB 2ol P & ek

T = Totort T pas

=i+ furone

+‘%‘ ﬁ m g T
=1

1 . .
+_2_ Zlm Ymi' ¥

A7NM, Ig, M 281 m 2 242 A9
FAZA e AFAdRAE, A} BE

E
o) Z2HE U T, = A 250

U= %kﬂ (6)
2 BANHEYH, ke FAY ABHA
(equivalent stiffness)& FA|@T. 223 FHA9
ZHAAF ¢, B dolxe] vy vlZBASF g,
ol <te] §&Fof HAASG DE 1T b
BEHg gy Zo] 5d% Uk

WA AER 1095

QY = —cvr
Q¥ = —c7b
. o
Q¥ = —D dy—uRN;sign( 4,)
chz; = —[ ¢'2,'“‘/1R2]V/ Sign( ¢.2’)
714,
1 if é;00
sign( <751i)= 0 if ;=0 ®

N, N; & 23 4 dolag 324
Ao thest o) AV & Itk

N; = m[R,( ¢-1,'+ a))2
—(r—7r 92)COS(¢1;+ wt—6)
—(70+278)sin($;;+ wt— 6)] ©
N]' = m[Rz( (152]'“[‘ 60)2
—(7—7 ) cos (B + wt — 0)
— (70427 8)sin( @y + wt — 6)]

2 5)~MHEF A ()9 NYstd BHE 25
gao] g3t o] dojxin)

(M+(p+ Qdm)r— 7+ cr+ br
~mR, ZII[ rsin(d+ wt— 6)
+ ( @1+ 0)’cos (¢ + wt— 6)]
— mR, Z:I[ Goisin(dy;+ wt— 6)
+($y+ 0 cos(fy+ wt— 6)]
= Mew*cos (wt— 6) (10)
(M+ (p+ @m)(r8+270) + c7rb
+mR, Zl[ $ricos (y;+ wt— 6)
- (gu+ a))2 sin(¢;+ wt— 6)]
+mR, ]21[ $oicos(py;+ wt— 6)
— (y+ o) sin(y+ wi— 6)]

= Mew’sin(wt— 6) an



SRR

1096
MR% b1+ D+ mRy (2 r8+ rb)cos(éy;
+wt—6) +mR1(792 — 7)sin(gy;
+ wt— 6) + sign( ¢.1i)#Rl[R(¢1i+w)z
+ (76— ¥)cos(¢;+ wt— 6)—(r8
+278)sin(¢;+ wt— 6] =0
T =121
MRS o+ D go;+ mRy(278+ r8) cos (¢y;
+ wt— 0) +mRy(r 62— Psin(y;
+ wt— ) + sign( $o) u Ro[ R(b 5+ )?
+ (7 6% — 7)cos (pyr 0t— 0) — (78

+278)sin(¢y 0t~ )] = (13)
(i=12,9
AM e golstA &7 Ag A eSS
H&387] YGalM, YoM FoHd FEAAE
2480, &, y=y/R, €=¢/Ry
m=m/M, i=w,t, w=olo, R=R/R;
% AU S8 S48Y 4 (0099 £53
AA L thgo A (14)~(17)F 2ol & + AUtk

(A +nm)( 7= ) +20 7+ 7
— i B[ i sinldy+ b= 6)
+( g+ w)icos(y+ wi—0)]
—m 121[ $oisin(dy;+ wi— )
+ (gt w)2cos(py+ wi— )]

=% @ cos(wi—0) (14)
(1+n m)(70+2 78) +2¢78
+ 57 2] 61y cos(dy,+ Bi— )
— (¢t ©)’sin(gy;+ wi—6)]
+ 7 [ by cos gyt i 0)
= ($y+ @) ’sin(dy+ wi—6)]
(1s)

=% Wsin(wi—0)

‘bt m(2 70+ 78)cos (¢ + wi
—0)+ m(7 8~ P sin(p,;+ wi— 6
+.8’¢:1i+ ﬁﬂsign( ¢ (dr+ w)*

+ (76— Pcos(d+ wi—0)— (78
+2 78)sin(¢y;+ wi— 6)]=0 (16)
(i =1,2,,p)

m

1

Gl

-3z

—8)+ m(7 8 — P)sin(gy+ wi—6)

+ By + musign( o) (dy+ @)°

+ (76~ ¥)cos(by+ wi— ) — (78

+2 70)sin($y4 0F— 6)] =0 (17)

(;=1,2,,9

A7 A, n=p+a, wn=\/—1f4, (=7

= D =——& N': v
A mw, RS’ f " mR

3. M=o oSt EEeix 29 ¢

deste MEUNA RE

3.1 N S (Perturbation Method)2| T &

AoljA =3 SFUAFL vy $5UA
Ao}, ayng g HEdd AeHEF
1o HEANANE 3 AL L A3 8
A¥g AsLAd4dS =g HFYA 22
Ay A¥zd FHANE A7l Ao
wt—0 & ¢ 2 AT F,

0= wt— ¢ (18)
t Azt wE v Fpde g HEFYXA
7}?&5‘1‘3}‘:}.13‘]‘4 wt—0 = ¢ T
A &L o o dule AHHAE HIHYAE #
et gegkd 4 18)E FAYEE A4
(14), (15), (16), (17Nl ZtZr Y3t LA 4
S 7, b b, bt B Pu. Pmtt, Do
o2 g¥3u AsUE A8 5,
r= 7+ 08 1+ 0(8%)
¢= ¢0+3¢1+O(32)
a9
b= b+ 081+ O(8%)
$o;= bum;+ OB+ O(8")
714§ = w$ FE g Yehle A4



A, 7y, by, o, b T BIEAAE UEAG.

2 (198 P29 %%%@’%‘4} rﬂ 8}04 M

Bea AEEHH By

AX)A ¥ Ao 7]

23} ojxzte] vhdde] o@ ARE FAY
!

o YNAE

[1-Q+nm) &'l 57— o

)= 7 & 35, cos (B + do)

28 nno— ® i‘ sin(dg; + ¢p)
—m 5)2 ﬁ sin{pg; + #p)

=% Wsindy @1)
m 7 7% sin(op; + ¢) =0 22)
m 7y & sin( b+ dp) =0 (23)

2dn A5EEAe ted ol uwsd +
)

A ~2

QA+nmX 7n+2 7 0 §— 7 @)
+2 A+ ;2:1 ¢11ism(¢01i+¢o)
+20 11,008 (Goui+ ¢o) ~ 52(‘15111‘
+ ¢ sin(gout ¢o)]— m ;;1[ Pro;sin (Gpp
+¢y) +26 gycos(dit d) — @ (i
+¢)sin(o;+ dg)]1=— & @' dysing, (24)
(1+nm)Q2o n— 7d)+20 710 — 7 d)

- i:l[ $11; €08 (g + $p) — 2@ Byy5in(y;

+¢p) — » (114 9,) cOS(Pop; ¢0)]
— i [ dincos (Pt ) ~2adiy sin (4
+¢y)— @ ($roi+ ¢1) cos(bogi+ ¢ )]

= E ’(:)2¢1COS (p() (25)
b + mB py; + 77‘[22’ "o Fod

+ % @ (Pt ¢1)]cos (B + do)

o 7 B =2 Foo py— »)sin(dyy

Y]

BRI sy 1097

+¢)=0 (26)
m b+ mB b+ M2 Fi- %

+ 7 @ (Bt ¢'1)]COS(¢ozjj" $o)

+m( 7 -2 row d— ;’1)Sin(¢oz;‘

+dp)=0 27

32 BEA

FEAAE DEahe n=0 3
sin(p;+ ¢p) =0 BAN  sin(gg+ ) =0
q F AAE PRIG. B sin(do+ ¢p) =0
A sin(dptdg) =0 < B+ FIAA= &
&3 Zo] x@AY.

o
20L&

N Bty Bl2-A1C1

1= A, 28)

dy= sin ‘1(-25—1"7‘”) 29
cw

boii = oz = ST— ¢y s=0,1,-- (30)

o714,

=l-4am) PP+ Qe 06
B,=(pR+l1—-(1+n %?oz)]r% W (2

=[(pR+? = 10 (33)

83 7=0 @ B9 BIARE e
Zo] mRA.

=0 G4

3?

e+ m ﬁ oS ¢gri + M 2 cos P =0 (35)

Z} sin ¢gy; + m ,2:1 sin ¢gy; =0 (36)



mx+cx+tkx=0 (37
Aq714, m,c,k € (p+g+2Dx(p+q+2)
P dol i, x={r1, ¥ bz up» Pro1,

Bio. ", ¢120}To]c}. oA ZA} £Lo)3k HE

Q! el dEl(state vector)S =Y 4 37 o
Al Agstd,

Ay=By (38)
Q714
a=[a % B[ %)
y={*] (39)

y=Sy (40)

o 7]A4,
B (41)

S (p+aq+2)x(p+g+2)8 HHojo, o
By & 423 2o Aown
Y={a, 'wl, ¢111," éllp» ¢121,"',

P20 » 7’1 ¥, 6m,
¢12¢1}

s Puips Bra, v, (42)

A (3N EAUANANAN LKA BAE Eo

i
e
=)
N
X
o
o
B
>
of

ro=0 ¢ HF9
AgEo]  A+ZAE 8 (rank
deﬁciency) S /AERZ A 37 93 §Y HE
Fejo] WA o8 1fAE FE 7 gk
olglg XS Yehlle olfE =0 HIHY
AdqM = g7t FRAE))7) WEolgtn A7}
gk 2882 3 =09 HBIAAND A, 2
TAE TE Asixe ASTE

=Re", T=Fe", ¢$;=0;e",
b= 0y ™ tYstel EARANS F=F
e IHXE ;??5“4 EA4UAAL 2o 7 9
ojze] 1 MAQA A b Zo] A o thE 8
2o E?‘ﬂ%ﬁ}.

Cs A3+ Cr AT+ -+ CLA+C=0 (43)

42 HELAXoM HEAN ZA}

HHAAN7 r=0 A AS, BIHAE 4 37)
of tigsted AFHE FAMgY o] A%E A
FHo] Fols|E XA gornz PH e P
o {3 FAZ AP Fig. 3 3 Fig 45
r#0 & A% BAAA) wE gy FIe
Uehd ZefZolrk o] A4 Fig. 3914 YEYR
of AFHEZA] BALES HHEE ofdlo)
A F2 kgEt. a2y JEET ogdAMR
€9 Aol F7Ed me gAFAHS BEHIA
Rt 7o EA%}

=
-

Fig. 4= 8% o8l $AEE (9=0.6)
AA A 29 A¥F Fad @ATE WS
Z % FRFRE L]-E} aHzelt Ee| A

Fol F7hstel wel Bk FYo| FiIdE
BAFAT 99 HolAg 2=

3} °F7<4?7¥°1 HoARES & + stk
0% B2 FFAXIA BAUA W3}
(A TFHE Fig. 5 9 Fig. 69 Ve

r=
of i

=



.10
.09
.08
.67
.06
.05
.04
.03
.02
.01
0.00

Nondimensional ball mass(m/M)

Fig. 3

T

>
il
){\l

rlr

o} Z ¢ ol

unstable region

00 2 4 8 10 12 14 16 18 2.0
Nondimensional angular velocity(o/og)

Stable region for £=(,02 in case of

7+

.05
-~ .04
o
4
~
o 03
z
-_‘:_’ .02
c
[
8 o
o

0.00

0.00 .01 .02 .03 .04 .05
Nondimensional ball mass(m/M)
unstable region
Fig. 4 Stable region for @ =0.6 in case of

g

E

v .06
[

E 051
3 041
£ .03
0

g .0z
£

£ o1
c

2 0.00
Fig. §

r+0

unstable region

stable region

0 1 2 3 4 5 6 7
Nondimensional angular velocity{a/on)

Stable region for z=0.02 in case of

r=0

}.

°}ﬂ

o

g9 A5 1099

.05

04 .
unstable region

.03

.02

eccentricity(e /R, )

01 1 unstable region

0.00
0.00 .01 .02 .03 .04 .05

Nondimensional ball mass (m/M)

Fig. 6 Stable region for @=1.6 in case of
=0

AT}, Fig. 5€ Al28e] T4 AL me} i
4 B AFS AFE o A F9& 4
Ehd Rojth Alx®le] AL Tr APEE o
AolM dgE FHE AYE F2 HolAW
B A3 #AS ¢AEE AR Rote
TH9%E A Fig 62 FAY B Az
A HARS MFE e AN F9E ¥
ANt

=9 AL AAFE B4 AFE aA%
71 3t ©& A& wEsejof

(p+om > & (44)

et A9 4e BESE TROE FHHS

gu8x Fahs 7o) AU ol Fig 30

A bt vhsk gol B A%} HUAle U4

ste BAZ A% Yol 42,

T AR AN T A A9ega 9e
7=0 2 BYAA Z, WA o

@ ¥8Y use Msﬂ F& BYAR o,

o, 529 B9 Ao go] RAY HAFH o
&Y e Aok, @Y Fig. 5 9 Fig. 6904
Hetzo] 9o 218 HFees FLox 2o
Ao wet AR R FHo] EAsimz
ol :3ted HAE sfobyt @t 1E: 93
H& ol FALENNE ¥ 7t 0 22 5
2 gomz AFzFol WY = gY¥&x



1100

Table 1 Material property and dimensions of an
ABB with double races

M 0.0398 Kg Ry 9.6625e-3 m
k 6638.26 N/m R; 14.6625¢-3 m
C 1.30715e-4 Kg/s 5 2.51256¢-4 m
m 1.30715¢e-4 Kg D 0.000005 Kg/s
P 1 7 0
q 1
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