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Investigating the Dynamics of a Ball-Spring Autobalancer in a Rotor
with Non-Linear Bearings

M. Rezaee”, M. M. Ettefagh and R. Fathi
Department of Mechanical Engineering, University of Tabriz, Tabriz, Iran.

Abstract: Although the traditional automatic ball balancer (ABB) has numerous advantages, it has two major deficiencies,
i.e., it has a limited balance stable region and it increases the vibration amplitude of the rotor at transient state. These deficiencies
limit the applicability of ABBs. In this regard, a new type of ABB called “the Ball-spring autobalancer” has been proposed to
resolve the mentioned deficiencies of the traditional ABBs. In order to investigate the capability of the Ball-spring AB in
balancing rotors, it is necessary to study its dynamics accurately. The dynamics of a rotor with linear bearing equipped with a
Ball-spring AB has been studied previously; however, in real situations, the bearings have nonlinear characteristics. Here, the
dynamics of a rotor with nonlinear bearings equipped with a Ball-spring AB is investigated by the multiple scales method for the
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first time. The results show that the nonlinearity at the rotor bearings does not impair the advantages of the Ball-spring AB.

Keywords: Automatic ball-spring balancer, Nonlinear bearings, Multiple scale method, Dynamic behavior.

AL e B IO NS €
LOBLL (ot b Gom dun v s p kgl o S 0 J i Segs 4l Olos J
(s day g pilS 3 & N/m' ( Jases gla b zin Kp
rad/s  olad 3 —aaxle e b SIS oy N/m' ( eles gls 2b zim K
0PI sl Tund ¢ kg G55 e ma
Sl bl s baarle dn o obral gi kg deaoxle 51 S a e > mp
b le day s p m
Skl pae Joas baazl o)l S0 5l 2 8 g5 &S asdie —\

5 mlon 4o 53 4y 0T i S0 5 5555 Oss S e
53 ez lu ulen adlfo 515 350 o0 4 2 ($3 50
Cmdgn dy Oy L 5 03,8 &8 = VUL Jlds g
Celiasyls I8 —dYLL Cgmr OBy 4 S 5 Ul
e s ol Sl eslinad gl e SVLE Olje a8
Sl 328 ol (T3S a5 (551 e 4 5o Ok
Sl Osde 5 S0 2 Do |y VUL Shls Slss atanns
Mo el VLSl S VL e B 5 0
Sl 53 (S8 Ll i b ane Sla VLU 285 Ul
55 e 3 0=l Gl dile (835583 > ader 3l il
LY-0] J;L;a O3 eslaal
b Glaam e SSlsl iVG aas 5o 4yl Olallas
Jlw ss ol ol bl [A] S 5 [V] LTl 2] UL
Ll p s Slate (5,550 L [4] 5, 5 STl 1444
JSta Vs s sgoms Glamio 5555, SYslas
o S Dsba ) ate (IG5 03 S BSOS
S35 S s i [N o] SOl 5 S s
Aoty VSl peme 585 oML 5 (Seles S,

e YL e e VL sl 0L T e =l

\Y’q(.\ dlﬁ.«._zu 4\ Z)Lw..:: ‘qu JLw cmw@.o DL ésv\.& Lgl.hu;:})

Sl ) ol Vs 5l s o algs 51 S TG
Slas am g Lol s lagis o 4wl U
oslaul 550 Olpead o 33,8 5 51 LSS s Sl et
il yn sl dselS s 0 e 5l il gl
55 Al il s el Slale dal e
B YLl Cenl Sl bagtas cpl s WYL
s G 55505 ol il e s oS Sl e GLE)
g s eI Sllas o same 55 50 S ol 0lys
e il p L (S5 5 olws 03,5 B o
e 0 S DSl el G 45 ol Slio
oS Ll 4 anes VLG ST Js 5 04 e el Llos
2 s n Jom (S 038 VL LSS L Kos A8 s
58S Seals laamle VU 51 eslinal a5 oy
Spdig a5 ool Jd s LIV et Sl Slas e
Sedd 5 olauld Sl S Sl el LYWL 51 ]
5 plaaerlu OF Jls s oS ol aly LS =3 b
Comdgn 53 6 Sl 3L baaxlo ol ol 5 Cod s
Il a5 0T 5 03,8 Ol o [y s (i VUG ilee

W\Q)yw\gwbﬂ,«&eﬁ:} .JJ)}T&)JJ.JYL{



http://dx.doi.org/10.47176/jcme.39.1.7131
https://dorl.net/dor/20.1001.1.22287698.1399.39.1.3.1
http://iutjournals.iut.ac.ir/jcme/article-1-766-fa.html

[ Downloaded from iutjournals.iut.ac.ir on 2024-05-20 ]

[ DOR: 20.1001.1.22287698.1399.39.1.3.1 ]

[ DOI: 10.47176/jcme.39.1.7131 ]

sy S 4 Sl ) g [Vo] el Sk
sy 35l 5 Ao iVl 4 e Slais
VLS gl Rl S 3l DL T Gt gl
el e (S a3l AU o e Sl ) Wil o
o3ls i Calises ladlas 5 0w 511 2,501 (5,0 )
bl el S5 lacyze podle Jolbie VL gl &S o
ol 5 & bl s o
sl VG 4 3y 3 g — il
U 03 s pdmms La VL 51 6 6 nl 5 edes e sl
o313 0L [A- YT Cilise (sl o s il 5l VY
23730) s Sl bl ol pailie 03 g 4SS o
Ol w50 prm daaazlu o e 51 eVl 5l &0 seme
Ll o VLl aS 3505 39y 5 5550 2l e (VLU
L v LEULT SIE PR C e PV W g [P PRSP
sl el slaie b bay s, iVl 4 0B VL 5l 550 o
5 ol 2 e S Ol sdome s ol (] 45 550 ne
]
29% ) BR85S, il auls Ll Bl -

dsl Gl e
i 8l Yyann o VUil 50 0l 4l e 55 L
3ok s 55 Sl OS5 S5 4S8 3y, 0 S8 0
(e 03,5 sy [ gl o) US55 1,08 4t
o8 LS s IS 4l s wials (1580 b ans,
oS A glasl &= SRV R R R Wo P ‘d_f:w&-
e Les Jy ol sl Sl Olide by dlie gladde
o labde JoB as U Slegen b 1) oo 55 4 &S
Nl 3 —aamle VL 51 4S e

SLaolBbl L 505, (Salos 5, ol Olids s
Sl 5l eslinal b 28 —dazle iUl jeme 5 ot
S1s LOBLL &Syl & 55 b [YV] 0l oy 5 g3
Sl Modaasd sla fs) przmen 5 e a8 5l

Gl adlie ol s ke eaas (s (ol slac e

AR

S e Ly sSse5 S1 5 sl bl el st
e s 5 Gl IS ) 0 [N B
53 ol o3 Lol sty anm b 53 b sV 5!
ol (g3l o SVsles vt ) doles Cams s (Slonan
55 ey o ipsslbie s 5l eslizal b 5 Jsles bls J
5 Sealogs 5, ;s e 55 VY] SKla 5 ) ioean
o o aerle i U VLT 4 semme 58555 oML
5 skl s W] e 5 Ll Yoot Ul s s S
oSS 53 555 VLG s pin sl | e G (g300
s glearle VLBl i a4 seme 5 (o Sl
O3 e S D] Q8L 5 ol Yo Jle s
Slaarbo 3Vl g gme (e OGBS 0
S adllas 5550 (Sealiss el ol Sl O 1) J gl
So s U VO] JlSen 5 Sl Yo ¥ Jle s . Lsls
3 adllas 55 |y laag b VL1 Ses 5 ()l
Al 5 o Lanenr L 48 das o 0L o gl sl
3 Sladse i Ll ol S 5l AU VLG
05530 0 e s V2] 5S0L Lo Oles 5 s o3
ool etV gl iy gome TS 5551 g illan
Sl MLk el S 5l 0L 0Lyl oo ol s
SeouFsnl oS al bl S Sos 550l 55
ot i B W b 5 Lo, Yo F e s o
e o500 s ol VLS laaas b o
o) L3S o b S s APl s LS
Sl 05 S LU Ly K05 G 53 [VA] b
) ainn) 5 gl VLl (Salys S, 0 58505 25
V4] (LS 5 (Sl Yo O Jle js s S0 )
SVl )y 55 0l mad Ll S Sl )
S sl 0L Ll ) s esls iV 5T 4 s
same 535 01 el Jomn 4y 4l SlS VL 551 5 Shos
(VUL Jmme VL1 SGn 5 s 53 5
Yo f Jlo s s e 0L 555 5l (6 5 Shas iYL 5

\Y"\Q ULLMJU 4\ z)LQ.»: 4\”\ JL.»: cww DL d.}v\.& LSLQJ:})


http://dx.doi.org/10.47176/jcme.39.1.7131
https://dorl.net/dor/20.1001.1.22287698.1399.39.1.3.1
http://iutjournals.iut.ac.ir/jcme/article-1-766-fa.html

[ Downloaded from iutjournals.iut.ac.ir on 2024-05-20 ]

[ DOR: 20.1001.1.22287698.1399.39.1.3.1 ]

[ DOI: 10.47176/jcme.39.1.7131 ]

IS

S b BB b 5 sarle T sl I3 I3

oM&P)PJJQMOXYQMe&’LwJLCSF
Jeols ot A8 0 S S5 Glasly ce e LS
2 C Sl 55, 6l &S 5,08 o O e 51 LaOBLL | s
o=l 8 mder b VLSl Shes £l ol G2 O
=) e SIS b s e gla b aS ol &5
S VL Gl sl slacs w55 S o (6,8 sl baaan b
lor S35 S o 3 S S GBI L e s
S gr am el dla 28 O 03 25 5wl Sl 3
g e 3Vl e 5 oS Jie 55 Gl dales
At VL S o (SLe e sk
Sl (V) adady s 48 5518V Vsbas 5l eslizad L 015 e

3551 Cwdds sl 0l 0313

d( oT Jr ov oF
a S A S N k=yvY,.,n ()
0q  0qx  Oqx

sk SN mb Fefeily (6550 Vot AT Ol s e
O 5 0 oy «X 5l Li)le &S Ats aBly pand Dliate i s
3050 e S 0L slasls pocl i=)y,,n &
A Ol e 1y Xy Slamis oK 55 el b s

2,50k (M) 5 (V) ks, &0

fG:x;+y3+eT (7)

\Y’q(.\ dlﬁ.«._zu 4\ Z)Lw..:: ‘qu JLw cmw@.o DL ésv\.& Lgl.hu;:})

@ e o WOBLL L 5y, (Seelos Sk, 5L sl
on e sl elie gy L 6 —aen b VL s
)}_}'j)_}_g(.SLJ u—h"j:'c SValeo LJ}LLA B RGO IS 4
Sl L b~ iVl iy g VLG
J:j) L V.Z'.,,M“M d)"'\'.’.t'l 03 g0 NG Y 6 C‘JM‘ ‘-;Ekﬁ&
s (SO 50 e L 5 ol sl Wi gla lide
Lﬁ—}a;-)':p V.Lmﬁ..w G.AL) C,_..)‘L@JJJ RGO PN wL&.« Jj(.,\..\.a
o ot OB sl e s, L s 5

.gL.w\oMMLS.ad).LC« U:j)).\ L‘L@ucwlib_}cb};’;w\

C.}SJ;- u‘h"ﬂ& ¥l Cb:'a‘.’...»‘—’f
SLADBLL L 55 —aarle U1 & sgme VUG 5550,
L OBl i ol ot o3ls 0L (1) S0 53 a2
Cw‘ﬂ@b‘b)}&jﬂbje&fJWkﬁQﬂ
=S el 0 G Lostas e Se ol edd J
Cl&f« oo s bdaslo b o .l ol ool Olis e L CG
Mdasn S b)_&‘ja J;_;:.: (I)i, 1=\Y,...,n H_}\) )Si
)‘ eJLQ.\._Mu‘L_.:cC ‘)j—b’.j) r»MJ_gJA g:a_.w‘ LA‘\.A}:L_.«

Vsl 03,5 Ols S5 (4l Dgh Sy 5 X Olae

vy


http://dx.doi.org/10.47176/jcme.39.1.7131
https://dorl.net/dor/20.1001.1.22287698.1399.39.1.3.1
http://iutjournals.iut.ac.ir/jcme/article-1-766-fa.html

[ Downloaded from iutjournals.iut.ac.ir on 2024-05-20 ]

[ DOR: 20.1001.1.22287698.1399.39.1.3.1 ]

[ DOI: 10.47176/jcme.39.1.7131 ]

Sl g e Gl oS 558 0 53l VL5
_}_:l;Y Yalae )‘ osleul L A J_.MJYLle D s
il o ez 4 (N B (V) dalsy &) g

Mi&+C)'(+(k—M03Y)x—i-ux‘~ +

n .. .
my, Y [8; ~8;(§; + ) ) cosd; -

i=)
(3;; +Y5; (¢ +w))sin ¢;] -
mgeo' —YMoy —coy =- V)
M'y+cy+(k—M(oV)y+uyr+

my Y [(8; —8;(¢; + @) )sing; +

i=)

(6@1 + \‘81 ((|)1 + (D)) CcoS d)l] +

YMoX + COX =+ W)
my3; (¥ +Yox —o'y) cos ¢; —
(X — Yoy —o'x)sin ¢; +8,¢; +
T3, (41 + o)1+ 0 8{0; +k,d'q; (¢7) = Q)
LY
Y
a(6)=( -7
ai (6) = (05 = ¢y — 0511 )
an ()= =0,
iZY,\“, ,n—)\ (\°>
my [(¥+YoXx —'y)sin ¢; +
(X — Yoy —o'x)cos ;
~5; (4 + )" +8;1+
cr8i+kr(81_a)=° (\Y)

sH=c D= B =R b3 by, s
23y e il S (M) B V) Lils, s kp=kg =
Cndy pshaieds 350 o0 U302 0 s [VY 5 WV ] el s
oot g bl 5 e e ges b 035

g5 e iy a3 (1Y) alayl

Yy

T, =xi+y]j+(5cosd;)i+(8;sind;)] )
0350 S S 5 Laaela o 05 0L oo b L oaslsl s
S osSss enay Glaaxle VUl o 6551 gl s

EARN K PRCITC ST

T =lJo)Y +1M[)'(Y +y +Y(xy—)'(y)o)+(xY +yr)wr}+
Y Y

\ :
—my (VXeof +efo + Veyw) +
N

%mb i[vSi (¢1 + m)(y+mx)cos¢i -

i)

! (¢1 +0))()'(—(ny)sin¢i +8] (¢1 +o))V +

8] +8; (X — @y) cos oy +75; (¥ +cox )sin ;] ®)
S e Mz S Jm S ool Olan T 01 o &8
S O latar b 51 S a5 p 2 M
Ao bl 55, Lo S e Sl ma e 5 o5 Sss
| s Jomly (6550 (215 il (6550 51 058
adaly s pglran S5 S 0l 0) daly &0 w0 Ul o
55 el 0] il (6500 kel o353 e0ls 513 i (©)

N

n
) AT R AYR
V:—k(x + )+— (x + )+—k o —a) +
; Y Jro(xTy ) (8 -a)

i=)

od {[4»—4»—*—“] ety =, =) ]
Y n n

o))

o py" 5 X" Gy, dslas i k OT 3 oS
Lo bk b LD 5| 3 e
ST dsba gzl ol olad gla b giwke 5 o
G55 e b S S0 ol d 5 eled (sla s ol
oy gmod Ol g e 1y oy SN @U ol oo gla 2
2,5 0l () adal,

F:lc[i(Y +y —i—\‘(xy—i(y)o)+oo‘(xY +y)]+
Y

%Crzn:(sf +5fti>§) )

i=)

TP e e 5 oS, olae ol e e ol 4 as

\Y"\Q ULLMJU 4\ z)LQ.»: 4\”\ JL.»: cww DL d.}v\.& LSLQJ:})


http://dx.doi.org/10.47176/jcme.39.1.7131
https://dorl.net/dor/20.1001.1.22287698.1399.39.1.3.1
http://iutjournals.iut.ac.ir/jcme/article-1-766-fa.html

[ Downloaded from iutjournals.iut.ac.ir on 2024-05-20 ]

[ DOR: 20.1001.1.22287698.1399.39.1.3.1 ]

[ DOI: 10.47176/jcme.39.1.7131 ]

o s gl s slaco a5 L Sl
ol sl olaial Jﬁ;\ﬂ J.M.NlU;\

Solhly gy VY
o e 55 el @B sla e S, Sl el U
g 48 S 50 (W) daly S0 4 58—l VL
i(r;s) =X, + X, (TE,T,,...)-‘rSVXV (To,T\,...)+...
V(we)=y. +ey, (T, T,..)+€ yy (T, T,...) +...
?i (te)=dp +eb; (T, T,...) + €y (T, Thson) + ..
8 (1) =8, +&8; (T, T,,..) + €8 (T, T, )+ (V)
i s OA) adaly S 4 ey sla e OF 3 oS
P ySs
T, =¢lx, I=o\,... (\A)

izDu +eD, +& Dy +o(¢")

dt
d' ¥ Y
EZDD +veD, D, +¢ (Df +YD, Dr) +0(¢") (14)
OT DL 45
0
D, =—, n=-)Y,... (Yo)
"ot

(W) Jals, St ke 53 88 5 55 b (gl s 812
0313 513 e 55 0P B OF) Lails, 53 T (ooldl
Sl s OVsliae olws & Sl amp30n SOlar 0
SVslas o&cs LT o s & glad s o an by s
s (YH) 6 (1)) Ll b & 4 pe 40 b po i

n
(1= |x. ~ @Y. - (1~ M) ~@' MY (5.co86;.) =+

i=

)
n

(\ oy )y° ~G'm Y (8;.sind;, ) +YCwx, =+ (YY)
i=)

®'ms;, (x.sing;, —y.cosd;, )=« i=\Y,...,n (YY)

r'ﬁ[(f‘ -0 )(Sio —1)-®' (x.cos;, +y.sing;, )} = o9

\Y’q(.\ ULL«JU 4\ Z)La.;:: ‘qu JLw cw.l.;@.o DL é.:.l} Lgl.ﬁu:})

_ X _ Yy =
T=0,t X=—y==, & =—,
A Y
e=lp= - 5@
A o, M o,
c c
C= =
v Mk Ymy o,
k. d" N
n v =
n= PY Y’p: Y’r: XY+yY
my oy Mo, v)

= s S § o555 b S5 @, OF 2 oS
] N P N N P SOV P G I P
el e b il 5 @) s el slad
Wl BOBLL o 8 S pme o 2 P oS
b e Ao sl Sl sl U s S > ol
ol o st (V9) B (V) Ll &) smts 0
§+YQ§+(\—0_)V)§+pir+
n (gl _gi ((I)1 +L_0)VJCOS(I)1 -
my|h L -
o (siq)i 5, (§ +6))sin¢i
(\-m)e @ —voy - Yoy =- (T
§+vq§+(\—a‘)§+p§“+
= . N\
n (si—ai(q)im) jsin¢i+
-— . _ . +
P (6i¢i +5 (&, +o3))cosq>i

YOX + YCOX = (\¥)

m

m;[(y +YOX —® y)cos ; +

(X — Yoy —®'X)sin ; +

8y +Y5;(¢; +@)]+

YmB3; ¢; +nmg; (¢;) =" )
m{(y +Yox — o y)sin ¢; +

(X - Y@y — ® X)cos §; —

5,0] —vo5,d; + 51+

vmps; +m(S —)(f -o') => (%)

BB x> sl wlde Jig, Jlest Y

Dy sz Sl e s Sl s sl s o
Wi sl ol oslanal 8 —aesle LWVl (Salys

¥


http://dx.doi.org/10.47176/jcme.39.1.7131
https://dorl.net/dor/20.1001.1.22287698.1399.39.1.3.1
http://iutjournals.iut.ac.ir/jcme/article-1-766-fa.html

[ Downloaded from iutjournals.iut.ac.ir on 2024-05-20 ]

[ DOR: 20.1001.1.22287698.1399.39.1.3.1 ]

[ DOI: 10.47176/jcme.39.1.7131 ]

—

ey )rosine° +yCor, cosO, —

®'m Y (8sing;.) = (¥e)
i=)

®'md; rsin(¢;, —0,)=- ()

El[(f‘ ~&')(8;. =)~ @rcos (¢;. ~6. )] - (rv)

Ol e PV 5 (YQ) Lauls, 51 edkel sty SVslas ol
ERS )‘J_S.A}J (5‘J—’ ‘)MJJM L_SLAC/«:’_Jj
Lol ps iVl Gl ol e g L s S gl Al # o

DL, 'JJJ@)‘JJW)JfJJH‘rG:°‘J"";YLfC"':*"p.jMé
(0F0) L5 (M) acdasly aces (FF) L5 (YQ) Jalsy (W s

:J)JJA Jwt}
Z(Si,cos¢i°)+% . ()
i=\
zsinq)i, =. (*f)
i=)
8;, =) (Y0)

1o

CVsloe 05 Ned a5 b s el g5 3 S b 5 L
53 (OF7) Jaslyy Glle 5 oled s 40 2l (YA) B (Y0)

D pd e S
x, = ¢ y, =c,et
by, = Crexr’ by = C\‘GXT° ¥%)
S = cae”’ Oy = cfe”’

:r.i)‘.) QYJ[&A DL é)‘v\i.ib- Lt PLY

(Al for = ™)

Sobastl coley Cgr &Sl e e Sl [A] OF j3 &S
o Sl s b bl el (gl OF 03,5
Olws 33 035 oo (V) SN slas o Kus »lag §|ﬂ
Ceesrh gl Sl VWV o 5 pl 4l ol Sl
Ll e i Ceend ol L den &S sKs T e

S Blas S el Slanl il C) 3 ey s

Yo

skasOlil 8, 5 gy, X, bLE (VF) L5 (YY) Ly, s

e Ll Gte 5 Coli T Sl 5 035 e b5 4

Sl 8w e an by e Jewdl i OVslas .o io

1l o st (YA) 5 (Y0) Lol

D!x, +YCD.x, +(\—(T)Y +pr:)x\ —YoD,y, —

WGy, +ﬁi[(n§6ﬂ —18,8D.4; ~ '8, |cos
+(5i:%¢i\ ~5,.D{¢;, —Y®D.3;, )Sin %} = (YO)

ny\ +v¢D,y, + (\ -0 +rpy! ) y, +YoD x, +

Y, + mi[(nj&i, ~18,8D.4;, ~ '8, Jsin
+(51.,1I_)\:¢i\ —SiB(TJYd)i\ +Y(T)D°81\)cos ¢1:| = ¥#)

m[(3;. D]y, + 75, ®D,x, - 5.0y, +

®'8;.%, 0 — 8,0 y. ;) ) cos ¢y, +

(¥8;.0D,y, —8;. D! x, +8,,® X, +

®' 8.y, ;) +8;,0'x, ) sin ¢y, +

8D ¢y, 1+ YB3, mD. ¢y, +

Yv)
YSiOE)rTlDOSi\ +T]1'qui ((1)1) =, i= \,...,Nn
rYl[(Dfx\ - (T)Ycl)i\yg - (T)Yx\ —YoD,y,)cos¢;, +
(Dly, +®'¢;x, —®'y, +Y®D,x,)sin ¢;, ]+
+YBmD,5;, + mD!§;, —
(YA)

Y5, D, oy, + Mo, (f‘ —6‘)= o i=\...n
03551 Cmwsay Sl e Sl ad pen OO Clﬁ::.wl)'\ o
s b Vo s Ko hdd Lo (i Dol BL G
anly sdasplis 1 4S5y, =1.8in0, X, =1 cos0, kb
2 Lol ISl L el Ll b s 5555, wlala)

1l oo Cewnay (FY) B (YA) Ll s, oY) B (YY) Lol

(\ - )r° cos6, —v{mr,sinb, —

(\-m)eo’ —o'my_(8;.cosd;. ) == (v4)

i=

\Y"\Q ULLMJU 4\ z)LQ.»: 4\”\ JL.»: cww DL d.}v\.& LSLQJ:})


http://dx.doi.org/10.47176/jcme.39.1.7131
https://dorl.net/dor/20.1001.1.22287698.1399.39.1.3.1
http://iutjournals.iut.ac.ir/jcme/article-1-766-fa.html

[ Downloaded from iutjournals.iut.ac.ir on 2024-05-20 ]

[ DOR: 20.1001.1.22287698.1399.39.1.3.1 ]

[ DOI: 10.47176/jcme.39.1.7131 ]

0.05

0.04 |

0.03 |

0.02 |

0.01 |

1.6 1.8

(]

@

4 e 559 o (mmmm) 25 —aarl VLGl @ jgome 5505 GOl WYL 03 g Y S

f=f ge=c/VB=c/oo L=c/0 slila @ Jlie 5 MO oid (= - =)dglie 3V 5

ol 503,51 B ey By B sls il
oYL o3 sde 305 e sdalin La S5 5l 5l a8 boles
250 A S b —daz b LV S a4 e 555 LIL
o Ol o Gl e Sl ity Jslie VL 4 seoma
ing b — el VU 6l lesl Jyl e oS 23 S
3550 03 o lLaOBUL L olul iVl el 0oy 2l

Lol Sl 5 e e SLBLL L 5,

Al e VLU D5y Sl el e al s
Ol b plis Llssand i) sleslanal b 6 —aesle
o=l St s SVl sl ke s 5 e ol S

D

('t,s) X, +sx\( , T, )+s x,(T T\, ( )
y(ue)=y. +ey, (T, T,..)+€'yy (T, T,...) ( )
0; (t:8) = i + 803 (T, Ty,n) + €05 (T, T o) ( )
5 (1:8) =8, +65; (T, Ty, )+ €8 (T, T, ( )

\Y’q(.\ dlﬁ.«._zu 4\ Z)Lw..:: ‘qu JLw cw.lﬁe.o DL é;..l} Lgl.ﬁu:})

Al LU e Bl e i Ll D]
e Sl L eV 4B [A] s 5l Sl eslizal b g
e Y 5 S5 e U ] LG
1 55 O dmls lsped o 53 015w |y b jzel sl palas
s ey bl G0 4 0 Gl L Al

b e LaOLBBL L 5, Sl A (V) S s
P=olo0 L=clo0 shilan 28 -aamle VLT 4 e
sy ol @ s m gl )l v e =c/e) 5 =¥
5 o odalie (V) S5 5l 4S5 bolaa ol sus
538 L el Sl ol en o (gllay 28 —anm b iV
=S VL ) e GlalllL L GVLE 55, ol
Sl b Vsl e nl Cage oz Sl e
53 0SS bl s slslan dglise VL g1 4 pemme 5580,
slalive IS 51 S sboles ool ol o350 50 (V) I
eVl s e 55555 Sl VL e sl 050 e
St dgle VL5l 4 semme 55 4 ol 8 —aar b

sl

e gl il s (0) LS () (sla S5 s

\a


http://dx.doi.org/10.47176/jcme.39.1.7131
https://dorl.net/dor/20.1001.1.22287698.1399.39.1.3.1
http://iutjournals.iut.ac.ir/jcme/article-1-766-fa.html

[ Downloaded from iutjournals.iut.ac.ir on 2024-05-20 ]

[ DOR: 20.1001.1.22287698.1399.39.1.3.1 ]

[ DOI: 10.47176/jcme.39.1.7131 ]

0.05

0.04

0.03

0.02

0.01 |

1.6 1.8

[ o]

el

4 e 55 g o (mmmm) 25 —aarrl VLGl 4 jgome 5505 oI YL 03 o T S

f=¥ ge=c/cVB=c/co am=2/o¥ il @ Jlis ;5 § O i 1= - =)dglaze VL 5

0.02

0.015

v 0.01 |

0.005

1.6 1.8

(%]

0

3Ll 4 gome P, g (mmmm) 23—t iYL gl 4 pgome 59595 GuIL WYL 03 g Y ISS

f=¥ 58=-/0 P=c/c0 m=c/o¥ G5l 4@ Jlae ;5 € Ol s il= - =)dylaze

dimes (YA) G (Y0) 5 (YE) B (YY) Loy, silae o5 5y €
(FY) L (F) Ly, pldas €7 a0 am by o SVslee

G|

v

Vsle 55 (FA) asly; o IS L L8 i pllas

5 € am by il OVslee "'\'de‘ Cowdds & alishes

\Y"\Q UL'LWJU 4\ z)LQ.;:J 4\”\ JL.»: cww DL dsv\} LSL“J:})


http://dx.doi.org/10.47176/jcme.39.1.7131
https://dorl.net/dor/20.1001.1.22287698.1399.39.1.3.1
http://iutjournals.iut.ac.ir/jcme/article-1-766-fa.html

[ Downloaded from iutjournals.iut.ac.ir on 2024-05-20 ]

[ DOR: 20.1001.1.22287698.1399.39.1.3.1 ]

[ DOI: 10.47176/jcme.39.1.7131 ]

0.05

0.04

0.03 f

0.01 f

—
(=3}
—
o]
[ o]

rIbgl a4 o 55, o () 3 —dazle fSNL Gl 4 e 5805 ol YL e gdow -0 IS
F=F 5 @=o/oVlme/o0 clime/or g3l & © blis y5 B s 2(m - =) Jyltze

(8D ¢y, — '8¢y +¢;, DI, +Y5;.D,D\dy,
+YD,8;,D,¢;, + Y®D,;, —v5;,¢;,0D, ;) ) cos ;. |+
YD,D,y, +YED,y, +YoD,x, + \"py‘,y,Y =
(fe)
rYl[(SigDZyV Y8, DX, 5, &' yy -
B8, X0y ~5,®'y. )cos di +
(v8;.0D,yy —8;. D! X, + 8,0 Xy +
®'8,.y.0p +8;,®'x, )sin ¢y, +5.D i, } +
YBSLIYIDA)“ +v§;,0mD,3;, +
Iﬁ[(ﬁi\ny\ +Y§;,0D, X, —Si\o_fy\ +
(_ovxﬁi,q)i\ + c_orq)i@iox, +Y8;,0;,0D,y, —
0;,0;. DI X, +¥8;,@D.x, +Y8;.D,D,y, ) cos ;. —
(8;.0, D]y, —® ¢;8;.y, —¥8;,@D. y, +8;,D.x, -
(TJYyoSi\(I)i\ +Y00;,8;.D.x, _C_°Y6iwxw -
Y6ig(T)D\y\ + YSiQDoD\X\ ) Sil’l (I)i° + YSiuSi\Dzd)i\ ] +
nmg; (¢; )+ ¥md},D.D\d;, + ¥B3;.5;,mD.d;, +
YB3].mD,¢;, + 8, ®mD,3;, +
YIYISiODBSi,Do(I)i, + YI'YI(T)SHDBSN =o, 1=),...,n
(V)

\Y’q(.\ dlﬁ.«._zu 4\ Z)Lw..:: ‘qu JLw cw.lﬁe.o DL é;..l} Lgl.ﬁu:})

D:xY +YED, xy + (\ —® +Tpx] )xY —YoD,y, —
Y
oy, +iny.| (D13, ~13,5D.4y -5y )
i=
X005y, +(3,.8 by — 8Dl —TGD.5;, Jsin ¢i°}+

.
Y| ("D.D3; - ;.0 Dl
1=)

—18;,0D.¢; —Y08;. Dyd;y —

8. (D.dy ) —Ydy®D.3;)) cos . +

(®'8;\0jy — 95y DIy —5;, DIy, —¥8;.D. Dy, -

¥D,5;\D.¢;, —Y®D.8;, + 75,0, @D,y )sin ¢, |+

YD,D\x, +Y{D,X, —Y®D,y, + ¥px,X| =«

(¥a)

Dy, +Y¢(D.y, +(\ —® JrY“py:)yY +

YoD,x, +YCox, +
Y
ﬁlZ[(DISIY — Yéi,,(T)D.,d)i, - 6)‘8“ )
=)
xsin gy, +(8,5'0y +3.Dl4y, +7GD 5 Joosdy, |+
Y
ElZ[(VD»Dwaiw - 8io¢ivD:¢iw —Y8;,0D, ;)

i=\

— Y — .
—Y©8;. Dy, — 8. (D.dyy ) —¥4;,0D.8;)sin ;. +

YA


http://dx.doi.org/10.47176/jcme.39.1.7131
https://dorl.net/dor/20.1001.1.22287698.1399.39.1.3.1
http://iutjournals.iut.ac.ir/jcme/article-1-766-fa.html

[ Downloaded from iutjournals.iut.ac.ir on 2024-05-20 ]

[ DOR: 20.1001.1.22287698.1399.39.1.3.1 ]

[ DOI: 10.47176/jcme.39.1.7131 ]

0.02

0.01

-0.01

-0.02

-0.03

-0.04

Multiple scales solution
————— Numerical solution

T

= /o sl eyl sl3la 5 —terbe SVl 4 e 55, Sy el —F JSS

f:’f }E:o/o\‘uzo/”o ‘p:n/\' ‘(T):\‘ ‘C:‘,/‘,o ‘ﬁ=°/°0

8y = bojeij“ +ce Sy = b;je)\jT" +cc

(YY)
Lo Vsl 53 (FF) 5 (FF) S¥slas il L
S gt ($2l) Jbate Slibes ol 5 o
dci(1)

aT,

sste s sl dsls adsl Ll 5 Jlesl b G ol e
ols b= 53 5 (FA) Jals, 51 sl dhaor 53 85 s 5 L
eC=B"(X(-)-X.) (Y0)

{‘JN sle <l 05551 Cowdas Slp o

w_,;;dg;_.ﬂ\cu j)\.i WﬁMﬁUBQTJJAS

1390 o dnles

_|IM

B—[N] (¥5)
(0] C.,gbj g..a_u“"f? w.«\_’ NGsu— ‘Nij:xicij }Mij:cij aS
L3 on gl oo ol Culgs 5 e oy
WLLRJJ‘CALJU;}U“\)J e.\.:e)\bc_\.bjsufv))j‘ oslaiul
a0 o e S 1,8 S s L
Sl (mls Sd e Sl S el = R

Ysx glaadis o i a4 (V) 5 (F) sl S 2l sl

¥4

rﬁ[(Dfo +(T)Vy°(|)iY —(T)VxY —YoD,yy)cos¢;, +
(®'X.0; —® 'y, +YOD,X, + Dy, )sind;, ]+
YBmD, 8, —&;.omD, ¢;, +md;, (f* @)+
mD!§;, +m[(YD,D,x, —® ;,y, +¢;, D]y, +
Yd;,0D,x, —YoD,y,)cos ¢;, +
(v¢;,0D, y, +0—3Y¢i\x\ +YD.Dyy, -
0;, DI, +YoD,x, )sin ¢;, ]+
YBmD,3;, + ymD,D,8;, — Y8, ®mD,¢;, —
Ym®d, D¢, ~md;, (D.g;,) =+  i=)..n
(fY)
s ddarle 5o b VLS5 55 ate Sl el
Byt S 5 (FF) e

x,=C (T, )c\jeij“ +ec y, =G (T, )cvjeij“ +ce

v (T,)crjeij“ +ce oy, =Cy (T,)cfje}”jT’ +cc

(T\)cojeij’ +cc 8, =C, (T\)c;jeij’ +cc
()
Slaoball 5 polis o554 Cijs A «j=)T,7 O 53 &S
Aoledel s g A Sle 5l S ool s o505 sl
Zl Al LaGi(Ty) ol o3 s foly 2l 5l sl
Byh o oh (YY) el &) 50 Q.C""Li NJAL;_-.JJ}JZ
Xy = b\jem +ee Yy = bvjem +ee

AT AT
¢y =byje " +cc by =bgje ' +cc

\Y“\‘R ULLMJU A ;)Lw.: c\ﬂq JL.»: cdw.)w@c DL dbv\ff le.ﬁu:})


http://dx.doi.org/10.47176/jcme.39.1.7131
https://dorl.net/dor/20.1001.1.22287698.1399.39.1.3.1
http://iutjournals.iut.ac.ir/jcme/article-1-766-fa.html

[ Downloaded from iutjournals.iut.ac.ir on 2024-05-20 ]

[ DOR: 20.1001.1.22287698.1399.39.1.3.1 ]

[ DOI: 10.47176/jcme.39.1.7131 ]

0.02

0.01

1=
-0.01

-0.02

-0.03
50 100

—— Multiple scales solution
————— Numerical solution

150 200 250 300

T

B=esoo m=c/ov sla )l lile S —aerle 2V 4 e 55, Sl Eul -V JSS

f=f 3 E:°/°\gu:°/o

o0 up=°/Y D= ‘C=°/°O

— Multiple scales solution

————— Numerical solution

280 . .
240 | /
¢,
200 |
ol
-
8
© 160 |
¢
120 \
v . \./‘”‘\./'/
80 1 1
0 50 100

150 200 250 300
T

S bl sl 5 —aerle VU1 shaarle lagls Comise Gl gl A JK2

f=¥ K] e:"/"\su:o/ooo up=°/Y D=Y m=-/o¥ ‘C=°/°O uﬁzo/ob (m =o/o¥

2,03 68 Sl s
S glawlie o) 5l ol gl 51 Oliseds! 1
T sy Sl 5 3 5, e gl (0) U3 s
eV g b a0 Ly 555 (il
e o slalblL L s, (s 8 —aenle
Spd e odalin (A) IS 5l &S sboles (Jglaze SYL

\\ﬂq(.\ ul:...v.:l.? 4\ Z)La.;:: <Y’q JLw cdw.lﬁ@.o DL 6.:.,\.9 LSLQJ:})

b e () 5 W) e IS 5 5555, Slas el
Shlam b basr v ol 5 glasls cmdse Sl
@=Y (G=o/0 P=o/od mM=o/oF Gl a il
A e 0L =Y g e=c/o)u=c/ced p=o/¥
S edal sty el 355 o odalie La S5 nl 51 sboken

el sty oy U olis Gl IS i sl s s


http://dx.doi.org/10.47176/jcme.39.1.7131
https://dorl.net/dor/20.1001.1.22287698.1399.39.1.3.1
http://iutjournals.iut.ac.ir/jcme/article-1-766-fa.html

[ Downloaded from iutjournals.iut.ac.ir on 2024-05-20 ]

[ DOR: 20.1001.1.22287698.1399.39.1.3.1 ]

[ DOI: 10.47176/jcme.39.1.7131 ]

12 T T

1.1p

09

0.8 . :

Multiple scales solution
————— Numerical solution

150 200 250 300

T

1L.1f

09r

0.8 I I

Multiple scales solution
————— Numerical solution

0 50 100

150 200 250 300
T

cm=e/or gla ol I3l 4 8 —erle Vgl Glatarle plad Cond g o) Gl -4 IS

f:’f jE:o/o\‘uzo/”o ‘p:o/\' ‘(T):\‘ *C=°/°° ‘ﬁ=°/°0

=S 5l 6,8 s b bl sy LIS asl 3 oS
e aals Ll e 5 el YL b 4 baaes Lo

& S e =¥
SLaOBLL L 55, (Seelus 5k, L sl gl dlis ol o
3SISY sy o3li ol L ot Jax o Volas NGRS
e as Sy shesli ol Ly aalsl ja o s Clj&a_w\
=) el 5 ek VL b OB gl el
Cﬁzdﬁ\uﬁb@a@uﬁluc\plw

k:»wl

AR

03 a1 SVL ST 4 e 0t 3 AL Rl
ol glize VL1 pemme [0 4 o LIS 4L
S s M R b GLOBLL ol il
3505 1,38 4l 3 55, il anls falS sa iV )
S s
DMl VL el 055 s (o Jsl e B
53 el el sla b 5l it b —aes L VL
& oo Laaas b &S Jslie g5 O 5 dr 798 VL5
Jmase Jdsa baaazle chinen IS8 Glo ol oes 53 S >
o S Bl (gt oo (33T olad (gla b 4 03
£33 Sy o 23 5 ot s Il YL B L1
Sosbas ol Jams ola 25 51 AU 5 —aas b NG )

\Y"\Q ULLMJU 4\ z)LQ.»: 4\”\ JL.»: cww DL d.}v\.& LSLQU:})


http://dx.doi.org/10.47176/jcme.39.1.7131
https://dorl.net/dor/20.1001.1.22287698.1399.39.1.3.1
http://iutjournals.iut.ac.ir/jcme/article-1-766-fa.html

[ Downloaded from iutjournals.iut.ac.ir on 2024-05-20 ]

[ DOR: 20.1001.1.22287698.1399.39.1.3.1 ]

[ DOI: 10.47176/jcme.39.1.7131 ]

0.15

0.1

0.05 i

100

Rotor with Ball-spring AB
————— Rotor with traditional ABB

150 200 250 300

Sl sl glaerle Kol gl iVl 4 jme 5555 Glos el -V oSS

f=f 3 €=c/Vepme/eod p=2/Y O (£=/ed B=e/eo cm=o/or

NS gms easdme Ly 5555, VL 4 00 8 —aan s
35 e Sla L0

e St GOBLL L s, Sl el i T
e o b GOBLL L s, b —aex e VLS
LaolBbl st 3l s g o sls 0L Jslize sV 5l &
oAl Olea &8 3 el VLS plesl Co e negs
S b 3505 M ol 1,38 4l s aals

autobalancer 3. imbalance
. balance 4. orthotropic

N -

1. Ishida, Y., “Recent Development of The Passive
Vibration Control Method”, Mechanical Systems and
Signal Processing, Vol. 29, pp. 2-18, 2012.

2. Kim, W., chung, J., “Performance of Automatic Ball
Balancers on Optical Disc Drives”, Proceedings of
the Institution of Mechanical Engineers, Part C:
Journal of Mechanical Engineering Science, Vol.
216, No. 11, pp. 1071-1080, 2002.

3. Chao, P. C., Sung, C.-K., and Wang, C.-C.,
“Dynamic Analysis of The Optical Disk Drives
Equipped With an Automatic Ball Balancer with
Consideration of Torsional Motions”, Journal of

\Y’q(.\ dlﬁ.«._zu 4\ Z)Lw..:: ‘qu JLw cw.lﬁe.o DL é;..l} Lgl.ﬁu:})

3 ot 3 g S5l il 530 55 kel VL 1 )
L b e SLaOLlL L VUL 5555 (a2l

RO
b 8 Gla0LBBL L 555 Sl VL 4l anslie Y
SLadlibl L 555, L 8 —aen b VLl 4y e
S Sl ol 5l (S e VUl peme o 5
13l p 53w 4 Cnd Il s LG VL 4L

Bl S s o ol el 2t DL Ll

MUojb

5. gyroscopic effect

aals
Applied Mechanics, Vol. 72, No. 6, pp. 826-842,
2005.

4. Chao, P. C.-P., Sung, C.-K., and Leu, H.-C., “Effects
of Rolling Friction of the balancing balls on the
Automatic Ball balancer for Optical Disk Drives”,
Journal of Tribology, Vol. 127, No. 4, pp. 845-856,
2005.

5. Rajalingham, C., and Rakheja, S., “Whirl
Suppression In Hand-Held Power Tool Rotors Using
Guided Rolling Balancers”, Journal of Sound and
Vibration, Vol. 217, No. 3, pp. 453-466, 1998.

¥y


http://dx.doi.org/10.47176/jcme.39.1.7131
https://dorl.net/dor/20.1001.1.22287698.1399.39.1.3.1
http://iutjournals.iut.ac.ir/jcme/article-1-766-fa.html

[ Downloaded from iutjournals.iut.ac.ir on 2024-05-20 ]

[ DOR: 20.1001.1.22287698.1399.39.1.3.1 ]

[ DOI: 10.47176/jcme.39.1.7131 ]

10.

11.

12.

13.

14.

¥y

E. L, Thearle, “Automatic Dynamic Balancers”,
Machine Design, Vol. 22, pp. 119-124, 1950.
Alexander, J., “An Automatic Dynamic Balancer",
Proceeding of 2nd Southeastern Conference, 415-
426.

Cade, J., “Self-Compensating Balancing in Rotating
Mechanisms”, Design News, Vol. 20, pp. 234-239,
1965.

Chung, J., and Ro, D., “Dynamic Analysis of an
Automatic  Dynamic  Balancer for Rotating
Mechanisms”, Journal of Sound and Vibration, Vol.
228, No. 5, pp. 1035-1056, 1999.

Chung, J., and Jang, 1., “Dynamic Response and
Stability Analysis of an Automatic Ball Balancer for
a Flexible Rotor”, Journal of Sound and Vibration,
Vol. 259, No. 1, pp. 31-43, 2003.

Lu, C.- J, Wang, M. —C, Huang, S. H., “Analytical
Study of the Stability of a Two-Ball Automatic
Balancer", Mechanical  Systems and  Signal
Processing, Vol. 23, No. 3, pp. 884-896, 2009.

Lu, C.-J.,, and Hung, C.-H., “Stability Analysis of a
Three-Ball ~Automatic Balancer”, Journal of
Vibration and Acoustics, Vol. 130, No. 5, pp. 1-7,
2008.

Ehyaei, J., Moghaddam, M. M., “Dynamic Response
and Stability Analysis of an Unbalanced Flexible
Rotating Shaft Equipped with an Automatic Ball-
Balancers”, Journal of Sound and Vibration, Vol.
321, No. 3, pp. 554-571, 2009.

Chan, T., Sung, C., and Chao, P. C., “Non-Linear
Suspension of An Automatic Ball Balancer”,
International Journal of Non-Linear Mechanics, Vol.
46, No. 2, pp. 415-424,2011.

15. Sung, C., Chan, T., Chao, C., and Lu, C., “Influence
of External Excitations on Ball Positioning of an
Automatic Balancer”, Mechanism and Machine
Theory, Vol. 69, pp. 115-126, 2013.

16. Bykov, B., “Auto-Balancing of a Rotor With an
Orthotropic Elastic Shaft”, Journal of Applied
Mathematics and Mechanics, Vol. 77, No. 4, pp.
369-379, 2013.

17.Rezaee, M., and Fathi, R., “The Effect of Damping
Ratio and Balls Mass on the Stability of Automatic
Ball-Balancer and Determining their Optimum
Values”, Modares Mechanical Engineering, Vol. 14,
No. 3, pp. 110-118, 2014 (In Farsi).

18. Rezaee, M., and Fathi, R., “Dynamic Analysis of an
Automatic Double-race Ball-balancer under the
Gyroscopic  Effect and Optimization of its
Parameters Using the Genetic Algorithm”, Journal of
Mechanical Engineering, Vol. 46, No. 3, pp. 129-
137, 2016 (In Farsi).

19. Majewski, T., Szwedowicz, D., and Melo, M. A. M.,
“Self-Balancing System of the Disk on an Elastic
Shaft”, Journal of Sound and Vibration, Vol. 359,
pp- 2-20, 2015.

20. Jung, D., and DeSmidt, H., “Limit-Cycle Analysis of
Planar Rotor/Autobalancer System Influenced by
Alford's Force”, Journal of Vibration and Acoustics,
Vol. 138, No. 2, pp. 1-14, 2016.

21.Rezaee, M., and Fathi, R., “Improving the Working
Performance of Automatic Ball Balancer by
Modifying Its Mechanism”, Journal of Sound and
Vibration, Vol. 358, pp. 375-391, 2015.

\Y’Qq thqu ‘\ O)LQ.V::J J“\ Jl.w edw..«\.o.é.ﬁ DL Ls.)J\.C« 6&&_})


http://dx.doi.org/10.47176/jcme.39.1.7131
https://dorl.net/dor/20.1001.1.22287698.1399.39.1.3.1
http://iutjournals.iut.ac.ir/jcme/article-1-766-fa.html
http://www.tcpdf.org

