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Abstract

An automatic balancer is a simple device consisting of several balancing balls, which are guided to move
in a circular track. The suitability of a two-ball automatic balancer to balance the residual unbalance in a
vertical rotor is investigated. The combined dynamical system consisting of the rotor and the balancer has a
balanced steady state together with a set of unbalanced steady states. Under certain conditions, the balls
ultimately position themselves so as to balance the system completely. A linearized analysis is initially used
to have an insight into the stability of the balanced steady state of the system. Subsequent nonlinear
response analysis showed that the scope of the linear analysis is severely limited to predict the stability of
balanced steady state. The nonlinear analysis revealed that, under certain conditions, the system ultimately
settles down to the balanced steady state and thereby balance the residual unbalance in a vertical rotor
completely.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

In high-speed machinery applications, the imbalance in the rotor introduces an unwanted
dynamic load, which causes the rotor shaft to whirl about its axis [1,2]. This imbalance can be
minimized by balancing the rotor as far as possible. In an experimental study, Lindell used an
automatic balancing device to reduce the unbalance vibration in a hand-held grinding machine [3].
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Nomenclature Mgp moment at C due to elasticity
M;p moment at C due to inertia of disk
(acy,acy) acceleration components of point C P frequencies of lin?arized system
CB damping coefficient for balancing ball Po forward frequencies of rotor
motion in track q0 forward frequencies of rotor in station-
Cp ¢p = cp/mpaxy ary.frame .
CR damping coefficient for rotation of disk R radius of track on disk
Cr ér = cr/lay S complex frequency
cr damping coefficient for translation of (vew, vey) velocity components of point C
disk (xc,y¢) coordinates of mounting point C
er ér = cr/may (Xc,Jc) Xc Z.XC/& Je=yc/é
EI flexural rigidity of shaft (o, B,7) rotations of shaft at C
Fzp  force at C due to elasticity @p) a=oal/s, p= ﬁl/é' .
Fip force due to inertia of balancing ball 5 unbalance eccentricity
Fip force due to inertia of disk A 4= mpR/mé
(i,j, k) unit vectors for Oxyz frame 4 A=9/ R
(i’,j, k) unit vectors for Cx'y’z’ frame iz p=4/31
I rotor inertia about transverse axis v v=mp/m
I I=1/mP ) angular velocity of rotor
ko ko = 3EI/PP o wy = \/ko/m
/ length of cantilever shaft (wy,wy, ) angular velocity components of disk
m mass of disk Q Q=w/w
mp mass of balancing ball v, angular position of ith balancing ball
n number of balancing balls Y10, W50 balanced positions of the balls

The balancing device was located on the grinder, which was mounted on a vertical shaft. In this
device, several balancing balls were guided to move in an oil-filled circular track in a plane
perpendicular to the rotor shaft. Additional information on the design and installation of the
device is available in this reference. Under certain conditions, the balancing balls moved
automatically to their steady-state positions and thereby reduced the rotor vibration due to
unbalance whirling. In certain other circumstances, the performance of the automatic balancer
was found to be unsatisfactory.

The stability of the dynamic system consisting of the rotor and the balancing device was
considered to provide an insight into the effectiveness of the balancing device in rotor-dynamic
applications. Rajalingham, Bhat and Rakheja studied the stability analysis of undamped dynamic
system consisting of the Jeffcott rotor and a single-ball balancer [4,5]. This study utilized the
linearized equations of motion to identify the stable speed range of the system. It indicated that
the presence of the balancing ball can reduce rotor vibration in certain super-critical speed range
of the system.

Hwang and Chung investigated the stability analysis in the application of a double race
automatic balancing device to balance the Jeffcott rotor [6]. Linear viscous damping was included
in the rotor-dynamic model and the linearized equations of motion were used for the stability
analysis. They identified the balanced steady-state configuration and investigated the system
stability of this balanced steady state using linearized equations of motion. Subsequently, Chung
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and Jang extended the analysis for a cantilever rotor, by including the gyroscopic influence on the
stability of the balanced steady-state configuration of the dynamic system [7].

In addition to the system damping, the nonlinearity of the governing equations has to be
considered for realistic dynamic analysis of the system. Since the motion of the balancing ball in
its track is not restrained, the angular positions of the balancing balls need not vary within small
intervals. Consequently, the linearized equations cannot represent the dynamical system
reasonably well. However, the stability analysis using the linearized equations can provide useful
insight into the stability of the system. Finally, for accurate analysis of the system, the nonlinear
equations must be used with an arbitrary set of initial conditions.

2. Theory

For the analysis, the rotor is modeled as a thin unbalance disk, which is mounted on a flexible,
mass-less cantilever shaft at C, as shown in Fig. 1. As the shaft rotates, the disk undergoes
translation and rotation in three dimensions. The displacement of the mounting point C in the
longitudinal direction is second order compared to those in the transverse directions. A brief
description of the kinematics that will be helpful in developing the equations of motion of the
dynamical system consisting of the unbalanced disk and the balancer balls is presented below.

‘Z

o0

<>

Fig. 1. Stationary frame OXYZ.
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2.1. Kinematics of disk

Under certain conditions, the residual imbalance in the disk can be balanced by using an
automatic balancing device. The device consists of a number of balancing balls that are guided to
move in a circular track with center at C. A rotating reference frame, which is fixed on the disk at
C, is used to express the equations of motion of this dynamic system. Such a reference frame can
be visualized through a sequence of rotations and translations from the stationary frame indicated
in Fig. 1.

During the unbalance whirling motion of the rotor shaft, the displacement component of point
C in OZ direction is negligible. Consequently, point C is considered to move in the horizontal
plane OXY. The predominant component of the angular velocity of the rotor shaft is in the OZ
direction. Thus, it is convenient to visualize the displacement components of the mounting point
C, with respect to a reference frame Oxyz that rotates about OZ-axis at synchronous speed, as
shown in Fig. 2. The displacement of point C in the plane Oxy can be defined by its coordinates
(xc,yc)- Here, the direction of Ox-axis is chosen to be that of CG, from the mounting point C to
the center of mass G of the disk. The rate of change of basis vectors of the frame Oxyz can be
expressed as

di/d¢ 0 w O0][i
dji/dt | = | =0 0 0] ]|j]|. (1)
dk/d¢ 0 0 0]k

In addition to the displacement of point C, the rotor shaft has rotation components at point C
that can be visualized as three sequential Euler rotations at C. A reference frame, which is rigidly
attached to the disk at point C, is more convenient to express the equations of motion. Such a

Fig. 2. Frame Oxyz rotating at synchronous speed.
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frame can be formed by translating frame Oxyz to C and following it up by three Euler rotations.
The translation of the frame Oxyz to the point C results in the frame Cx;y,z;. The first Euler
rotation o about Cxj-axis transforms Cx;y,z; frame to Cx,y,z,. The second rotation f# about
Cy,-axis brings Cx,y,z> to Cx3y;zz. The third Euler rotation y about Czsz-axis completes the
transformation of Cxzy;zz frame to Cx'y’z’. Last three sequential Euler rotations transform

the basis vectors as

i cosy siny 0] [cosp 0 —sinf][1 0 0 i
i | =1|-siny cosy 0 0 1 0 0 cosa sina||j|. (2)
K’ 0 0 1||sinf 0 cosp 0 —sina cosa| |k

The rate of change of the transformed basis vectors can be expressed as

di' /dt 0 o -0y [
dj//dt = —Qy O Wy j/ 5 (3)
dk’/dt wy —oy 0 K

where w,,w, and w. are the components of the absolute angular velocity of the disk in Cx'y’z
frame. Using Egs. (1) and (2), the expressions for these components can be obtained as

Wy = &COoS fcosy + Bsiny 4+ w (—cosasin fcosy + sinasiny), (4a)
Wy = —acosfsiny + B cosy + w(sinocosy + cos o sin ffsin y), (4b)
. =+ &sin f 4+ wcosacos f. (4¢)

Since the variables o, f8, & and f3 are first-order quantities, the angular velocity component of
the shaft at C in the axial direction can be approximated from Eq. (4c) as y + w. However, in the
absence of torsional vibration, this axial component of the angular velocity must be equal to the
speed of the shaft. Thus w, = w, and consequently, the variable y must remain constant. For
vector method, such a first-order approximation for the angular velocity of disk in the axial
direction is acceptable. However, for scalar energy approach, the second-order error term in this
angular velocity component contributes an additional term in the kinetic energy expression.

For the present vector analysis, this constant value of the variable y can be chosen to be zero.
The remaining angular velocity components can then be approximated from Egs. (4a) and 4(b) as,
wy ~ (0 — pw) and w, ~ (f + oaw).

Under first-order approximation, Eq. (2) can be simplified to i =i + fk’, j=j — ok’ and
k = —fi’ + of + k'. Consequently, the velocity and acceleration of the point C in Cx'y’z’ frame
can be approximated as

Ve = vewl + vy

ac = acyl +acgyj, Q)
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where
vew = (Xc — wye),
vey = (e + wxc),
doy = ()’éc — 2wy — cozxc),
acy = (j}c + 2wxc — CUz)’c)- (6)

Owing to the choice of the reference frame, the position, velocity and acceleration of the center
of mass of the disk relative to C approximate to

rGIC = 5i/,
Voo = wdf,
aGic = — wzéi’. (7)

The balls of the automatic balancer moves in Cx’y’ plane along a circular track, centered at
point C. The locations of these balls in this track are defined by their angular positions
v, i=1,2,...,n,as shown in Fig. 3. The velocity and acceleration of the ball relative to C can be
approximated to

veie = R(w + ) (—sin i’ + cos yj') + (vgc) K,
agc = — R{(w+ )’ cosy +  siny}il — R{ (0 + xﬁ)z siny — 1 cos np}j/ + (agc) K. (8)

!
z

Fig. 3. Frame Cx'y'Z frozen to disk.
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Here, the components (vpc). and (ap c). in Eq. (8) are due to the rotation components of the disk
about Cx’ and Cy’ axes. Their expressions can be obtained as

(UB\C)Z, = R(a)xr siny — w, cos lP),

(agic) . = R{(0w + 200y + 0oy sing + (—dy + 2jo, + wwg) cosy}.

2.2. Equations of motion

The inertia effects of the disk can be represented by the inertia force F;p at G and a couple Mp.
These inertia force and couple can be expressed as

Fp= — m(acx/ — wzé)i/ — WlaCy’j/,
Mip = — L (g + )i — I 0y — 0oy)j.

Under the first-order approximation, the inertia force F;p can be moved to the point C and the
resulting change in inertia couple M;p for such movement of the inertia force is negligible.
Further, the moments of inertia about axes Cx’ and Cy’ can be regarded as equal.

The inertia effect of the ball can be represented by the force F;p at B. The expression for this
inertia force becomes

Fip = —mp(ac + apc).

The component of the moment of the force F;z about axes Cx’ and Cy’ can be expressed as
—mpR(apc), siny and mpR(ap|c). cosy, respectively. Since the mass ratio mp/m is small, these
moment components can be neglected in comparison with those of Myp.

The elastic force and moment acting on the disk at C can be expressed as

Fpp = —4ko(xci +yci’) — 2kol(= i’ + o),
Men = — kol (vl — xcf) — kol + i),
where
ko =3EI/P.

The damping effect for translation of the disk in the surrounding air can be represented by
the force Fpr = —cr(ve + vg ) at G. This first-order damping force can be shifted to point C,
and the error associated with such a shift is a second-order couple, which can be neglected.
Similarly the moment Mpg = —cr(wyi + w,j') is introduced to represent the damping effect due
to the rotation of the disk. Since the disk is assumed to be thin, the aerodynamic force associated
with the rotation of this disk about Cz’-axis is not considered in the analysis. Further, the
damping effect on the ball for its relative motion in the track is represented by a damping force of
magnitude cgRw in the direction opposite to its relative motion in the frame Cx'y’z’.

The force and moment balance in Cx’ and Cy’ directions become

(m+ I’lWlB)()%C — 260))C — a)2XC) + CT(XC — a)yc) + dkoxc — 2kolp
=Y mpR{(@+ ;) cosy; + i sin g} = ma’s, ©)
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(m + nmp) (¢ + 2wxc — 0*ye) + cr (e + wxc) + dkoye + 2kolo

=" mpR{(© + ) sin g, — ), cos p} = —cros, (10)
1(8+ w’a) + cr(6 — of) + 2kolyc + 2kolPoe = 0, (11)
I(B+ &*B) + cr(B + w2) = 2kolxc + $kol*B = 0. (12)

The equation of motion of the ith ball in the direction of its relative motion in the track can be
expressed as

mpRY; + cpRY; +mp{ (5 + 2wxc — 0’pe) cosy; — (¥¢ — 2wjc — w’xc)sinyg;} = 0. (13)

For the investigation, the displacement and rotation components are nondimensionalized as
fc=xc/6, Jo =y¢/d, @ =al/d and f = plI/5. The variable 7 = wyt is used to represent the non-
dimensional time. Here wy = /ko/m, is the characteristic bending frequency of the rotor. The
other nondimensional parameters needed to rewrite Eqs. (9-13) in nondimensional form are
defined as v =mp/m, I = I/mlz, A =mgR/md, ¢r = cy/mwy, ¢r = cr/lwy, g = cg/mpwy and
Q = w/wy. Denoting the derivatives of the nondimensional variables with respect to the
nondimensional time wg# by the superscript (), Egs. (9-13) can be rewritten in nondimensional
form as

(1 + nv) (¥ — 2Q5, — Q*%c) + er (X — Q) + 4%c — 2

—Z)»{(Q—Hb;)zcosw,-—l-%/ simp,.} — (14)
(14 m) (7t + 205 — @jc) + er (e + Q%c) + 47c + 24

= M@+ ) siny; — i cosm} = —erQ, (15)

I(8" + Q%) + Ieg(d — QB) + 25 + 33 =0, (16)

i(ﬁ" + 925) +Ieg (ﬁ" + Qoz) —2%c+3p=0, (17)

W+ aegy + v (P + 20X — @%fc) cosy; — (¥ — 2Q — Q%) siny;} =0.  (18)

At steady state, the derivative terms in Eqgs. (14-18) become zero. When n>2, the system of
modified equations has two categories of solutions. The most useful category of balanced steady
state corresponds to ¥¢c =0, o =0, 4 =0, f =0, Y cosy; =—1/4 and ) siny,;, = ¢r/2Q. In
addition to this balanced steady state, the system has several other unbalanced steady states,
representing possible modifications of rotor whiling due to the presence of the balancing balls.
However, the stability analysis of the balanced steady state is expected to provide valuable insight
that will be useful in designing an effective balancing device.

For the special case n = 2, the balancing balls have well-defined balanced steady state positions.
At this stage, the analysis is continued with two balancing balls. The angular positions of the balls
in the balanced steady state become Y, = ¥/, and ¥, = V5, where cosy;, + cosy,, = —1/4 and
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siny oy + siny,, = ¢r/2Q. These balanced positions of the balls can be expressed explicitly as

Yo =71 —,, — Yy and Yoy = © — Y, + Y, where ,,, = arctan(¢7/Q) and cosy, = 1/24cos,,.
Since cosy,<1, such balanced positions of the balls are possible only when

v > 0.54,/(1 + ¢ /Q%). Here, the parameter A = &/R represents the residual unbalance in the

rotor. Thus, the complete balancing can be realized only when the mass ratio exceeds a lower
bound, which increases with the residual unbalance of the rotor. This condition for the existence

of the balanced steady state can be rewritten alternatively as Q>¢r/4/ (2v/ /1)2 — 1 and v=0.54.
Thus, the balanced steady state is possible, only when the speed exceeds a certain lower bound.

2.3. Small perturbation of equations of motion about balanced position

Considering the perturbations ¢, =y, —,, and ¢, =, — 5, to be small, the linearized
equations of motion can be expressed as,

(1+ 2v) (% — 2Q5 — @*%c) + &r (% — Q) + 4% — 2
—2{(s19] +2c1Q¢} — 512°¢,) + (520 + 22Q¢| — $:Q%¢,) } =0, (19)

(14 20) (L +2Q% — Q*5¢) + e (Fe + Q%) + 4P + 24

+ 2{(c1¢] — 251Q¢" = c1Q*},) + (20 — 25:Q0, — 2Q%¢,) } =0, (20)
I(a" + Q%) + g (a0 — Q) + 25+ 3 =0, (21)

(' + @) +er(F +Q7) — 25 + 48 =0, (22)

AP+ 2epd +v{ (T + 2095 — @) e — (R — 295 — @*%c)s1} =0, (23)
Ay + 28y + v{ (Ve +2Q% — @*pc)er — (X — 207 — @*%c)s2} = 0. (24)

Here ¢; = cosyr g, c2 = cosryg, 51 = siny, and 5o = sin if,.

Substituting the modal solutions X¢ = Xcexp(swot) etc., Egs. (19)-(24) can be expressed
as a system of three matrix equations in three modal vectors {¥¢ j-}T, {& p}' and {¢; ¢,)".
Eliminating the last two modal vectors, the matrix equations can be simplified to

gi(s) —his) | [ X 0
| wt={ok 25)
h(s)  g,(s) Yc 0
where the diagonal terms g,(s) and g,(s) are sixth degree polynomials in s, while the off diagonal

term A(s) is a fifth degree polynomial. The characteristics equation of the linearized system
becomes, ¢,g, + h* = 0. Routh’s criteria can be used to study the stability of this system.
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For the special case of the undamped linearized system, the expressions for g,(s), g,(s) and A(s)
can be expressed as
91() = {s* + @+ ws* + (u+ (@4 — W — %5}
+ @n){@s* + p@*s — (u2* + Q%) }
+ (v/222){s® + (n+3Q%)s* + (2uQ* + 302%)s* + ((nQ* + Q%)) 1,
g2(8) = {"+ 4+ ws* + (u+ @ — Q@ — Q")s}
+ (2\)){56 + (,u + 492)34 — 3(,qu + 94)s2}
+ (v/227){=s* = (1 +3Q%)s* — (2uQ* + 3Q%)s* — ((uQ* + Q%)) },
h(s) = 2Qs){s* + (1 + Q%) 57} + (4vQs){ Q*s* + (nQ* + Q") }, (26)
where, u = 4/31.

The characteristic equation g,g, + 4> = 0 for the undamped case has terms in even powers of s
only. The frequency equation of this system can be expressed as

910p)92(ip) + 1*(jp) = 0. (27)

This twelfth degree frequency equation for the case of the undamped system has six roots for p?,
corresponding to the six vibration modes. For stability, all of these six roots for p?> must be positive.
Whenever this system is stable, the response of this undamped linear system from any arbitrary
initial position must always oscillate around the balanced steady-state configuration. In the presence
of damping, this linear system response must approach this balanced configuration asymptotically.

For linearization of the system, the variations in the angular positions of the balls were assumed
to be small. Since this assumption is not strictly justifiable, the nonlinear equations of motion are
more appropriate for the investigation of the response of the dynamical system from any arbitrary
initial configuration.

3. Results and discussion

The steady-state solutions for the displacement and rotation of the unbalanced rotor alone can
be obtained by setting mpg = 0 in Egs. (9)—(12). In the absence of damping, the steady unbalance
whirling configuration can be deduced as

xc= —{Q(u+2*)s}/{Q" — (4 - W@ — u},

Ye =0,
=0,
Ip= —{2Q%}/I{Q" — (4 — Q* — u}. (28)

Thus, the whirling amplitude will become infinite, at the speed for which
Q' — (4 — )Q* — u=0. The explicit expression for this critical speed can be deduced as

Q. = \/ { V@ —u+12/H+Q2—u/ 2)}. The expression indicates that the critical speed decreases

from 2 to 1 as u increases from zero to infinity.
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An insight into this critical speed can be achieved by examining the natural vibration of the
undamped rotor alone. The modal equation for this case can be simplified as

go(s) —ho(s) | [ Xc 0
PN PR { } (29)

ho(s) — go(s) Ye 0
where go(s) = {s* + (4 + s> + (u + (4 — WQ* — Q%) and hy(s) = 2Qs){s> + (u + Q?)}. For phy-
sical interpretation, the frequency equation of this undamped rotor in the synchronous rotating
frame can be factorized into the forward and backward frequency equations [2]. From Eq. (29),

the forward frequency equation of the undamped rotor can be expressed as g,(jp) + jho(jp) = 0.
Using the expressions for gy(s) and Ay(s), this forward frequency equation can be simplified to

(P4 +29p3 — 4+ wp3 — 22(u+ )po + (1 + 4 — W — 24} =0. (30)

Comparison of Egs. (28) and (30) indicates that the whirling amplitude becomes infinite at the
speed for which the natural frequency of the rotor in the synchronous rotating frame vanishes.
The variations of the four natural frequencies of the rotor with speed for the case I = 0.25 are
shown in Fig. 4 as continuous lines. The frequencies g, = p, + 2 in a stationary frame are
indicated by the dashed lines [2]. Thus, the critical speed of the rotor coincides with the forward
synchronous natural frequency of the rotor in a stationary reference frame. Information on the
effectiveness of the automatic balancer around this critical speed is very useful in suppressing the
whirling amplitude of the rotor.

1]

ional Freq

ﬁ;

Il

Non-dimensional Speed

Fig. 4. Variation of rotor frequencies with speed, 7 = 0.25: , rotating frame; ————, stationary frame.
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The presence of the balancing balls modifies the rotor frequencies and introduces two
additional frequencies. Furthermore, the balanced steady state of this system is stable only when
the natural frequencies of all six natural modes are real. The roots of the frequency Eq. (27) of the
undamped system depends on the nondimensional speed Q and the system parameters I, v and /.
For physical interpretation, it is desirable to replace the parameter 1 with 4 = (v/1) = (6/R),
which represents the residual unbalance in the rotor.

Having chosen I = 0.25 and A = 0.05, the mass ratio v was varied from 0.01 to 0.10 in steps of
0.01, and the corresponding speed ranges within which the frequency equation (27) has six
positive roots for p? were identified. For this purpose, the speed Q was first varied from 0.1 to 5.00
in steps of 0.1, and the particular steps within which the stability boundary speed lies were
identified. The stability boundary speeds were then calculated to five decimal place accuracy. The
variation of the stable speed range with mass ratio for the case I = 0.25 and A = 0.05 is shown in
Fig. 5. Repeated computations using various combinations of the system parameters I, v and A
indicate that the linear undamped system remains stable within one or more intervals of speed.

For the case I = 0.25, v = 0.05 and /4 = 0.05, the variation of the undamped system frequencies
with speed is shown in Fig. 6. This result indicates that the number of stable modes of the
linearized system at the nondimensional speeds 2 = 1.0, Q =25, Q2 =35and 2 =45as4,2,6
and 2, respectively. When the nondimensional speed Q lies between 3.1907 and 3.7059, all six
natural modes of the system have real natural frequencies and consequently, the balanced steady
state is stable within this speed range.

When the undamped linear system is stable, its response from any initial conditions is known to
be a mixed mode oscillation about its steady-state configuration. Further, the presence of

5.0

45 1o
40 \\.‘_ Unstable
\ \\\
\\‘

3.5 .

Bl
Stable |

-t
2 Unstable
7]

0.5

0.0
0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

Mass ratio

Fig. 5. Variation of stable speed range with mass ratio, 7 = 0.25, A = 0.05.
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Frequencies of stable modes
w

,.-’"7
o /
{_
/
r

]
T—
r‘"-/

0.0 1.0 2.0 3.0 4.0 5.0
Speed

Fig. 6. Variation of frequencies of stable modes with speed, I = 0.25, v =0.05, A = 0.05.

damping in a stable linear system dissipates the vibrational energy and enables the response to
approach this steady-state position asymptotically. Thus, the computation of the response of the
linearized system at a stable speed can be used to evaluate the accuracy and suitability of the
numerical methods for such response studies.

Fourth-order Adams—Moulton predictor—corrector method is used iteratively to compute the
response. The response values for the first four starting steps were obtained using a sixth-order
Runge—Kutta method with known error estimate. The initial step size in the Runge-Kutta
algorithm is controlled to keep the local accuracy to the fifth order. A trial application of this
algorithm to the damped linearized system justifies its suitability to study the response of the
nonlinear system.

Owing to the unrestrained motion of the balancing balls in their track, the linearizing
assumptions that the variations ¢, =y, — o, and ¢, =, — ,, of balancing ball angular
positions are small are not justifiable. Further, when /| and ¥/, are not small, the linearization of
the centrifugal force term in the equations of motion could possibly introduce additional errors.
Thus, it becomes necessary to study the system response using the nonlinear governing equations.
The system parameters for the non linear system response study are chosen as I = 0.25, v = 0.05,
A=0.05, ¢r = %/.O, cr = 1.0 and ¢p = 1.0. The initial conditions, ¥¢c =y, =0, X, = - =0,
a=f=0,d=p =0,y, =0, y, = n, | =, =0 are used for the nonlinear response analysis.

At Q = 3.5, Fig. 6 indicates that the linearized undamped system is stable. The results of the
nonlinear response analysis indicate the variations of the displacement components ¥¢ and j.
with time wqt at speed Q = 3.5 as shown in Fig. 7. The corresponding variations of the rotation
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Fig. 7. Variation of displacement components with time, [ =0.25, v=0.05, 4 =0.05, Q=3.5:

Fig. 8.
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Fig. 9. Variation of angular positions of balls with time, I =0.25, v=0.05, 4 =0.05, Q=35 — ¥ ;

components & and f3, and the angular positions y, and \, of the balancing balls are shown in
Figs. 8 and 9, respectively. At Q = 3.5, the steady-state angular positions of the balancing balls
can be calculated as y,, = 1.6653 and {,, = 2n — 2.7036. The response clearly converges to the
balanced steady-state configuration of the system.

There is a possibility of collisions of the balls within the track during this response period. Since
the velocities of the masses are exchanged during perfectly elastic collisions of equal masses, the
consequence of such collisions can be ignored in the response computation.

The system has unbalanced steady states also. The influence of the initial conditions on the
system response is investigated by changing the initial ball positions to y, =, =0, while
maintaining the other initial conditions at their earlier values. The response of the system under
the modified initial conditions is shown in Figs. 10—12. In these variations, the balls move together
in complete circles and the system response does not approach a definite steady state. Further, the
nature of this limit response can be understood from the plot of j. against X¢, shown in Fig. 13.
In this case, the limit response of the system can be identified as a limiting cyclic motion around an
unbalanced steady state. Thus, the initial positions of the balls have significant influence on the
ultimate steady state of the system. Further, it demonstrates the limitations of the linearized
analysis of the system.

The former initial conditions ¥, = 0 and , = n are restored for further response studies at
Q=45 Q=25and Q = 1.0. Linearized undamped analysis indicated that the balanced steady
state of the system at these three speeds is unstable. However, Figs. 14-19 reveal that the system
responses at Q@ = 4.5 and Q = 2.5 for the chosen initial conditions are stable and ultimately
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approach the balanced steady state. Thus, the linearized undamped analysis is not accurate
enough to predict the stability of the balanced steady state. As mentioned earlier, the linearizing
assumption that the variations of i/, and y/, remain small is not justifiable. The cyclic nature of the
variables y/,and \,, and the strong nonlinearity in the centrifugal force term in the equations of
motion suggests the necessity of nonlinear analysis for this system.

Because of the presence of damping in the system, the balanced steady state is realizable only
for higher speeds in the range 2>1.1547. Thus, at Q = 1.0, the system does not have a balanced
steady state. Figs. 20-22 indicates the response of the system at Q = 1.0. In this case, the balancing
balls move towards the same angular position \; = /,, which corresponds to an unbalanced
steady state of the system (Fig. 20) [4].

In the present response analysis, a set of 12 initial conditions are used in addition to the seven
nondimensional parameters that identify the system. Owing to the possibility of large number
data sets, the system cannot be analyzed completely. For certain data sets, the response stabilizes
to either a balanced or an unbalanced steady state. In certain other cases, the response is found to
approach a limit cycle.

The scope of the present investigation is restricted to the analysis of the system response at
constant operating speed. The balancing device that suppresses whirling motion of the rotor for
all possible initial conditions is considered to be effective. This investigation is a step in identifying
the factors that enhance the effectiveness of the balancing device. Analysis using a simplified
system model must be attempted first to identify the factors that can enhance the effectiveness of
the automatic balancing device.
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4. Conclusions

The suitability of automatic balancing devise to completely balance the residual imbalance in a
disk mounted on a flexible cantilever shaft is investigated. The translation and the rotation of the
disk during unbalanced whirling motion and the consequent damping influence are considered in
the analysis. Seven nondimensional parameters are used to define this damped system.

Two balancing balls are used to realize the balanced steady-state configuration of the system.
A minimum mass of the balancing ball is required to realize this balanced steady state. Besides the
balanced steady state, the system has several unbalanced steady states.

Linearized vibration analysis of the system about its balanced steady-state configuration is used
to determine the stable speed range of this state. The more accurate nonlinear response analysis
showed that the linearized stability analysis is not always accurate. In certain cases, the nonlinear
response is found to depend strongly on the chosen initial conditions.

The nonlinear response analysis of the system indicates that the system either stabilizes to a
steady-state configuration or settles down to a limit-cycle vibration. In certain cases, the initial
conditions play a decisive role in the determination of the ultimate state of the system response.
However, the investigation revealed that, under certain conditions, the system stabilizes to its
balanced steady state and thereby balances the residual imbalance completely.

Because of the complexity of the system model, the analysis could not pin point directly the
factors that can enhance the effectiveness of the automatic balancing device. Analysis using a
simplified system model is more appropriate to eke out results that are more useful to the design
of an effective balancer.
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