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Abstract. A model of a self-balancing deviceis proposed in the article;it is
installed with an eccentricity relative to the axis of symmetry of the rotor,
and the ball races have a certain horizontal axis of rotation, that is, the
balancing masses have an additional degree of Based on differential
equations of motion, the issue of the existence of stationary motions was
investigated for various combinations of the installation of a balancing
system, with regard to certain eccentricity and angular error, and the rotation
of the ball races around the horizontal axis. The numerical solution of the
differential equations of motion of the rotor with two balancing balls is
obtained and the analysis of the obtained results is conducted. Keywords:
self-balancing device, rotor, multi-row races, eccentricity, angular error,
imbalance.

1 Introduction

There is a problem of reducing unwanted vibrations of rotors mounted on an elastic shaft,
which occur due to system imbalance in the case of supercritical angular velocities. The
article is devoted to the study of the dynamics of the rotor at supercritical angular velocities,
with regard to the self-balancing device (SBD). Solving the problem of dynamic balancing
of an unbalanced rotor using a balancing device is currently a rather difficult problem since
the differential equations of motion are nonlinear and, depending on the model used, have a
high order. Therefore, the solution to the problem of dynamic balancing of an unbalanced
rotor, for example, using a ball multi-row self-balancing device (SBD) isan urgent problem
at present. A sufficient number of scientific publications are devoted to the issues of rotor
dynamics with self-balancing devices [1-12].

In these publications, the fundamental results of the dynamics of motion of an unbalanced
elastic rotor were obtained with regard to the eccentricity of the center of the self-balancing
device, when the race of the balancing balls has a circular or elliptical trajectory. In the case
of a circular trajectory, the conditions for the existence of various types of stationary motion
with the arrangement of balls along the raceare obtained, and the analysis of the obtained
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conditions is conducted. The issues of the stability of particular motions and the passage of
the region of critical velocity by the rotor are investigated. In the case of an elliptical race, it
is shown that a fully balanced mode is not realized, but there existsa semi-balanced stable
stationary motion. It should be noted that in these publications, for specific values of the
dynamic and kinematic parameters of the system, numerical results were obtained in the rotor
acceleration mode and at a constant value of the torque applied to the rotor axis. The
conditions for the existence of this mode were analytically obtained, the question of the
stability of the precessional motion of the rotor on elastic supports was investigated, and the
analysis of the stability conditions obtained was conducted.

In [8], a full-scale experiment was conducted and an extensive analysis of the dynamics
of the SBD was performed, taking into account external damping, friction forces, inertia
forces, and eccentricity of the balancing system.

In [13-19], a dynamic unbalanced rotor with various designs of the SBDwas considered.
In particular, in [15-19] the results of modeling ball balancers installed in a rotor system were
considered, taking into account external excitations. It was shown that balancing balls
couldbalance an external force by changing their position; the motion of a multi-mass passive
type self-balancing device installed on a rotary machine was studied. Equations of disturbed
motion were obtained, and the possibility of depression of equations in independent variables
was shown. An analysis of the structure of the system of equations of motion was performed.
The features of some special cases were considered, and analytical and numerical studies of
the motion of an unbalanced flexible rotating shaft were conducted; the shaft is equipped
with balls, the masses of which are distributed along its length. As a result of the study,
various models of the SBD for balancing the rotor were proposed. Using the Lagrange
method, nonlinear equations of motion were obtained and the balancing effect of the system
under consideration was studied within the framework of classical mechanics.

In [20, 21], a mathematical model was developed and the dynamics of various thin-walled
elements of elastic structures was studied taking into account the dissipative characteristics
of a material with a liquid dynamic absorber. In numerical studies, the expression for the
logarithmic decrement of vibrations was determined and the effectiveness of a liquid-type
dynamic absorber for damping harmful vibrations of a plate at low frequencies was shown.

A model of aself-contained balancing device was proposedin [22]. The dynamics of the
self-balancing device under rotation of the rotor at critical angular velocities was studied. The
nonlinear dynamics of the motion of a rotor with two racetracks and two balls was studied
numerically at a constant velocity of rotation and in an accelerating mode of motion of the
rotor.

The above is a review of only some of the known publications related to the study of the
dynamics of theSBD. According to the formulation and the results obtained in the above
studies, one can notice the incompleteness of research on a multi-row SBD, especially when
a multi-row self-balancing device has not only an eccentric center but also angular errors.

Therefore, the study devoted to solving these problems is relevant.

2 Mathematical formulation of the problem

The self-balancing system is an absolutely rigid rotor in the form of a cylinder mounted on a
vertical elastic shaft on two supports. The model considered in [1-4] is takenas a
mathematical model, with the addition that circular race lines (tubes) can perform rotational
motion around one specific horizontal axis. It is assumed that the rotor is a cylinder of small
height and performs a plane motion (in the framework of the Jeffcott model). The distance

between the geometric center (Jand the center of gravity G of the cylinder, i.e., static
eccentricity, is denoted by s,. There is a balancing device to eliminate the imbalance of the
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cylinder in the form of circular tubes with balls of various masses, centered atpoint O,.
We introduce the parameters s, = OO, and the angle of y=_/0,0G between the
directions OO, and OG , which characterize the eccentricity of the center of the balancing
system. We introduce the angle /3 between the horizontal axis of rotation of the tube and the
direction OO, (Fig.1). For the convenience of comparing expressions, the main notation is
taken as in [1].

(’(r,y\ - > x:’
B X

Fig. 1. Rotor with balancing system.

To describe the state of the system, we introduce a fixed coordinate system Bxyz with
the Bz - axis parallel to the rotation axis passing through the support points. The Bx, By
axes lie in the plane of static eccentricity. A moving coordinate system O&n¢ is also

introduced, located at the fixing point and rotating with the rotor. In this case, the direction
of the O& -axis coincides with the Bz -axis. To determine the relative motion of the ball

races and balancing masses, we introduce moving coordinate systems 01)6 ;Y ;Z; connected
with tubes, the beginning of which is located in the center of the balancing system O, . O,y f

-axes are directed along the horizontal axis of rotation of the tubes, and the O,x ; and O,z I

axes form the right-hand coordinate system (Fig. 1).
The degree of freedom of the system (Fig. 1) is £ =sx(n+1)+ 3. Thus, x, y are the

coordinates of the center of mass of the rotor, & is the angle of rotation of the rotor around
the vertical axis, & ; (J =1,...,8) are the angles of the greatest inclination of the plane of the
tubes to the Bxyplane. To determine the position of the balls inside the tube, we introduce
the angles (Dﬁ(i =1,...,n; j=1,..,5) between the Oly_/ -axis passing through the center

ofrace circles, and the radii drawn from the center of circle to the balls.

The mechanical system has geometric constraints. Lagrange's equations in generalized
coordinates are used to derive differential equations of motion.

The kinetic energy of the system can be written in the following form:
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T= ;m v0+ Jt92 MgV +— Z (J, & +J, stmzaj+Jz/Z¢9.zcoszaj)+

b/}

S

1
+ 22 Zmll /t’

Jj=1
Here, \7G is the velocity of the center of mass of the cylinder; \701 is the velocity of the

center of the balancing mechanism; V ji is the velocity of the ball located in the tube with

serial number j; m ,,m;. ,m; are the mass of the rotor, the mass of the balancing device

Ji
and the mass of the balls, respectively; /g, is the moment of inertia of the rotor relative to
the main axis of the rotor; J ¥ > J J _ are the moments of inertia of the tubes relative to
the main axes of inertia.

The introduced values are defined as follows:

o= (X —5,8in 08)i +(+s5,c0s60)] ;
V, = (k—s,sin( @+ )0)i +(j+s,c08(0+ )0 ;

—(x+(—s2s1n(9+,6')+r cOSQ ; sind +r; smgoj cosé‘cosa = sm(pﬂ smaj sméaj+

+(Sin¢’ji c0s6+c0sq)ﬁ cosa ~sin§) r. ‘/)ji )i+ (y+(s2 cos(0+ﬂ)—rj c0SQ j; cosO+

+rj Sm¢]l COSG(J J

+(rjsm(pﬁ cosajaj+rj(pﬁ COS(pjl-smaj)k, 0=0+y+p,(j=l,...,s; i=l,...,n).

sind)0+r smgoﬂsma cos5a +r. gbﬁ(singoﬁ smé—coswﬁcosajcos§))j+

Therefore, the kinetic energy of the system in explicit form in generalized coordinates has
the following form:

(m +mﬁc+z Zmﬂ)(x +y )+ Z (JG+JZ,Z coszocj+Jx,Z sinzocj+mps|2+mﬁps2

J=1 =l /1

S n
+D° > m(s; +2r,5,(sin @, cosa; sin f—cosp,, cos B)+7,”(cos’ g, +sin” @, cos” a,)) 6 +
F=RrE]

+%Z (J},/2+Zmﬂ/ sin goﬂ)a +—= z Zmﬂr/ (oﬂ-v—m s&(ycos@ xsin 0) +

,1 i=1

+mg,s, O(jcos(@+7y)— xsm(0+;/))+z z X (= szsm(y+0)9+r(6?cosa +¢,)sin @, cos S +

J=1 =l
+7r,(0+@;, cosa,)cosg, sin 6 —r; sin @, sin a; sin 5a ;) + y(s, cos(d + )0 +
+r(fcosa; +¢,)sin @, sin 6 —r,(0+@, cosa;)cosp; cosd +r;sin ¢, sin a; cosda;) +
. . 2 A e . .
+((sin @, sin f—cos@; cosa; cos f)s,r; +1; cosa,)0p, + (s,r; cos Bsin @, sin o, —

2 . . A .
—r;sing;,cosp,sina,)ba,].
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IYz%k(x2 +3%)

If we take into account the potential energy of the elastic shaft and the external
dissipative function in all variables, then we have:

1 )2 2, .2 o 2 O N 2
F = 5[096’ +c(x"+y )+ca2aj +C¢Z Z(pﬁ].
j=1 j=1 =l
In generalized coordinates, the equation of motion is written in the following form:

M+ ci+ kx=[m,s, cos¢9+(mu,(,+z D m,)s, cos(6+y)— Z Zm/, r,(sin @, cosar; sin 6 —

j=1 =l i=

—Cos P, c0s 5)19’ +[m, s, sin 0+ (m,, +z z:mﬁ)s2 sin(9+}/)+z Zmﬁrj sin @, cosa; cos S +

j=l =l J=l =l

+cos g, sin 5)6 + Z Zmﬁrj[(cos @;;cos 5 cosa,; —sin @, sin 8)@;, —sin @, sin acosédﬁ)]é—

j=l =l

—Z Zm/,/d [(sin ¢, 085 +cos @, cos @, sin )@, —sin ¢, sin &, sin ¢, ],

j=1 =l

My+cy+ky=[m slsm6+(m6(+z Zmﬁ)szsm(9+y) Z Zmﬂ/(smgoﬂcosa coso +

j=1 =l j=1 =l

+00s @, sin 5)]0'2—[mps] cos0+(mﬁﬂ+z Zmﬁ)vzcos(0+7)+z Zmﬁrj sin ¢, cos; sin & —

j=l =l j=1 =l

(M

+cosg;, cosﬁ)é—z Zmﬁrj[(cos @;;cos@; sin +sin @, sin §)¢,, —sin @, sin asin 50}/.‘.)]9.—

j=1 =l

—Z Zm T (sm @;;8in 6 —Ccos @, cosa, cosO)@p,, +sin ¢, sin a; cosoc, ],
Jj=1 =l

m, j(p”+m 78I @, (Xcos S + ysin 6)+m 1, cos @, cosa; (¥sin & — jcosd) +
d._ . . 2 : .
+m, —[(sin ¢, sin f—cosg, cosa,cos B)s,r; +r; cosa,)0]—[m,r;s,(cosp, sin B+
+sin ¢, cosa; cos ﬂ)Hgoﬂ + mj.,.(rjs2 cos @, sin «, cos f3— r; sin 2¢;,; sin 0{_/.)00{]. +
. . 52 2 -2 : 2
+mr;s,(sin @, cos f+cosg, cosa, sin $))0° —m r; sin” a; sin 2¢,07]—
2 P . . .
—mr; Sin @, COSQ A, =—C P, —m,;gr;cos @, sin aj,(z—l,..,n)
< . . . d . .
2[(m”/ sin (p”+J )a,; —m,(¥sin 6 — jcos &) sin @, sin a/.+mﬂ.5[szrjsm(pﬁsmaﬁcosﬂ—
—r’sin @, cos@,sina; )0 +2mﬂrj sin ¢, cos @, ¢, —m[(s,r; cos @, sin cosﬁfrj2 sin ozj)¢9'gb/1 +
+(s,7; cos Bsin @, —r,z sin ¢, ) cos ()(J.HL:(/.]—[E(JX2 =J,)sin 20, + m(=s,r; sin Bsin psina;) -

—r’sin® @ sina, cosa10* =—c, i, —m gr sih g, cosa,,(j=1,.,s)
J Ji J J a”j 18T i o\ sees
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S n n
(mpsl2 +m,5a +ZZmﬂs22 +J; +z ., sin * a;+J_, cos’ a,))0+c,0=m,s (sin 0%—cosy)+
Jj=1 =l j=1

+m,,s,(sin( @+ y)i—cos(6+y)y) —ZZmﬂ(rj sin @, cosa (cos § X —sin & j)) + 7, cos @, (sin 6 X —

j=1 =l
—COS5")—£[(S2+I”2 sin® ¢, cos’ o, +r2cos’ @ +2s,r;sin @ cosa, sin f—2s,r, cos g, cos B)0 +
LSRR j T COS @)+ 25,1 S ¢ C0S & 2l COS @i
. . 2 . . .
+(s2r/.(sm @;;sin ﬂ—COS(pﬂ. cosa, cosﬁ)+rj cosa/.)goﬂ.+(s2rj sin g, sina; cos ff—
) . . .
—r;sing,cosp,sina)a;))+M,.

where M = (m,, +m, +iimji)'

Jj=1 n=1

Often, when studying rotor systems, it is appropriate to use a rotating coordinate system
related to the rotor. To transfer to a moving coordinate system, we use the standard change

of variables. Instead of variables X, ,6, we introduce new variables according to the

following formulas
z=x+iy =0 3+ =(C +(00)’ i+ =(C - 07 +(2£0+ (O)i)e” . @

Substituting these variables into the main system (1), we obtain the following self-
contained system of differential equations of motion with respect tovariable: ¢ ,a 2P

M (=0 +i(2L0+ CO)) + (& +ilO)+ k(e :%{[—mps]i —(m, + ZZ m,)is,e” —

3)

S n
; i) o g (P16
—Z Z mr,(—icos@,e +sin @, cosae 10—
Jj=1 =l

S n
; iBy) s BN+ i ; i) 5 T pi0
—Z Zmﬁrj[(sm ®,e —icosg,cosae ), tisin g, sina e a; e,
j=1 =l

2 e . w5 . =i
mri@,+mr;sin@, (Re(ze ™ )+m,r,cosp, cosa, Im(Ze™™ )+

d._ . . ) : .
+m, E[(Sm @, sin B—cos@, cosa; cos f)s,r; +r; cosa;)0]—[m,r;s,(cos g, sin +

+sin @, cosa, cos )09, +m ,(r;s,cos@, sina;cos f—r; sin 29, sin «;)0c; +
. . A2 2 2 . A2
+mr;s,(sin @, cos f+cosg, cosa; sin )0 —mr;sin” a,sin 2¢,0” |-

2 . 22 . . .
—mr; sin @, cosQ,a; =—c, @, —m,gr,cosg,sna,,(i=1,..,n)
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an“[(mﬁrj2 sin’ @, +J,)a, —m; Im(Ze™)sin @, sin o, +m, %[szrj sin @, sin o, cos 3 —

p

- rj.2 sin @, cos @, sin a/.,.)@] + Zmﬂ.rj2 sin @, cos @, @, —m ;[(s,r; cos @, sin a; cos f— r/.2 sin a/.)égbﬂ. +
+ (5,7, cos Bsin ¢, —rj2 sin gaj.l.)cosozj.é'o'zj.]—[%(J)Cz =J_)sin 2a; —m ;(s,r; sin fsin gsin a; +
+r'sin” @, sin a; cosa ) )10° = —c, &, —m,gr; sin g, cosa,,(j =1,...,s)

S n n
2 2 2 .2 2 .. . . g
(m,s; +mg.s, +Z:Z:mﬁsz +J; +Z (J,sin"a, +J_ cos”a;))0+c,0 =m s Im(Ze™") -

J=1 i=l j=1

S n
+mgs, Im( e 7) =" "m (1, sin @, cosar, Re(2e") — r, cos @, Im( Ze7™) —

j=1 i=l
2 2 2 2 2 2 . - .
—E[(s2 +7;sin” @, cos” @; +r; cos” @, +2s,r,8in ¢, cosa; sin ﬁ—2s2rj cos@;, cos )6 +
. . ) . . .
+(s,7,(sin @;;sin B—cos@; cosa; cos B)+r; cosa, )@, +(s,r;sin ¢, sin a; cos -

) . . .
—r;sing;, cosp,sina)a])+M,.

3 Stationary motion

Below we consider stationary motions at constant angular velocity @ = Vv, that is, partial
solutions are sought in the following form

¢ = Ae” b=y, Q= (0;)1. = const, A = const, @), = const,a,; = 0(;) = const.

“)

Where A and ¢0 are the constant amplitude and phase of the rotational shear.

The necessary conditions for the existence of stationary motion can be obtained by
substituting (4) into (3), i.e.:

[((k _MV2)§0 —cviy)+((k —MVZ)UO +evé)il= [mpsl +(my, + Z\: imﬁ)szeiy -
== %)

S n

0 _i(y+p) P 0 0 _i(y+B) 2

—Z z m,r;(cos Qe —ism @ cosa e e,
Jj=1 i=1

sin @) (Re(Ze ™ ) +cos ), cos ) Im(Ze " ) + (s, (sin @, cos B+ cos ¢, cos x| sin f3) —

S 2 0. on_ & 0 i 0 [+
—r; sin” ;) sin 2(1)_ji)——v—zcosgoﬁsm a;,(i=1,..,n)

is 1
e —i0 . 0 . 0 . 0 . . 0 . 0
—mr; Im(Ze™")sin ¢, sin @; —E(Jx2 —J_)sin 2a; +m ;(s,r;sin Bsin @ sin o +

2 22 0. 0 0y _ 8 -0 0,
+r,/sin” @, snaq; cosaj)——mj,?rjsm(pﬂcosaj.(]—l,..,s)

Thus, (5) are the conditions under which stationary motions of the form (4) hold.
In the general case, finding an analytical solution to system (5) is a rather difficult task.
Therefore, for specific values of the system parameters, for the case when there are two ball
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races and one ball in each of them, the solution was obtained by a numerical method. For the
following values of system parameters

m,=15kg; m;, =0.7kg; m;, =0.05kg; m, =0.06kg;r, =0.03m;r, =0.025m;

,Bz%md;v =600rad / s;

numerical method gives the following values:

g, = 510" m,n,=4.5-10" " m,p,, =—4.7rad , p,, = —11.5rad,
a,=-9.7-10"%rad o, =3.142668-10 " rad

It can be seen that the balls of races are located almost horizontally, the balancing balls
are located approximately opposite to each other, and the rotor performs an unbalanced
rotational motion with a constant angular velocity.

3.1. Special cases

1. In the SBD system, all ball races are located in the same plane at a small angle ofm o
relative to the horizontal plane, that is, not only eccentricity is considered, but also a small

angular error ofmounting.

Assumingthatinsystem (5) 0(10 = a2° =..= af =«a,and sin a, = Q,,Cosq, = 1,

we obtain

k C S n 5 n
(V—Z—M)§0 Mo =m,s Y Y (g +m s, cosy =D Y mr cos(g) + A),
[ ==
c k S n . s .n .
=&~ (= -M)n, = Z Z (my, +mﬁ)sz sm 7_22 mr; sin( (0;')1' +4)), (A=p+7)
4 v == == (6)

&, sin @), + A) =17, cos(@), + A) +s, sin( %, + ) = %cosw%ao, (i=12,.,n;j=12,..5).
‘ v

For i =1,7 =2 (i is the number of balls, j is the number of races), that is, there is one
ball in each race, we have

k_
V2

(

¢ 0 0
M)¢, _;770 =m,s, +(mg, +my, +my,)s, cosy —(m,r;, cos(@y, +A) +myr, cos(@y, +A)),

c k . . .
=& _(Vﬁ_M)Uo = (mg, +my, +m,,)s, sin y —(my,r; sin( (Plol +A)+ my,r, sin( 4921 +A4)), ™)
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& Sin g0, + A) =1, COS(g + M)+, 8in 9}, + ) = cos phat,
&, sin( (/7;)1 +A) =1, COS((DSI +A)+s, sin( (/’31 +p)= %Coswglaoa(g = Vg_z)

The last two relations in (7) after some transformations have the following form:

sin( g, —3,)(17, + gax cosA+s, sin y) =0,
sin( @}, — 9, (&, — garsin A+, cos y) =0.

Here

sin( 40101 - (031) =0, )
or & =—5,C08y +ga,sin A, 17, =—s,sin y—ga,cosA. (9

From (8) we obtain (010 1= (pg1 = k7t , which coincides with the result of thearrangement
of the balls given in [1-2],i.e, ¢, =¢,, =0, @, =0,¢,, =7 and @,, =7, 0, = 7.
In the second case, there is an unbalanced rotational motion of the rotor with a
displacement of the geometric center by the value of
&, =—5,C08y+ g, s A,
1, =—S, 8N ¥ — g, CoSA.

To determine the location of the balls along the race, we substitute (9) into the first two
equations in (7).

k c
mh COS((p]OI +A)+myr, COS((”; +4) :[(V_M)é) _;Uo]_mpsl = (mg, +my; +my,)s,cosy, (10)

. . c k .
m,, 1, sin( (0101 +A)+my,r, sin( W?] +A):[;§o _(F_M)no]_(mﬁc +my, +my))s,sm y,

If m,,r, =m,,r,, then from (10) we obtain the following values for angles (010 1o (03 1

AP+ A2 -2

>

COS(Qﬂl *(ﬂ;) = 5
(11)

Pt P28 _ 4
2 4,
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Where

k c
4, = ([(V_Z_M)go _;UO]_mpsl = (mg, +my +my)s,cosy)/ mn,
c k )
4, :([;50 _(V_Q_M)UO]_(mﬁc +my +my,)s, siny)/ myr,.

Thus, the position of the balls in the races is determined from relations (11), as in [1],
with an offset by an angle A=y + .

2. For A=0, we have a balanced stationary mode. Substituting &, = 0,77, = 0 into (6),
weobtain:

m,s +ZS: i(m&, +m,)s, cosy—i Zn: mr, cos((ofi +A)=0,

j=l =l j=1 =l

Z z (m6c+mji)szsin7_zz mjirjsm((o?[-'-A):O’(A:ﬂ_'-y)
FE=

j=1 i=l

In the general case, the system of equations does not hold. But there are special cases that
coincide with the results given in [1] with an angular accuracy of A=y + f3.

It should be noted that, in the general case, finding an analytical solution to the system of
equations (3) is a rather difficult task. Therefore, equation (3) below is solved numerically
for specific values of the system parameters. Figure 2 shows the numerical results obtained
over time, for the geometric center of the rotor with SBD and the position of the balls for the
following parameters (there is one ball in each race):

m,=15kg;m;. =0.Tkg;m,, =0.05kg;m, =0.06kg;r, =0.03m;r, =0.025m;

o, =a, :%md;ﬁ:%md;ﬁzwo*t;

A(m)

. W’W—\AMA

0000020
0000015
0000010

0.000003

0

0 05 1 t(s)

Fig. 2. Motion of the center of mass of the rotor over time.
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Fig.2 a. Position of the first ball (), ) over

. Fig. 2b. Position of the second ball (@, )
time.
over time

Analysis of the results obtained (Fig. 2a) shows that the rotor, which has a supercritical
rotation velocity, over time makes steady motions in the vicinity of the amplitude value equal

to A=3*10"m .Along with this, the following can be noted: over time, the balancing
balls occupy a certain position in the SBD tube (Figs. 2a, 2b), that is, one of the balls tends

to position @, =0, and second ball occupies position =—0.25rad. Since the value of
2 ?,

the oscillation amplitude of the center of mass of the rotor is quite small, the movement of
the rotor can be considered as semi-balanced.

4 Conclusion

1. A mathematical model of a multi-row SBDwas developed, considering not only the
eccentricity of the center but also the case when the races with balancing balls have an axis
of rotation.

2. The equations of motion were obtained in the form of the Lagrange equations in
generalized coordinates. The conditions for stationary modes of motion of a multi-row
SBDwere also obtained. Some partial cases were considered and the location of balancing
balls along the race was established; semi-balanced and balanced modes of
rotormovementwere considered.

4. At a small angular error of the SBD, the results obtained differ from the previousresults
by a term, which proportionally depends on the angular error of the balancing system.

5. In the case of rotor rotation with a supercritical angular velocity at a small angular
error, when the SBD contains two balancing balls, a numerical result for specific values of
the system parameters was obtainedand an analysis of the results was performed.
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