yu] =,

This paper proposes an experimental method for study-
ing the Sommerfeld effect in auto-balancers or exciters of
resonant vibrations of pendulum, ball, or roller type. The
method is based on the processing of signals acquired from
analog sensors of rotations and vibration acceleration
using regression analysis. The method is tested on a spe-
cially designed rotor bench on isotropic viscoelastic sup-
ports, which executes spatial motion, and an auto-balanc-
er with one ball.

Checking the accuracy of the method using stroboscopic
lighting demonstrates the accuracy of determining the speed
of rotation of the rotor, ball, oscillation frequency of the
rotor, etc. with an error of several hundredths of a percent.

When fixing the ball relative to the rotor, a classic iner-
tial vibration exciter is obtained. The rotor has two reso-
nant velocities. The Sommerfeld effect is almost not man-
ifested. With a gradual increase in the frequency of the
current, the rotor speed increases monotonously. There is
no significant slip or jump in the rotor speed. There are two
distinct peaks on the amplitude-frequency characteristic.
Therefore, such a vibration exciter is not suitable for the
excitation of resonant vibrations.

With the free placement of the ball in the oil, the behav-
ior of the system changes significantly in the vicinity of the
first resonant velocity. The first narrow resonant peak dis-
appears in the roto. Instead, there is a long, gentle resonant
rise. It lasts at a current frequency of 9.4 Hz to 19.3 Hz.
The amplitude at the reference point on the resonant rise
increases from 0.7 mm to 2.84 mm. Therefore, by chang-
ing the frequency of the current, it is possible to smooth-
ly change the amplitude of the rotor oscillations by almost
4 times. The maximum amplitude of rotor oscillations is the
same as at the first resonance with a fixed ball. Due to the
gentleness of the resonant rise, a freely installed ball itself
is a reliable exciter of resonant vibrations

Keywords: inertial vibration exciter, resonant vibra-
tory machine, steady state motion, Sommerfeld effect,
autobalancing, motion stability
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1. Introduction

The Sommerfeld effect in the form of a jam at the res-
onant frequencies of rotor’s unbalanced mass or corrective
loads is known in vibration and balancing equipment. In
balancing equipment, jam modes are undesirable because
they interfere with the onset of an autobalancing mode of
the motion. In vibration equipment, the Sommerfeld effect
is undesirable when accelerating the unbalanced rotors of
above-the resonant vibratory machines and is desirable
when operating resonant vibratory machines whose work is
based on the Sommerfeld effect.

Manifestations of the Sommerfeld effect in various
rotary machines are the object of constant studies. The
corresponding rotary machines simultaneously have several
possible well-established motion modes. Studying their sta-
bility is a complex mathematical problem. In addition, the
stability of a certain steady state motion can be local. There-
fore, the question remains open what motions and how are
implemented in practice. Given this, there is a task to exper-
imentally study the Sommerfeld effect in rotary machines.
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In the case when the unbalanced mass is rigidly bound
to the rotor, there are no fundamental difficulties in investi-
gating this phenomenon. Significant difficulties arise when
loads are stuck in the auto-balancer or at the exciter of reso-
nant vibrations of the pendulum, roller, or ball type. In this
case, the rotor and load have different speeds of rotation, the
loads are inside the body of the auto-balancer or vibration
exciter and are not available for visual observation.

Information about the onset of a certain mode of jamming
is necessary in practice for designing vibratory machines or
auto-balancers, as well as checking their performance.

2. Literature review and problem statement

In 1902, the effect of excitation by an electric motor with
an unbalanced rotor of resonant vibrations of an elastic foun-
dation was discovered [1]. The rotor of the motor itself was
stuck at a resonant frequency and could not accelerate. The
phenomenon was termed the Sommerfeld effect. Fundamen-
tals of the theory of this phenomenon can be found in [2, 3].




They are based on the theory of nonlinear oscillations of
mechanical systems [2], in particular, with a limited source
of energy [3].

When operating resonant vibratory machines, the Som-
merfeld effect is undesirable [4]. It interferes with the acceler-
ation of unbalanced rotors to operating speeds. Therefore, the
area of the relevant research is the algorithms for rotor acceler-
ation [5], techniques for passing resonant frequencies [6], etc.

Ways to employ the Sommerfeld effect to design resonant
vibratory machines were investigated in the following works:

—[7] - for a dual-mass system, on one of the platforms
of which a low-power DC electric motor with a pendulum
rigidly mounted on the shaft is installed;

— [8] — for a three-mass system, a wind wheel with an
unbalanced mass is installed on one of the platforms.

It was found that the pendulum [7], the wind wheel with
an unbalanced mass [8] get stuck at one of the resonant os-
cillation frequencies of the platform, which excites intense
vibrations.

In autobalancing rotary systems, the Sommerfeld effect
prevents the onset of autobalancing and is therefore unde-
sirable [9-14]. Manifestations of the Sommerfeld effect in
autobalancing systems were investigated in:

—[9] — for the rotor performing spatial motion and a ball
auto-balancer;

— [10] — within a flat model of the rotor and a ball au-
to-balancer;

—[11] — for a rotor with a ball auto-balancer mounted
on isotropic supports attached to a massive viscoelastically
fixed foundation;

—[12] — for a rotor with a ball auto-balancer rigidly
mounted on a viscoelastically fixed platform that performs
rectilinear translational motion;

—[13] — for a rotor performing spatial motion and two
pendulum auto-balancers;

— [14] — for an electric motor mounted on a viscoelasti-
cally fixed platform and a pendulum freely mounted on the
shaft of the electric motor.

It was found that loads in the form of balls [9-12] or
pendulums [13, 14] can get stuck at one of the resonant
oscillation frequencies of the rotor, which executes both
flat [10-13] and spatial [9, 13, 14] motions. In this case, the
loads are assembled together, which creates a conditional
folded load. Thus, in [9], it was found that in the case of one
ball auto-balancer, the balls get stuck at the first resonant
speed of rotor rotation. In [13], it was found that in the case
of two pendulum auto-balancers, the pendulums get stuck at
the first and second resonant speeds. From this, we can con-
clude that one auto-balancer can excite resonant vibrations
with the first resonant rotor speed, and two auto-balancers —
resonant vibrations with both the first and second resonant
frequencies.

However, the possibility of controlling vibrations by
changing the rotor speed was not studied in works [9-14].

Taking into consideration the results reported
in[9, 10, 13], it is proposed in [15] to use ball, roller, or
pendulum auto-balancers as exciters of resonant vibrations.
It is clear that when operating a vibratory machine under a
resonant mode, the auto-balancing mode is undesirable.

In [16], within the framework of a flat model of a bal-
anced rotor on isotropic supports with an auto-balancer
of the ball, roller, or pendulum type, theoretically possible
modes of load jamming were determined. In [17], within the
framework of a flat model of a balanced rotor on isotropic

supports, the excitation of resonant oscillations by a ball,
roller, pendulum was investigated. Theoretical research
methods and computational experiments establish the local
asymptotic stability of various steady state modes of motion
of the rotary system.

Such motions can be different modes of jamming, modes
of synchronous rotation of loads together with the rotor.
Theoretical studies and computational experiments do not
make it possible to investigate the area of attraction of each
locally asymptotically stable steady state motion. Therefore,
the question of which motion will be established over time
remains open. The answer to this question, applicable for
the design of both auto-balancers and vibration exciters, can
only be given by a full-scale experiment.

An experimental study of the Sommerfeld effect in the
case of a rotor with an unbalanced mass does not cause fun-
damental difficulties [18]. Thus, the frequency of the current
emitted by the variable-frequency drive is known. The rotor
speed is measured by a tachometer. Amplitude of oscillations
can be calculated by a signal from an accelerometer. In [18],
it was proposed to use wavelet transformations to process
digitized signals.

In the case of ball, roller, pendulum auto-balancers or
exciters of resonant vibrations, the loads are inside the
housing and, therefore, inaccessible for observation. Even if
loads (pendulums) are available for observation on a special
bench, there are difficulties in accurately determining their
jam speeds. Thus, in [13], direct observation of pendulums
made it possible to determine that the speed of jamming of
pendulums coincides with one of the resonant frequencies of
the system. However, this accuracy is not enough to design
resonant vibratory machines with a controlled amplitude of
oscillations. Therefore, it is advisable to devise methods for
studying the Sommerfeld effect in the appropriate rotary
machines and test them on a specific bench.

A promising method of processing signals from sensors
is the method of regression analysis. It was used in [19] to
study the two-frequency vibrations of a single-mass vibra-
tory machine excited by a ball auto-balancer. It is expedient
to apply this method to investigate the Sommerfeld effect in
the case of auto-balancers or resonant exciters of vibrations
of the ball, roller, or pendulum type.

3. The aim and objectives of the study

The aim of this work is to experimentally determine
the patterns of manifestation of the Sommerfeld effect in
a ball auto-balancer (the exciter of resonant vibrations of
the ball type) with a fixed and free installation of the ball
in the auto-balancer. This will make it possible to avoid
ball jam modes in the auto-balancer as undesirable and
provide modes of jamming in resonant vibration exciters
of the ball type.

To accomplish the aim, the following tasks have been set:

—to devise methods to experimentally study the Som-
merfeld effect for auto-balancers or exciters of resonance
vibrations of the ball, roller, or pendulum type; to evaluate
the accuracy of methods;

— by using the devised methods, to investigate the Som-
merfeld effect with a ball rigidly fixed in the auto-balancer;

— by using the devised methods, to investigate the Som-
merfeld effect with a ball freely installed in the auto-bal-
ancer.



4. The study materials and methods

4. 1. Bench description

Fig. 1 depicts a diagram of the bench to study the phe-
nomenon of ball jamming. Fig. 2 shows photographs of the
bench.

The bench consists (Fig. 1) of a protective casing 1,
resting on supports 2. A three-phase induction motor is
attached to the casing using the suspension of the induction
motor 4 and the rubber viscoelastic sleeve 5.

Induction motor with a power of 180 watts, a rated
rotational speed is 1450 rpm. Axisymmetric (isotropic)
supports. The shaft of induction motor 6 hosts drum 7 and
the body of auto-balancer 8. Inside the auto-balancer is
ball 9. In the casing, there is slot 10. Similar gap 11 is in the
drum. Lantern 12 through slot 10 provides light inside the
casing. Through gap 11, the light gets inside once per twist
of the drum. This creates a stroboscopic effect. When the
ball lags behind the rotor by 2 times, the image of the ball
doubles, and the two balls appear stationary relative to the
drum. When the ball lags behind the drum by three, four,
etc. times, the image of the ball is tripled, quadrupled, etc.
The speed of motor rotation is regulated by variable-fre-
quency drive 13.

The auto-balancer can be used both without a plexiglass
lid (Fig. 2, a) and with a lid (Fig. 2, b). The auto-balancer
in the assembly contains a ball filled with oil, closed with
plexiglass, which is attached to the body with a ring, disc,
and 20 bolts. Synthetic engine oil SAE 5 W-30 (Motul,
France) is used.

The mass characteristics of parts or a group of parts of
the bench are given in Table 1.

The structure of the auto-balancer housing allows it to
be used without a plexiglass lid with oil filling up to 40 ml.

a b

Fig. 2. Photograph of the bench for investigating the
phenomenon of ball jamming: a — bench assembled with an
auto-balancer without oil; b — auto-balancer assembled,

filled with oil
Table 1
Parameters of parts or a group of parts of the bench
No. Part (group of parts) Mass, g
1 3-phase induction motor, stator 3,149
2 3-phase induction motor, rotor 1,532
3 Auto-balancer housing 1,696
4 Drum 2,145
5 Ring, plexiglass, disc, 20 bolts 318
6 Ball 112
7 Motor oil SAE 5W-30 236

4. 2. Description of equipment, measurement proce-
dure, file of measurement results

Rotating parts in the assembly (drum, induction motor
rotor, auto-balancer housing) are balanced dynamically in

two correction planes. For this purpose, a por-

table balancing kit “Balcom-4M” (LLC “Ki-

nematics”) is used. It is essential that the rotor

is balanced by the reversible components of

vibration speed. The ball is in the auto-balanc-

er. 2ml of oil is added to the body for smooth

rolling along the track. The rotor speed is the

12 greatest; the ball lags behind the rotor as much

as possible. As a result of dynamic balancing,

harmonics corresponding to the current rotor
speed disappear.

The vibration state of the bench is char-
acterized by two digitized signals. The first
signal is generated by an analog tachometer.
The second signal is generated by the analog
sensor-accelerometer ADXL335 (Analog De-
vices, Inc., USA).

13 An analog tachometer produces an almost
constant voltage of 4.8 V for most of one rev-

olution, provided that the laser light does not

J_ fall on the white tape. When light hits the
white tape, it is reflected and falls on the pho-
toresistor. Because of this, the voltage drops to

7
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Fig. 1. Diagram of the bench for investigating the phenomenon of ball
jamming: 1 — protective cover; 2 — supports; 3 — three-phase induction
motor; 4 — lower supports (suspension of the induction motor); 5 — rubber
viscoelastic sleeve; 6 — induction motor shaft; 7 — drum; 8 — auto-balancer
body; 9 — ball; 10 — gap in the casing; 11 — gap in the drum; 12 — lantern;
13 — variable-frequency drive

about 3. 7 V. For each revolution, there is one
single pronounced minimum.

The analog accelerometer creates a voltage
that varies from 0 to 3.3 V. The sensor is cal-
ibrated by acceleration of gravity using stan-
dard methods (https://www.analog.com/me-
dia/en/technical-documentation/data-sheets/



ADXL335.pdf). For the sensor, the following coefficient of
stress transfer to m/s 2 was experimentally found:

q=2-9.8065/0.612=32.048 [m/(s2v)]. )

Analog signals are digitized by the USB oscilloscope
MT Pro 4.1 (MLab, Ukraine). Number of analog channels, 8;
ADC bit size, 12 bits; maximum sampling frequency per chan-
nel, 500 kHz, when using 7 or 8 channels. The oscilloscope
makes it possible to store digitized signals in an Excel file.

The variable-frequency drive makes it possible to change
the frequency of the current from 0 to 50 Hz in increments
of 0.1 Hz. To obtain a certain steady state motion, a fixed
frequency XX.Xe[5.0,50.0] Hz current is supplied to the in-
duction motor. Once the motion is set, the USB oscilloscope
digitizes the corresponding signals. The results are stored in
the Excel file “XX.X.xIsm”.

The parameters of each steady state motion are recorded
with a 2 s oscilloscope with a frequency of 5000 measure-
ments per second. In this case, the Excel file has 3 columns
and 10002 rows (Table 2).

Table 2

The structure of the Excel measurement result file

Column/row | A (time, s) | B (strobe signal, V) | C (accelerometer, V)
1 Time Analog channel 1 | Analog channel 2
2 0 4.797827984 1.597877849
3 0.0002 4.7181836245 1.601419018
10,002 2 4.782035263 1.375273362

The first line contains the name of the data. The follow-
ing lines are digital data. In the first column, the time chang-
es in increments At=0.0002 s from 0 to 2s. In the second
column, a strobe signal is recorded in V, acquired from the
tachometer sensor. In the third column, a signal is recorded
in V, acquired from the accelerometer sensor.

4. 3. Description of experiments and procedures of
their implementation

In experiments, a ball weighing 112 g is used. The ball is
placed in the cavity of the auto-balancer. The cavity is com-
pletely filled with oil. From above, the cavity is covered with
plexiglass. Plexiglas is pressed to the body of the auto-balanc-
er with a ring and disk using 20 bolts. Steady state motions
are studied in cases where the ball in the auto-balancer is:

— fixed;

— freely installed.

Various steady state motions of the system corresponding
to the current frequency of ve[5.0, 50.0] Hz are investigated.
All established modes are investigated per one launch of the
bench. The frequency of the current varies with alternating
increments. A small step of 0.1 Hz is used in the vicinity of
resonant velocities. At a distance from resonances, a step of
1,2, or 5 Hzis used. The resulting Excel files (about 100) are
processed using a single procedure.

As aresult of processing Excel-files, the following param-
eters are obtained that characterize the steady state motion:

—n(v), Hz or rev/s — rotor speed,

—ng(v), Hz or rev/s — ball rotation speed,;

— A4(v), mm — amplitude of oscillations at the control point;

— @(v), degree — oscillation phase during synchronous
rotation of the ball with the auto-balancer.

According to the parameters found, plots are built charac-
terizing the steady state modes of motion. By comparing the
plots in the two experiments, the patterns and features of the
manifestation of the Sommerfeld effect in the ball auto-bal-
ancer (the ball exciter of resonant vibrations) are established.

5. Results of determining experimentally the patterns of
manifestation of the Sommerfeld effect in the ball auto-
balancer

3. 1. Methods of experimental study of the Sommerfeld
effect for auto-balancers or exciters of resonant vibrations

5.1. 1. Research methods

The proposed methods for studying the Sommerfeld ef-
fect are based on the processing of digitized signals (Table 2)
using regression analysis methods.

Signal processing algorithms are implemented in the
computer algebra system Mathcad 15. At the same time, it
is of no fundamental importance in which algorithmic lan-
guage or in which programming environment to do it. Math-
cad was chosen because of the convenience of controlling
calculations, data visualization, etc.

Algorithm 1 — construction of data vectors. By reading
data from the Excel file, the vectors of time ¢, strobe signal s,
acceleration a are built:

t: =READEXEL("ﬁlename.xlsx","AZ:A10002"),
st =READEXEL("ﬁlename.xlsx","B2:B10002"),
a=READEXEL("filename.xlsx","C2:C10002"). 2)

In (2) “filename.xIsx” is the Excel file title.

Algorithm 2 — determining the number of full revolu-
tions and the average rotor speed at steady state motion.
When processing a strobe signal, lines are found from which
anew rotation begins. In these lines, the strobe signal is min-
imal. As a result, a vector s0 is built with the corresponding
line numbers. The number of revolutions (N7), the average
rotational speed per revolution number i (n;, Hz), and at Nr
revolutions (n, Hz) on the steady state motion are deter-
mined from the operators:

Nr = rows(s0)—1;

i=0,1,...,Nr;

n;=1/[Ar-(s0,,,-50,)];

n:=Nr /[ At-(s0,, —s0,)]. (3)

In (3), it is taken into consideration that in Mathcad the
elements of the array are numbered with 0.

Algorithm 3 — Determining the number of resonant fre-
quencies and their approximate value. The signals given in
Table 2 are recorded within 10 seconds during the run-out of
the rotor. According to the Excel file, data vectors are built
using example (2).

Algorithm 2 determines the number of full rotor revolu-
tions and average speeds at each revolution. In one figure,
using the left and right axes, two plots a(f) and n(t) are
constructed. According to the plots, the number of resonant
frequencies and their approximate values are determined.



Algorithm 4 — determining the amplitude, phase, and
frequency of oscillations during synchronous rotation of the
ball with the body of the auto-balancer. Data vectors are built
from the Excel file (2). Using the vector sO (algorithm 2), data
are allocated in the Excel file corresponding to Nr full rota-
tions. The regression model for acceleration measured in B:

a(t)=C+A,sin(2mnyt)+ A, cos(2mnyt), (4)

where C, A,, A,, np are the parameters of the nonlinear model
to be determined. At the same time, the ball jamming frequen-
cy ng and the coefficients A,, A, are of significant importance.
They should hardly change when the experiment is repeated.

According to the coefficients A,, A, the amplitude
(A4, mm) and the phase (¢, degrees) of oscillations generated
by the ball are determined:

1,000

JA A,
(2mn,, ) !
(180°/n)~arccos(|Ax AL+ A

180°— ¢ if (-4, <0)a(-4,>0);
180°+¢ if (-4, <0) (-4, <0);
1360°—¢ if (=4, >0)A(-4,<0).

g =

)

(6)

In (5), q is the coefficient of electrical voltage transfer
to m/s? from (1). The angle ¢ is counted from the zero mark
(white tape on the drum) towards the rotor rotation.

Algorithm 5 — determining the component of oscilla-
tions generated by the ball when lagging behind the rotor.
According to the Excel file, data vectors are built (2). A re-
gression model (4) is used for the acceleration measured in V.
According to the first formula in (5), the amplitude (A4, mm)
of oscillations generated by the ball is determined. Note that
when repeating the experiment, the oscillation frequency and
amplitude of oscillations should hardly change. The phase of
oscillations and coefficients A,, A, can change constantly.

Algorithm 6 — determining the slip of the rotor of the
induction motor or ball. The sliping of the rotor or ball is
determined, respectively, from the formulas

s=0.5v—n, s,=0.5v—n,, (6)

where v is the current frequency, n is the rotor speed, np is the
ball’s rotational speed.

Other experiments concern the assessment of the accu-
racy of research methods. They are partial in nature and are
described in the relevant subparagraph.

5. 1. 2. Evaluation of the accuracy of methods

In the experiments, a ball weighing 112 g is used. The
ball is freely placed in the body of the auto-balancer. 2 ml of
oil are added. The oil provides a soft (without impact) rolling
of the ball along the track.

Fig. 3 shows photographs of the auto-balancer in stro-
boscopic lighting with an exposure of 0. 3 s when lagging
behind the rotor by an integer number of times.

When the ball lags behind the rotor by an integer number
of times % in stroboscopic lighting, exactly % fixed balls are
visible. The rotor speed (rpm) is measured with a tachome-
ter. Dividing it by 60-k gives the ball jamming speed (rev/s).

Q

Flg. 3. Photographs of the auto-balancer in stroboscopic
lighting with an exposure of 0.3 s when the ball lags behind the
rotor by: a — 2 times; b— 3 times; ¢ — 4 times; d— 5 times

Table 3 gives the results of determining the frequency
of ball jams, by the described technique and by regression
analysis.

Table 3

Comparison of ball jam frequency determined using a
tachometer and stroboscopic lighting with the frequency
found by regression analysis

Lo Current Rotation speed
A8 fre- Rotor Ball, rev/s

b [auency [y Strobo- |Regression| Di

time - L trobo- |Regression | Discrep-

v Hz | pom |7 N/60rev/s scope | analysis | ancy, %

2 16.1 |459.5| 7.658333 |3.829167| 3.831321 | 0.056
3 24.2 |696.3 11.605 3.868333| 3.870211 | 0.049
4 33.8 [979.0| 16.31667 |4.079167| 4.076782 | 0.059
5 42.4 112320/ 20.53333 |4.106667| 4.106500 | 0.044

Table 3 shows that the discrepancy in determining the rate
of jamming a ball in two ways does not exceed 0.06 %. There-
fore, the regression analysis method is extremely accurate and
makes it possible to investigate the stuck ball (Sommerfeld
effect) without visually observing the rotor and the ball.

5. 2. Investigating the Sommerfeld effect with a ball
rigidly fixed in the auto-balancer

Fig. 4 shows plots of the acceleration and rotor speed on
the run-out of the rotor. The plots are based on a digitized
signal (algorithm 3). Recording time is 10 s with a frequency
of 5000 measurements per second.

Fig. 4 shows that the rotor has two resonant frequen-
cies. The first is approximately equal to 5 Hz, and the
second is 14 Hz.

In total, 100 Excel files were recorded and processed
corresponding to 100 different current frequency values and
100 different steady state modes of motion of the system.

Fig. 5 depicts the amplitude-frequency and ampli-
tude-phase characteristics of the rotor, as well as the slip
plot of the motor rotor.

Fig. 4. Acceleration (A.(9), m/s?) and rotor speed (n(t), rev/s)
plots on the rotor run-out



By peaks in Fig. 5, a, two resonant frequencies were found

n, =5.2381594 Hz, n,=14.3646154 Hz. (7)
The first resonant frequency is responsible for centering
the center of mass of the rotor, and the second — for center-
ing at the angle of rotation of the longitudinal axis of the
rotor. The second resonance is less pronounced than the first
because the ball creates a predominantly static imbalance.

The results of the experiments are shown in Fig. 7. The
plots are built on areas where the behavior of the system
fundamentally changes.
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Fig. 6 shows the dependences on the frequency of the
current speed of rotation and sliping of the rotor of the in-
duction motor, and the amplitude of oscillations.
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Fig. 6 demonstrates that the sliping of the rotor does not
exceed 1.2 %. The peak of sliping comes at the first resonance.
On the second resonance, there is no rapid increase in sliping.
Consequently, the rotor rotates at a frequency slightly less than
half the current frequency. By changing the current frequency
(theoretically), it is possible to ensure the rotor rotation at any
speed. The Sommerfeld effect is almost not manifested. The
peaks of resonances in Fig. 5, a, 6, b are clearly expressed.

5. 3. Investigating the Sommerfeld effect with a ball
freely installed in the auto-balancer

A total of 174 Excel files were recorded and processed,
corresponding to 117 different current frequency values and
174 different steady state modes of system motion.

Fig. 7. Results of investigating the Sommerfeld
effect with a ball freely installed in the auto-
balancer, illustrating qualitative changes in the
behavior of the system: @ — the dependence of the
speed of rotation of the ball (ng, rev/s or Hz) on
the current frequency (v, Hz); b — the dependence
of the amplitude of oscillations (44 mm), and
the sliping of the ball (sg, %) on the frequency
of the current (v, Hz); ¢ — the dependence of the
amplitude of oscillations (Ay mm) on the rotational
speed of the ball (ng, rev/s or Hz),;

d— the dependence of the rotor speed (n, rev/s
or Hz) and the sliping of the motor rotor (s, %) on
the current frequency (v, Hz)



Fig. 7, a shows the dependence of the speed of rotation of
the ball np on the current frequency v. Experiments demon-
strate that there are characteristic points and frequency
ranges of current.

In the first section, the ball rotates synchronously with
the rotor. The section begins with the lowest current fre-
quency (5 Hz) and ends at point Py, which corresponds to
a frequency of 9.3 Hz. The first section coincides with the
corresponding part of the plot in Fig. 6, a. Therefore, as
in Fig. 6, a, the line of the section is shown in red.

In the second section, the lag of the ball from the rotor be-
gins and constantly increases. This is a new section and is there-
fore depicted in blue. The section begins at point Py (9.4 Hz)
and ends at point P53 (19.3 Hz).

In the third section, the ball again synchronously rotates
with the rotor. In this case, the jump increases the speed of ro-
tation of the ball. There is a transition from point P3 (19.3 Hz)
to point P, (19.4 Hz).

The ball rotates synchronously with the rotor at:

— an increase in the current frequency from 19.4 Hz
to 50 Hz;

—a reduction of the current frequency from 19.4 Hz
(point Py) to 13.4 Hz (point Ps).

With a decrease in the current frequency from 13.4 Hz to
13.3 Hz, the rotational speed of the ball jump decreases from
6.58 Hz to 5.1 Hz. On the plot, there is a transition from
point Ps to point Pj in the second section.

Fig. 7, a demonstrates that by changing the frequency
of the current it is impossible to force the ball to rotate at
an arbitrary speed. At point P3, the ball has a jam speed
of 5.24 Hz, which almost coincides with the first resonant
frequency. At point Ps, the ball rotates together with the
rotor with a frequency of 6.58 Hz. The ball cannot be forced
to rotate at speeds lying in the range (5.24, 6.58) Hz.

Fig. 7, b shows the dependences of the amplitude of
oscillations (A4, mm), and the sliping of the ball (sg, %)
on the frequency of the current (v, Hz). Comparison with
Fig. 6, b shows that the rotor has lost a narrow resonant peak
between points Py and Ps. Instead, a gentle resonant rise
P—Py—P3 appeared. It lasts from 9.4 Hz to 19.3 Hz. The am-
plitude on the resonant rise increases from 0.7 mm (point Py)
to 2.84 mm (point P3).

Fig. 7, b demonstrates that the sliping of the ball increases
significantly on the resonant rise. It gets stuck at the first reso-
nant speed of rotation of the rotor. The faster the rotor rotates,
the closer the ball’s rotation frequency is to the resonant fre-
quency, and the greater the amplitude of the rotor’s oscillations.

In Fig. 7, ¢, we built amplitude-frequency characteristic
for the speed of rotation of the ball. The plot is typical in the
case when the rotor rotates a low-power motor [2, 3].

Fig. 7, d shows the dependence of the sliping of the motor
rotor (s, %) on the frequency of the current (v, Hz). Com-
parison with Fig. 6, b reveals that the peak between points
Py and P5 disappeared at the sliping of the rotor. Instead,
a gentle rise Pi—Py—P3 appeared. At point Ps3, the rotor slip
reaches a maximum of 0.63 %. However, this is almost 2
times less than at the lost peak (1.23 %). Consequently, with
the free placement of the ball in the oil, the sliping of the
rotor decreased by almost 2 times.

It should be noted that the ball does not get stuck at the
second resonant speed, which corresponds to the results
reported in [9]. This can be explained by the fact that the
ball mainly creates static imbalance, and the momentary
component is much smaller.

6. Discussion of results of investigating the phenomenon
of ball jam in the ball auto-balancer

The proposed method for studying the Sommerfeld effect
in auto-balancers or exciters of resonant vibrations of the
pendulum, ball, or roller type demonstrates accuracy and
efficiency. To examine the Sommerfeld effect, visual obser-
vation of the motion of loads is not required. It is enough to
record signals from sensors and process them according to
the proposed algorithms using regression analysis methods.

Checking the accuracy of the method using stroboscopic
lighting demonstrates the error in determining the rotor
speed, ball, rotor oscillation frequency of several hundredths
of a percent. The accuracy and reliability of the results of
the experiment are increased by conducting all experiments
without stopping the bench one after another; processing of
recorded signals according to a single algorithm.

When fixing the ball relative to the rotor, a classic iner-
tial vibration exciter is obtained. In the rotor on isotropic
viscoelastic resistances, two resonant velocities were found,
which corresponds to the general theory of rotary systems.
The engine turned out to be powerful enough because the
Sommerfeld effect almost did not manifest itself. A gradual
increase in the frequency of the current monotonously in-
creases the rotor speed (Fig. 6, a). There is no significant slip
or jump in the speed of rotor rotation. The amplitude-fre-
quency characteristic (Fig. 5, @) has two distinct peaks.
Therefore, such a vibration exciter is not suitable by itself for
the excitation of resonant vibrations.

With the free placement of the ball in the oil, the be-
havior of the system changes significantly in the vicinity
of the first resonant velocity. The first narrow resonant
peak disappears in the rotor (Fig. 6, b). Instead, a gentle
resonant rise P1—Py—P3 (Fig.7,b) appears. It lasts from
9.4 Hz to19.3 Hz. The amplitude at the control point
on the resonant rise increases from 0.7 mm (point P;) to
2.84 mm (point P3). Therefore, by changing the frequency
of the current, it is possible to smoothly change the ampli-
tude of the rotor oscillations by almost 4 times. At point Ps,
the amplitude of the rotor oscillations is the same as in the
first resonance in Fig. 6, b.

The ball in the oil in the body of the auto-balancer be-
haves like an engine whose power is smoothly replaced by a
change in the rotor speed of the induction motor (Fig. 7, ¢).
Because of this, such a vibration exciter is easy to control.
Due to the length of the resonant rise, such a vibration ex-
citer is not very sensitive to changes in the mass of the rotor.
It is able to independently excite intense near-resonance
vibrations without an external automatic control system.

It should be noted that the studies used one ball of mass
of 112 g and one oil grade of medium viscosity. However, the
results obtained allow for a certain generalization. The de-
veloped research method made it possible to determine with
sufficient accuracy the features of the manifestation of the
Sommerfeld effect in the ball auto-balancer or the exciter of
resonant vibrations. The method is also suitable in the case
of resonant vibratory machines with resonant vibration ex-
citers of the pendulum, ball, or roller type. It should be noted
that with anisotropy of supports, the rate of sticking of loads
fluctuates around a certain average value. This may affect
the accuracy of determining the parameters of vibrations by
the proposed methods. Therefore, in the future it is planned
to investigate with a full-scale experiment the work of a
resonant vibration exciter of the pendulum (ball or roller)



type in a single-mass vibratory machine with translational
rectilinear motion of the platform.

7. Conclusions

1. The proposed experimental method for studying
the Sommerfeld effect in auto-balancers or exciters of
resonant vibrations of the pendulum, ball, or roller type
demonstrates efficiency and accuracy. To investigate the
Sommerfeld effect, it is not necessary to visually observe
the motion of loads. It is enough to record signals from
sensors and process them according to the proposed al-
gorithms using regression analysis methods. The error in
determining the speed of rotor or ball rotation, oscillation
frequency of the rotor, etc. does not exceed several hun-
dredths of a percent.

The accuracy and reliability of the results of the exper-
iment are increased by conducting all experiments without
stopping the bench one after another; processing of record-
ed signals according to a single algorithm.

2. When fixing the ball relative to the rotor, a classic
inertial vibration exciter is obtained. In the rotor on iso-
tropic viscoelastic resistances, two resonant velocities were
found, which corresponds to the general theory of rotary
systems. The engine turned out to be powerful enough as
the Sommerfeld effect almost did not manifest itself. A
gradual increase in the frequency of the current monoto-
nously increases the rotor speed. There is no significant slip
or jump in the rotor speed. There are two distinct peaks on
the amplitude-frequency characteristic. Therefore, such a
vibration exciter is not suitable for the excitation of resonant
vibrations in itself.

3. With the free placement of the ball in the oil, the
behavior of the system changes significantly in the vicinity
of the first resonant velocity. The rotor loses the first nar-

row resonant peak. Instead, there is a long, gentle resonant
rise. It lasts from 9.4 Hz to 19.3 Hz. The amplitude at the
reference point on the resonant rise increases from 0.7 mm
to 2.84 mm. Therefore, by changing the frequency of the
current, it is possible to smoothly change the amplitude of
the rotor oscillations by almost 4 times. The maximum am-
plitude of oscillations of the rotor is the same as at the first
resonance with a fixed ball.

The ball in the oil in the body of the auto-balancer
behaves like an engine, the power of which is smoothly
replaced by a change in the speed of rotation of the induc-
tion motor. Because of this, such a vibration exciter is easy
to control. Due to the flatness of the resonant rise, such
a vibration exciter is not very sensitive to changes in the
mass of the rotor. It is able to independently excite intense
near-resonance vibrations without an external automatic
control system.
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