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Abstract

A two-degree-of-freedom, self-exciting pneumatic vibroactuator was investigated. The
feature of this vibroactuator is that, along with the sliding-reciprocating movement of the
working body along the axis, it also rotates about this axis. A new mathematical model of
this vibroactuator is presented and solved using numerical methods. Comparisons of the
results of numerical and experimental studies are described. The analyzed vibroactuator,
supplemented with extended functional capabilities, is established for use in intensifying
technological production processes.

Keywords: pneumatic vibro-exciter; vibroactuator; self-exciting vibration; two degrees
of freedom

1. Introduction

Pneumatic vibrotransducers are widely used across various scientific and industrial
fields, depending on their intended use. In industrial and manufacturing processes, they
are used for vibrocompaction of pharmaceutical powders [1], in room-temperature injection
molding of ceramics [2], and as components of polishing machines [3]. They are also used
in the production of concrete pipes and columns [4,5], in powder delivery systems for
direct metal laser deposition [6], in cold spray systems for depositing polymer particles
on polymer substrates [7,8], and in continuously vibrating powder bed reactors [9]. In
construction and geotechnical applications, pneumatic vibrators are used for concrete
made of hemp and rice husks [10], soil [11-14], and for soil compaction and leveling in
lightweight aircraft [15]. They are also used to reduce internal particle friction during
concrete delivery [16] and in fossil preparation processes [17]. In material handling and
flow improvement, these devices are used to control membrane fouling [18], reduce powder
adhesion to granulator walls [19], and improve processing of adhesives or poorly flowing
materials in material handling equipment [20,21]. In advanced materials and high-tech
applications, pneumatic vibrotransducers are used to eliminate defects in carbon fiber-
reinforced polymer structures [22] and as vibrator components in complex technological
systems [23]. In biomedical and biomechanical research, pneumatic vibrotransducers
are used for calcaneal tendon vibration (frequency range 80-110 Hz) and to study the
increase in residual force during submaximal and maximal contractions of the plantar
flexor muscles, depending on the angle of the knee joint [24]. They are also used for focal
muscle vibration [25] and muscle proprioception stimulation [26]. In agricultural and
special-purpose systems, pneumatic vibrotransducers are used in cotton seeders [27] and
reduced-gravity simulators [28].

Many authors have investigated active vibration control solutions in pneumatic sys-
tems [29-31]. Qiu and Zhao [29] applied the phase control method to a pneumatic actuator
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with a flexible manipulator. Gao et al. [30] proposed the use of piezoelectric actuators inside
pneumatic actuators to reduce friction and generate vibrations more efficiently. Morales
etal. [31] developed and experimentally tested an air suspension system in which the air
flow direction allows changes in the system transfer function. These studies [32-34] exam-
ine the application of active and nonlinear control in pneumatic systems. Liang et al. [32]
applied active control schemes to a pneumatic isolator to improve low-frequency isolation,
particularly in the resonant range. Khajepour [33] proposed a nonlinear control method
that enables the generation of any bias input for asymmetric actuators. Zhao et al. [34]
experimentally compared pneumatic, piezoelectric, and hybrid oscillatory control using a
PD control strategy. In Reference [35], a three-mode self-exciting pneumatic vibroactuator
consisting of two elastically connected excitation chambers was studied. Its mathematical
model was developed and numerically solved, and three modes of motion were determined.
The numerical results were experimentally verified. This vibroactuator can be applied to
increase the intensification of production processes.

The design and analysis of multi-degree-of-freedom (MDOF) vibration systems are
important for a deeper understanding of the dynamics of complex mechanical systems and
their vibration control capabilities. For example, Da Silva and Marques [36] investigated
multi-degree-of-freedom nonlinear energy harvesters (MDOEF-NES) for passive damping
of spring-induced oscillations. The results of the study showed that the mass parameters of
the MDOEF-NES significantly affect the stability, amplitudes, and synchronization frequency
range of the limit cyclic oscillations (LCO). These works highlight the potential of passive
vibration control, which complements and provides a basis for further research on active
and hybrid oscillatory control methods.

Alot of research has been done on the energy transducer over the last two decades. The
original vibration transducer was as simple as a cantilever beam with a PE (piezoelectric)
patch or a coil-magnet assembly. Through evolution, these have been integrated into
a single hybrid system. The problem of frequency tuning was initially solved with a
nonlinear transducer, but later the focus shifted to two DOFs (degrees of freedom) and then
to multiple DOFs. Currently, the focus is on different branched systems with resonant or
nonlinear configurations [37]. Vibration energy can be harvested using electromagnetic
(EM) [38], piezoelectric (PE) [39,40], electrostatic (ES), triboelectric [41] or self-exciting
transduction mechanisms. When a device uses more than one transduction mechanism, it
is called a hybrid energy harvester [42]. Much research has been carried out on this topic.
In Reference [43], the possibility of using helical beams in a cantilevered beam with a tip
mass was investigated to harvest energy from ambient vibrations and to generate electrical
voltage to supply the sensor nodes, without the need for wires and disposable batteries.
The basic assumption was that the excitation was in-plane, with a constant frequency
but variable direction. The parameters of the spiral beam were obtained by numerical
iteration in finite element simulations, trying to achieve uniform stiffness at the end of the
beam, so that the first two in-plane bending natural frequencies coincide. The researchers
analyzed the dynamic behavior of MDOF systems using modal analysis methods. However,
difficulties arise when dealing with systems that have singular matrices due to constraints.
In such cases, a modified modal analysis approach can be applied within the framework
of analytical dynamics. This approach facilitates the estimation of natural frequencies
and system responses, even when traditional modal analysis methods may fail [44]. The
behavior of MDOF structural systems is analyzed using different numerical methods,
such as finite element analysis (FEA) and finite difference methods (FDM). These allow
for detailed simulations and parametric studies that allow engineering solutions, such as
structural response methods to all loads and forces, as in Reference [45]. Such analyses
are essential for safe and efficient structures that can withstand dynamic environments.
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In practice, MDOF systems often behave indirectly due to factors such as joint friction.
In [46], when the authors precisely controlled the position of a robot with six degrees of
freedom, it was necessary to take into account the effects of friction between the links. Based
on the results, the researchers found that a comprehensive nonlinear dynamic equation
incorporating a Coulomb friction model can be developed to accurately simulate and
control the robot’s motions. In [47], it is discussed that soft actuators are essential for soft
robots and can also be used in rigid-body robots. In this paper, the researchers focus on
methods to improve the adaptability of origami-inspired soft pneumatic actuators (OSPAs).

The researchers’ results in [48] show that in the field of pneumatic control valves, the
partial order model has good adaptability and efficiency, and the two-degree-of-freedom
partial order internal model control algorithm also effectively improves the accuracy,
speed, and reliability of valve position control. In another paper [49], a new cooperative
control strategy for 3-degree-of-freedom PM is proposed to achieve both synchronized and
differential motion. A pneumatically controlled test bench was constructed to validate the
effectiveness of the cooperative controller. The results in the paper show that the control
method outperforms the PID controller.

The mentioned studies are mostly limited to specific systems and laboratory conditions,
so the applicability of their results to practice is limited. In addition, passive MDOF-NES
solutions and simple control strategies are sensitive to parameter changes and are effective
only in narrow operating ranges. There is also a lack of integrated studies on passive,
active, and hybrid oscillatory control methods.

Both system analysis and system identification are needed to study and characterize
the dynamic behavior of complex vibrating structures. The identification of different sys-
tems involves the development of mathematical models based on experimental data, as
in system response prediction. The design and analysis of MDOF vibration transducers
involve a wide range of research, including innovative actuation techniques, advanced
analysis techniques, numerical simulations, and system identification processes. Together,
these subjects contribute to a deeper understanding and more effective control of the
dynamic behavior of complex mechanical systems. Our research highlights the complex
interplay between rotational motion, system nonlinearity and self-excited vibrations in
rotating machines. This approach is a promising way to improve the stability and per-
formance of a wide range of mechanical and hydraulic systems. Pneumatic actuators are
lightweight, with high acceleration and speed, but suffer from oscillations and lower force.
Hydraulic actuators excel in force and displacement but are heavy and energy-intensive.
Electric actuators offer precise, efficient, and smooth control, but with lower peak velocity
and limited displacement. The main results of the various types of vibroactuator systems
compared are presented in Table 1.

Table 1. Parameters of hydraulic, pneumatic, and electric actuator systems [50].

A;ctuator Ampljt3ude, Frequency, Hz Developed An‘gular Working Body Relative
ystem x1073 m Force, N Velocity, rad/s Mass, kg Pressure
Hydraulic 0.8-2.5 35-50 400-800 0.8-2.6 4.5-6.0 2.0-6.0
Pneumatic 0.5-2.2 40-51 200-450 0.6-2.4 1.2-1.8 1.3-22
Electric 0.4-1.8 30-45 250-500 0.5-2.0 14-25 -

Pneumatic vibroexciters on an air cushion, with multifunctional capabilities: harmonic
and non-harmonic change in the working body movement, step change in vibration param-
eters, and impact mode of the working body. Understanding these mechanisms is essential
for the development of effective prediction strategies, thus ensuring the reliable operation
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of rotating equipment. The aim of this study is to demonstrate that a novel aspect of con-
trolling self-excited vibrations through pressure modulation is the ability to dynamically
adjust system parameters, thereby mitigating or eliminating unwanted oscillations. This
model differs from previous works [35] by the authors in that it has an additional degree of
movement—rotational movement, which expands or changes the application prospects.
The modified design of the vibroactuator introduces an additional degree of motion, the
air outflow becomes more complex, and as a result, additional equations describing the
motion and the outflowing air flow appear.

2. Mathematical Model of a Pneumatic Vibroactuator

Figure 1 shows a diagram of a two-degree-of-freedom vibroactuator. In the proposed
design, the housing performs a combined oscillating motion along the Y axis and rotational
oscillations about one longitudinal axis. Thus, two degrees of freedom (oscillating and
rotational) are generated in a single coaxial mechanical structure. The principle of the
operation of such vibroactuators is as follows: after supplying compressed air (gas) of a
certain pressure Py, it flows W1 through the throttle into the chamber (1) in the vibroactuator
body (2). Part of the gas flows W, through the annular gap between the vibroactuator cover
(3) with the mass M and the surface of the vibrator body (2). Another part of the air flows
W3 through the air outlet channels (4), forcing the vibroactuator cover to rotate. A static gas
cushion is formed in the aforementioned gap. A further increase in the pressure of the gas
flowing in the chamber increases the pressure in the chamber and in the gap until the elastic
suspension (vibroactuator cover (3) with mass M is tightened by a spring (5)), overcoming
the elasticity of the spring (5), begins to move towards an increase in the working gap. Due
to the inertia of the vibroactuator cover (3) with the mass M, the suspension overcomes the
equilibrium point, and the gap reaches its maximum value. In this position, the pressure
in the chamber is too high, so less gas flows through the throttle than flows out through
the gap and air outlet channels to the outside. As a result, the pressure in the chamber
decreases. Then the cover of the vibroactuator with the mass begins to move in the direction
of decreasing the working gap. Due to inertia, the equilibrium point is overcome again,
and the gap reaches a minimum value.

As the gap decreases, the gas accumulates in the chamber faster than it flows out
through the gap and the air outlet channels, so the pressure increases again. The increased
pressure forces the cover of the vibroactuator with the mass to move in the direction of
increasing the gap. The process repeats cyclically.

The mathematical model describes a dynamic of a pneumo-mechanical system consist-
ing of two coaxial cylinders with air flow. The system exhibits coupled vertical motion and
rotation of the upper cylinder (lid) due to internal pressure and tangentially angled holes.

The entire system is described by two second-order differential equations that charac-
terize the vertical (1) and rotational (2) motions of the actuating element:

M®T% 4 K% 4 C(z(t) + Hz)

1
= 7112 (Px — Patm) — Mg,

where z(t)—vertical displacement of the working body; z(t)/dt—vertical velocity;
P (t)—internal pressure in chamber; P;—supply pressure (upstream); H,—initial tight-
ening of vibrating masses; P,y,—ambient pressure; K—damping coefficient; C—rigidity
coefficient; M—working mass; and g—gravitational acceleration.

IdZG) ae

FTo bﬁ = NpFpotet miasiny, 2)
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where [—lid moment of inertia about Z axis, b—quadratic air resistance (typical b ~ 0.0005),
6(t)—rotation angle of the lid about Z axis; df(t)/dt—angular velocity; N,—number of
holes (N}, = 8); Fjoje is the impulse force from one hole, r,,,;;—moment arm (equal to mean
radius); and y—the inclination of the hole with respect to the radial normal. The angle
of inclination determines the tangential component of the moment and participates as a
coefficient equal to sin 7.

H,

2(t)

|
! M =
!
I R Ra ]
= 3
dH(t)/dt\\L/
A — -
R, C =g R: /
K — /-
N N\
P, l N
o I W, —=
= 1 é 2

(b)

tw,
(0)

Figure 1. Calculation scheme for a two-degree-of-freedom pneumatic vibroactuator: (a) Side
view; (b) Bottom view (A-A); (c) 3D view: 1—chamber; 2—body; 3—cover; 4—air outlet chan-
nels; 5—spring; r, = 15 x 10—3 m—vibroactuator body radius; r, = 10 x 103 m—chamber ra-
dius; I =20 x 1073 m—chamber height; 1 = 1.5 x 103 m—radius of the compressed air supply
channel; r;, = (0.5, 1.0, 2.0, 3.0) x 10~3 m—radius of the air outlet from the chamber channel end;
Ry =155 x 1073 m—radius of the lid chamber (inner cylinder radius); Iy = 11 x 1073 m—height
of the lid chamber; Ry, R3, Rg—outer cylinder radii; I, I3, [;—heights of the cylinders forming the
working body; P;—pressure of compressed air supplied to the chamber; W;—amount of air supplied;
Px—air pressure in the chamber; Wy—amount of air flowing out of the chamber; W3/N,—amount of
air outflowing through the hole in the lid; M—working mass; C—rigidity coefficient; K—damping
coefficient; H,—initial tightening of vibrating masses; z(t)—vertical displacement of the working
body; d6(t)/dt—angular velocity of the working body.
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According to the ideal gas law:
Pk (t) = Px/ (R Tk). ®)
The pressure change or gas mass balance can be expressed as
dPx  RTk Vi
TR _ 2K — Wy — W3 — pg—— 4
7 Ve (Wi — Wao — W3 — px 0 ), 4)

where R—specific gas constant for air (287 J/kg-K); Tx—supply temperature (assume
that it is isothermal process and Tk = 293 K); Wi—amount of feeding air; Wy—amount
of air outflowing from chamber through the gap above the top; and W3—amount of air
outflowing from through the 8 holes in the lid. The member pg-dV/dt takes into account
the change in volume when the lid moves and the dependence of density on pressure.
The volume of the chamber and the space above the chamber is expressed by the
following equation:
Vi = mra(l +z(t)) + nR3l, (5)

where rg—main chamber radius; [x—main chamber height; Rj—lid chamber radius; and
l;—lid chamber height.
The change in the volume of the chamber is expressed by the following equation:

dVK _ zdz

The De Saint-Venant and Vantzel formulas with critical and subcritical modes are used
to calculate air flows, which the authors have tested and whose effectiveness they have
proven in previous studies [35].

Amount of feeding air:

2 12 11172
mm%(ﬁ—ﬁlpﬂ)l) (Pc/Py)"/P {1_ (Px/Py)’ l/ﬁ}
W1 = when A< PK/P1 < 1, . (7)
’ 1/p-1 2[8 1/2
H17Tr] (/H‘l) |:ﬁ n 1P1p1:| , when Px/P; <A

Amount of air outflowing from the chamber through the gap above the top:

" L e11/2
FZHT%(%PKPK) (Patm/ P)"* [1 = (Pam /Py’ l/ﬁ}

W, = when A < Pgtm/PK <1, . (8)
5 5 1/p-1 o 1/2
ot (g21) " [FaPeex] T when Pan/Pi < A

Amount of air outflowing through the holes in the lid:

Py 2 1/p-1]1/2
VRS (/3+1) 1 ®)
K

where p;—coefficients assessing the gas resistance or discharge coefficients (typically

WgI‘ugNhSh

0.6-0.9); u1—resistance coefficient of air entering into the chamber; y,—resistance co-
efficient of air flow from the chamber; p3—resistance coefficient of air flow from the holes
in lid; pj—supplied air density; A—critical ratio of pressures (A = 0.528); B—ratio of specific
heats (B = 1.405); and S;,—cross-sectional area of the air outlet.
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Thus, the dynamics of this model can be described by a system of Equations (1), (2) and (4),
which are used in the expressions Equations (6)—(9).

While solving the system of first- and second-degree differential equations, we trans-
formed the system to first-degree equations. The Runge-Kutta method has been used to
solve these equations. Differential equations are described in a matrix where members
changing in time ¢ are recalculated in separate procedures for each moment in time. The
solution was realized using MATLAB R2025b software.

3. An Experimental Stand for the Study of a Pneumatic Vibroactuator

An experimental stand for the study of a two-degree-of-freedom pneumatic vibroactu-
ator was installed. The general view and the structural scheme of the measuring equipment
are presented in Figure 2. The output data of this multiparametric system (amplitude,
frequency and angular velocity) depends on the value of the oscillatory changeable mass
(7) and the geometrical parameters of chamber (5). The vibration parameters also depend
on the cross-section area of the throttles (10) and amount of feeding pressure P;.

,Z,,% 7
(b) (c)

Figure 2. Experimental stand for the research of pneumatic vibroactuator: (a) General view; (b) gen-
eral view of cover with channels and (c) structural scheme: 1—base; 2—stand; 3—carrier; 4—screw;
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5—vibroactuator body; 6—cover with channels; 7—changeable mass; 8—air bearing; 9—elastic
spring; 10—air supply channel; 11—air outlet channels from the chamber; 12—compressed air
system; 13—manometer; 14—non contact displacement sensor IN-081 (Briiel & Kjeer); 15—angular
velocity sensor P-95 (Briiel & Kjeer); 16—analyser Vibrotest 60 (Briiel & Kjeer); 17—PULSE 3560
analyzer (Briiel & Kjeer); 18—computer.

During the experimental research, the following geometrical parameters of vibroactu-
ator were used: 7, = 10 X 103 m, I, =20 x 103m, 71 =15x10"3m, 7 =155 x 103 m,
I} =11 x 1073 m, and 7, = 1 x 1073 m (Figure 1).

4. Results and Discussion

The digital solution for the mechanical system described above is based on the creation
of mathematical models of the pneumatic self-oscillating vibroactuator described above,
the numerical solution of the dynamic system, and a comparison of the results obtained
with the results of the experimental research.

4.1. Results of the Investigation When the Initial Tightening H, and the Supplied Pressure P; Were
Changed but the Work Mass M and Angle of the Cover Holes Relative to the Radial Normal «y
Were Constant

During the digital investigation, the initial tightening H;, the supplied pressure Py,
the work mass M, and the angle of the cover holes (Figure 3) relative to the radial normal 7y
were changed. The results of the calculations were compared with the experimental results
obtained on the laboratory stand.

520

X, mm

Figure 3. Simplified 3D view of cover (lid) with angled holes: arrows present outflowing from lid.

The following initial geometric data and coefficients of the vibro-exciter were used for
the calculations: r, = 10 x 103 m; I, =20 x 103m;7,=15x103m; 7, =0.5 x 103 m;
I,1 =10 x 103 m; K = 38.2 kg/s; C=14.7 N/mm; M = 1.45 kg, time t = [0; 2] s.

The values of the system parameters changed during modeling, and the obtained
system vibration characteristics (amplitude A and frequency f) and rotational motion
results (angle of rotation 6 and angular velocity w) are presented in Table 2.
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Table 2. Initial data and results of the study according investigation 4.1.
Vibration Vibration
Characteristics Rotational Results Characteristics

TestNo  Pi/Puy, 1{){Z§ v, ° (Modeling Results) (Experimental Data)
x10-3 m
A ir o A 4
y 10j3 m fi,Hz 0, w,rpm 10"35’; m Fexp, Hz
1 2 3 4 5 6 7 8 9 10
1 1.3 0.5 25 0.45 40.25 100 12 0.5 40.0
2 1.5 0.5 25 1.05 41.86 120 14 1.1 42.2
3 1.8 0.5 25 2.32 41.50 145 16 2.1 41.1
4 1.9 0.5 25 2.81 41.05 160 17 24 40.8
5 1.9 1.0 25 2.45 43.86 160 18 1.8 52.2
6 22 1.0 25 3.03 41.80 200 21 22 51.0
7 2.5 1.5 25 0.44-0.02 40.99 375 35 - -
The 1st column—number of the test; 2nd—4th—initial settings of the vibro-exciter;
5th-8th—characteristics of the working body vibrations and spindle rotation obtained by
mathematical modeling; and 9th—10th—amplitudes of vibrations and values of frequencies
obtained during the experiment.
The characteristics of the variable parameters of the main mechanical systems obtained
during the mathematical modeling are presented in Figure 4.
05 o 2 120
— I 100
£
E 0 80t
N @
< 2 60
K=l o
~§ 05 < 40}
o
I /
-1 B 1 0 1 L
Time [S] Time [S]
(@) (b)
12 , .
g o )
> 8l E
g = 01
M B o
g 4f % -0.1
) ke
g 20 S 08 -06 -04 02 0 0.2
0 . . ; Position z [mm]
0 05 1 15 2
Time [s]

(0) (d)

Figure 4. Vibrations of working body of vibro-exciters (initial data from Table 1, Test No. 1):
(a) vibrations z(t); (b) angle of rotation; (c) angular velocity; (d) phase view of system.

When the tightening H, = 1.5 mm, attenuating vibrations were generated in the system,
and the lid with a mass M reached a maximum angular velocity of w = 35 rpm on 0.75 s
from the start and rotated at a constant speed (Test No. 7, Figure 5).
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& . 310t
. <
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Figure 5. Vibrations of working body of vibro-exciters (initial data from Table 1, Test No. 7):
(a) vibrations z(t); (b) angular velocity.

The analysis of the dependences of the vibration exciter amplitude on the supplied air
pressure, presented in Figure 6, shows that at a lower initial stress (H; = 0.5 x 1073 m) the
results of the theoretical model and the experiment agree well. This is confirmed by the
correspondence of the blue curves (A1 and A2), which allows us to state that the selected
model adequately describes the phenomenon under study in this case.

35

3
S

P 25
o
—

x 2
)
el

S 15
=
a

E 1
<

0.5

0

1.2 1.4 1.6 1.8 2 2.2
Pi /Patm
Al —e@-A2 A3 —e—A4

Figure 6. Vibrations of working body of vibro-exciters: A1, A3 (solid lines)—results of mathematical
calculations; A2, A4 (dashed lines)—results of experiments.

Meanwhile, at a higher initial stress (H, = 1.0 x 103 m), the correspondence of
the theoretical and experimental results is worse—the coincidence of the red curves (A3
and A4) can be assessed only as average. This may indicate that at higher stress, certain
physical factors are not sufficiently evaluated by the model, for example, nonlinear effects
or additional losses.

4.2. Results of the Investigation of the Angular Velocity on the Supplied Compressed Air Pressure

The dependence of the angular rotation speed (angular velocity) on the supplied
compressed air pressure was investigated using mathematical modeling. A comparison
of the results of the theoretical investigation with the experimental results is presented in
Table 3.
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Table 3. Initial data and results of the study according investigation 4.2.

H Rotational Values (Theoretical Results) Anglflar Velocity
Test No P1/Patm <10 = o 7, ° (Experimental Data)
0,° w, rpm w, rad/s Wexp, rad/s
1 2 3 4 5 6 7 8
1 1.3 0.5 15 49 6.6 0.69 0.6
2 1.5 0.5 15 60 8.2 0.85 15
3 1.8 0.5 15 270 11.2 1.17 1.9
4 1.9 1.0 15 430 17.1 1.79 2.0
5 2.2 1.0 15 520 20.5 2.14 24
When the tightening H, = 0.5 mm and supply pressure P; = 1.3 X Py, and the radius
of the holes arranged at an angle in the cover r;, = 0.5 x 1072 m, self-vibrations were
generated in the system with amplitude A = 0.36 x 1073 m, and the lid with a mass M
reached angular velocity of w = 6.6 rpm = 0.69 rad /s, as shown in Figure 7.
0.5 T T
= 40t
E 0 =
N 30+
° 2
%-05 g0t
o
10r
-1 L L
0 05 1 15 2
Time [s] Time [s]
() (b)
8
£
=61
2
£3)
S4l
>
8
D21
[=
<C
0 . . .
0 05 1 15 2
Time [s]

(c)

Figure 7. Vibrations of the working body of vibro-exciters according to the data of Test No.1 from
Table 2: (a) vibrations z(f); (b) angle of rotation; (c) angular velocity.

When the tightening H, = 0.5 x 1073 m and supply pressure Py = 1.8 X Py, self-
vibrations were generated in the system with amplitude A = 2.25 x 1073 m, and the lid
with a mass M reached a maximum angular velocity value w = 11.2 rpm = 1.17 rad/s after
4.1 s, as shown in Figure 8.
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Figure 8. Vibrations of working body of vibro-exciters (initial data from Table 2, Test No. 3):
(a) vibrations z(t); (b) angle of rotation; (c) angular velocity; (d) phase view of system.

Figure 9 presents graphs of the dependence of the angular velocity on the supplied air
pressure at different initial tightening H, values. The dashed line marks the experimental
results, while the solid line marks the theoretical results. Blue lines (w1 and w?2) correspond
to the results obtained when tightening H, = 0.5 x 1073 m, and red lines (w3 and w4)
indicate when H; = 1.0 x 10~3 m. It can be observed that doubling the initial stress causes
the mathematical model to correlate less well with the experimental data, providing only
an illustration of the trends in the influence of the parameters rather than accurate results.
Since the initial excitation of the main working dynamic system was considered to be
H, = 0.5 x 1073 m, the mathematical model focuses on this initial parameter.

3.5
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Figure 9. The dependence of the angular velocity on the supplied compressed air pressure at different
tightening: w1, w3 (solid lines)—results of mathematical calculations; w2, w4 (dashed lines)—results
of experiments.
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4.3. Results of the Investigation of the Angular Velocity on the Supplied Compressed Air Pressure
at Different Radii of the Air Outlet Channel in the Lid Wall

The dependence of the angular velocity on the supplied compressed air pressure at
different radii of the air outlet channel in the lid wall is presented in Table 4. Mathemat-
ical modeling was performed using the following parameters: M = 1.45 kg, tightening
H; =0.5 x 1072 m, 7 = 15°. During the calculations, the value of the supplied pressure P;
and the radius of the hole in the cover wall 1, were changed.

Table 4. Initial testing data and results of the research.

Test No Py/Pop - 8,1,3 _ Angular Velocity (Theoretical Results) (Ei;egrlﬂsirr‘éeallolc)lza)
w, rpm w, rad/s Wexp, rad/s
1 2 3 4 5 6
1 1.3 0.5 6.6 0.69 0.6
2 1.5 0.5 8.2 0.85 1.5
3 1.8 0.5 11.2 1.17 1.9
4 1.3 1.0 7.5 0.78 0.9
5 1.5 1.0 9.6 1.00 1.8
6 1.8 1.0 11.9 1.24 2.1

The 1st column—number of the test; 2nd-3rd—initial changing settings of vibro-
exciter; 4th-5th—spindle rotation obtained by mathematical modeling; 6th—values of
angular velocity obtained during the experiment.

The results of mathematical modeling showed that increasing the diameter of the
air outlet channels from 1.0 x 1073 m to 2.0 x 1073 m increased the angular velocity of
rotation. When the channel diameter is increased to 4.0 x 10~ m, no self-vibrations occur
in the vibro-exciter, and the angular velocity decreases to 3.2 rpm.

The main characteristics of the pneumatic vibroactuator are presented in Table 5.
Table 5. Main characteristics of pneumatic vibroactuator.

APS prequency e Deyeored | Anedar, T Wosking oyt
0.5-2.2 40-51 200-450 0.6-2.4 1.45 1.3-22

* Relative pressure is equal to the ratio of the supply pressure P; to the atmospheric pressure Pgt;;, where Py varies
from 1.3 x 10° Pa to 2.2 x 10° Pa, P = 1.0 x 10° Pa, and Py /Payy = 1.3-2.2.

Figure 10 shows graphs of the dependence of angular velocity on the supplied air
pressure. The dashed line marks the experimental results, while the solid line marks the
theoretical results. Blue lines (w1l and w2) correspond to the results obtained when the
diameter of the air outlet channels 75, = 0.5 x 1073 m, and red lines (w3 and w4) indicate
when 7, = 1.0 x 1073 m.
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Figure 10. The dependence of the angular velocity on the supplied compressed air pressure at
different diameter of the air outlet channels: w1, w3 (solid lines)—results of mathematical calculations;
w2, w4 (dashed lines)—results of experiments.

5. Conclusions

A pneumatic vibro-exciter with a rotational working mass lid, operating in a regime
of self-exciting vibrations, was investigated.

A mathematical model was created using De Saint-Venant and Vantzel equations
that described the dynamics of the mechanical system of two types of movements of
the pneumatic vibro-exciter. This model is a system of several first- and second-degree
differential equations that was reduced to a system of first-degree equations and solved
applying the Runge—Kutta method.

The experimental data and the results of the mathematical modeling of the vibro-
exciter of the considered design correlate with each other. When analyzing the results, the
same dependencies and trends in the movement of the working body are determined. The
mathematical model is limited to isothermal conditions; therefore, discrepancies with the
experiment are possible.

The amplitude of the vibro-exciter’s self-oscillations linearly depends on the supplied
air pressure. Under certain mechanical and geometric parameters of the dynamic system,
with a 1.5-fold increase in the air pressure supplied to the chamber, the vibro-exciter’s
oscillation amplitude can increase by six times.

During the study, it was found that with these initial data, the system could operate in
the self-oscillation mode when the supplied pressure varied from 1.3 to0 2.2 X Pypy.

Increasing the initial tightening, the occurrence of self-oscillations of the working body
of the vibro-exciter occurred at a higher supplied pressure. By increasing the initial tighten-
ing from 0.5 to 1.0 x 1073 m, the system entered the auto-oscillation mode at approximately
1.2 times the applied pressure (instead of 1.3 X Py, 1.52 X Py was required).

By increasing the tightening more than 1.5 x 1073 m, auto-oscillations were not
achieved at any applied pressure values during the mathematical study.

Increasing the air supplied to the chamber linearly changed the results of the angular
velocity of the working body. By increasing the pressure from 1.3 to 1.8 x Py, the angular
velocity increased to 1.6 times.

Theoretical studies show that the angular velocity also linearly depends on the diam-
eter of the air outlet holes in the cover. However, if the diameter is increased too much,
without changing other geometric parameters of the vibro-actuator, auto-oscillations of the
working body no longer occur.
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For further research, the authors plan to conduct an experiment with a vibro-exciter
with other geometric parameters and supplement the theoretical study with simulation
analysis in a MATLAB Simulink environment.
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