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The technology for the production of high-quality concrete products includes the vibration of the concrete mixture at
various frequencies. For this, an electromagnetic vibration drive can be used, which has high reliability, durability and
controllability. For its effective application, it is necessary to adjust the resonance frequency of the oscillating system in
order to ensure the near-resonance mode of operation at different frequencies. This is possible by using devices with
adjustable stiffness, in particular, controlled dynamic vibration absorbers with nonlinear elastic elements. In the article
the electromagnetic, electromechanical, mechanical, and energy processes in a controlled vibration system, which
includes an electromagnetic vibrator and a vibration absorber with conical springs, the stiffness of which is regulated by
compression using a press, have been investigated. Using the circle-field method, a mathematical and simulation model of
electromagnetic and electromechanical processes in the vibrator has been developed. For this purpose, numerical
calculations of the magnetic field in the vibrator have been performed and, based on the obtained results, the functional
dependences between the electromagnetic force, magnetic flux, magnetomotive force and the size of the air gap have been
determined. A model of the mechanics of the oscillating system, processes in the vibration absorber press drive and
processes in the control system has been also developed. The built simulation models were combined into a general model
in the Simulink environment, by means of which the time diagrams of the processes have been obtained. The modeling
results show that the system provides a smooth transition from one vibration frequency to another while maintaining the
specified amplitude of the working body oscillations and near-resonance mode with high energy efficiency. References 12,
figures 10, tables 3.
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Introduction. Vibrating equipment is used for many technological processes, in particular, for
compaction of concrete mixtures. One of the ways to improve the quality of concrete products is to apply
sequential vibrations at different frequencies. This makes it possible to improve the compaction of stones of
different sizes in the concrete mix: large crushed stone fractions are better compacted at low frequencies and
the small ones — at high frequencies [1]. Today, regulation of the vibration frequency is implemented mainly
with the help of a frequency-controlled unbalanced vibration drive [2, 3]. But when working at high
frequencies, it has rapid wear of mechanical components, particularly of bearings [4]. The electromagnetic
drive, which is able to work in a wide range of frequencies and has high reliability and durability [4, 5], is
devoid of this drawback. But, for its effective use, it is necessary that it works in a mode close to resonance
[6]. To ensure such a mode at different frequencies, it is necessary to use elements with adjustable stiffness,
by means of which the resonant frequency of the system can be changed according to the vibration
frequency. This can be done by the controlled dynamic vibration absorbers installed on the intermediate
mass of the vibration devices [6], in particular, it can be vibration absorber with conical springs [7]. To
provide the operation of such a system, it is necessary to ensure compatible control of the frequency and
amplitude of the electromagnetic drive and the stiffness of the vibration absorber springs, which requires
taking into account the peculiarities of electromagnetic and mechanical processes during their interaction.
Therefore, the study of these processes in order to control them is an actual problem.

Analysis of previous studies. In different works the processes in vibration devices were investigated
when applying various algorithms for the simultaneous control of an electromagnetic drive and an
electromagnetic dynamic vibration absorber. In [6] a control algorithm that can be used to implement
sequential vibration at different frequencies is considered. That is, when the vibration frequency is not
adjusted to the resonant frequency of the device, but is set by an external signal, and the task of controlling
the vibration absorber is not to achieve anti-resonance of the intermediate mass, but to ensure resonance
mode of the drive operation. When modeling electromagnetic and electromechanical processes in the
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vibrator, the circle-field method was used in [6], and the method of conformal transformations was used for
the vibration absorber modelling.

The use of non-linear elastic elements to change mechanical stiffness makes it possible to use larger
values of the reactive mass than with electromagnetic control [7], which expands the scope of application of
such systems to larger vibrating devices. However, vibration absorbers with nonlinear elastic elements, in
particular, with conical springs, unlike electromagnetic ones, have a significant adjustment time. This is due
to the necessity of the elastic elements compression to achieve the necessary value of their stiffness [7].
Therefore, the processes for the simultaneous control of vibration absorbers of this type and the vibration
drive can fundamentally differ from those described in [6], where only electromagnetic devices are
considered.

The goal of the work. The purpose of this work is the research of electromagnetic, electro-
mechanical, mechanical and energy processes in a resonant vibration system, which contains a frequency and
amplitude controlled electromagnetic drive and a controlled dynamic vibration absorber with conical springs,
which operates in the mode of sequential vibration at different frequencies.

The general structure of the vibrating device. Let's take as a basis a vibrating device for
compacting concrete mixtures, which is used as an experimental stand in the laboratory of the Admiral
Makarov National University of Shipbuilding. Its functional scheme is shown in Fig. 1. Notations defined in
this scheme: 7 is the working body of the vibration device; 2 is the electromagnetic vibrator; 3 is the
intermediate mass; 4 is the controlled dynamic vibration absorber with conical springs; 5 is the relay device
for commutation of the motor coils of the vibration absorber press electric drive; 6 is the a transistor
converter with PWM powering the coils of the electromagnetic vibrator; 7 is the control system; & is the
vibrator coil current sensor; 9 is the accelerometer installed on the working body.

The device works as follows. As a result of
processing the signals of the accelerometer and the
9 current sensor in the control system, the amplitude
) \ of the working body oscillations and their phase
7 | N relative to the electromagnetic force are
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amplitude and frequency of the current in the
vibrator coils, providing oscillation with given

2 amplitude at the resonant frequency. If it is
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necessary to change the vibration frequency, the

the resonant frequency of the system. In response
to this, the frequency control system changes the
Fig. 1 frequency of the forced oscillations, adjusting to
the new resonance. Thus, the vibration amplitude and frequency are controlled while maintaining the energy-
efficient resonant mode of operation.
Model of electromagnetic and electromechanical processes. The parameters of the
electromagnetic vibrator are listed in Table 1.

Table 1

Number of the electromagnets #ejmqgn 2 Electrical steel 3413

Number of the electromagnet coil turns W 612 The shape of the core and of the U
armature

Connection of the coils parallel Length of the core and of the 45
armature, mm

The initial value of the air gap size §, mm 1.9 Core height, mm 76

Active resistance of the electromagnet coil R, Ohm 2 Armature height, mm 75

Parameters of the electromagnet equivalent circuit [6], R, 14.7 Pole width, mm 25

characterizing losses in steel, kOhm R, 34 Distance between poles, mm 39
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Let's use the circle-field method to simulate processes in the electromagnet. It is based on the
approximation of the dependences of the flux coupling and the electromagnetic force on the magnetomotive
force and the size of the air gap, obtained by numerical calculations of the magnetic field [8, 9]. To do this,
we build a model of an electromagnet in the specialized Ansoft Maxwell program, in which for a number of
combinations of magnetomotive force values and the size of the air gap, we calculate the flux coupling and
the electromagnetic force using the formulas:

4 1 1

y=> .[andeWj ; F, =—§[(Bn)B ——ande,
=S, Ko s 2

where S, ; is the area of the j-th turn of the coil; B is the magnetic induction vector; n,,; is the normal to the

plane of the j-th coil turn; S is the armature surface; n is a the normal vector to the surface of the armature.
The resulting dependencies are presented in Fig. 2.
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Fig. 2

In order for the dependences between magnetomotive force /W and flux coupling y to be used for
modeling dynamics, they must be reduced to /W(y) functions [6]. For this purpose, let's use the method used
in [10]. We approximate the obtained dependences (/W) by hyperbolic functions:

2
(x -X, j + bj2
_ _ _ J
yj(x) - (ycj krjxcj 1 xz n bz
<

+k. x
7

b

where j is the dependency number corresponding to a certain value of the air gap size; (x., y.) are the
coordinates of the hyperbola center; b is the value specifying the focal length; %, is the rotation ratio.

For the dependence y;(/W) which corresponds to the size of the air gap 6 = 1.6 mm, we determine
the coefficients of the approximating function by the method of least squares by sorting through four nested
loops and find the slope coefficient of the upper asymptote:

kx —y.
k,=—2e Y0 Lk =2.465-10° WH/A.

a
X2 +b
7

This coefficient will be the same for all hyperbolas y;(x). Therefore, for other values of j, we perform
an enumeration of only the values of x., y. and b, and the coefficient £, is determined by the formula:

e = (ve G2+ 017 kg ) (ke (62 #6772 +1)71 .

As a result, we get the coefficients of the approximating functions listed in Table 2.

Table 2

J 1 2 3 4 5 6 7 8 9 10 11 12 13 14
6, mm 0.3 0.4 0.6 0.8 1 1.2 1.6 2 2.5 3 3.5 4 4.5 5
X., KA 0.829|1.037| 1.53 | 195 | 234 | 275 | 344 | 407 | 474 | 53 | 586 | 634 | 68 | 7.18
V., mWb 21132116 2.118 | 2.116| 2.116| 2.116| 2.11 | 2.105| 2.093 | 2.077 | 2.071 | 2.052 | 2.043 | 2.027
b, kKA 0.355] 0.440| 0.506 | 0.567| 0.63 | 0.67 | 0.764| 0.790| 0.919| 1.01 | 1.105]| 1.065| 1.115| 1.084
k., mWB/KA | 1.234] 0.991 | 0.687| 0.544| 0.457 | 0.392| 0.316| 0.269 | 0.231| 0.207| 0.188 | 0.173 | 0.162| 0.153
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For a range of fixed flux linkage values ¥ =0, 0.1 ... 2.5 (mWb) we create the equation:
y,(w)=Y,,

where £ = 1..26. Using the bisection method, we obtain a

number of magnetomotive force values W, which

correspond to the set values of flux coupling ‘¥, at the values

of the air gap §;. By interpolation we get a family of functions

IW(y), the graphs of which are shown in Fig. 3.

Derived dependencies /W(y,8) and F.(IW,5) enter in
the appropriate blocks "IW" and "Magnetic force" of the
W] simulation model of the electromagnet in the Simulink

0 10 20 kA environment (Fig. 4).
Fig. 3 Using the electromagnet equivalent circuit [6], which
takes into account the influence of eddy currents and hysteresis, we create the equations of electromagnetic
processes:

i) = O30+ 0+ 0 S =ul0)- i), M@
0= )= RO i10)= e )~ i), oxt

where i, =i, /W i,=i,/W ; R, =R, W*; R,
is a magnetomotive force, which is created by eddy currents; i, is a magnetomotive force, which determines
the reactive component of magnetization; R, . is a equivalent resistance of eddy current circuit; R is a
fictitious resistance characterizing hysteresis losses at standard current frequency f;, for which loss
reference data is provided. Based on these equations we create a simulation model of electromagnetic and
electromechanical processes, shown in Fig. 4.
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Fig. 4

The model works as follows. The instantaneous value of the coil voltage is applied to the "u" input,
the voltage drop across the active resistance is subtracted from it and determined electromotive force, which
is divided by the number of coil turns to obtain the time derivative of the magnetic flux. Then it is integrated
to determine the magnetic flux, which enters the input of the "IW" block, where the interpolation of the
dependence IW(®, 6) is performed. The second input of the "IW" block receives the value of the air gap, and
at its output we get the magnetomotive force, which enters the input of the "Magnetic force" block, which
calculates the electromagnetic force. According to the equation (1), the current in the electromagnet coil is
determined. Then it is multiplied by the active resistance and the voltage drop across it is determined. The
value of the armature movement relative to the core enters the input "x". It is subtracted from the initial value
of the air gap and the current value of 3 is determined. It enters the second inputs of the "IW" and "Magnetic
force" blocks.
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The model of the oscillating system mechanics and processes in the drive of the vibration
absorber press. Figure 5 shows the mechanics diagram of the oscillating system, the diagram of the
vibration absorber with conical springs, and the stiftness characteristic of the spring. Notations defined in the
figure: my...m;, are the mass of the working body, the intermediate platform and the moving part of the
vibration absorber; cy...c; are the stiffness of shock absorbers, springs in the suspension of the intermediate
platform and springs of the vibration absorber; by...b, are loss coefficients in the corresponding springs; i3,
c; and b; are the parameters reflecting the inertial, elastic and dissipative properties of the concrete mixture
[11]; 1 is the DC motor; 2 is the reducer; 3 is the moving part of the vibration absorber; 4 is the conical
springs; 5 is the press; 6 is the helical gear; x,, x», x,. are the moving the intermediate platform, vibration
damping mass and the press; F,(Ax) is a reaction force of a conical spring depending on its deformation.

kN | F

§ c1. by *Fl § L-n -~ 2
Fl* 3 = lx
| om | s C

co, bo

% ¢, by 4 i ¢xL:Txpr _,/
2 L 1 -"
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Fig. S5

The values of the mechanics diagram parameters and the characteristics of the vibration absorber
press drive are given in Table 3.

Table 3
Parameters of the mechanics diagram
my | nm; | my | ns Co | C| | C | C3 bo | b1 | b2 | b3
kg MN/m N-s/m
1499 | 41 [ 10 | 10 145 | 896 [05.15] 1 435 | 610 | 48 | 1700
Characteristics of the vibration absorber press drive

. Electrical time | Mechanical time Motor voltage Motor torque . Screw

Type of drive constant constant constant constant Gear (riatlo O.f the pitch
motor T, s T, S K, (V-s)" K, (N'm-s)’ reducer i, h, m
VJI-042-18 0.01 0.09 9.615 1202 741 0.005

For the convenience of modeling, the characteristic of the conical spring can be approximated in the
working area Ax = 0.013..0.03 m by a polynomial [7]:
5

Frpr(Ax) = Zai (A'X’.IO3)Z >
i=0

)

where ap = —1.02-10* N; @, = 2.842-10° N/m; a, = —302.762 N/m’; a3 = 16.086 N/m’; a, = —0.422 N/m";
as=4.479-10" N/m’.
Based on the diagrams in Fig. 5 we create the equations of the oscillating system mechanics:

dv,

dv

dv,
dt
At om,
1
_(Fz (t) - b2
m,

dt

66

1

0

— X () =, - (x (6) = x, () — ¢, - (x, () = X, (1)));

(O =, (1)

dV3 _L(
dt _m3

(F,(6) = byvy (1) = b, - (v, () = v, (1)) = by - (v, (1) = v, (1)) —

: :mL(_Fl(t)"'bl '(vo(t)_vl(t))_bz '(Vl (t)—Vz(t))-l-Cl '(xo(t)_xl(t))_Fz(t));

b3 : (Vo (*) - Vs, (1) + Cy (xo (t) - X3 (t))),

(6)
(7

),
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dx.
—=v(?),i=0.3; 10
7 (1) (10)

F,(1)=4F,, (xl (0)—x,(0) + %x (z)j _4F, (x2 (0) = x, (1) + %x (z)j . (11)

Based on these equations, we build a simulation model of mechanical processes in the oscillating
system in the Simulink environment (Fig. 6).
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The press drive of the vibration absorber with conical springs, which is used in the considered
system, contains a direct current motor ¥YJI-042-18, reducer and helical gear (Table 3).
The motor speed without load ®,, ;; is determined by the differential equation:

d’o,, do
2Z1Jdl + Tm Oz;;'dl + O‘)m.idl (t) = kmum (t) s (12)

TB Tm

where u,, is the input voltage.
The reaction force of conical springs when they are compressed by a press:

1
Fr(t)=4FW[§xp,. (f)j- (13)
This force creates a resistance torque acting on the motor rotor:
M, (2)=- £, (14)

r lgear
where 1. 1S the efficiency of the mechanism, which takes into account losses in the reducer and helical gear.
When the press moves, the resistance torque causes a decrease in the rotation frequency by the value
of Aw,,, which is determined by the differential equation:
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2
rr ¢ Aoy r O, | Ao, (6)=k, .[Tm M, m (:)j. (15)
dt dt dt
A peculiarity of helical transmission is a sliding friction, which at low speeds has a significantly
nonlinear characteristic [12]. But in this model this nonlinearity can be neglected. It is enough to take into
account only the fact that the reaction force of the springs cannot cause the screw to rotate in the direction
opposite to the torque created by the motor. That is, the movement of the motor, screw and press occurs
when the frequency ®,, ;s exceeds the value Aw,,, or when they are directed in the same direction (during the
reverse movement of the press). Thus, the motor shaft rotation frequency will be determined by the
following equation:

©, ()= {wmw (1) = A0, (I (010 (0) > A )V (0 (1) <~ ) (16)

0 otherwise,

where @, is the minimum angular velocity sufficient to overcome the force of viscous friction.
On the basis of equations (12) — (16), we build a simulation model of the vibration absorber press
drive in the Simulink environment in the form of the "Vibroabsorber drive system" subsystem (Fig. 7).
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Motor input Motor transfer fon If Action Gear ratic  Integrator
Subsystemn

¥

voltage
Fig. 7
A control signal is sent to the "On_Off" input, which can take the value —1, 0 or 1. The output of the
subsystem is the calculated value of the movement of the press x,,, taking into account the resistance force
and the characteristics of the drive.
Model of processes in the control system. The simulation model of the electromagnetic vibration
drive control system was developed in [6]. In [11] it is represented by a separate Control system subsystem.
We add to this subsystem the control circuit of the vibration absorber press (Fig. 8).
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The input signal of the press control circuit is the assigned value of the vibration frequency f..s
which is compared with its real value f. If the difference between them (error) exceeds the value of the
insensitivity zone specified by the "Dead zone " block, 1 or —1 is applied to the "On_Off" input, depending

on the sign of the error.
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Simulation results. The complete
simulation model of the controlled
vibration system is shown in Fig. 9. It
consists of three subsystems: "Control
system", "Electromagnetic system of
vibrator" and "Mechanical oscillation
system". The structure of the first one is
shown in Fig. 8, the second one — in
Fig. 4, the third one — in Fig. 6.

The input signals are the reference
values of the working body oscillation
amplitude X, ,.; the vibration frequency

Jrr and the phase shift between the electromagnetic force and the movement of the working body ¢,.. To
maintain the resonant mode, the value @,,r = —90° is set.

The Figure 10 shows the result of the simulation: the time diagrams of the working body vibration
amplitude X, (the reference value and the real one), the frequency of vibration f, the phase shift between the
electromagnetic force and the movement of the working body ¢, the movement of the press x,,., the output
(mechanical) power of the vibrator P,,,, the efficiency of the vibrator 1.

X, mm
of o

B
T
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15
Fig. 10
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The graphs show the following processes. The drive starts with a frequency of 41 Hz. The reference
amplitude value X,, s increases linearly to 0.5 mm within 1 s and then remains at this level. At a time of 1 s,
the automatic frequency adjustment system is turned on, at a time of 3.2 s it sets a frequency of 41.4 Hz,
which corresponds to resonance (¢ =~ —90°). At the moment of 3.3 s, the oscillatory transient process of
adjusting the vibration amplitude is finished, the amplitude value reaches the reference one and does not
deviate from it by more than 5%. At a time of 5 s, a new reference value of frequency f,.,,= 61 Hz is set. The
difference in frequencies f.r and f goes beyond of the dead zone +1 Hz, and the press movement drive is
turned on. The movement of the press is accompanied by compression of the conical springs, an increase in
their stiffness and the resonant frequency of the oscillating system. In response to this, the automatic
frequency adjustment system increases the frequency of forced oscillations f. As a result, the frequency
increases smoothly and after a small overshoot is set at the level of 61.05 Hz. The press drive corrects the
frequency error, after which it stops. This is also accompanied by a single fluctuation of the vibration
amplitude within £0.4 mm for 2 seconds. After that stationary vibrations are established at a new frequency
with given amplitude.

The output power and efficiency of the vibrator have been calculated according to the method
described in [6]. The simulation results show that the drive maintains high energy efficiency when switching
between frequencies. An increase in the frequency at an unchanged vibration amplitude leads to an increase
in the output power and, as a result, to an increase in the efficiency of the vibrator from 0.62 to 0.78.

Conclusions. The processes in the controlled electromagnetic drive of the vibration device, which
contains an autoparametric vibration absorber with nonlinear elastic elements, have been investigated by
means of simulation modeling. It was established that the simultaneous control of the electromagnetic
vibrator and the dynamic vibration absorber ensures the consistent operation of the vibration device at
different frequencies while maintaining the energy-efficient near-resonance mode. The transition from one
frequency to another occurs smoothly, the transition time is determined by the dynamic properties of the
absorber press drive. For the considered drive the transition speed is about 1.5 Hz per second.
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0.0. YepHo, nokT. TexH. HayK, A.}O. Ko3nos

HanionanbsHuii yHiBepcuteT KopadaedyayBanus iM. aamipasa Makaposa,
npocn. 'epoiB Ykpainu, 9, Mukonais, 54007, Ykpaina.

E-mail: alextcherno@gmail.com.

Texnonoeiss 6upoOHUYMBA BUCOKOAKICHUX OEMOHHUX 8Up0DI8 8KIIOYAE 6 cebe 8IOpY8aHHs OemOHHOI cyMiui HA PI3HUX
yacmomax. [na yvbo2o Modce Oymu GUKOPUCMAHUL eNeKMPOMASHIMHUL i0payitiHull npueoo, AKull Mde BUCOK)
HAOIUHICMb, 008206iUHICMb MA Keposanicmb. s 1020 ehekmusHo20 3acmocy8antss HeobXIOHO 30MCHIO8amu
PecyNoBanHsa pPEe30HAHCHOI 4acmomu KOIUBANbHOI cucmemu 3 Memor 3abe3neyeHHs OiNAPe30HAHCHO20 PeNCUMY
pobomu na pizHux uyacmomax. Lle MONMCIUBO WNAXOM GUKOPUCMAHHA NPUCMPOIE 3 PecyIbO8AHON HCOPCMKICMIO,
30KpemMa, KepoBaHux OUHAMIYHUX GIOPO2ACHUKI6 3 HENHIUHUMU NPYJICHUMU elleMenmamu. Y pobomi 0ocniodicero
CeKMPOMACHIMHI, eNeKMPOMEXAHIUHI, MEeXAHIYHI A eHepeemuyHi npoyecu y KeposaHil 8lopayitinitl cucmemi, ujo
MICIMUmMb e1eKmpoMasHimHuil 8i6pamop ma GiOPO2ACHUK 3 KOHIUHUMU NPYICUHAMU, HCOPCKICMb AKUX PE2YI0EMbC
WASAXOM CIMUCKAHHA 34 00NOMO2010 npecd. 3a 00NOMO20I0 KOJO-NOIbOB020 MEMOOY PO3POOICHO MAMEMAMUYHY ma
iMimayiuny MoOenb eleKmpOMAacHIMHUX MA eIeKMPOMEXaHIYHUX npoyecie y eibpamopi. /[ii yboeo 6UKOHAHO YUCLO8I
PO3DAXYHKU MASHIMHO20 NOJA Y 6ipamopi ma HA OCHOBI OMPUMAHUX Pe3YIbMamié GU3HAYEHO (QYHKYIOHAIbHI
3QNeAHCHOCE MIJIC eNIeKMPOMACHIMHOIO CUNOI0, MACHIMHUM NOMOKOM, MASHIMOPYWIHOIO CUTOI0 MA BeNUYUHOIO
nosimpsanoeo 3azopy. Pospobreno maxooic modens mexaniku KOAUBANbHOI cucmemu, npoyecie y npusoodi pyxy npeca
sibpoeacHuxa ma npoyecig y cucmemi Kepysauts. Ilobyodosani imimayitini mooeni 06’ €OHAHO 8 3a2albHY MOOelb Y
cepedosuwi Simulink, 3a 0onomoezor axoi ompumaro yacosi diazpamu npoyecie. Pezyriomamu modenosantsa nokazanu,
wo cucmema 3abesneuye NAAGHUL nepexio 3 0OHIEi uacmomu 8ibpayii Ha iHWLY, NIOMPUMYIOUU NPU YbOMY 3A0AHY
amnimyody KOIUSaHb poboyoeo opeana ma OLIAPE30HAHCHULL PEXCUM 3 BUCOKOIO eHepeemuyHoIo epekmusnicmio. bion.
12, puc. 10, Tabun. 3.

Knwwuoei cnosa: enexTpoMarHiTHUH TpHBOA; BIOpauiiiHWiIT npUCTpil; KepoBaHMH BiOpOracHUK; aBTOMAaTHYHE
KepyBaHHSI.
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