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Modern industry requires high-precision control of vibrating electromechanical systems. To optimize the operation of
vibrating machines, it is important to develop control systems that balance energy efficiency and productivity across
different dynamic modes. In this work, a control system for a vibrating platform driven by a permanent magnet linear
motor has been developed. The control object is represented by a two-mass mechanical scheme that accounts for the
elastic properties of the vibration suspension and the forces of Coulomb and viscous friction. A vibrating linear motor
with a toothless stator structure is considered as the exciter of a periodic electromagnetic force. The motor’s electrical
model is represented by an equivalent circuit with lumped parameters, whose values are functions of the mover’s dis-
placement relative to the stator. Using the developed Simulink model, the resonant properties of the electromechanical
system were studied, identifying the modes corresponding to the maximum values of mechanical power and efficiency. A
control system for a vibrating platform driven by a permanent magnet linear motor has been developed, which tracks
the phase of displacement (or acceleration) and maintains a specified current phase. Additionally, the motor current is
regulated to achieve desired parameters of mechanical vibrations. The system was simulated in the Matlab/Simulink
software package, and its transient processes were investigated under changes in the mass of the vibrating platform
material. References 16, figures 7, tables 2.

Keywords: control system, electromechanical system, permanent magnet linear motor, resonant properties, two-mass
mechanical system, vibration platform.

Introduction. Modern industry requires high-precision control of vibration electromechanical
systems, which are widely used across various industries [1-5]. To achieve the optimal operating mode of
vibration machines, it is essential to develop control systems that ensure a balance between energy efficiency
and performance under different dynamic modes. In addition to maintaining the required technological
parameters - such as vibration amplitude and acceleration — the drive must have low inertia to provide the
necessary dynamic characteristics and high controllability. This leads to the increased requirements for
vibration drives and motivates the search for innovative design solutions.

Vibrating machines typically operate in modes either above or below resonance [6], however, the
highest efficiency can be achieved in modes close to resonance [7, 8]. Many types of vibrating machines
(vibrating mills, separators, feeders, etc.) have variable load parameters. Therefore, to set the desired
operating mode, it is necessary to use a control system to continuously maintain the resonant mode.

In certain processes like vibration processing, it is cruitial to ensure the vibration field’s parameters
are technologically optimal [9]. Moreover, while operating the adaptive vibration technological machine, the
control system tracks two parameters — the frequency and amplitude of oscillations - and adjusts these
parameters of the vibration drive if there is a change in the load mass.

The use of linear drives in vibration machines enables an energy-efficient near-resonant operation
mode [8, 10-12]. To achieve this, the control system must maintain a specified phase angle between the
electromagnetic force and the movement of the moving mass. The optimal angle value varies depending on
the type of drive, mechanical scheme, and its parameters from 45° to 90° [8, 10, 13]. This angle can be de-
termined beforehand through preliminary analysis of the vibration system and its electromechanical charac-
teristics, and then used as a reference for the control system.

Another solution is to implement a resonant frequency search algorithm [14]. However, this method
has two major drawbacks: first, the search process takes a significant amount of time, making such a system
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ineffective under variable load conditions. The second drawback is that the search result is the frequency of
maximum oscillation amplitude, which is usually not the most efficient mode for work [7].

In this study, a permanent magnet linear motor (PMLM) is considered as the exciter of the vibration
platform [7, 15]. Such motors have several characteristics that make them a promising solution for drives of
vibration machines. Due to design features, there is no need to use mechanical gears, since electrical energy
is converted directly into reciprocating motion. This reduces losses, improves dynamic characteristics, and
the use of modern powerful permanent magnets ensures compactness, high productivity and energy effi-
ciency.

The purpose of the study is to identify effective operating modes of a vibrating platform driven by
a PMLM and their implementation under variable load conditions using an automatic control system.

To achieve this, the following were developed: a mathematical model of a vibration system driven
by a PMLM; a control system with a sufficiently high adjustment speed to a given mode; and a simulation
model of the system. The effectiveness of the control system was verified through simulation.

Model of the control object. Vibration platforms are used to generate controlled mechanical
vibrations. Their operation is based on converting the energy of an exciter (electrical, mechanical, or
hydraulic) into oscillatory movements of the platform or another object.

The design of the platform for forming concrete products driven by a vibrating linear motor is shown
in Fig. 1, a. Here, the linear motor / is rigidly attached to the platform 2, which is isolated from the
foundation 3 by support springs 4.

The mechanical scheme of the vibrating
platform is most often considered as a two-
mass, with two degrees of freedom (Fig. 1, b).
The motor mover 5 is connected to the stator
through elastic elements 6. The system moves
under the action of a periodic electromagnetic
force F,, whose frequency and amplitude are set
by the control system.

The following assumptions are made:
oscillating masses are perfectly rigid bodies; a
the stiffness of elastic elements is constant; the
mass m, also accounts for the attached load ’
mass (such as the concrete mixture, etc.); the p % gﬁ
viscous friction coefficient of the vibrating 2 e s K .
platform b, considers the dissipative properties 6 ! .
of the elastic suspension of the platform and ] < I L] X
losses in the attached load mass; initially, the % - o 'le'

b y7 b
system is in a state of mechanical equilibrium,
when there is a static equilibrium between the b
gravity and elasticity forces. Fig. 1

If we take the position of mechanical
equilibrium of the system (the position of the masses when there is no force F,) as the reference point for the
movement coordinate, the following equations of motion correspond to the given mechanical scheme:
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where m, is the PMLM mover mass; x, is the mover displacement relative to the fixed coordinate system; k,
is the stiffness coefficient of the vibrator springs; x = x, - x,, is the mover displacement relative to the stator;
b, is the viscous friction coefficient of the vibrator; Fris the Coulomb friction force, F, is the electromag-
netic force; m, is the mass of the vibrating platform with concrete mix and vibrator; x, is the vibrating plat-
form displacement; £, is the stiffness coefficient of the vibrating platform springs; b, is the viscous friction
coefficient of the vibrating platform.
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A vibrating linear motor with a toothless stator structure is considered as the exciter of the periodic
electromagnetic force F,. The mathematical model of a linear vibration motor, as well as the main
approaches to obtaining its characteristics and parameters, are presented in [7, 15, 16].

The equivalent electrical circuit of the motor is shown in Fig. 2, where R; and L; are the resistance
and inductance of the stator winding, respectively; e is the EMF induced in the stator winding due to the
mover’s movement.

In the given equivalent scheme, the stator winding resistance R, remains constant. The winding
inductance L, is a function of the mover’s movement relative to the stator. The R, Ly

stator EMF is equal to e=—-"#" e where W, is the winding flux linkage

caused by the field of permanent magnets, which is a function of the mover’s Uy dYom
position. i /—\7
Based on these considerations and the equivalent circuit, the voltage equa-  © k&
tion of the stator winding can be expressed as follows: Fig, 2
u, =iR, +i(‘{' Wt Li)=iR + Py x| dL, -@is +Ls%, @
dr* 7’ de dt dx dt dt

where uy, i; are the voltage and current of the motor winding, respectively; x is the mover displacement rela-
tive to the stator.

The motor electromagnetic force can be expressed as the derivative of the magnetic energy W,, with
respect to the mover’s displacement:

d¥
F, = ~my LA 3)
OX | ccon A 2dx

For the toothless type of PMLM, the dependences of inductance and flux linkage on the displace-
ment x are quite well approximated by sinusoidal functions:
v, =¥, sin (Exj; L =L +L,cos (Exj , 4
T T
where ¥, is the amplitude of flux linkage; 7 is the pole pitch; L,,, L, are the average and amplitude values of
the stator winding inductance, respectively.
From the expressions above:

a¥ 2L T
Dom _ Fym cos[E xj; e Sin(z—nj : (5)
dx T T dx T T

Simulink model of the system “linear motor-vibrating platform”. To analyze the
electromechanical properties of the system, its model was created in the Matlab/Simulink environment, as
shown in Fig. 3. Here, the “Vibrator” block represents a virtual model of the “linear motor-vibrating
platform” system, based on equations (1)—(5).

The model calculation was carried out with the parameters given in Table 1.

Besides the parameters listed in Table 1, it is assumed that the mass m, ranges from 50 kg for an
unloaded platform to 200 kg for a fully loaded one. It is also assumed that the viscous friction coefficient b,
depends linearly on the attached mass: 2500 kg/s for an unloaded platform to 7500 kg/s for a fully loaded
platform.

The motor is powered by a controlled sinusoidal current source with a fixed rms value of 10 A, and
its frequency gradually increases from 1 Hz to 50 Hz over time. The amplitude-frequency characteristics of
the system for four values of the mass m, (50, 100, 150, 200 kg) are shown in Fig. 4. It reveals that, at these
parameter settings, there are two resonant frequencies where the displacement amplitudes of the mover and
the platform are maximum.
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Table 1 The dependencies of efficiency and
Motor winding resistance R,, Ohm 2.67 mechanical power, shown in Fig. 4, are based on the
Flux linkage amplitude ¥,,, Vb 2.35 following.
Pole pitch 7, m 0.071 According to the adopted calculation model,
Average value of the stator winding induc- 0.07 the useful power supplied to the load is used to cover
tance Ly,, H I losses due to the equivalent viscous friction of the
Amplitude value of the stator winding in- 0.0035 | vibrating platform with the mixture and is equal to
ductance L,,,, H
Mover mass m,, kg 77 po
ZVI,SE;JSS friction coefficient of the vibrator 1350 p = 71; J' V,z, dr (6)
Stiffness coefficient of the vibrator springs ) =T )
k.. N/m 0.687e+6 | where v, is the platform velocity.
Coulomb friction force F, N 15 Then, the efficiency of the “linear motor-
Stiffness. coefficient of the vibrating plat- 19746 Vibrating platform” system is determined by the
form springs k,, N/m ) expression:

(7

Zn =p, [T‘l j‘uxisdt}.

t-T

The electromechanical system parameters at the points of maximum mechanical power are listed in

Table 2. The phase angles are calculated relative to the current, which is assumed to have an initial phase of
zero. For each mass in the table, there are two mechanical power maxima, because a two-mass system with
two resonant frequencies is considered.

As follows from the obtained data, the maximum mechanical power does not align with the highest
amplitudes of the mover and platform oscillations. At the same time, the maximum efficiency values (see
Fig. 4) correspond to the points of maximum mechanical power, which indicates the possibility of using
these modes as reference for the control system.
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Table 2
Mass of the vibrating platform m, (kg) 50 100 150 200
Frequency f(Hz) 13.12 | 3731 | 12.83 | 26.99 | 1248 | 22.63 | 12.16 | 20.23
Useful mechanical power P, (W) 143.2 | 191.3 196 186.7 | 195.8 | 188.3 | 163.7 | 191.7

Platform displacement amplitude X,,,, (m) | 0.0042 | 0.0017 | 0.0039 | 0.0018 | 0.0034 | 0.0018 | 0.0028 | 0.0018
Platform oscillation phase vy, (degrees) 1157 | -95.5 | 122.7 | -100.1 | 126.3 | -104.7 | 131.4 | -109.2
Mover displacement amplitude X, (m) 0.0095 | 0.0020 | 0.0073 | 0.0026 | 0.0055 | 0.0032 | 0.0043 | 0.0038
Mover oscillation phase vy (degrees) 106 91.2 102.2 | 92.8 90.7 92.9 76.4 91.7

System efficiency 0.178 | 0.316 | 0.288 | 0.321 | 0.337 | 0.317 | 0.328 | 0.309

Vibration platform operating frequency control system. The principle of the control system’s op-
eration is based on tracking the phase of displacement (or acceleration) and maintaining a specified phase of
the current. To simplify the system structure, a moving coordinate system (x,)) is used, which moves syn-
chronously with the mover. In this case, there are two control channels. The first, on the x-axis, corresponds
to the phase of the current, and the second, on the y-axis, relates to its amplitude. Current regulation allows to
maintain permissible electrical loads of the motor when changing the mechanical load parameters, as well as
to implement the required mode of mechanical oscillations. The model of the control system in the Mat-
lab/Simulink environment is shown in Fig. 5.

Here, the input signal from the acceleration sensor is fed to the input of the control system In(a).
After converting into a moving coordinate system, the projection of acceleration along the x-axis is kept at
zero using the frequency controller (the “Frequency controller” block), while the acceleration amplitude
along the y-axis is regulated.

The current value from the acceleration controller output is converted by the “xy to ab” block into a
fixed coordinate system and is used as a reference for the hysteresis current controller (the “Current Control-
ler” block). The latter compares the reference value is* with the actual motor current, and if the difference is
greater than the set hysteresis zone, it generates a signal to switch the power switches of the bridge inverter.

The “Step” and “Step1” blocks introduce a delay in switching on the frequency and acceleration con-
trollers at the start of the vibrating platform. At the same time, the start occurs with the rated motor current
and its fixed initial frequency.

Considering the nonlinearity of the control object, the parameters of the PID controllers were deter-
mined using the Response Optimizer/Simulink Design Optimization program. It should be taken into account
that the response speed of the acceleration control system must exceed the response speed of the frequency
control system; otherwise, the approach to resonance could cause significant acceleration fluctuations [8].
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To investigate transient processes during the vibration drive operation, we will simulate the proposed
control system under conditions of changing the processed material mass. As shown in Table 2, the change in
the platform mass is accompanied by a change in the phase of the platform and mover displacements. At the
same time, the phase angle of the mover’s displacement at the second (high-frequency) resonance changes
slightly (in the range from 91.2° to 92.9°). Therefore, we will use the mover's acceleration as the input signal,
maintaining the average value of the phase angle between the current and the mover's displacement at 92.1°,

Current controller
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Fig. 5

The simulation results are shown in Fig. 6. Here, the vibrator operating frequency is changed by the
controller when the mass of the material and platform changes from 160 kg at startup to 110 kg at the end of
the 30 s calculation period. Simultaneously, the phase angle between the motor current and the mover dis-
placement vy is maintained by the controller at 92.1°. The oscillation frequency is fixed at 20 Hz at the
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Fig. 6
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package, and its transient processes are investigated.
The frequency conditions corresponding to the points of maximum mechanical power were deter-
mined, and the control system operation during changes in the mass of the vibrating platform material was
also examined.
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startup After the transition period, the controller
is activated, causing the frequency to increase to
21.9 Hz. As the material mass changes, the op-
erating frequency adjusts accordingly, reaching
25.7 Hz at the end of the calculation period.

The calculation results of instantaneous
electromechanical processes are shown in Fig. 7.

The mover acceleration control system
maintains it constant at 80 m/s>. However, the
current RMS value, which is fixed at the mo-
ment of startup (12.6 A), changes with the load
variation and is 11.5 A at the end of the calcula-
tion period.

Conclusions. The work develops a con-
trol system for a vibrating platform driven by a
permanent magnet linear motor. The system is
simulated in the Matlab/Simulink software
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The obtained results demonstrate that the proposed system for controlling the operating frequency of
the linear electric drive of the vibration platform allows automatic adjustment of the system’s operation
mode as load parameters change. This ensures more efficient operation of the drive under conditions when
the mechanical power of the electromechanical system reaches its maximum.

The drawback of the developed system is the relatively complex control algorithm, which requires
the use of real-time processors. In addition, because the phase response of displacement (or acceleration) is
nonlinear, the system is sensitive to the initial frequency at startup. Consequently, further research will focus
on optimizing the control system and its practical implementation, including construction of a prototype.

The work was carried out within the framework of the budget program on the topic “Computer
modeling and research of highly efficient electromechanical systems”, state registration number
0124U000146.
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CUCTEMA KEPYBAHHS BIBPAIIMHOI IVIOIIAJIKH 3 IIPUBOJIOM BLJ JIIHIMHOI'O
JBUT'YHA 3 IOCTIHHAMMA MATHITAMHA

P.I1. Bonpap, NOKT. TEXH. HAyK

KuiBcbkuii HanioHaIbHUH yHiBepcuTeT OyIiBHHIITBA i apxiTeKTYpH,
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Cyuacna npomuciosicmes uMa2ae BUCOKOMOUHO20 KePYBAHHSL GIOPAYItIHUMU e/IeKIMPOMEXAHIUHUMU CUCmeMamu. 3a0st
OOCSIZHEHHS. ONMUMATILHO20 PeNCUMY pOOOmU GIOPAYILIHUX MAWUH BAICTUSO PO3POOISAMU CUCMEMU KEPYSAHHS, WO
daromb 3moey 3abe3neyumu 6aNaHc Midic eHepeoeQheKmuHicmio i NPOOYKMUBHICIIO 8 PISHUX OUHAMIYHUX pedcumax. YV
OaHiti pobomi po3pobieHo cucmemy Kepy8aHHa 8iOPayiliHOi NIOWAOKU 3 NPUBOOOM 8i0 JIHIlIHO20 08U2YHA 3 NOCMILHU-
mu macnimamu. O6’exm Kepysanus npedcmasienuil 080MaACO80I0 MEXAHIUHOIO CXEMOI0, WO 8PAXOBYE NPYICHI 61ACMU-
eocmi 8iOpayiliHoi ni0BicKU Ma cuiu cyxoeo i 8 ’s3k0co mepms. Y poni 30YOHUKA nepioOUYHOI eneKmpoMasHIMHOL CUIU
PO3210aEmMbCsl 6IOpayitinull TIHIUHULL 08USYH i3 Oe33ybyesoto cmpykmypoio cmamopa. Enekmpuuny moodenv osucyna
NOOAHO CXEeMOIO 3aMIUeHHS i3 30CePEONCeHUMU NAPAMEMPAMU, 3HAYEHHS AKUX € QYHKYIAMU nepemiujerns 0icyHa 6i0-
HocHO cmamopa. 3a donomoeoio pospobnenoi Simulink-mooeni npoeedeHo O0CHIONCEH S PE3OHAHCHUX GACMUBOCHEN
eIeKMPOMEXAHIYHOL cUCmeMyu ma BUHAYEHO PEeXCUMU, WO 8iON0GI0AmMbs MAKCUMATbHUM 3HAYEHHAM MEXAHIYHOT no-
myacnocmi i KKJ/]. Po3pobneno cucmemy KepysanHs 8i0payitinoi niowaoku 3 npueooom 6i0 JNIHILHO20 08USYHA 3 NO-
CMIUHUMU MASHIMAMU, Wo GI0CTIOKo8ye hazy nepemiujeHHs (A60 NPUCKOPEHHs) ma RIOMPUMY€E 3a0any ¢azy cmpymy.
Boonouac cmpym dsucyna pezynoemucs 3a0is 00CSI2HEHHs, 3a0AHUX NAPAMEmpPI6 MeXaniyHux Koauganv. Ilposedeno
MoOentosanta makoi cucmemu 8 npoepamuomy naxemi Matlab/Simulink ma docniosceno it nepexioni npoyecu nio uwac
3MIHU Macu mamepiany sioponiowadku. bion. 16, puc. 7, Tadm. 2.

Knrwowuoei cnosa: Bibpaiiiiina ruomanka, IBOMacoBa MeXaHiuHa CUCTEMa, eJICKTPOMEXaHIuHa CUCTEMa, JITHIMHUIA ABUTYH
i3 IOCTIHHMMH MarHiTaMu, PE30HAHCHI BIIACTUBOCTI, CUCTEMa KePYBaHHSI.
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