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Abstract: In the process of studying multiphysical processes, including electrophysical ones, the resonance frequency at which the 

piezoelectric actuator maximally influences the amplitude of oscillations of the plow blade was established in the COMSOL 

Multiphysics software package. The maximum amplitude of oscillations of the plow-piezo actuator system and the rational location of 

the piezo actuator on the dump, which provides an efficient vibration process, have also been dete rmined. The performed numerical 

experiments allowed to obtain approximation expressions for simplified determination of the amplitude of oscillations of the system 

depending on the coordinates of the piezo actuator on the heap. The research results can be used in the design of vibrating soil 

cultivation bodies in agricultural machinery. 
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1. Introduction 

Agriculture is one of the leading branches of the production 

sphere, which is engaged in the cultivation of agricultural crops. 

The main task of agriculture is to provide the population with food 

and raw materials for industry. The food security of the state and its 

citizens depends on the state of agriculture [1]. One of the main 

problems of agriculture is the complexity and efficiency of land 

cultivation. The process of loosening the soil with a wedge is one of 

the most common ways to improve its properties [2]. Loosening the 

soil is created through the use of conventional plows. Therefore, 

their improvement as the main devices for soil cultivation is a 

reliable way to improve the efficiency of tillage [3]. One of the 

areas of improvement is to combine plows with actuators and thus 

obtain vibrating plows, which are more efficient in processing than 

conventional ones.  

An actuator is an actuator or its active element that converts one 

type of energy (electrical, magnetic, etc.) into another (most often - 

into mechanical), which leads to the performance of a certain action 

specified by the control signal. [4-8]. The properties of the actuator 

depend on the physical effect on which they work. 

Modern vibrating plows are improved through the use of 

electromagnetic actuators and hydraulic actuators. One alternative 

type of actuator is the piezo actuator. The piezo actuator is a 

piezomechanical device that operates on the basis of the reverse 

piezoelectric effect and is designed to actuate mechanisms and 

systems, ie the determinants of its performance are electrophysical 

and mechanical processes in their interaction. The main advantages 

of piezoelectric actuators (PA) are the ability to create significant 

effort when moving, while having a minimum size. This allows 

them to be easily integrated into power systems [4-8]. In addition, 

PAs are characterized by simplicity of design and high reliability 

during operation. 

However, the theoretical basis for the use of piezoelectric 

actuators in soil cultivation bodies is almost non-existent. Thus, the 

creation of certain theoretical recommendations based on complex 

mathematical modeling of electrophysical and mechanical processes 

in the system "plow dump-PA" for the design of vibrating plows 

using PA is relevant. 

2. Description of the analyzed vibrating plows 

Experimentally established [9], that when using vibrations in 

plows the friction of sliding of soil on a ploughshare and a shelf 

which are elements of a plow which is the main component in the 

general size of traction resistance considerably decreases. The 

stickiness of the working bodies is also reduced. This leads to a 

reduction in fuel consumption, reduces wear of parts of agricultural 

machinery and cultivation bodies, ie increases its service life and 

reduces the processing time of the site. In this regard, new designs 

of plows with vibrating working bodies have recently appeared. 

One such plow with an electromagnetic actuator [9] presented in 

fig. 1.  

           

Fig.1. Vibrating plow body with electromagnetic vibrator: 1 - 

blade; 2 - electromagnetic actuator 

The principle of operation of the vibrating plow with an 

electromagnetic vibrator is as follows. Current pulses are fed to the 

coil of the vibrator electromagnet, forcing the armature together 

with the moving part of the working body with a frequency of about 

50 oscillations per second. In the absence of current pulses under 

the action of the soil reaction, the actuator armature is squeezed. 

The obtained oscillations of the moving part of the working body 

are directed normally to the blade of the ploughshare. The obtained 

experimental data showed a positive effect [9]. However, it should 

be noted that the main disadvantages of this design are quite large 

dimensions, relatively high current consumption and low oscillation 

frequency of the blade. 

Also noteworthy are two general-purpose plow designs with 

hydraulic semi-automatic and automatic vibrator adjustment. The 

design of these plows is developed on the basis of plow PN-3-35. 

The rack of each case is cut into two parts, which are hinged to each 

other. The upper part of the rack is attached to the plow frame, and 

the lower is connected to it by a hinge, which is located below the 

conditional center of resistance of the body. Displacement of the 

hinge from the center of resistance provides the necessary force for 

automatic adjustment of vibration modes [9]. The design of a plow 

with such an actuator is quite complex and, as a result, not very 

reliable. 

In the works [1, 10] the development of a vibrating plow with 

the use of PA is presented. Unlike other vibrating plows, its PA 

version is much smaller and heavier, has a high efficiency, is 

characterized by a wide range of control excitation frequencies and 

the creation of significant forces during vibration. However, these 

studies did not conduct or present the results of studies that 

substantiate the approximate optimal location of the PA on a regular 

plow heap cultivation tool based on multiphysical modeling of its 

characteristic processes that directly affect its efficiency. Therefore, 
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the implementation of the above tasks is an urgent application 

problem that needs to be solved. 

Materials and methods. To study the influence of 

electrophysical and mechanical processes in their interaction on the 

vibrational oscillations of the system "plow dump-PA" was 

conducted a series of numerical experiments using the software 

package COMSOL Multiphysics 3.5. 

The COMSOL program interface combines the functions of 

modeling modules of solid mechanics COMSOL's Solid Mechanics 

and electrostatics Electrostatics into one computing tool for 

modeling piezoelectric materials. Modeling of piezoelectric devices 

in COMSOL Multiphysics 3.5 is carried out using the Piezoelectric 

Effects module. Since the operation of the PA is based on the 

inverse piezoelectric effect, so in the module Piezoelectric Effects 

selected mode Stress-Charge Form [11, 12]. The piezoelectric 

element is characterized by the connection between mechanical 

deformations and the electric field, which is determined by the 

material and constitutive relations [13-15]: 

∇ ∙ 𝐷 = 𝜌; 

∇ ∙ 𝑇 = 0; 

𝑇 = 𝑐𝐸𝑆 − 𝑒𝑇𝐸; 

                               𝐷 = 𝑒𝑆 − 𝜀𝑆𝐸;                                  (1) 

𝑐𝐸 = 𝑆𝐸
−1; 

𝑒 = 𝑑𝑠𝐸
−1; 

𝜀𝑆 = 𝜀𝑇 − 𝑑𝑠𝐸
−1𝑑𝑇 ; 

where Т – mechanical stress;  

S – deformation; 

Е – electric field strength;  

D – electric field displacement; 

cE – elastic matrix (tensor of the 4th rank сijkl); 

e – communication matrix (tensor of 3rd rank еijk); 

d – matrix of piezo modules (tensor of 3rd rank dimn);  

εS – dielectric constant matrix (tensor of the 2nd rank εij);  

𝜌 – free charge density; 

𝜀𝑇 - dielectric constant of piezoelectric material. 

 

For multiphysical finite element mathematical modeling of 

processes, as in [12],  Lagrange finite elements with elementary 

basic functions of the second order - Lagrange-Quadratic - were 

used. The calculated mesh of finite elements in the item "Mesh" 

was chosen orthogonalized with the normal size of the elements 

Normal. Direct was used as the Solver, in which the numerical 

SPOOLES method was chosen to solve a system of linear 

equations with sparse matrices. 

Modeling of the piezoceramic plate was performed under the 

condition of its production from PZT-5H brand material. 

Strucrtural Steel material was used for the metal part of the 

investigated system, ie the plow blade, for similar purposes. The 

overall dimensions and geometry of this cultivation organ are 

illustrated in fig. 2, which also indicates one of the options for 

placement of PA. 

 
Fig. 2. Plow blade with piezoelectric actuator: 

1 - dump; 2 - disk piezoelectric actuator 

 

The studied three-dimensional model of the system "plow dump-

PA" is represented by a set of finite elements obtained by 

constructing a grid with tetragonal partition. The corresponding 

CAD model of the system is illustrated in Fig. 3. 

 

а 

 

b 

Fig. 3. Three-dimensional CAD-model of the system "plow 

dump-PA": a - general view; b - area of PA placement 

 

The following limit conditions were set during modeling: for 

electrical processes - supply of electric voltage and zero 

potential to diametrically opposite sides of the PA, respectively 

electric potential and ground (the side of the PA adjacent to the 

surface of the dump); for mechanical processes, the lower 

surface of the piezoceramic disk, which is the support and 

placed on the shaft, was fixed, and the opposite - the possibility 

of free movement. 

Results. To conduct modeling, we first determine the overall 

dimensions of the PA. Among the standard sizes of 

piezoceramic disks produced by the industry, we will choose the 

one that has the maximum diameter and allows at the same time 

a full-fledged fit to the curved surface of the blade at any point 

of its connection. These conditions are satisfied by PA with a 

diameter of 45 mm. Conditionally apply a uniform grid on the 

surface of the dump with the dimensions of the cell 45x45 mm, 

which allows you to inscribe in it a circle with a diameter equal 

to the diameter of the selected piezo-frame disk. This grid, 

shown in fig. 4, determines the possible locations of the PA on 

the dump when searching for its position, which provides the 

maximum vibration effect of the entire system "plow dump-PA". 

Grid cells with code A2, A11, B2, C2, C10, C11, D2, D8-

D9, E1, E7, F1-F6 cannot be considered as possible for PA 

placement for obvious reasons. In other cells of the grid, except 

for those that do not overlap on the surface of the dump, 

alternately placed PA, followed by computer simulation of 

multiphysical processes, which are crucial for the 

implementation of the necessary oscillations of the system under 

study. 

 
Fig. 4. Drawing a grid and coding its cells on a plow dump 
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At the first stage of modeling to determine the limits of the 

operating frequency range of the system numerical experiments 

were performed in Eigenfrequency mode, ie determining the 

natural frequencies that depend only on material properties, 

geometry and dimensions of PA, mechanical boundary 

conditions. This makes it possible to carefully study the 

amplitude-frequency characteristics of the system "plow blade-

PA" near the natural frequencies, where it is possible to observe 

resonance. The values of the first six natural frequencies of the 

system were determined. For example, for cell С6, they are in 

the range from 100 Hz to 1000 Hz. 

Further in the mode of Frequency Response Analysis, ie 

analysis of the frequency response when applying to the PA 

alternating sinusoidal voltage, the next stage of research was 

conducted to determine such a cell grid to accommodate the PA, 

which is best to achieve maximum propagation of oscillations. 

Some examples of the results of numerical experiments are 

shown in fig. 5. 

 

 

а 

 

b 

 

c 

 

d 

Fig. 5. Examples of determining the oscillations of the 

system "plow dump-PA", which were obtained in different cells 

of the grid: a - cell C3; b - cell C4; c - cell C5; d - cell C6 

 

The image of Fig. 5 contain the given color scale of 

gradation of amplitude of oscillations of the system "plow 

dump-PA" and the corresponding numerical indicators shown on 

the right on the vertical axis. Numerical frequency values in the 

postprocessor window of the COMSOL Multiphysics package 

are displayed automatically and correspond to the maximum 

amplitude of PA oscillations. Analysis of the results of research 

suggests that the most rational location of the PA on the dump is 

cell C6 (Fig. 5 d), where at a frequency of 400 Hz there is an 

amplitude of oscillations of the system in the range 2.624·10-9 – 

6.847·10-7 m. 

In addition, according to the simulation results, approximate 

expressions of the change in the amplitude of oscillations of the 

system depending on the coordinates of the PA location on the 

plow heap were obtained. It was believed that the coordinate 

system is located in the lower left part of the plow blade. 

 
2 3A a by cy dy    ,                       (2) 

where A is the oscillation amplitude of the system; x is the 

corresponding coordinate of the PA location on the dump  (0.1 < 

x < 0.2 ); 

a = 7.4609·10-6, b = -0.00013040883, c = 0.000727255, 

d = -0.0012261667– coefficients; 

                                  2 3 4A f ky gy hy jy     ,                 (3) 

where y is the corresponding coordinate of the PA location 

on the dump (0.1 < y < 0.15 ),  

f = -2.00368·10-5, k = 0.00073820533, g = -0.0095278667, h 

= 0.052941867, j =-0.10683733. 

 

Conclusion 

In the process of studying multiphysical processes, including 

electrophysical ones, the resonance frequency at which the 

piezoelectric actuator maximally influences the amplitude of 

oscillations of the plow blade and which is equal to 400 Hz. The 

maximum amplitude of oscillations of the "plow dump-PA" 

system, which is 6.847·10-7 m, and the rational location of the 

piezo actuator on the heap, which provides this effect. The 

performed numerical experiments allowed to obtain 

approximation expressions for simplified determination of the 

amplitude of oscillations of the system depending on the 

coordinates of the piezo actuator placement on the heap. 

The results of research can be used in the design of vibrating 

plows based on piezoceramic actuators. 
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