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Abstract

Improving the performance of technological opera-
tions is an urgent task of modern science. Vibrational
equipment is one of the common types of industrial
equipment used for operations such as sieving, crush-
ing, vibration conveying, etc. An energy-based approach
to controlling vibration units allows maintaining a con-
stant level of the total oscillation energy of the vibration
unit with a load, which opens up wide opportunities for
intellectualizing equipment control under conditions of
parameter space uncertainty. This work aims to study
the influence of the completeness of information about
the vibrational state of the system on the performance
of the speed gradient algorithm when controlling mul-
tiple synchronization of rotors of a vibration unit. The
paper presents results of numerical simulation based on
the system dynamics equations and approximate values
of the vibration unit parameters. Results of experimen-
tal studies on the mechatronic vibration setup SV-2M are
presented.
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1 Introduction

Vibrational equipment is used in various technologi-
cal processes, including sieving of bulk media, vibration
conveying, etc. The desire to improve the performance
of technological operations necessitates the development
of control systems that ensure high-quality synchroniza-
tion of vibration setup rotors over a wide range of pa-
rameters [Blekhman, 2000]. The main operating modes

of vibration setup are synchronization and multiple syn-
chronization of rotors. The multiple synchronization
mode is important from the point of view of ensuring
stable vibration conveying regimes due to the creation
of a non-zero average acceleration of the platform with a
load. Ensuring a stable multiple synchronization mode at
high rotation speeds is a challenging automation control
problem [Zaitceva et al., 2023], [Andrievsky, Boikov,
2021].

One possible approach of vibration setup rotors syn-
chronization control is the speed gradient algorithm,
based on maintaining the required level of the total os-
cillation energy of the system [Andrievsky et al., 2021].
The energy-based approach has an advantage compared
to algorithms based on feedback control of rotors speed.
The movement of the load located on the platform sig-
nificantly affects the system dynamics [Borisenok et al.,
2024]. Therefore, it is advisable to use a comprehensive
indicator of the vibrational state of the system, which in
the speed gradient algorithm is the total oscillation en-
ergy of the system. The other related approaches to the
problem can be found in [Zaitceva et al., 2025], [Tom-
chin et al., 2025].

The object of research is the processes of controlling
the synchronization of rotation speeds of the rotors of the
experimental mechatronic vibration setup SV-2M, which
is a prototype of an industrial vibration setup. The speed
gradient algorithm is used to rotors synchronization con-
trol.

The paper presents results of of experimental studies
on the vibration setup. The influence of the complete-
ness of information about the oscillatory energy of the
system is demonstrated.
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2 Experimental setup

The experimental two-rotor vibration setup SV-2M
was developed at the Institute for Problems in Mechan-
ical Engineering of the Russian Academy of Sciences
for research and educational purposes and modified in
2025. The mechanical equipment of the complex is rep-
resented by a vibration stand, which operates using two
unbalance vibration exciters. Each vibration actuator in-
cludes a three-phase asynchronous electric motor with
adjustable rotational speed, a cardan shaft for transmit-
ting rotational motion, and a vibration actuator in the
form of an unbalanced rotor that rotates in a vertical
plane on the stand’s housing.

A lightweight, removable platform with containers of
various capacities has been manufactured to accommo-
date the load. The platform base is made of 10 mm
thick plywood. Holes are drilled in it for bolts that, us-
ing metal plates, fasten the base to the upper platform
of the vibration setup. Additionally, holes are drilled in
the plywood base for bolts securing the container. The
bolt holes in the container bottoms are sealed to prevent
spillage of the medium. The plywood base and the con-
tainer are secured using wing nuts without the need for
special tools. The mechanical part of the experimental
mechatronic laboratory complex with the container in-
stalled is shown in Fig. 1.

Figure 1. Vibration setup SV-2M

3 Mathematical model

When developing the mathematical model of the vi-
bration bench, the mathematical model proposed by O.P.
Tomchina is taken as the basis [Tomchina, 2019]. The
calculation scheme of the two-rotor vibration bench SV-
2M with an attached load, moving in the vertical plane

393

XY, is shown in Fig. 2. It is assumed that the dis-

placements of the vibration installation in the direction
Z are insignificant, meaning all motions occur in the

plane OXY. The coordinates x, and y, describe the
displacements of the platform in the moving coordinate
system O’ X’Y”. The coordinates x4, and y, describe the
displacements of the load. The quantity r determines
the distance from the rotors to the axis X’'. The plat-
form is connected to the support frame by springs with
stiffness ¢, and c, in the horizontal and vertical direc-
tions, respectively. The load is connected to the platform
by springs with stiffness ¢y, and ¢4, in the horizontal
and vertical directions, respectively. The coordinates of
the spring attachment points are +a in the horizontal di-
rection. To obtain the differential equations, we use the
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Figure 2. Kinematic scheme of the vibration setup

Lagrange equation of the second kind. Expressions for
kinetic (') and potential (IT) energy must be substituted
into it. In the general case, these expressions will have
the following form [Tomchina, 2022]:

1 . .

1.
+ 54,02 (J+ J1 4+ Jo — 2mrp (cos p1 — cosp2)) +
1, . .
+ 5 (Nigt + Ja3) —

—mp (sin (¢ + 1) +sin (¢ + p2)) Tpp+
+mp (cos (¢ + ¢1) + (¢ + ¢2)) ypp+
—mpsin (¢ + ¢1) TpP1+
+ mpcos (¢ + ©1)Yp1 — mpsin (¢ + p2) TpPo+
+mpcos (¢ + 2) Ypp2 + ¢p1 (J1 — mpr cos 1) +

.. 1 . .
+ P (Jo — mpr cos ps) + 3y (zf7 + yﬁ) ,
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II = (my + 2m) gyp+
+mpg (sin (¢ + ¢1) +sin (¢ + ¢2)) +
+ C (:cﬁ + a? cos® cp) + ¢y (yg + a® sin® cp) + mgg9yg

1 2 1 2
+ 5691' (Tp —1g)" + §ng (Yp —Yg)~-

In the work [Tomchina, 2023] it is shown that in this case
the equations of dynamics of the vibration installation
with the load will have the form:

mpE, —mpsin (¢ + 1) $1 — mpsin (¢ + p2) G2

—mp (sin (¢ + 1) + sin (o + @2)) G-

—mpcos (¢ + 1) $7 — mpcos (¢ + ©2) Ph—

—mp (cos (¢ + 1) + cos (¢ + pa)) P~

— 2mp cos (p + 1)pP1 — 2mp cos (¢ + @2) P2

+ bty + 2c,p + e (xp — 4) =0,

My +mpcos (¢ + 1) G1 +mpcos (o + ¢2) Pa

+mp (cos (¢ + 1) + cos (¢ + ¢2)) G-

— mpsin (¢ + 1) @i — mpsin (¢ + 2) P5—

—mp (sin (p + ¢1) +sin (¢ + ¢2)) ¢

— 2mpsin (¢ 4 ©1)pP1 — 2mpsin (¢ + @2)@p2

+ mpg + byp + 2¢yYp + Coy (Yp — Yg) =0,

—mp (sin (¢ + 1) +sin (¢ + @2)) &)

+ mp (cos (¢ + 1) + cos (¢ + ¥2)) ip

+ (J + J1+ J2 — 2mpr (cos g1 — cos ) $+

+ (J1 — mrpcosr) @1 + (Jo + mrpcos pa) o+

+ 2mpr sin g1 1 — 2mpr sin s P+

-+ mprsin ¢ gb? — mprsin <p2<,b§+

+mpg (cos (¢ + ¢1) + cos (¢ + ¢2))

+Cop + b =0,

Jig1 — mpsin (¢ + p1) & + mpcos (¢ + ¢1) Up+

+ (Jy — mprcos ) ¢ — mprcos o1+

+ mpgcos (¢ + ¢1) + b1 = My,

J2$2 — mpsin (¢ + p2) &p + mpcos (¢ + p2) fp+

+ (Jo 4 mpr cos o) ¢ + mprsin pap+

+mpg cos (¢ + p2) + brpo = Mo,

Mgty = Cga (Tp — T4) + big =0,

Mglig — Cgy (Yp — Yg) + by = —Mmyg.
The following notations are introduced: ¢; is the rota-
tion angle of the ¢-th rotor relative to the motor axis; M;
is the control torque on the i-th motor; b, is the coeffi-
cient of viscous friction in the motor; b is the coefficient
of viscous friction in the springs; m,, is the mass of the
platform; p is the magnitude of the rotor eccentricity rel-
ative to the axis of rotation; .J; is the moment of inertia
of the i-th rotor; m is the mass of the rotor imbalance;

myg is the mass of the load; g is the acceleration due to
gravity. In the work [Tomchin et al., 2025] it is shown
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that taking into account the rotation of the platform has
an extremely insignificant effect on the results of numer-

ical simulation of the dynamics of this vibration bench.
Therefore, setting ¢ — 0, we obtain a system of equa-
tions of the form:

MpZy — MPSin 11 — mpsin PoPa — mp cos gplgb%
—x4) =0,
Mpijp + Mpcos P11 + mp cos pagy — mpsin 1]

— mpsinpyh + bip + 2¢yyp + oy (Yp — Yg) = —Mpg,
J1p1 — mpsin 12, + mp cos p1ip+

— mpcos Paps + biy + 2¢.Tp + Cgu (T

+ mpg cos g1 + b1 = My,

Jopa — mpsin oy, + mp cos paijp+
+ mpg cos Yo + b.pa = M,

Mgy — Cgz (Tp — 4) + by =0,

Mglig — Cgy (Yp — Yg) + by = —myg.

4 Control System

The speed gradient algorithm is based on controlling
the system based on the value of its total energy. The
general form of the speed gradient algorithm can be writ-
ten as [Andrievsky et al., 2021].

M = —’}/VMQ(Z),

where M is the vector of control torques, Q(z) is the
time derivative of the objective function Q(z), V is the
gradient symbol, z is the vector of system state variables,
v is the tuning parameter of the control algorithm. To
apply the speed gradient algorithm to the problems of
controlling rotor synchronization, the objective function
must include both a component that determines the out-
put of the system’s total energy to a specified level and a
component that specifies the synchronization multiplic-
ity. Such an objective function can be written as

Q(z) =05 ((1=0) (H ~ HY) + a (o1 £np)°)

where H? is the setpoint for the value of the total os-
cillation energy of the system. Then the algorithm for
controlling rotor synchronization based on the speed gra-
dient will take the form

My ==y ((1—a) (H = H?) ¢1 +a/Ji (¢1 £ ngs))
My =~ (1 —a) (H—H") ¢ £ an/Js (1 £n¢o)) .

Here n is the synchronization multiplicity. The tuning
parameters of the algorithm «, 1, 2 are selected ex-
perimentally. The plus or minus in the term defining the
synchronization multiplicity is chosen depending on the
direction of rotor rotation. This control algorithm was
used in numerical simulation.
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Within the development of control systems for the vi-
bration unit, the task was to bring computer models of
the vibration test bench as close as possible to the real
setup. For experimental testing of control algorithms on
the mechatronic test bench, it is necessary to convert the
control torques into a signal supplied to the motor inputs.
It is shown [Shagniev et al., 2023] that in steady-state
operation, the electromechanical characteristic of an in-
duction motor can be approximated by a linear combi-
nation of control and rotation speed . Typical mechan-
ical characteristics of induction motors show a falling
torque characteristic on the motor as the rotor speed in-
creases. In general, the electromechanical characteristics
of motors can be approximately described by the equa-
tions [Nguyen et al., 2025]

T My 4+ My = kyuy — by,
1My 4+ My = kouy — haipa,

where u1, ug are the dimensionless control signal at the
motor inputs, M7 and M> are the motor torque reduced
to the gearbox output, 7y and 7o are the electromagnetic
time constants of the motor. Obviously, the electromag-
netic time constant, which for modern motors is on the
order of milliseconds, is an order of magnitude lower
than the oscillation periods of the structure at operating
frequencies not exceeding 200 rad/s ~ 32 Hz. Moreover,
considering the presence of a frequency converter in the
system, which itself essentially is an additional motor
control system, it is advisable to assume that the values
ki, ko, hi, and ho are tuning parameters of the con-
troller. The exact factory characteristics of the induc-
tion motors used in building the vibration test benches
are unknown. Using the developments of the authors of
[Blekhman et al., 2002], we choose the parameters de-
termining the mechanical characteristics of the motors:
k1 = kg = 0.00001 Nm; hy = hg = 0.01 B,

Let us write the expressions for the control moments
as

My = kiui — hy o,
M2 = k‘gUz — hg@z.

Then the control signal takes the form

w — My + hyy

1 k] )

Ms + haps

Uy = ——=T2,
ka2

where u1, uo are the control inputs to the motors. It is as-
sumed that the exact factory characteristics of the induc-
tion motors are unknown. Moreover, taking into account
the presence of a frequency converter in the system,
which itself essentially constitutes an additional motor
control system, it is reasonable to consider the quantities
k1, ko, hi1, and hy as adjustable parameters of the con-

troller. Considering that in the actual setup the control
input u is applied to the motor, we can obtain the final

form of the control law:
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uy = h1¢1 _ﬂ(l_a) (H—Hd) ¢1_

ki K
*27;1 (p1 £ npa),
up = th‘jQ - 2—2(1 —a) (H — HY) ot
£ (o1 o).

The structural diagram of the control system based on
the speed gradient method is shown in Fig. 3. Thus, the
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Xg-YgXpVp
Figure 3.  Structural diagram of the control system based on the speed

gradient method

control law based on the speed gradient algorithm in-
cludes seven adjustable parameters, selected experimen-
tally: «, 71, Y2, k1, ko, h1, and ho. For simplification,
algebraic transformations can be performed to reduce the
number of these parameters, but this would lead to a loss
of connection between the adjustable parameters that de-
termine the electromechanical characteristics of the mo-
tors and their physical meaning, which would complicate
the selection of values.

5 System Parameters and Partial Frequencies

For further total energy calculations, the following sys-
tem parameters were chosen, consistent with the prop-
erties of the experimental vibration bench [Andrievsky,
Boikov, 2021]:

m = 1.5 kg; m, = 32.1 kg; mg = 4.5 kg; p=0.04 m;
g=19.81kg-m/s* J =0.0074 kg - m?;

Jo = 0.0074 kg - m?; J = 0.2 kg - m?;

b =0.015N-m-s/rad;b=5N -s/m; r = 0.2 m;
Cx = ¢y = 8250 N/m; cgp = cgy = 32250 N/m.

Knowing the system parameters, its first partial frequen-

cies can be estimated:
~ [ 2¢y ~
Wp = mp+mg ~
~ [2¢gy
wg - mg

First partial frequency:
21.2 rad/s ~ 3.37 Hz;
Second partial frequency:
119.7 rad/s ~ 19 Hz.

Q
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Figure 4. Processes of rotor angular velocities Wy and Wy

6 Results

This section presents the results of experimental stud-
ies on the operation of the rotor synchronization control
system based on the speed gradient method. The task for
the control system is to reach the synchronization mode
H? = 50J, n = 1. Control algorithm parameters are
Y1 =2 = 0.1, a1 = ag = 0.5. It is assumed that there
is no technical capability to estimate the displacements
of the load. Let the measured total energy of the system
include all terms from the expression.

H = 0.5my (& + §;) + 05141 + 0.5/2¢3
— mpsin Q1ZpP1 — MpP Sin YaZpP2
+ mpyp (cos pap2 + cos p11) + mpgyp
+ mgp (sin @1 + sin ps) + foﬁi + cyyf,.

The processes of rotor angular velocities w; = (1 and
wo = (o are shown in Fig. 4.

The processes of kinetic energy of rotor rotation
Trot = 3 (J193+ J293), total system energy H =
T + II and vertical platform velocity g, are shown in
Fig. 5.

Then the operation of the control system based on the
speed gradient method with a reduced estimate of the
system energy H = T}.o; = % (J1 o+ J2<p§) was con-
sidered . The same task for the control system is to reach
the synchronization mode H¢ = 50J, n = 1. The pro-
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cesses of rotor angular velocities wy = 1 and wy = Hg
are shown in Fig. 6.
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Figure 5. Processes of kinetic energy of rotor rotation 1}..¢, total
system energy H and vertical platform velocity yp
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Figure 6. Processes of rotor angular velocities W1 and Wy
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The processes of total system energy H and vertical
platform velocity g, are shown in Fig. 7.

7 Conclusion

The obtained results substantiate the need to compen-
sate for the incompleteness of information about payload
dynamics by installing additional sensors or intellectual-
izing control systems [Gorbenko et al., 2025], [Shagniev,
2025], [Shagniev et al., 2023], [Shagniev, 2021].
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