CYBERNETICS AND PHYSICS, VOL. 10, NO. 2, 2021, 97-105

CONTROL OF PASSAGE THROUGH RESONANCE ZONE
FOR 1-ROTOR VIBRATION UNIT WITH TIME-VARYING
LOAD

O.P. Tomchina
Saint Petersburg State University
of Architecture and Civil Engineering
4 Vtoraya Krasnoarmeiskaya, 190005
Saint Petersburg, Russia
otomchina@mail.ru

D.A. Tomchin

Institute of Problems in Mechanical Engineering

61 Bolshoy ave. V.O., Saint Petersburg, 199178, Russia

tda@ipme.ru

Article history:
Received 25.08.2021, Accepted 27.09.2021

Abstract

The speed-gradient algorithms for controlled passage
through the resonance zone of the one-rotor vibration
unit are studied by computer simulation. The objective
of the study is to analyze dependence of the control per-
formance on the loading mode and the electric drive dy-
namics. In order to obtain an algorithm better suitable
for practical implementation the theoretically designed
algorithm is simplified by simplifying the expression for
the total energy. First of all, we neglect the terms corre-
sponding to the kinetic and potential energy of the load,
since there are no load mass sensors on the stand. the
term containing the inclination angle of the platform is
neglected. In addition, the platform inclination angle and
dynamics of the drives were neglected too. Efficiency of
the proposed simplified algorithm for different loading
modes, including linear loading with different loading
rates and sine-shaped oscillatory loading.

1 Introduction

An important role in mechanics is played by the
methods of vibration mechanics pioneered and devel-
oped by Iliya Izrailevich Blekhman and his successors
[Blekhman, 2000]. I.I.Blekhman suggested to extend
those methods to a broader area of dynamical systems of
any origin [Blekhman, 2012]. Based on these achieve-

ments [.I.Blekhman and his colleagues have formulated
main problems of control for vibration machines: control

D.V. Gorlatov

Saint Petersburg State University
of Architecture and Civil Engineering
4 Vtoraya Krasnoarmeiskaya, 190005

Saint Petersburg, Russia
dgorlatov @lan.spbgasu.ru

A.E. Epishkin
Saint Petersburg State University
of Architecture and Civil Engineering
4 Vtoraya Krasnoarmeiskaya, 190005
Saint Petersburg, Russia
epishkin@mail.ru

of start-up, control of synchronization, control of pas-
sage through resonance zone. First solutions to those
problems were summarized in the book [Andrievsky
et al., 2001].

A possibility of control of passage through resonance
zone is an interesting phenomenon in nonlinear mechan-
ics related to overcoming of the so called Sommerfeld
effect. In [Tomchina, 1997] a new approach to con-
trol of passage through resonance zone for 1-rotor vibra-
tion unit, based on the speed-gradient method [Fradkov,
1980], [Fradkov et al., 2021] was proposed. It was ex-
tended to two-rotor vibration machines [Fradkov et al.,
2014]. Later flexibility of the motor shafts [Tomchin
et al., 2015] and dynamics of the drives [Gorlatov et al.,
2015] were taken into account.

In this paper the method proposed in [Tomchina, 1997]
is studied for time-varying modes of the units arising
when the load of the unit is time-varying.

2  Model of one-rotor vibration unit taking into ac-
count the drive dynamics

To study the efficiency of control algorithms for the
main modes of vibration units the mechatronic vibra-
tion setups with one unbalanced rotor were developed
[Blekhman et al., 1999]. Dynamics of one-rotor vibra-
tion units without taking payload and electric drives into
account were studied in [Fradkov et al.,, 2016]. The
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Figure 1. Schematics of one-rotor vibration unit with DC motor and

the load.

schematics of one-rotor vibration unit with DC motor
and the load, whose supporting body is oscillating in a
vertical plane Ozy is shown in Fig. 1. Here, a coordinate
system associated with the supporting body is designated
as 0'z’y’. The coordinates of the center of the supporting
body — point 0’ in the fixed coordinate system are de-
noted as {z., y. }. The rotor is located in the center of the
supporting body. The supporting body is reinforced by
elastic supports — springs located at x,,; = Fa.. The ro-
tation angle of the supporting body is denoted as 4. In
addition, the following notation is used: ¢, — rotation
angle of an unbalanced rotor, measured from the axis
0z’ counterclockwise; mgp,, m, my, — the masses of the
supporting body, the rotor and the load ; J — moment of
inertia of the rotor; p — eccentricity of the rotor; cg1, co4
— longitudinal rigidities and cgz, co5 lateral rigidities of
the springs; co3 = —2a? (co2 — co1); g — acceleration
of gravity; k. — viscous friction coefficient of the vi-
broactuator bearings; 5 — axial damping of springs. It
is assumed that rotor shaft is orthogonal to the motion
of the support. Let M, be control action (torque of the
drive motor), my = mg, + m. Total, potential and ki-
netic mechanical energies of the system respectively are
as follows:
H=T+1I
T = 0.5mpi? + 0.5moy? + 0.5JH2 + 0.5mop spr—
Tepspmosin (pgp + ©p) — Teprmesin (s + @r) +
YePsbMO COS (‘Psb + SOT) + YePrmo cos (‘psb + Spr) +
0.5mp, (#3 +97)
IT = mogy. + mgesin (ps, + ¢r) +
Co1 (mf + a? cos? Lpsb) + Co1 (yf + a2 sin? <psb) +
mrgyL + 0.5cos (we — v)° + mLgyr+
2

0.5¢05 (Ye —yr)” -

ey
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Since the work studies the comparative efficiency of
control using a special algorithm for passing through res-
onance for various models of one-rotor vibration unit,
shown in Fig. 1, then this section presents the equations
of dynamics for all these models.

The equations of dynamics for model M1 without tak-
ing into account the influence of the load and electric
drives have the following form:

MoTe — PspMmosin (@sb + <;0T) -
@rmesin (@s, + @r) — P2ymocos (s, + ¢r) —
@rmo cos (@sh + @r) — 20spPrmocos (0a + ©r) +
2c017c + i = 0;
moﬂc + Sbsme Ccos ((psb + (pr) +
$rmocos (psh + pr) — @2mosin (psy + @) —
@rmosin (s, + @r) — 2¢spprmosin (sy + ¢r) +
mog + 2¢02yc + BYe = 0;
—&Ecmosin (psp + ¢r) + fiemocos (s + r) +
me*Gsy + mo* @, + mgocos (b + ©r) +
Co3psb + 6¢sb = 07
—&cmosin (sp + ¢r) + Jemno cos (s + or) +
m92¢sb + J‘P7 + mgo cos (<Psb + Qpr) + k(:(;br - Mm-
(2)
Since the laboratory setup SV employs the DC motor,
the electric drive structure is selected as the traditional
single-circuit system with current loop and proportional-
integral (PI) current controller W g(p) = b(tp+1)/7p
is configured to optimum modulo; b, 7 are dynamic gain
and time constant of the regulator. The following no-
tation is used here: CR is the current regulator; TC is
the power (thyristor type) converter; CS is the current
sensor; [, is the armature current; 7 and F,, are con-
verter and motor EMFs; k¢ and kg g are converter and
current feedback gains; k£F' is the motor torque (EMF)
coefficient; T and T¢g are converter and current sen-
sor time constants; 7T}, is the armature time constant; R,
is the armature circuit resistance; Uo g and U g are cur-
rent controller and current sensor output voltages.
Motor torque M, is the solution of the system of dif-
ferential and algebraic equations

fo =4 (~L+ 2 (Bre - Ba))
Erc = 7,5 (=Erc + krcUcr)
Ucs = g5 (=Ucs + kesla) 3)
Ucs1 = 2 (U —Ucs),
Ucs =b(U —Ucs) + Ucsi,
E, =kFp, M, =kyl,, U=kyM,
where U is the voltage corresponding to the calculated
torque M, obtained in accordance with the equations (6),
k., = kF'. Thus, the dynamics model of one-rotor vibra-
tion unit with DC motor M2 is described by differential

equations (2) - (3).
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The equations of dynamics for the model taking into
account the load and electric drives M3 are described by
the differential equations (3), (4).

mOi'c - Sbsme sin (Spsb + 801”) -

Grmosin (@sp + @r) — $Zymo cos (s + @r) —

szmg COs (‘psb + 907') - 2¢sb§b7-m9 COS (stb + <p7') +

2¢01%c + Bic + cog (Te — x1) = 05

mofje + Gspmo cos (Ysp + @r) +

$rmocos (psp + ¢r) — sbibmg sin (¢sb + ¢r) —

@rmosin (@s, + @) + mog—

2¢sb¢rmtg sin ((psb + 907‘) + 2cO2yc + Byc"'

cos (Yo —yr) = 0;

—Eemosin (¢sp + ©7) + Gemo cos (psp + @r) +

me*@s, + mo*@y +mgocos (psp + ¢r) +

co3psh + Bpsp = 0;

—&cmosin (psy + @) + fiemo cos (wsy + ¢r) +

me*Psy + JPr +mgocos (psy + @r) + ketpr =

= kam

mrir — coa (xe — ) + i + Bip = Fy,

mrijr +mryr +mrg — cos (Ye —yr) + Byr = Fy,
4)

where the coordinates of the center of the load are de-

noted as {z,,yr}, F,, Fy are projections on the 0z and

Oy axes, respectively, of the resultant external forces F'

acting on the load, and due to the speed and mass of the

screened material falling from the unloading end of the

unit.

3 The algorithm for controlled passage through res-
onance zone

The idea of of speed-gradient approach to controlled
passage through resonance zone [Tomchina, 1997] is to
extract the slow motion ¥(¢) and to swing it with the
aim to increase the energy of the rotating subsystem. To
extract slow motions, low-pass filter is inserted into the
energy control algorithms. Particularly, if slow compo-
nent appears in oscillations of rotor angular velocity ¢,.,
then the control algorithm proposed in [Tomchina, 1997]
is used:

M = —ysign ((H = H') ), Tyth = = + ¢r, (5)

where H denotes total mechanical energy of the sys-
tem; 4 (t) is the variable of a filter, that is an estimate
of the slow motion ¥(t); Ty, is the time constant of
a filter, v > 0 is constant. At low damping, slow
motions decay slowly, and it gives to the control algo-
rithm an opportunity to create suitable conditions to pass
through resonance zone. Thus the effect of “feedback
resonance” [Fradkov, 1999] is created. After passing the
resonance zone it is suggested to turn off the “swinging”
and then to switch the algorithm to controlling with con-
stant torques.

In [Gorlatov et al., 2015] it was proposed to include
a switch (time varying gain ~(¢)) into the algorithm (5)
providing cancellation of control signal after passage of
the rotor angular velocity through resonance zone. The
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algorithm with a switch is implemented as follows:

My, if 71 (t) =1,

Mo, if y1(t) = 0& (H — H*) (¢ — ) > 0,
0, else,

Tww = 7’1/1 + Sb’r‘;

M =

(6)
where H is total mechanical energy of the system; ()
is the variable of the filter; T, > 0, T, and H* are the
parameters of the algorithm; 1 (¢) = Jnax, sgn(H (1) —

<7<

H*), where sgn[z] = 1 with z > 0; sgn[z] = 0 with
z <0.

Since the expression for the total mechanical energy [
has a rather cumbersome form, it is worth to reduce it to
simplify the calculation of the control torque. The le-
gitimacy of this simplification will be investigated using
computer simulations. The need for such a simplifica-
tion is dictated by the available sensors and other possi-
bilities for recovering coordinates, in particular, the co-
ordinates and parameters of the load. The greatest diffi-
culty is the measurement or assessment with the help of
observers of the angle of rotation. In addition, in steady-
state modes, the value is insignificant. Therefore, it is
possible to simplify the expression for the total energy
by setting s, = 0. In addition, we neglect the terms
corresponding to the kinetic and potential energy of the
load, since there are no load mass sensors on the stand.
We also consider that the horizontal movement sensors
of the platform are not involved. Then the expression for
mechanical energy in the algorithm is as follows:

H=T+ ﬁ;
T = 0.5moy; +0.5J¢7 + geprmocos s (7)
IT = mogye + mgosin ¢, + co2yz,

and the modified algorithm for passing through reso-
nance using expression (7) takes the form

Mo, lf’}/l(t) = 1,
M = { Mo, if 31 (t) = 0& (A = H*) (¢r = v) >0,
0, else,
Ty = =Y + ¢r,
®)
The filter time constant 7', must exceed the period of
the resonant oscillations. At the same time, too large val-
ues lead to a decrease in the average power of the control
signal and inhibition of the algorithm. The final choice
of the characteristics of the T}, v algorithm is carried out
according to the results of computer simulation.

4 Computer simulation results

The simulation was carried out in three stages:

1. Investigation of the algorithm for the passage
through the resonance zone for the model without tak-
ing into account the dynamics of the electric drive and
the load (M1);
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Figure 3. Results of modeling a model with an electric drive at direct

start for M, = 1.7 Nm.
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Figure 2. Simulation results of the model (M2) with direct start for
M, = 1.8Nm; @y (00) = THs ™1

2. Investigation of the algorithm for the passage
through the resonance zone for the model, taking into
account the dynamics of the electric drive (M2);

3. Investigation of the algorithm for the passage
through the resonance zone for the model, taking into
account the dynamics of the electric drive and the dy-
namics of an elastically attached load (M3).

First of all, the value of the control torque was de-
termined, which ensures the passage through the reso-
nance during direct start using a constant electromechan-
ical torque (i.e., without using a special algorithm (8)).
Since the main model studied in this article is the model
with electric drive (M2), the graphs of the rotor speed
for this particular model are presented. Figure 2 shows
the simulation results for direct start-up for a torque of
M, = 1.8 Nm. As can be seen from the graph, the rotor
speed goes into the over-resonance region and fluctuates
around the level of 75 s~1. Note that with direct start,
the operating speed of the rotor cannot be made less than
this value.

Figure 3 shows the simulation results for the model
(M2) with direct start for M,,, = 1.7 Nm. As can be
seen from the graph, the rotor speed does not go into the
over-resonant region and fluctuates near the resonance
frequency of 22 s~1. Thus, for this model, the minimum
torque at which the rotor speed passes resonance during
direct start is M,,, = 1.8 Nm.
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At the first stage, the control efficiency was investi-
gated using the algorithm for passing the resonant fre-
quencies (8) for the model without taking into account
the dynamics of the electric drive and the load (M1).
Note that for this model, the minimum torque at which
the rotor speed passes resonance during direct start is
M,, = 0.68 Nm, and the corresponding speed value
@rm(00) = 70 s~1. Obviously, the value of this torque
for the model (M1) is less than in the second case.

As shown by the study of the proposed algorithm for
passing through the resonance for the model (M1), the
average speed of the rotor ¢,.,,, (00) after passing the res-
onant frequency is stabilized at a certain constant level
wy, corresponding to the energy H™* specified in the al-

gorithm. In this case, this speed (., (00) is determined
only by the parameter of the algorithm H*, and the co-

efficients v and T’ affect only the transient time of the
resonance t,,, and transient time for the rotor speed ¢;,..
Figure 4 shows the simulation results corresponding to
the first stage of the study, when controlled using algo-
rithm (8).
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Figure 4. Simulation results for the model (M1) using the algorithm

®at M,, =0.5Nm, H* = 141.

Fig. 4 corresponds to the model (M1) with the fol-
lowing nominal system parameters: J; = Jo =
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Table 1.

¥ | Tyss | Lam(00)A | Ercin(00).V | thasss
1,6 | 0.1 15,5 175 1.9
1,7 ] 0.1 17,6 185 2.1
1.8 | 0,1 18,8 195 1.8
19| 03 19.8 202 1,3
20 | 04 20,07 213 2.4
2,1 ] 05 214 224 2.3
21| 06 21,5 224 5.4
221 05 22,8 240 1,5
23| 06 22,8 240 1,6
24| 07 22.8 240 1.5
25| 06 23,5 247 2.2
2,6 | 07 23,5 247 4.3
27| 07 24,2 255 4.1

s Lo (@) (1)
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Figure 7. Dependence of the steady-state armature current amplitude
I am(oo) on parameter of the algorithm 7y (polynomial approxima-

tion).

0.014kg-m?; m = 1.5kg; mg = 9kg; o = 0.04m;
ke = 0.01J/s, B = 5 kgls, co1 = 1300 N/m, co2 = 5300
N/m, H* = 14 J, v = 0.5; Ty, = 0.1 s. The gain vy is
numerically equal to the value of the control torque M,,.

The dynamics of the following variables are presented
in Fig 4: the horizontal and vertical displacements of the
supporting body x.(t), y.(t), rotor velocity w, = ¢ (t)
and filter coordinate ) (t).

As is seen from the plot ¢, (00) = 47.5 s71. Thus,
the level of electromechanical torque, which ensures the
passage of resonance for model (M1), using algorithm
(8) can be reduced by more than 25%.

At the second stage, the algorithm for the passage
through resonance zone for the model was investigated,
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Figure 8. Dependence of the steady-state EMF amplitude of the con-
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Figure 9. Dependence of the steady-state rotor speed on the value of
the given energy H * for model (M2).

taking into account the dynamics of the electric drive
(M2). Figure 5 shows the simulation results for the
model (M2) using algorithm (8) for the same energy
value as in Fig. 4: H* = 14 J. The resonance is
overcome here at a larger value of the algorithm gain
v = 1.15,ie. at M, = 1.156Nm (T}, = 1.2's). As
can be seen from the graph, the steady-state average
rotor speed, as in the first case, ¢, (00) = 47.557 1,
tpas = 7.38s, ty = 10.35s. In addition to the graphs
of the variables shown in Fig. 4, Fig. 5 shows graphs of
changes in the armature current /, and the EMF of the
converter Epc.

Figure 6 shows the simulation results for the same
model with other parameters of the algorithm: H* = 65
J,y=1.6;Ty =0.1s.

The quantitative characteristics of the efficiency of the
algorithm for passing through the resonance for the sec-
ond stage are presented in Table 1. The table is obtained
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for H* = 65J, which corresponds to the steady-state av-
erage rotor speed (.., (00) = 70s~!. The table shows
v, Ty — the parameters of the algorithm for passing
through the resonance, t,,; — the time of passage of
the resonance, and the steady-state values of the ampli-
tude of oscillations of the armature current I,,,(co) and
the EMF of the converter Epcyy, (00).

The data in Table 1 allow us to analyze the influence of
the parameter ~y of the algorithm on the steady-state am-
plitude of the armature current and the EMF of the con-
verter. The indicated dependences are shown in Fig. 7
and Fig. 8, respectively.

Figure 9 shows the dependence of the steady-state ro-
tor speed on the value of the given energy H™ in the
range from 60 J to 125 J.

Thus, as shown by simulation with control using algo-
rithm (8), the level of electromechanical torque, which
ensures the passage of resonance for the model (M2),
taking into account the dynamics of the drive, can be re-
duced by more than 30% compared to direct start.

The constructed dependence of the value of the steady-
state speeds of the rotors on the level of the given energy
makes it possible to determine the value of the specified
parameter in the control algorithm for practical imple-

mentation, depending on the technological task. In addi-
tion, simulation has shown that the values of steady-state

speed do not depend on the parameters -y and T, but are
determined only by the value of the given total energy
H*.

However, the parameters v and T’ significantly affect
the amplitude of the steady-state armature current and
the steady-state EMF of the converter. In this case, an
increase in the parameter «y leads to an increase in the
amplitude of the current and EMF, which is impractical,
since this parameter does not affect the steady-state ro-
tor speed. The influence of the values of v and T’; on the
time of passage through the resonance is insignificant,
since the specified time varies from 2s to 5s and accel-
eration to the set operating speed is carried out in a time
not exceeding 10 s.

At the third stage, the efficiency of the algorithm for
the passage of resonant frequencies for the model was in-
vestigated, taking into account the dynamics of the elec-
tric drive and the dynamics of a variable elastic-attached
load (M3).

The change in the weight of the load during the simula-
tion was carried out according to the following scheme.
At the initial time interval [0; ¢1] it was assumed that the
load is constant, but not equal to zero (this emulates an
empty pallet for bulk material, which is installed on the
bench). The time ¢; is longer than the transient process
time for the rotor speed, that is, the loading process be-
gins after the vibration unit enters the operating mode.
After that, the mass of the load begins to increase —
loading is in progress. The load is considered as a re-
siliently attached point mass. At time to, it is assumed
that the average amount of bulk material being poured
is approximately equal to the amount of material leaving
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Figure 10. Simulation results for the model with variable load (M3)
using algorithm (8) for Vj = 1,0kg/s; t1 = 10s;t9 = 125
Mim = 2,25 ke.

Table 2.

Vo, | AV, | t1, | ta, ML AWmaz,
kg/s | kgl/s | s s kg s71
1,0 — 10 12 2,25 7,6
1,0 — 10 | 13 3,25 7,6
0,5 — 10 14 2,25 40,0
0,5 — 10 | 16 3,25 40,0
2,0 — 10 11 2,25 4,5
2,0 — 10 | 11.5 3,25 4.5
0,25 — 8 16 2,25 40,6
0,25 — 8 20 3,25 40,6
0,25 | 0,25d | 10 | 22 | 3,25+0,25d 432
0,25 | 0,5d | 10 | 22 3,25 +0,5d 35,6
0,5 0,5d | 10 16 3,25 +0,5d 9,75
1,0 | 0,5d | 10 | 13 3,25 +0,5d 7,5

the sieve and the average weight of the load is stabilized.

The programmed change in the mass of the load m, is
realized by changing the loading rate V' = Vj + AV (¢),
where V| is a certain constant component of the load-
ing rate and AV (¢) is the deviation of this rate. The
maximum deviation of the loading rate varies in differ-
ent experiments in the range from 0.25 kg/s to 0.5 kg/s.
Numerically AV (¢) is modeled as a sinusoidal speed in-
crement. The initial mass of the load is my = 0.25 kg.
The parameters of the algorithm for passing through the
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resonance v = 1.7, Ty = 0.6s. The value of the steady-
state average speed of the rotors w,= 70 s~ !

The simulation results are presented in table 2. The
loading rate varies from 0.25 kg/s to 2 kg/s, the time in-
terval in which the mass of the load increases also varies.
Table 2 shows: mp,,, is the average mass of the load af-

m, ()
2 L
o0
e
= 1F
g
0 1 1 1 1 1
0 5 10 15 20 25 30
t,s

w,(®), PO

w ®1 ]
— Y

w, P, 1/s

25 30
t,s

Figure 11. Simulation results for the model with variable load (M3)
using algorithm (8) for Vy = 0,25 keg/s; t1 = 8s;to = 165
MLm= 2,25 ke.

m, ()
4 :
(®))
X
L2f
£
0 ‘ ‘ | | |
0 5 10 15 20 25 30
t,s
w ), (O
60
o
T 40t w
=>
&+ 201 w(t)
0 (1)

10 15 20 25 30
t,s
Figure 12. Simulation results for the model with variable load (M3)

using algorithm (8) for Vo = 0, 25 kg/s; AV = 0.5 sin(2t)kgss,
t1 =10s;t9 =22s;mpy, = 3,25 + 0, 5sin 2t kg.
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ter the instant of time to and Aw,,q, 1S the value of the
maximum drop in the steady-state speed of the rotors af-
ter the start of loading. For brevity, the table uses the
notation d = sin 2t.

In fig. 10 the graphs of changes in the following vari-
ables are shown:
a) changing the position of the platform horizontally:
z.(t), m.
b) change in the vertical position of the platform: y.(t),
m;
c) weight of load: mp, kg;
d) rotor speed: w, = ¢, s~1 and filter variable 1);
e) graph of the rotor armature current I, A;
f) EMF of the thyristor converter Fpc, V.

In fig. 11 and fig. 12 the graphs of the change in the
weight of the load and the rotor speed with varying the

parameters of the loading process are shown.
Thus, as the simulation showed, in the time interval

starting at the time instant of the beginning of loading
and ending when the variable mass of the load enters a
stable operating mode, a drop in the rotor speed is ob-
served, which disappears when the average mass of the
load stabilizes. Moreover, the magnitude of this decrease
does not depend on the duration of the loading and on
the steady-state value of the average mass of bulk mate-
rial loaded on the pallet, but depends only on the average
loading speed: the less it is, the greater the drop in the
rotor speed. This feature of the control algorithm (8) can
be explained by the fact that at the beginning of load-
ing, the total mass of the vibration plant with the load
changes, which causes a change in the resonance fre-
quency. However, after some time, the control algorithm
works out this disturbance and stabilizes the rotor speed
at the same level determined by the H* parameter.

5 Conclusion

An algorithm for the passage of the rotor speed through
the resonant frequency for a one-rotor vibration unit tak-
ing into account the non-stationary attached load has
been analyzed by computer simulation. It is shown that
the proposed control algorithm can reduce the magnitude
of the control action required to pass through the reso-
nance zone. In addition, the algorithm is rather simple
and is based on setting just three real parameter values,
despite the complexity of the system.

The dependence of the value of the steady-state speeds
of the rotors on the level of the desired unit energy has
been evaluated, which makes it possible to determine the
value of the specified parameter in the control algorithm
for practical implementation, depending on the techno-
logical task.

It is shown by computer simulation that the steady-
state rotor velocities do not depend on the parameters
« and T, but are determined only by the value of the
given total energy H*. However, the parameters v and
T, significantly affect the amplitude of the steady-state

armature current, the steady-state EMF of the converter
and the synchronization time of the rotors.
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As shown by computer simulation, during the time in-
terval starting at the time instant of the beginning of load-
ing and ending when the variable mass of the load enters
a stable operating mode, there is a drop in the speeds
of the rotors, which disappears when the average mass
of the load stabilizes. Moreover, the magnitude of this
subsidence depends mainly not on the value of the av-
erage mass of bulk material loaded on the pallet, but on
the transition time of the installation from the unloaded
mode of operation to the mode of operation with the load
stabilized by weight.

Discovering the mechanism of such a drop could be
a topic of further research. It would be interesting also
to extend the obtained results to two-rotor units [Tom-
china, 2020] and to the study of vibration fields [Tom-
china, 2019].
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