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In the article an analysis of the influence of the variability
of the system's mass on its dynamics in
electromechatronic systems is presented.

It is shown that electromechatronic systems with variable
parameters are particularly relevant, as their operation
is accompanied by dynamic changes in mass, inertial,
force, and kinematic characteristics during operation.
These changes are caused by load variations, uneven
material feed, changes in speed modes, and the influence
of external factors, significantly complicating control
processes. This necessitates the use of modern methods
of mathematical modeling and analysis to ensure the
effective operation of such systems. It is shown that
transport mechanisms, particularly conveyors, are
typical examples of electromechatronic systems with
variable parameters. It is established that, in general,
three types of dynamic forces (torques) arise in a
mechanical system: the first arises from changes in the
system's speed, the second from changes in the mass
(moment of inertia), and the third from changes in the
gear ratio. Therefore, a very large number of possible
system behaviors are possible.

Given the complexity of the process, mathematical
modeling has been established as the only method for
studying processes in mechanical systems with variable
parameters. The MATLAB/Simulink software package is
used in the research. A short conveyor loader operating
in reversible mode to dispense bulk material into passing
containers is considered as a system for studying the
effect of mass variability on the system's dynamics. The
kinematic and structural diagrams of the loader are
presented and analyzed in detail, taking into account the
relationships between its main components, allowing us
to reflect the features of motion transmission and the
formation of operating modes. The operating principle of
individual components and their impact on the overall
system dynamics are described. Furthermore, the

mechanical characteristics of the loader's electric drive
are studied, their main parameters and patterns of
change depending on the load and operating modes are
determined, which is important for further analysis and
synthesis of control systems.

A digital model of this mechanical system is presented in
the MATLAB/Simulink environment. The conveyor
acceleration process is simulated with no material on the
belt, a fully loaded belt, and gradual loading. This results
in transient processes during conveyor Sstart-up at
various throughput values. It is established that the
influence of variable mass on the dynamics is significant
when its value at maximum load is comparable to or
greater than the constant mass.

Key words: electromechatronic systems, variable
parameters, transport mechanism, dynamic
characteristics, performance, transient processes,
control system.

Introduction. In today's industrial and process
automation  environment, electromechatronic
systems play a key role in ensuring the efficiency,
flexibility, and reliability of equipment. Of
particular relevance are systems with variable
parameters, whose operation is accompanied by
dynamic changes in mass, inertial, force, and
kinematic characteristics during operation. Such
changes can be caused by load variations, uneven
material feed, changes in speed conditions, or the
influence of external factors, complicating control
processes and requiring the use of modern modeling
and analysis methods [1, 2].

A typical example of electromechatronic
systems with variable parameters are transport
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mechanisms, particularly conveyors, which are
widely used in the mining, metallurgy, food, and
logistics industries. A characteristic feature of such
systems is the presence of a variable load, which
directly impacts drive dynamics, energy
consumption, and the accuracy of maintaining
specified operating modes. This necessitates
considering nonlinear effects, changes in stiffness
and damping, as well as the interaction of electrical
and mechanical subsystems during the study [3].

A conveyor loader is an integral part of
continuous handling systems and is designed to
move, feed, and evenly distribute bulk or individual
materials within a technological process. Its
widespread use is due to its high productivity,
automation capabilities, and integration into
complex production lines across various industries.

Structurally, a conveyor loader consists of a
traction element (belt, chain, or roller system), a
drive mechanism, support elements, loading and
unloading units, and a control system. The primary
functional element is the electric drive, which
provides movement of the traction element and
determines the dynamic characteristics of the entire
system. The loader's operating mode is
characterized by a variable load, depending on the
material feed rate, its physical and mechanical
properties, and operating conditions [4, 5].

A characteristic of conveyor loader operation
1s the uneven flow of material, which leads to
changes in the torque on the motor shaft,
fluctuations in travel speed, and additional dynamic
loads on structural elements. This, in turn, impacts
the energy efficiency, reliability, and durability of
the equipment. Considering these factors is essential
for constructing adequate mathematical models and
developing effective control systems [6].

Thus, the study of the operating characteristics
of a conveyor loader as an electromechatronic
system with variable parameters allows for a deeper
understanding of the processes occurring within it
and the creation of preconditions for increasing the
efficiency of its operation in real production
conditions.

The objective to study an electromechatronic
system with variable parameters using a conveyor
as an example, develop an appropriate mathematical
model, and analyze the influence of variable
parameters on the dynamic characteristics of the
system.

Research results. Mechanisms that exhibit
both real and fictitious changes in mass (moment of
inertia) include loading/unloading conveyors, thin
sheet coilers in rolling mills, and mine hoists with
variable rope winding radii. Additionally, in some

cases, transmission devices with a variable gear
ratio between the mechanism and the motor are used
— slip clutches (electromagnetic, hydraulic,
powder), speed variators, crank-connecting rod
pairs, cams, etc.

Let us consider the equation of motion for
m=const and i# const , neglecting for simplicity
the flexibility of the kinematic constraints. The
equation can be obtained from the equality of the
impulse of force and the momentum in differential
form. For translational motion, this equation has the
form [1]:

(FM _FCM)dt:d[mM(VM _UM)] (1)

where F, Feu, ma— the driving force, resistance
force and mass reduced to the movement of the
mechanism, N, kg;

Uum — projection of the velocity of the changing
mass (my = var), which coincides with the direction
of movement of the main mass, m/s.

When Uy = const (dU,, /dt =0) we have:

dm,,

dv,
mMT;”+(VM—UM) & =r,-F,. 2)

This equation does not explicitly take into
account changes in the gear ratio i. Therefore, we
write (2) in terms of the electric drive coordinates,
reduced to the motor shaft:

F,=F-i; F =F.-i;V,=V/i;m,=m-i*,

where m — the fictitious mass reduced to the
generator on the engine rotor, kg;

F, Fc, V — real forces and speed on the rotor
generator, N, m/s.

Then

i2md(zj+ VfUd(izm)zi(F—E)dt :
1 1

Differentiating and dividing both sides by i and
dt, we obtain:

md—V+(V—U)d—m+ﬂ_(V—2U)ﬁ
dt dt i dt

=F-F.. (3)
For rotating motion (o=V/R;w, =U/R;
M =FR;J =mR?)

do dal J di
JE+((O_®U)E+7((D_2@U)E:M_MC’ 4
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where wy — the component of the angular velocity
of the engine corresponding to the component Uy,
1/s.

If J and i are expressed through the angle of
rotation a of the motor shaft, then the last equation
will have the form:

dJ(a)
do
di () SC)

J(a
+QO‘)((D_2(’OU)W:M_MC

J(a)il—(;)+(o(m—mu) +

As can be seen from the last three equations, in
general, three types of dynamic forces (moments)
arise in a mechanical system: the first of these arise
when the speed of the system changes, the second —
when the mass (moment of inertia) changes, and the
third — when the gear ratio changes.

Therefore, a very large number of possible
system behaviors are possible. For example, even in
the absence of external forces acting on the system,
that is, at F-F.=0 (M-M.=0), it can
accelerate, decelerate, or move at a constant speed
(stand still). In this case, the mass (moment of
inertia) and gear ratio can decrease or remain
constant.

Given the complexity of the flow,
mathematical modeling is the only method for
studying processes in mechanical systems with
variable parameters. The MATLAB/Simulink
software package is used in this research.

To study the effect of mass variability on the
dynamics of a system, we will consider a short
conveyor loader operating in reverse mode to
dispense bulk material into passing containers. Bulk
material falls vertically from the loader onto the
conveyor belt. Belt loading begins when the motor
is started. The kinematic diagram of the loader is
shown in Figure 1.

The initial data for calculations and research
are [1]:

— dispenser capacity — O, t/h;

— maximum conveyor belt speed — Vinax, m/s;

— conveyor length — Lz, m;

— linear mass of rollers and tape — ¢, kg/m.

Since the speed of the additional mass falling
onto the belt is perpendicular to the speed of the
main mass of the system, and the gear ratio
Jj = const 1s , the equation of motion (3) has the form

d_V+Vd_m=

F —F, 6
mdt dt ? ©)

c

where F),—the driving force of the engine, reduced
to the belt (F, =M, /), N;

M — torque on the engine shaft, Nm;

F. — static resistance force caused by dry
friction in bearings under pressure from the belt
with the transported material H,

F. =F(1)=K.g(m +m)=KLq,e+K0,(t)g,

where K. — the coefficient of friction
(K, =0.06+0.1);

m. — constant mass, kg.

_R
0 ny ﬁ__
@) o O
+ O\qp 6
O U, 0 0 ]

Fig. 1. Kinematic diagram of the loader
The mass of the rollers and tape,
mc = quT ’

my, O, (t) — variable value of mass on the tape, kg.

m=0 (t):Q 1000

(t/y) 3600 = Q(kg/s) -t 5

m — the total mass of the conveyor reduced to linear
motion, taking into account the inertia of the engine,

m=m, +m, +m,=1.1J, -j2+quT+Qm(t),

where J, — the moment of inertia of the engine
rotor, kgm?.

The structural diagram of the mechanical
system of the loader (Fig. 2) is obtained as the
structure of the solution of equation (6) relative to V'

1 . d
Vv :J‘Z[MPJ—KCg(mC +Q't)—Vd—r;1}dt .
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The inertial force caused by the change of mass

will be denoted by F,, = V‘Z—T .

FP—Q\ -] x 1 V 1 L
NN = P p
\\ N
F ¢ m *
KC & HQ—() /;l'
i

Fig. 2. Structural diagram of the mechanical system
of the loader

Moment Mp engine is determined by its
mechanical characteristic (Fig. 3, a), which can be
generated by any electric drive system (TC-M, FC-
AM, AVC) using a torque controller. It can be
determined by equations [1, 2]:

sectiona-b — M(0)=M,, =AM,

max

a
:Mmax j F

0 F

max

b

Fig. 3. Mechanical characteristics of the loader electric
drive: a — speed-torque characteristic; b — speed-force
characteristic

section b-c —

M(o)= -K, (0-0,)=K,, (0,—®), (7)

where A,, — the engine overload capacity by torque
(A, =1.8+2.4);

K, — coefficient of rigidity of mechanical
characteristics,

KM =Mmax/(0‘)0 _(Db)EMmax/O'l(DH 4

if we accept

o, =0,—-0.1n,.

At the first stage of loading (#1) increases Onu(t)
and upon completion of the stage is equal to

le :Q'tl’

where ¢ — the duration of the tape loading, which is

determined by the time it takes the tape to travel the
path Lz, i.e.

L =L, ZJI‘V(t)dt .
0

At the second stage (unloading) Q,(?) it begins
to decrease until it reaches the value

ch = QtT = QLT/ V:nax = quT >

where ¢, — the linear mass of bulk material on the
belt at a steady belt speed Vmax;
t, — the time it takes to travel a distance along

the belt L, at a speed of Vimax.
That is, the mass will become stable O, after
the tape has passed L, from the moment ¢ .

Thus, the second stage ends when the belt has
traveled a distance equal to 2L,. After this, the

amount of material flowing onto the belt will be
equal to that flowing off the conveyor. Without
significant loss of accuracy, this process can be

replaced with a simpler one: once Q, (¢)it reaches
0,.., it can be limited to this level, i.e.,

0,(1)=0t at 0,(1)<Q,.
0,(t)=0,, =const in the future.

In this case, the change in driving force
corresponds to the characteristic of the electric drive
(Fig. 3). For ease of consideration, we will convert



76 BICHWK CXIOHOYKPATHCbKOIO HALIOHAMBHOIO YHIBEPCUTETY imeni Bonoaumupa Jans Ne 3 (301) 2026

the value of the torque on the motor shaft to linear
motion (Fig. 3, b):

F(V)=M,, j=F, =const at V<V, =0,/ ,
F(V):Mmaxj_KMj(o‘)_(Db):Fmax —KMjZ(V—Vb)
atrv>Jy,.

The digital model of this mechanical system in
the Simulink environment of the MATLAB
package is shown in Fig. 4. The mechanical
characteristic of the engine is formed by the
Constant, Sum 1, Gain, Gain 1 blocks according to
equation (7) [6, 7]. The Saturation block limits the
value of the torque at the level M, _implementing

the "a b" section of the mechanical characteristic.
The structure of the mechanical part repeats the
structural diagram (Fig. 2). The value of the variable
mass is obtained at the output of Integrator 3 by
integrating the productivity ¢ (kg/s). At the output
of the comparison block ( Relational Operator ), a
logical signal "1" is formed when L < L, , otherwise

( L= L,) the output will be "0". Consequently, the

increase in mass will occur until the belt passes the
distance L,, after which the input of integrator 3

will be 0, and the output will be a constant value of
the mass of bulk material Q,_, which corresponds to

the maximum load. The described structure
implements the formation of m , with simplification
of the unloading processes. In general, for the
precise (two-stage) formation of variable mass, the
described structure must be complicated.

Fig. 5 shows the results of modeling the
conveyor acceleration process with no material on
the belt, fully loaded and gradual loading.

The system was modeled with the following
parameters:

max

Vew =2.5 m/s; L, =6 m; g, =25 kg/m.

(constant mass of conveyor elements, m, =150 kg)
Engine parameters:

P, =12kW; o, =104.7 s o, =92.657};
Ay =2; J,=0.0575Kkrm%
(M, =258HwMm, K, =247).

Gear ratio j=o, /V, =37 m';
Coefficient of friction K, =0.1;

With two performance values:

— 01 =175 1t/h=20.83 kg/s, (mass of material at
full conveyor load One = qi1L1/Vimax = 50 kg);

- Q,=0,-5=375 1/ron =104.1 kg/s,

(0,. =250kg).

As can be seen from Fig. 5, at a performance
level of i, the change in dynamic torque during
start-up is insignificant and the nature of the speed
change is practically linear. However, when
operating at a performance level of O, the influence
of the sliding static torque on the acceleration
dynamics is significant, which is reflected in an
increase in the acceleration time and a curvature of
the w(?) curve.

We see that the influence of the variable mass
(Qy) on the dynamics is significant when its value at
maximum load (Qm) is commensurate with the
constant mass (m.) and greater than it.

-]

Saturation

B

Constant

Constant1

\
X > 1 v > 1 L »
—p - 5 5 <
Product
Integrator Integrator1 Relational
Operator
> Lt
Fdm F
X Au

:++ )
5
Integrator3
md me

¢ [
1 : X

1

Constant3

q

Constant2

Fig. 4. Digital mathematical model of an electromechatronic system (conveyor)
in the MATLAB / Simulink environment
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Fig. 5. Transient processes of conveyor start-up at:
a—Q0=75t/h;b—Q=375t/h

The results obtained during the modeling of the
electromechatronic system of the conveyor loader
are of significant practical significance and can be
used in several key areas [8]. First of all, they form
the basis for improving electric drive control
systems, in particular for the development of
adaptive and robust algorithms capable of
effectively compensating for the influence of
variable parameters and ensuring stable operation
under uneven loads [9, 10].

Furthermore, the simulation results can be used
to optimize conveyor equipment operating modes to
reduce energy consumption and improve overall
system efficiency. Dynamic process analysis allows
for the determination of optimal speed modes,
reduction of peak loads, and avoidance of electric
drive overloads.

An important area of application is improving
the reliability and durability of equipment.
Modeling allows us to identify critical operating
modes that cause excessive mechanical and
electrical loads and develop measures to minimize
them. This helps reduce wear on structural
components and decrease the likelihood of
emergency situations.

Furthermore, the research results can be used
during the design phase of new transport systems,

such as conveyors and roller tables, to support the
informed selection of equipment parameters,
including electric motor power, transmission
mechanism characteristics, and control systems.
They are also useful for creating digital twins of
conveyor systems, enabling the prediction of their
performance under various operating conditions.
Thus, the simulation results have both
theoretical and practical value, helping to improve
the efficiency, reliability and adaptability of

electromechatronic ~ systems  with  variable
parameters.
Conclusions. This article examines an

electromechatronic system with variable parameters
and conducts simulations using a conveyor
mechanism as an example. The analysis revealed
that conveyor systems are characterized by
significant parameter variations, particularly load,
moment of resistance, and inertial characteristics,
which leads to nonlinear dynamics and complicates
control processes. Given the complexity of the
processes, mathematical modeling is the only
method for studying processes in mechanical
systems with variable parameters.

A short conveyor loader operating in reversible
mode to dispense bulk material into passing
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containers was considered as a system for studying
the influence of mass variability on its dynamics.

A mathematical model of the conveyor loader's
electromechatronic system was developed. This
model accounts for parameter changes over time
and allows for the study of real dynamic processes
within the system. Based on the simulation, the
influence of variable load on key operating modes
was analyzed, specifically, the conveyor
acceleration process with no material on the belt,
with a fully loaded belt, and with gradual loading.

The study was conducted at two performance
levels: Q1 =75 t/h and O, =75 t/h. It was found that
at a performance level of O, the change in dynamic
torque during start-up is insignificant, and the speed
change is virtually linear. However, when operating
at a performance level of Q,, the influence of the
sliding static torque on acceleration dynamics is
significant, resulting in an increase in acceleration
time and a curve curvature o(f). The simulation
results showed that the influence of variable mass
on dynamics is significant when its value at
maximum load is comparable to or greater than the
constant mass. The simulations allowed us to
establish patterns in the influence of parameter
changes on the stability, accuracy, and quality of the
system's transient processes.

The obtained results have practical
significance and can be used in the design and
modernization of control systems, particularly for
selecting controller structures, adjusting their
parameters, and developing adaptive and robust
control algorithms. Application of the proposed
approaches will contribute to increased efficiency of
transport mechanisms, improving their energy
performance and reliability under conditions of
uncertainty and variable loads.

Using the simulation results will improve the
efficiency of the transport mechanism's electric
drive control by adapting to changing operating
conditions, reducing energy consumption, and
lowering the level of dynamic loads on system
components. This, in turn, will contribute to
increased reliability and durability of the
equipment.

The feasibility of applying the obtained results
to the design and modernization of transport
mechanisms, as well as the development of modern
automated control systems, is substantiated. A
promising direction for further research is the

implementation of intelligent control methods and
the creation of digital models capable of operating
in real time.
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Pyaunes €.C., Pomanuenko 10.A. Jlocainkenns

eJIeKTPOMEXAaTPOHHMX  cHCTeM  3i  3MiHHMUMHM
napaMeTpaMd Ha [OPHUKJIAAl TPaHCHOPTYHO4YOro
MexaHi3my.

B cmammi npedcmaenenuu  aumaniz - eénaugy
SMIHHOCMI  Macu — cucmemu Ha ii  OUHAMIKY 6
eNeKMPOMexampOHHUX CUCHIEMAX.

Tlokasano, wo 0co0u60i  akmyanbHOCMi
Haby8aoms eleKmpomMexampoHHi cucmemu 3i SMIHHUMU
napamempamu, @yHKYiOHYBAHHA AKUX

CYNPOBOOAHCYEMBCA  OUHAMIYHOIO  3MIHOK  MACOBUX,
IHepYIUHUX, CUOBUX T KIHEMAMUYHUX XAPAKINEPUCTIUK Y
npoyeci pobomu. 3asHaueHi 3MIHU 3YMOBIIOHMbCA
eapiayiclo HABAHMAIICEHHS, HEPIGHOMIPDHICMIO NO0ayi
mamepiany, 3MiHOK WEUOKICHUX PeNCUMI8 Ma 6RIAUEOM
B06HIWHIX (PAKMOPI6, WO ICMOMHO YCKIAOHIOE NPoyecu
KepyeanHs. Lle o6ymosntoe Heobxionicms 3acmocy8amHsi
CYYACHUX MeMOOi8 MAMeMAMmUIHO20 MOOENI08AHHS A
aHanizy ons 3a6e3neuents egexmugrHoco
@yuryionysanna maxux cucmem. Ilokazano, wo oOHUM
i3 Munosux npeoCMAsHUKI@ eleKmpoMexampOoHHUX
cucmem 3i SMIHHUMU NAPAMEmpamu € mpaHcnopmyroi
MexaHizmu, 30Kkpema KoHueecpu. Bcmanoeneno, wo y
3a2an1bHOMY 8UNAOKY 6 MEXAHIUHIU cucmemi BUHUKAE
mpu 6uUoU OUHAMIYHUX CUNl (MOMEHMIB): neputi 3 HUX
BUHUKATOMb NPU 3MIHEHHT WEUOKOCIE cucmemu, opyei —
Mmacu (Mmomenmy inepyii), mpemi — nepedamHo20 4ucid.
Tomy moocnuea Oydce 6eluKka KilbKiCmMb 8apiaHmie
No8ediHKU cucmemu.

Bpaxosyrouu cxkraduicme nepebicy, 6cmanogieHo,
Wo €OUHUM MemoOOM OOCHIONCeHHs npoyecie 6
MEXAHIYHUX Ccucmemax 3i 3MIHHUMU Napamempamu
Modce  Oymu  mamemamuyHe — MOOenO8aHHA. Y
O00CHIONCEHHAX BUKOPUCMOBYEMbCSA NAKEM NPUKIAOHUX
npoepam — MATLAB / Simunink. B axocmi cucmemu 0

docnidoicents GNaUBY 3MIHHOCMI Macu cucmemu Ha ii

OUHAMIKY,  pO32IAHYMO  KOPOMKULU  KOHGEEPHUU
3a6aHMANICYBAY, WO NPAYIOE VY PECEPCUSHOMY DEHCUMI
07151 003YBAHHS CUNYY020 MAmepiany 8 EMHOCMI, SKQ
pyxaromsca noe3 Hvoeo. Hasedeno ma OdemanvHo
npoananizo8aro KiHemMamuuny ma CMmpYKmypHy cxemu
3A6aHMANICYBAYA 3 YPAXYBAHHAM 63AEMO38 SA3KI8 MIdC

11020 OCHOBHUMU — eleMEeHmAaMu, W0  00360JUN0
gi0oOpazumu  ocobausocmi  nepedayi  pyxy —ma
@opmysanna pobouux peoswcumis. Onucano npunyun
DYHKYIOHYBAHHS OKPEMUX 8Y37I6 | iX 6NIUE HA 3A2ANbHY
Oounamixy cucmemu. Kpim moeo, 0ocniosceno mexauniyny
Xapaxmepucmuky eiekmponpueody 3deanmanicysad,
BUBHAYEHO [T OCHOBHI napamempu ma 3aKOHOMIPHOCHI
3MIHU 3A1eHCHO 810 HABAHMANCEHHS | pexcumie pobomu,
WO € 8adXtCIUBUM 011 NOOATLULO20 AHATIZY MA CUHIMESY
cucmem KepysaHHs.

THooano yugposy mooens yiei mexaniunoi cucmemu

6  cepedosuwi  Simulink  naxema  MATLAB.
3mooenvosano  npoyec  poszeony  KoHeéecpa  npu
giocymHocmi  mamepiany —HA — cmpiuyi, NOGHICMIO

3a6aHMANCEH020 MA NPU NOCMYNOEBOMY 3A6AHIMANCEHHI.
B pezynemami yvoeo ompumano nepexiowi npoyecu
NYCKY KOHGeEpa npu Pi3HUX 3HAUEHHAX NPOOYKIMUGHOCHII.
Bcmanosneno, wo enaue 3minnoi macu Ha OUHAMIKY
CYMmMEBUL, KOAU ii 3HAYEHHS NPU MAKCUMATLHOMY
3A8AHMANCEHHT CYMIPHE 3 HE3MIHHOW MACoo i Oinvbue ii.

Knwwuosi cnoga: enexmpomexampouni cucmemu,
3MIHHI  napamempu, MPAHCNOPMYIOUUL — MEXaHi3M,
OUHAaMIuHI XapaxkmepucmuKu, NPOOYKMUBHICMb,
nepexioni npoyecu, cucmema Kepy8aHHs.
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