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ELEMENTS OVERVIEW AND A COMMERCIAL UAV
ELECTRIC DRIVE MODEL

In recent years, there has been an accelerated development of technologies and an expansion of the application
area of unmanned aerial vehicles. Accordingly, scientists need to consider current trends in development of unmanned

aerial vehicles and the current state of research.

Purpose. Review of the main elements of unmanned aerial vehicle drives. Development of a simplified mathemat-
ical model of a helicopter-type unmanned aerial vehicle electric drive for assessing the energy consumption and ca-

pacity of the unmanned aerial vehicle battery.

Methodology. The proposed model is based on the rotor motion equations of the motors and the fan load equa-
tions. It was assumed that all electric drives operate under a cyclic load repeated periodically and defined by the time
relations of motor torque reference during the operating cycle.

Findings. Based on the motion equations, torque (frequency) controller equations, and load equations, a simpli-
fied mathematical model of a multi-rotor unmanned aerial vehicle drive was synthesized. The developed mathemati-
cal model of the unmanned aerial vehicle electric drive was verified using the created simulation model. Transients for
torque and speed were obtained and compared for two torque control algorithms.

Originality. The developed “inertial” mathematical model of the electric drive of a multi-rotor unmanned aerial
vehicle, compared to the known models, operates with fewer parameters and variables, which speeds up calculations.
The developed model takes into account the equations of torque (frequency) controllers of electric drives. Accord-
ingly, this allows computing long-term processes using different control algorithms.

Practical value. The review materials presented in this article may be useful for technical specialists who are start-
ing to work in the field of unmanned aerial vehicle design and development. The developed mathematical model al-
lows evaluating the approximate capacity of the battery for arbitrary motor reference torque schedules, arbitrary bat-
tery voltage reference, and the required maximum flight duration.

Keywords: electric drive, unmanned aerial vehicle, mathematical model, motion equation

Introduction. The 27* century has seen accelerated
development of unmanned aerial vehicles. In [1] an un-
manned aerial vehicle (UAV) is defined as “a remotely
piloted or self-piloted aircraft...”. It is believed that the
history of UAVs began in the 19" century when attempts
were made to use self-piloted balloons. At the beginning
of the 20" century, the first radio-controlled UAVs ap-
peared, which are now widely used.

There are many classification characteristics used to
classify UAVs: weight, wing type, flight altitude, applica-
tion, etc. In particular, UAVs are classified according to
their destination as commercial, civil, and military, and
according to their type of propulsion as internal combus-
tion engine, electric, and combined (hybrid) [2].

The following main types of UAVs are distinguished
by type (design): single-rotor, multi-rotor UAVs, air-
craft-type UAVs (with fixed wings), hybrid helicopter-
aircraft with vertical take-off, and aerostats [3]. Quite
often, single-rotor and multi-rotor UAVs are classified
in the same category, calling them multi-rotor UAVs or
helicopter-type UAVs. Depending on the tasks per-
formed, technical characteristics, and installed equip-
ment, known helicopter-type UAVs are equipped with
one (monocopter) to ten (decacopter) propellers [4].

One of the world-famous applications of UAVs is the
use of the Ingenuity Mars Helicopter UAV to study the
surface of Mars [5]. This helicopter-type rotorcraft is
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specially designed to fly in the thin atmosphere of Mars.
It can be classified as hybrid in terms of its primary en-
ergy source, as in addition to a rechargeable battery, it
also has a solar panel for recharging. It is equipped with
an electric drive based on direct current (DC) motors,
whose rotors are mechanically connected to two propel-
lers that rotate in opposite directions.

Brushless DC motors (BLDC motors) have been
broadly used since 1970s thanks to the advancements in
permanent magnets characteristics and have been gaining
popularity in applications that require low-maintenance
operations [6]. These motors are mostly used for dynamic
applications such as the automotive industry, pump man-
ufacturing, rolling mill production, electric vehicles, un-
manned aerial vehicles, the manufacture of various drives,
water supply, and consumer electronics [7].

The market for electric motors for drones was valued
at US$5,182.84 million in 2024 and is forecast to reach
US$9,700.87 million by 2032, growing at a compound
annual growth rate of 9.37 % from 2026 to 2032 [8]. The
basic segments of the electric motor market for drones
are the segment of multi-rotor drones, the segment for
fixed-wing drones, and the segment for FPV drones.

Most of the electric motors for drones manufactured
are designed for commercial use. The scope of commer-
cial drone use is constantly expanding. Noteworthy new
areas of application for commercial UAVs include rapid
sowing and monitoring of large areas of crops in agricul-
tural regions, remote sensing, search and rescue, fire
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prevention on the upper floors of skyscrapers in every-
day life, and the distribution of food and cargo [9, 10].
They can also be used for geological exploration and in-
spection of mines.

Expanding the scope of UAVs use requires the devel-
opment of technical solutions and mathematical and
computer models that provide improvement of UAV
performance, diversify development and production,
and accelerate preliminary design and analysis using
simulation studies.

Purpose. The purpose of this article is to review the
main elements and approaches to modeling, as well as to
develop a simplified mathematical model of a helicop-
ter-type UAV electric drive. The use of such a model will
allow for preliminary determination of the capacity of
the UAV battery at the design stage. Using this model,
assessment of energy consumption from the battery at
different fan-type mechanical load torque references to
helicopter-type UAV drives (single and multi-rotor),
can be achieved as well.

To achieve the specified purpose, the authors ana-
lyzed the literature and reviewed structural elements of
UAV electric drives. Besides this, a simplified mathe-
matical model and an “inertial” model of an electric
drive for a multi-rotor UAV with a battery power source
will be developed to verify it.

Literature review. Main elements of UAV drives. The
main part of energy consumption in a UAV falls on its
drive. For this reason, motors with a high power-to-
weight ratio are used. The most common types of elec-
tric motors with a high power-to-weight ratio are BLDC
motors and synchronous motors with permanent mag-
nets (PMSM). BLDC motors and PMSMs are manu-
factured by a number of well-known manufacturers. KO
Technologies, Constar Micromotor Co., KDE Direct;
Ltd., Faulhaber Micromo, LLC, Hacker Motor USA,
Nidec Corporation, SunnySky USA, MGM COM-
PRO, FUKUTA, Mechtex, and others are among them.

Both above-mentioned motor types, PMSM and
BLDC, use permanent magnets on the rotor and are
quite similar in design. The main difference between
them concerns the shape of the counter-EMF, which is
sinusoidal in PMSM and trapezoidal in BLDC. This is
a consequence of the different distribution of the stator
winding in the stator slots.

Typically, drones use motors with radial magnetic
flux and an external rotor [11].

BLDC motors with an external rotor (Outrunner)
have a rotor located outside the stator, which provides
more space for magnets than in BLDC motors with an
internal rotor [12, 13]. Outrunner BLDC motors are
widely used in commercial UAVs just due to their de-
sign. In these electric motors the stator with three-phase
windings is located inside, and the rotor with permanent
magnets is located outside, forming a rotating shell. This
design provides high torque at low rotational speeds due
to the increased rotor diameter. Due to this, the need for
gearboxes is eliminated and allowing large propellers to
be driven directly, increasing aerodynamic efficiency
and reducing losses.

An additional advantage is effective cooling: the ro-
tation of the housing creates an air flow that promotes
heat dissipation from the windings and magnetic cir-
cuits increasing reliability under prolonged loads. The

simplicity of the design without gearboxes reduces the
weight and number of failure-prone components, facili-
tating maintenance.

Among the limitations are a lower maximum angular
velocity due to rotor inertia and magnet mounting re-
strictions, which is not critical for UAVs, where torque is
more important than speed. A more serious drawback is
the vulnerability of the open rotor to dust, moisture, and
mechanical damage, which can cause vibration and re-
duce efficiency.

Axial flux permanent magnet (AFPM) motors are
becoming an alternative solution in a number of applica-
tions [14]. In these motors, the magnetic flux is closed
along the axis of rotation. The interaction of the rotor
and stator magnetic fields occurs on the end surfaces
rather than on the cylindrical surfaces, as in traditional
radial machines. This topology provides a significant in-
crease in torque with comparable dimensions due to the
increased area of interaction between the magnetic fields.

The advantages of AFPM motors include high power
and torque with minimal axial length. Due to their com-
pactness and low moment of inertia, they can provide
fast acceleration and deceleration dynamics, which is es-
pecially important for maneuverable UAVs. In addition,
the axial layout facilitates integration into flat structures
and allows the design of highly modular motors, for ex-
ample, in the form of multi-disc systems. In such sys-
tems several rotor-stator pairs operate in parallel, in-
creasing power without a significant increase in weight.

However, such motors also have a number of disad-
vantages. Heat dissipation in axial machines is less effi-
cient compared to outrunner designs, as the active
windings are often located between the disc rotors and
have limited access to airflow. This creates a risk of local
overheating at high currents. In addition, the produc-
tion of AFPM motors is technologically more complex:
high precision manufacturing and assembly are re-
quired, especially in terms of ensuring a uniform gap
between the end surfaces.

Comparing both types of machines, we can note that
outrunner motors are simpler, more reliable, and more
efficient for tasks that require high torque at low speeds
with relatively low requirements for compactness and
technological precision. At the same time, AFPM mo-
tors have better power-to-weight and power-to-volume
ratio, as well as higher dynamics, but have increased re-
quirements for cooling and protection.

Thus, the choice between radial and axial flow mo-
tors is determined not only by the required electrome-
chanical characteristics, but also by the operating condi-
tions. For mass commercial UAVs, it is more rational to
use outrunner machines due to their simplicity and reli-
ability, while AFPM motors find applications in cases
where compactness, high specific torque, and fast sys-
tem response are important.

Although a BLDC motor is called a direct current
motor, its winding is powered by a bipolar voltage source
of variable frequency. Such a source is based on an in-
verter and a battery or DC voltage source. Inverters are
important electronic devices that convert direct current
energy into alternating current. This key component con-
sists of several components: rectifiers, filters, inverter cir-
cuits, control circuits, output filters, and protection cir-
cuits [15]. At low voltages, the simplest two-level inverters
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are usually used. If it is necessary to reduce the total har-
monic distortion of the inverter output voltage, three-
level inverters can be used. In [16], the authors evaluated
the reliability of multilevel inverters for use in hybrid
drones. According to the method proposed by these au-
thors, it was concluded that a cascade H-bridge inverter is
the best choice in terms of reliability for systems with hy-
brid power sources. The use of a GaNFET inverter con-
trolled by a high-frequency sinusoidal PWM algorithm is
more effective than a traditional MOSFET inverter. When
operating as part of a UAV instead of a traditional MOS-
FET inverter with low-frequency trapezoidal PWM, a
GaNFET inverter can reduce power consumption by sev-
eral hundred watts per motor. Due to this, an increase in
flight time by several minutes will be achieved [17].

Accurate detection or estimation of the BLDC shaft
position is important in multi-rotor UAVs to maintain
high efficiency and low power losses in the system [18].
Optical encoders and Hall sensors are used to deter-
mine the BLDC shaft position. To improve electric
drive reliability, sensorless BLDC control methods
have been developed.

When high accuracy is not required, the scalar con-
trol method is a good choice for BLDC and PMSM
drives due to its simplicity of implementation. The sca-
lar control method is often used in combination with the
so-called six-step commutation algorithm. The six-step
commutation technique can use 120-degree and 180-de-
gree conduction modes. When the 120-degree conduc-
tion mode is used to control three-phase BLDC motors,
the commutation technique involves powering only two
phases at a time. When the 180-degree conduction mode
is used, currents flow in all three phases simultaneously.
In three-phase BLDC motors, three Hall sensors are
typically mounted on the motor stator core between the
stator phases. As the rotor rotates, the Hall sensors gen-
erate logical “1/0” signals with equal low and high time
intervals at each rotation period. Although scalar con-
trol combined with a six-step commutation algorithm is
still used in low-power BLDC drives, vector control,
direct torque control, and mathematical model-based
prediction algorithms are more preferable. These im-
proved control technics result in a smaller torque ripple
and improved transient control in dynamic modes un-
der various operating conditions with increased loads
[19]. The advantages and disadvantages of the main
known algorithms for controlling electronic frequency
regulators of UAVs are discussed in [20].

Scalar and vector control algorithms, as noted, can be
implemented without the use of encoders and Hall posi-
tion sensors to increase the reliability of the electric drive.
With such algorithms, the problem of determining the ro-
tor position is solved mathematically using instantaneous
values of currents and voltages. In particular, with scalar
six-stage control, the back-EMF of the phase that is not
currently powered is measured. Often, scalar control is
combined with a pulse-width modulation algorithm.
Typically, with scalar control, a given ratio between the
frequency and the RMS voltage of the first harmonic of
the voltage generated by the inverter is maintained. This
occurs due to a change in the PWM signal duty ratio. The
sensorless vector control algorithm is much more com-
plex. With vector control, there are two control loops: a
torque control loop and a flux linkage control loop, which

should not affect each other’s operation. The parameters
of the regulators of both loops depend on the parameters
of the electric machine. The Clark 3/2 and Park 2/3 co-
ordinate transformations are used. The counter-EMF
observer is digitally implemented based on the mathe-
matical model of the machine. The PLL (phase locked
loop) structure can be used to estimate the angular speed.
Furthermore, the problem of digital signal filtering is ad-
ditionally solved. Hence, it is obvious that sensorless vec-
tor control of BLDC and PMSM motors is much more
complicated than scalar control. However, significant
advantages are obtained with vector control. The main
ones are better quality of torque control in dynamic
modes and small torque ripples. Accordingly, more ac-
curate processing of the UAV movement coordinates is
ensured, and the noise level is reduced.

Vector control systems are implemented on the basis
of high-performance 16- or 32-bit microcontrollers,
while even the computing capabilities of 8-bit microcon-
trollers may be sufficient to implement scalar control.

The next important element of an electric-powered
UAV is the rechargeable battery. The most common bat-
teries for electric-powered drones are Li-Po and Li-Ion
batteries. Li-SOCI2 batteries have twice the energy density
per kg compared to the above, and lithium-air (oxygen)
batteries can have up to seven times higher energy density.
But unfortunately, they are not as widely available and are
much more expensive than Li-Po and Li-ion [21, 22].

Mathematical modeling of UAV drives. Mathemati-
cal models of varying levels of complexity and detail
are developed and used for research on BLDC,
PMSM, and electric drives based on them. A model
based on a space vector, a d-q model, a model based
on a single-phase equivalent circuit, a model of con-
centrated parameters, finite element analysis (FEA)
models are known. Linear and nonlinear state space
models, rotor dynamics model, coupled electrome-
chanical model, lumped thermal model, and finite ele-
ment method-based thermal model are used as well
[23, 24]. The calculation of characteristics and design
of BLDC and PMSM is performed using the finite ele-
ment method and specialized multiphysics modeling
software packages [25, 26]. In highly detailed models,
inverters are modeled by systems of algebraic-differen-
tial equations that take into account the current state
of semiconductor elements (conductive/non-conduc-
tive) [27]. Most of the noted models are characterized
by a large number of parameters and require specialists
with extensive experience in using highly specialized
software packages. For simulation of electric drives
with power AC/DC and DC/AC converters in the
MATLAB/SIMULINK package, it is convenient to
use the Universal Bridge block. This block allows
modeling semiconductor switches as ideal switches or
parallel-connected transistors and reverse diodes, tak-
ing into account their internal resistances.

Each of the above-mentioned models and approach-
es to modeling has its advantages and disadvantages, as
well as a range of tasks that it is designed to solve.

Methodology and findings. Simplified dynamic” iner-
tial” mathematical model of an UAV electric drive. Sim-
plified mathematical models of electric drives based on
the equation of motion are characterized by simplicity
and a small number of variables. They can be used for
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mathematical modeling and in the development of algo-
rithms for controlling electric drives [28, 29].

In this article a simplified mathematical model of a
multi-rotor electric drive for unmanned aerial vehicles
was developed using the theory of electromechanical
systems and the theory of automatic control. The pro-
posed model is based on the rotor motion equations,
equations of the torque (frequency) controllers of the
motors and the fan load equations.

A UAV (quadcopter) equipped with four identical
permanent magnet motors is shown in Fig. 1. Suppose
that the time dependencies of the electromagnetic torque
values of the motors are known for the time interval of
the operating cycle. Then, for scalar (frequency) control
of the motors, the angular speed reference of the i”” mo-
tor can be calculated from the following equation

M, -M, 1
* _ ip.u. ip.u.
wip.u. - [wip.u. + 6Np.u.ki s TCS 1 s (1)
where w;,, is angular speed of the i  motor related to the

M, -M,

) inu. u. * .
nominal speed wy; 8, , k; —2——"%=Aw,,, is speed

s
increase reference of the i” motor; Sy, i the nominal

motor load angle, p.u.; k;=const; M, ;.u_ M, aretheelec-
tromagnetic torque reference and electromagnetic torque

of the i” motor related to the nominal torque My; T..is the

time constant of the torque controller; i =1...4; s=d/dr.
Let us assume that the electromagnetic torque is pro-
portional to the motor load angle, and the load angle is
proportional to the difference between the reference and
instantaneous angular speed. Then the equation for elec-
tromagnetic torques of the UAV motors will be as follows
MA — mip.u. - (’in.u. MN i= n’ (2)

i * >
('in.u.SNpAuA T;,S +1

.
®. —.

mp.u. p.u. *

where —5-—"%=3, ,
© .

is load angle reference of the
ip.u.” Np.u.
i” motor, p.u.; T, is equivalent time constant of the mo-
tor electrical circuits [30].

The rotation speed of motors is obtained using the
equation of motion

! [(M,~M,-Mp)de, i=1.4, (3)

Pipu. = Joy
where J is the total moment of inertia of the motor rotor
and blades; M;;, My; are the load torque and friction loss
torque of the i motor; My = kpw; W, = W, Wy
oy = nny/30; nyis the nominal rotational speed, rpm.

Fan load 1

Fan load 2

Fig. 1. Schematic diagram of the UAV drive system

The total energy value (kW-h) consumed from the
electric battery (EB) or direct current source during the
time T, is defined as follows

T,
1 0.001 ¢
E, B 3600 { (IZ:I:M,.@, jdr, (4)
where Eff is the overall efficiency of the controller (in-
verter) and motor (for simplicity, we assume it to be the
same for all motors).
The load torque of each motor is fan-like, and there-
fore, its value can be calculated using the following
equation

M, =kyot, i=1.4, ieN, (5)

where kg = const is the proportionality coefficient; the
o value of the fan load is usually taken to be within the
range of [1.5; 2.5], a € R.

The kg value is defined in such a way that at the rated
rotational speed, the load torque of the fan is equal to Ty,

of (6)

To estimate the required EB capacity, at first the
maximum flight time 7, is set. Next, assuming an op-
eration cycle occurring at [0... 7,,| interval will occur
again cyclically during the flight time, the consumed en-
ergy (kW - h) will be equal to

E, =E Ty 7
y/ Cchy’ ()

Since Ey = Upyd gt Ty = UpaQpar» Where Up,, and I,
are the voltage and average discharge current of the EB,
the estimated value of the EB capacity (A - h) will be
equal to

0 —Eﬂlooo 8
Bat_U ’ . ()

Bat

The electromagnetic torque of the motor for the sen-
sorless vector control algorithm can be defined in a sim-
plified way from the following equation

My = M ip.u. M
Y Tys+l

yo =14, ©)

where T),is uncompensated time constant due to delays
in speed and torque controllers.

Equations (3) and (5) are equations of the mechani-
cal part of the motor model. They describe the dynamics
of the rotor, taking into account the inertia of rotating
masses and load. Since equations (3) and (5) are the ba-
sis of model (1-9), the developed model can be called
an “inertial” model.

The proposed model (1—9) was verified in the MAT-
LAB/Simulink software packages. The results of modeling
the system (Fig. 1) are shown in Fig. 2, Fig. 3 and Fig. 4.

The numerical experiment was carried out using the
following parameters and settings.

M1, M2, M3, M4 motors. Rated rotational speed is
4800 rpm; total moment of inertia of the rotor and
blades: J = 5.7 - 10~ kg - m?; the number of pole pairs is
1; friction loss coefficient: k= 3.78 - 10> N - m - s/rad;
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Fig. 2. Electromechanical processes in the system for sca-
lar control with k;= 0.5:
a— M1, M2 time dependencies of active power, torque and
speed; b — M3, M4 time dependencies of active power,
torque and speed; ¢ — evaluation of EB capacity

equivalent time constant of the motor electrical circuits:
T, = 0.0035 s; rated load angle: 6y,, = 0.01 p.u.; rated
torque: Ty=3.8 N-m.

Load and control system. o = 2; kg =
=1.504 - 10 N - m - s/rad; torque controller time con-
stant is 7, = 0.00025 s; T, = T,; simulations were per-
formed with k;=0.5and k;=7.

Other parameters and characteristics. EB voltage is
U, =48 V; total efficiency of the motor and power con-
troller (inverter) in equation (4) is Eff=0.807; maximum
flight time is 7 = 25 min.

Basic values of power, torque, and frequency for time
dependencies in Figs. 2—4. 1,910 W =1 p.u. of power;
3.8 N - m = 1 unit of torque; 4,800 rpm = 1 unit of
speed.

Figs. 2 and 3 show the operation of the system under
scalar (frequency) control with k;= 0.5 and k;=7. Fig. 4
relates to vector control.
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Fig. 3. Electromechanical processes in the system for sca-
lar control with k;= 7:
a— M1, M2 time dependencies of active power, torque and
speed; b — M3, M4 time dependencies of active power,
torque and speed; ¢ — evaluation of EB capacity

In simulation, the torque references of motors M1,
M2 (Figs. 2, a; 3, a; 4, a) and M3, M4 (Figs. 2, b; 3, b;
4, b) were assumed to be identical.

As can be seen from the comparison of Fig. 2, a and
Fig. 3, a with Fig. 2, b and Fig. 3, b, increasing the gain
coefficient k; increased the accuracy of torque control. It is
seen that the maximum error, excluding the initial accel-
eration interval, decreased from 0.14 p.u. to 0.055 p.u. The
transient time caused by a rapid decrease in the torque ref-
erence was reduced by 7—8 times, from 6 s to 0.75—0.8 s.
With vector control, the torque and torque reference time
dependencies did not differ significantly due to the small
time delay in torque response (Figs. 4, a and 4, b).

The estimated value of the battery capacity at the
end of the simulation interval did not differ significantly
for scalar and vector control. It amounted to
(24.6—25.7) A - h, as can be seen in Figs. 2, ¢; 3, ¢; 4, c.
This is due to non-accounting of electromagnetic pro-
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Fig. 4. Electromechanical processes in the system for vec-
tor control
a— M1, M2 time dependencies of active power, torque and
speed; b — M3, M4 time dependencies of active power,
torque and speed; ¢ — evaluation of EB capacity

cesses in the developed model (core and winding losses
are not taken into account).

Conclusions and direction of further research. The lit-
erature review showed a steady growth of the UAV mar-
ket and significant interest of scientists and technical
specialists in the development and improvement of UAV
electric drives. The projected growth of the market for
electric motors for UAVs is 9—10 % per year until 2032.

Video surveillance, cargo delivery, video recording of
territories, treatment of agricultural crops, robotaxis is
only an incomplete list of known applications of un-
manned aerial vehicles.

The most common UAV electric drives are based on
so-called BLDC motors due to their high Power-to-
Weight Ratio (W/kg). The typical power-to-weight ratio
value of a BLDC itself designed for UAVs can be 3 g/W
or even less. For comparison, the power-to-weight ratio
an asynchronous motor of the same power is at least
three times worse. Synchronous motors with permanent

magnets are less involved. It is obvious that this trend
will continue in the future.

For mass commercial UAVs, it is rational to use
BLDC motors with an external rotor (Outrunner) due
to their simplicity and reliability.

The simulation of the UAV electric drive was carried
out using a developed mathematical model and created
on its basis “inertial” simulation model of the UAV elec-
tric drive. The developed model is distinguished by its
simplicity and accessibility of parameters. The simulation
results do not contradict with the theory of electrome-
chanical systems. This allows recommending the devel-
oped “inertial” model in investigations at the preliminary
design stage of the UAV electromechanical system. In
particular, it can be useful for EB capacity estimation and
for estimating energy consumption at different torque or
speed time schedules of the electric motors of the electric
drive. A comparison of simulation results obtained using a
detailed model and the considered model is also planned.

In the future, it is planned to use a more detailed
dynamic mathematical model of the UAYV electric drive
by taking into account electromagnetic processes in
electric drive motors. This will provide an opportunity
for comparing different inverter control algorithms in
terms of their impact on the energy performance of
UAV drives.

Another promising area of research is the advance-
ments in the control theory of hybrid UAV electric drives.
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B ocrtaHHi poku crocTepira€Tbcsl IMPUCKOPEHUM
PO3BUTOK TEXHOJIOTI i pO3IIMPEHHS chepr 3aCTOCy-
BaHHsI O0€3MiJIOTHUX JIiTAJIbHUX arapatiB. BiamosigHo,
HAYKOBLISIM HEOOXiHO BpaxOBYBaTU MOTOYHi TEHIEH-
11ii PO3BUTKY OE3MUIOTHUX JiTATbHUX amapaTiB i mo-
TOYHUU CTaH OOCTiIKEHb.

Merta. Orsii OCHOBHUX €J1€MEHTIB MPUBOIIB 0e3-
IMJIOTHUX JITAJIbHUX amapaTiB i po3poOKa CITpOIIeHOT
MaTeMaTUYHOI MOJEJi eJeKTPOIIPUBOAY IJIsI OLIIHKU
€HeprocrnoXXuBaHHS 1 EMHOCTI aKyMyJIsITOpHOI OaTapei
0e3IMiIOTHUX JIiTaJIbHUX arapaTiB BEPTOJITHOIO TUITY.

MeTtoauka. 3aIIpoIlOHOBaHA MOJIETh 0a3yeThCs Ha
PIBHSIHHSIX PYXY POTOpa IBUTYHIB i piBHSHHSIX HaBaH-
TaXeHHSI BEHTWISTOPHOTO XapakTtepy. [Ipm po3po0biri
MoJesli Oyau 3po0JieHi MPUMYLIEHHS, 110 BCi eJIEKTPO-
MPUBOIM TPALIIOIOTh 32 LIMKJIIYHOTO HAaBAaHTAXXEHHS,
sIKE TIOBTOPIOETHCS i3 3a1aHOI0 MEPIOAUYHICTIO Ta BU-
3HAYAETHCS YaCOBUMM 3aJICKHOCTSIMU 3MiHU 3aJaHUX
MOMEHTIB eJIeKTPUYHUX IBUTYHIB Ha pOOOYOMY LK.

Pe3ynbTat. Ha ocHOBI MexaHiYHMX PiBHSHb JBU-
T'YHiB, PiBHSIHb PETYISITOPiB MOMEHTY (4aCTOTH) i piB-
HSIHb HAaBaHTaXKCHHSI CUHTE30BaHa CIIpOIlleHa MaTeMa-
TUYHA MOZEJIb 0araTopOTOPHOIO IMPUBOAY 0€3MiJIOTHO-
ro JirajbHOro amapaty. Po3pobieHa MaTeMaTU4HA
MOJIE/Ib €JEKTPOINPUBOAY OE3MiJIOTHOIO JIiTAJIbHOTO
arnapaTy Bepu@ikoBaHa i3 BUKOPUCTAHHSIM CTBOPEHOI
iMiTawifiHoi Moneni. OTprMMaHi i CIiBCTaBJIeHi mepe-
XiIHi MpOLIeCU TT0 MOMEHTY i YaCTOTi 3a JBOX aJrOPUT-
MiB peryJroBaHHS MOMEHTY.

HayxoBa HoBusHa. Po3pobiieHa «iHepiliiiHa» MaTema-
TUYHA MOJIEJb €JIEKTPONPUBOIA 0AraTOPOTOPHOTO Oe3rTi-
JIOTHOTO JIITAJIbHOTO amnapary Yy MOPiBHSIHHI 3 BiTOMUMU
OIIEPYE 3 MEHIIIOIO KiJIbKIiCTIO IMapaMeTPiB i 3MiHHUX, 1110
MPUCKOPIOE PO3PAXyHKU. Y po3po0JIeHiii MOIei Bpaxo-
BaHE PiBHSIHHS PETyISITOPiB MOMEHTY (4aCTOTH) €JICKTPO-
npuBoiB. BinnoBigHo, 11e 103BOJISIE PO3paXOBYBATU JOB-
TOTpUBAJIi MPOLIECH 32 Pi3HUX aJITOPUTMIB KEpYBaHHSI.

IIpakTuna 3naummictb. [IpencraBieHi B poOOTi
OIJISIIOBI MaTepiaii MOXYTb OYTU KOPUCHUMM IIJIST TEX-
HiYHUX (DaxiBIIiB, SIKi pO3MOYMHAIOTH MPALIOBAaTU B 00-
JIACTi TIPOEKTYBAHHS 1 PO3pOOKM OE3MiTIOTHUX JiTalb-
HMX anapartiB. Po3pobyieHa MaTeMaTUYHa MOJIENb J03BO-
JISIE pO3pax0OBYBaTU OPIEHTOBHY EMHICTb aKyMYJISITOPHOL
Oarapei 3a TOBUTbHMX IpadikiB 3MiHM 3aaHUX MOMEHTIB
JIBUTYHIB, 3alaHOl BEJIMYMHU HAIPYTU aKyMyJISITOPHOL
Oartapei Ta 3a1aHO1 MAaKCUMAaJIbHOI TPUBAJIOCTI MOJIbOTY.

KimouoBi caoBa: enexkmponpugod, 6ezninomuuii ai-
ManvHUil anapam, Mamemamu4yHa mooenb, PiGHAHHI PyXy
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