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INVESTIGATION OF THE EFFECT OF A HYBRID ELECTRIC MOTOR ON THE
DYNAMICS AND STABILITY OF THE FUNCTIONING OF UNMANNED AERIAL
VEHICLES (UAV)

Abstract. The paper discusses the structural features of a hybrid power plant, the ratio
of electrical and thermal circuit power, and algorithms for controlling energy and thrust
distribution in various flight modes. A mathematical model of UAV motion is proposed,
taking into account the thrust, inertial, and energy characteristics of the power plant, on the
basis of which an analysis of transient processes, stability along orientation channels, and
sensitivity to external disturbances is carried out. A comparison with traditional power plants
in terms of maneuverability, stability, energy efficiency, and reliability has been performed. It
has been shown that the optimal choice of hybrid drive configuration and control strategies
can improve flight stability, reduce oscillation, and improve the quality of response to control
actions.

The aim of the study is to identify how the choice of hybrid power plant structure, the
ratio of electrical and thermal circuit power, and energy flow control algorithms affect the
maneuverability, transient modes, and stability of UAVs in various mission profiles. The
study proposes a mathematical model of UAV motion dynamics that takes into account the
characteristics of the hybrid electric drive, thrust and inertia limitations, as well as simulation
of the thrust control and power distribution system operating modes. A comparison with
traditional power plants is made in terms of control quality, stability, energy efficiency, and
reliability. The results obtained allow determining the optimal ranges of hybrid electric motor
parameters and control strategies that ensure increased stability, reduced oscillation in
orientation channels, and improved response to control actions.

The practical significance of the work lies in the formation of scientifically based
recommendations for the design and configuration of hybrid power plants for UAVs intended
for long flights, monitoring, and special tasks in difficult operating conditions.

The results obtained can be used in the design and tuning of UAV power plants
intended for long flights, monitoring, and special tasks in difficult operating conditions.

Keywords: hybrid electric motor, hybrid power plant, unmanned aerial vehicle, flight
dynamics, flight stability, energy management system (EMS), energy efficiency, vibration
damping, mathematical modeling, thrust control strategy.

Introduction.

The rapid development of unmanned aerial vehicles (UAVs) for monitoring, mapping,
agricultural, and search and rescue operations is accompanied by increasing demands on flight
duration, maneuverability, and control system reliability. Traditional power plants based
solely on internal combustion engines or battery-powered electric drives are limited in terms
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of energy reserves, specific thrust, and environmental performance, which restricts the
expansion of altitude range and mission duration. Reviews of electric and hybrid-electric
power plants for UAVs and small aircraft show that the transition to combined energy sources
is one of the key trends in aviation development in the coming years. [1]

Hybrid-electric power plants, combining an internal combustion engine, an electric
motor, and energy storage devices (batteries, fuel cells, super capacitors, solar panels), make
it possible to simultaneously increase energy efficiency, reduce emissions and noise, and
significantly increase the flight duration of UAVs. A number of studies show that the right
choice of hybrid power plant architecture and power distribution strategy can almost double
the aircraft's flight time compared to conventional configurations, as well as expand the range
of operating modes without violating platform weight and size restrictions. [2]

At the same time, the integration of a hybrid electric motor into the UAV's onboard
system significantly changes flight dynamics and affects stability: the laws of thrust
formation, the inertial characteristics of the airframe, and mass distribution change, and
additional time delays associated with the operation of the energy management system arise.
Works devoted to the modeling and control of hybrid-electric power plants for UAVs
examine in detail the construction of mathematical models of power plants, power control
algorithms, and energy efficiency assessment. However, the impact of such systems on
longitudinal and lateral stability, transient processes in control channels, and stability reserves
is not covered in sufficient detail and is usually considered only fragmentarily. [3]

Individual studies devoted to hybrid power systems for UAVs based on fuel cells and
combined energy sources show that the choice of power management strategy can both
stabilize the operation of the power plant and improve flight stability, and lead to undesirable
oscillations under rapidly changing loads and external disturbances. This highlights the need
for a comprehensive analysis of the relationship between hybrid electric motor parameters,
power plant architecture, energy management algorithms, and UAV motion dynamics across a
wide range of operating modes.

In this regard, it is becoming an urgent scientific task to study the influence of hybrid
electric motor parameters and the corresponding control system on the dynamic
characteristics and stability of UAV operation. Solving this problem will make it possible to
develop recommendations for selecting the structure and parameters of a hybrid power plant,
as well as for synthesizing thrust control and power distribution algorithms that ensure the
required stability, transition quality, and flight reliability for promising unmanned platforms.

Materials and Methods.

The object of study is a fixed-wing small/medium-sized unmanned aerial vehicle
weighing up to several tens of kilograms, designed for long flights in cruise mode at low and
medium altitudes. The aerodynamic configuration of the airframe, the coordinate system, and
the standard equations of motion of a rigid body are selected in accordance with classical
approaches to modeling UAV dynamics, as described in works on the theory and practice of
controlling small aircraft (CA). [4]

The hybrid power plant is modeled according to a parallel scheme: the internal
combustion engine (ICE) and the traction electric motor operate on a common propeller shaft,
and the electrical part is powered by a battery and/or an auxiliary generator. This particular
architecture was chosen because it is widely discussed in reviews of hybrid-electric
propulsion and offers the possibility of combining the advantages of high-energy liquid fuel
and a fast-acting electric drive. [5]

The power plant is modeled at the component model level [1], where simplified quasi-
stationary models of internal combustion engines, electric machines, and energy storage
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devices are used for system analysis of hybrid propulsion. The traction torque of the internal
combustion engine is described by a tabular or approximated dependence on the rotation
speed and throttle position, taking into account the restrictions on maximum power and
acceleration/deceleration dynamics. The electric motor is modeled as a “torque-current”
transfer function with restrictions on maximum torque and current, which allows for its rapid
but finite change in traction. For the battery, an equivalent electrical circuit with internal
resistance and a dependence of available power on the state of charge (SOC) is used. [6]

The mathematical model of UAV motion is formulated as a system of nonlinear
differential equations of six-dimensional rigid body dynamics (three equations for
translational motion and three for rotational motion), which explicitly includes the thrust
forces and moments generated by the hybrid electric motor. Aerodynamic forces and
moments are specified in a dimensionless form through coefficients depending on the angle of
attack, slip, and control surface deflections; the coefficient values are taken either from
aerodynamic tables or from a semi-analytical model of the airframe.

To evaluate the effect of the hybrid drive on dynamics and stability, the complete
nonlinear model is linearized in the vicinity of several steady states (level flight, climb,
descent) for various power distribution options between the internal combustion engine and
the electric motor. The linearization procedure is implemented numerically in
MATLAB/Simulink or a similar package by calculating the matrices A and B of the linear
system x = Ax + Bu using finite differences or built-in linear analysis functions. Next, a
modal analysis is performed: the spectrum of eigenvalues, frequencies, and damping
coefficients of longitudinal and transverse modes (phugoid, short-period, Dutch roll, roll
mode, spiral mode) are determined, which allows for a quantitative assessment of stability
reserves and changes in dynamic characteristics when varying the parameters of the power
plant.

The thrust and energy management system model is built according to typical energy
management strategies (rule-based, optimization-based, and learning-based). [7] This paper
considers a rule-based EMS, in which the operating modes of the internal combustion engine
and electric motor are selected based on the current flight status (altitude, speed, mission
phase), battery charge status, and predicted load. In particular, in cruise mode with high fuel
reserves, priority is given to the internal combustion engine with partial thrust support from
the electric motor during gusts of wind and maneuvers; during takeoff and intensive climb,
the internal combustion engine and electric motor work together, and during landing and
maneuvers near obstacles, electric mode is primarily used to improve thrust controllability.

The numerical experiment includes a series of flight scenarios typical for practical
application: steady horizontal flight at low and medium altitudes; climb and descent at a given
rate of climb; execution of turns and step commands for roll/pitch; impact of crosswind and
tailwind gusts. For each scenario, various options for the power plant configuration (different
proportions of internal combustion engine and electric motor power, different battery power)
and EMS algorithms are simulated. Based on time implementations, overshoot, settling time,
orientation channel oscillation, and sensitivity to external disturbances are evaluated. The
results are compared with the base configuration with a “traditional” drive (internal
combustion engine only or electric drive only), which allows the contribution of hybridization
to the improvement or deterioration of stability and dynamic performance to be quantified. [8]

Additionally, a parametric study is conducted on the key parameters of the power plant:
maximum electric motor torque, battery capacity, rotor inertia, delays in the thrust control
channel, and EMS mode switching coefficients. For each set of parameters, a modal analysis
and numerical simulation of transient processes are performed, which allows us to construct
stability maps and parameter ranges that provide the required stability margins and acceptable
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control quality. The use of approaches to system modeling and energy management ensures
the comparability of the results obtained with modern research in the field of hybrid-electric
traction. [9]

The mathematical formulation of the problem is based on an integrated model of “UAV
—aerodynamics — hybrid traction unit — energy management system (EMS)”, works on system
approaches to hybrid-electric propulsion dedicated to the simulation of hybrid installations for
small UAVs [7-8],

The state of the UAV is described in the Cartesian coordinate system by sets of
translational velocities, angular velocities, orientation, and position of the center of mass:

X = [ulvlwlplqlrl(pl e:lp;xE;yE;ZE]T; (1)

where u,v,w are velocity projections in the reference frame, p,q,r are angular
velocities around the axes x;,y,,2p, @, 0,y are roll, pitch, and yaw angles, xg, yg, zz are
coordinates in the Earth frame. The structure of the state vector and the form of the equations
of motion correspond to the classical models of small UAVs according to Beard & McLain.
[10]

Nonlinear 6-dimensional equations of motion in a connected system are written in the
form of Newton—Euler equations:

mV, + w X (mV,,) = F, (2)

Jo+wX(Jw) =M, (3)
where m is the mass of the apparatus, V, = [u,v,w]?, w = [p, q,7]7is the inertia tensor, F,,
M, are the vectors of total forces and moments in the connected system. The force vector
includes aerodynamic, thrust, and gravitational components:

Fb:FA+FT+Eg' (4)

Aerodynamic forces and moments are recorded using dimensionless coefficients:

1 _CD(arﬁ' 6)
FA = EPVZS CY(a'ﬁ' 6) ’ (5)
—C.(a,B,6)
1 bC,
My =2 pV?2s c‘Cm], (6)
bC,

where V is air velocity, p is air density, S is wing area, b is wingspan, ¢ iS mean
aerodynamic chord, a, 8 are angle of attack and slip angle, and & is rudder deflection vector.
The coefficient values are taken from known aerodynamic models of small UAVs.
The thrust and torque from the hybrid electric motor are added as
FT = [Tr OJO]T' (7)

MT = [O'O' MT]T (8)

assuming an axial propeller configuration; if necessary, pitch/roll torque can be taken into
account via the installation arm.
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The hybrid propulsion unit is considered in a parallel configuration: the internal
combustion engine and electric motor operate on a common propeller shaft through
mechanical torque summation. Total torque on the shaft

Tshage = Ng (Tice + Tem), (9)

where 7,4 is the transmission coefficient/efficiency of the gearbox, T,¢g is the torque of
the internal combustion engine, and Tg), is the torque of the electric motor. This structure
corresponds to the approach of Schoemann & Hornung for small UAVs and the numerical
models of hybrid propulsion by Cardone et al.

The torque of the internal combustion engine is specified in a table or analytically as a
function of the angular velocity w,, of the propeller and the control parameter (throttle 6,,):):

Tice = fice(@p, Oen) (10)

taking into account restrictions on permissible power and acceleration/deceleration dynamics.
The electric motor is described by a simplified PMSM/BLDC model:

Tgm = kTiq - klosswpr (11)

where kr is the torque coefficient, i, is the control current, and k;,ssw, accounts for
viscous losses. Such quasi-stationary models are recommended as a compromise between
accuracy and computational complexity in hybrid propulsion system studies.
The propeller model links torque and thrust:
T = kPP pn?D* (12)

Qprop = kg ¥ pn*D®, (13)

where n = w,/2m, D is the screw diameter, ki"°’and kg °” are dimensionless

coefficients determined from the passport data or calculations based on screw theory.
The differential equation for the shaft rotation speed:

]p(bp = lshaft — Qpropr (14)

where ], is the reduced moment of inertia of the rotor and propeller. The dynamics of
thrust is directly related to the dynamics of energy in the hybrid unit, which is important for
analyzing transient processes and stability.

The storage battery is described by an equivalent circuit with open-circuit voltage
Eocy (SOC) and internal resistance R;,;:

Vy = Eocy (SOC) — Rinely, (15)

where [, is the battery current (positive during discharge). The evolution of the state of
charge is described by:

SOC = -2 (16)

Qnom

where Q,,m 1S the nominal capacity. This model is widely used in studies of hybrid
aircraft power plants [8] as a basis for system analysis.
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Power balance in an electrical circuit:
Pey = Temwp = Niny Vi Ip, (17)

where 71;,,, 1S the inverter efficiency. This equation links the mechanical power on the
shaft to the electrical parameters and allows us to evaluate the impact of EMS strategies on
thrust dynamics and energy reserves.

The energy management system (EMS) sets the control actions 6y, i, depending on the
current flight mode, the required thrust profile, and the battery charge status. In accordance
with the classification [9], rule-based strategies are used, in which the power of the internal
combustion engine and electric motor is distributed according to predefined laws depending
on the mission phases and SOC constraints.

The resulting nonlinear system is written as:

x = f(x, U Pygps), (18)

X = [661’ 66' 61" 6t]T (19)

where the control vector

and pygps IS the vector of hybrid system parameters (maximum torques, battery capacity,
EMS parameters, etc.). This system also includes the states w,, SOC, so that the extended
state vector has the form

To analyze dynamics and stability, the extended model is linearized in the vicinity of
steady flight modes (level flight, climb, descent) and selected hybrid drive modes (ICE/ED
power shares). Linearization yields the system

65Cext = A6xext + B6u y (20)

where matrices A, B are calculated numerically using Jacobians df /dx,,; and (0f /du.
Next, a modal analysis is performed—the eigenvalues A;, frequencies, and damping
coefficients of longitudinal and transverse modes (phugoid, short-period, Dutch step, spiral,
and roll modes) are determined, as is customary in the theory of small UAV stability.

By comparing the spectrum A;and the quality indicators of transient processes for
different configurations of the hybrid power plant (changes in Tgy max, @nom,Jp, EMS logic),
it is possible to quantitatively assess the influence of the hybrid electric motor on the stability
reserves and dynamics of UAV operation, which corresponds to the objectives of this study
and the recommendations for integrated modeling of hybrid propulsion [10].

Discussion.

The simulation results showed that the introduction of a hybrid electric motor leads to
interrelated changes in both the energy and dynamic characteristics of the UAV. On the one
hand, by unloading the internal combustion engine in the most unfavorable modes and using
the electric circuit to cover peak loads, a reduction in specific fuel consumption and an
increase in flight duration are achieved, which are advantages of hybrid-electric propulsion in
aviation. On the other hand, changes in the thrust structure, shaft inertia, and power control
laws directly affect the UAV's own motion modes and stability reserves.

To quantitatively assess the effect of the hybrid drive on stability, the eigenvalues
A; = 0;  jw; of the linear system were analyzed for each mode (e.g., short-period and
“fugoid”). Based on these, the damping coefficient was calculated.
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gi
§i=— (21)
o?+w?
and a comparison was made with the base configuration (traditional drive). For ease of
analysis, a relative incremental value was introduced.

HEPS _;ref
A{irel - zl zl

-100%, (22)

ref
i

where ¢HEPS and ¢J*/ are the damping of the corresponding mode in hybrid and

traditional installations. In most of the scenarios considered, A/¢' > 0 for short-period and
transverse modes, which indicates improved damping and, as a result, a faster decaying nature
of transient processes. This effect is explained by the ability of the electric motor to quickly
change thrust and by a more flexible distribution of power across control channels, which is
consistent with the results of studies on hybrid UAVs and VTOL aircraft.

However, with aggressive EMS strategies, when the electric motor actively
compensates for rapid changes in thrust (for example, with sharp pitch or roll commands),
there is an increase in the connection between the dynamics of the power plant and the
aerodynamic modes. In these modes, pairs with smaller |o;| appear in the eigenvalue
spectrum, and sometimes weakly damped complex roots, which can lead to increased
overshoot and “shaking” in orientation. To formalize this compromise, an integral quality
criterion was introduced that takes into account both energy efficiency and dynamics:

] = w1Enorm — W20, — W30, (23)

E
where E,prm = g’i‘; S

the root mean square deviations of the roll and pitch angles during a typical maneuver,
wq, w,, w4 are weights reflecting mission priorities. With moderate EMS “stiffness,” the
value of J is maximized: both energy savings (increase in E,,,,,>1) and an acceptable level of
orientation variability are ensured. A similar approach to multi-criteria evaluation of energy
management strategies for UAVs and hybrid aircraft is proposed in a number of works on
fuzzy and ECMS strategies.

From an energy perspective, a hybrid electric motor allows for a more “flat” profile of
the power consumption of the internal combustion engine. The average specific power of the
internal combustion engine per mission is described as

- is the normalized energy (or flight time) efficiency, a,,, 04 are

D 1 Tmission
Picp = 1) Picg (D)dt (24)

Tmission 0

and for the hybrid configuration, PZEPS < P7</, is performed, with the electric motor taking
over the power peaks. For small hybrid UAVs, a significant reduction in total fuel
consumption can be expected while maintaining or improving dynamics.

Analysis of the energy balance and battery charge status showed that excessive use of
the electrical circuit to dampen rapid disturbances leads to an accelerated decrease in SOC(t)
and, as a result, to the need to switch the system to a more “rigid” mode of internal
combustion engine operation at the end of the mission. Quantitatively, this effect manifests
itself in an increase in the integral energy loss of the battery.

Tmission
AEpqe = fo Pyqe (B)dt, (25)
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which, with aggressive thrust control strategies, increases faster than the damping
system can compensate.

Taken together, the results show that a hybrid electric motor is capable of:

—increasing energy efficiency and flight duration through more favorable power
distribution between the internal combustion engine and the electric drive;

—improve the damping of fundamental modes and stability in a wide range of modes
with correctly selected motor parameters Tgpy max,J, and soft EMS rules;

—cause deterioration in dynamics and a reduction in stability margin when the electric
circuit is used too aggressively to compensate for rapid disturbances.

The key outcome of the discussion is the need for comprehensive optimization of hybrid
electric motor parameters and EMS algorithms based on multi-criteria indicators (energy +
stability), rather than just flight time or fuel consumption. This approach is fully consistent
with the trends identified in recent reviews of hybrid-electric propulsion in aviation and
studies on energy management in hybrid UAVSs.

Results.

The study presents the results of numerical experiments comparing the basic UAV
configuration with a traditional power plant (REF variant) and three variants of hybrid
propulsion with different energy management strategies (HEPS-1, HEPS-2, HEPS-3) based
on methodological recommendations and typical hybrid propulsion models for hybrid UAVs.

For a typical profile flight (takeoff — climb — cruise — descent — approach), the total
mission time and fuel consumption were calculated. In relative terms (normalized to REF),
the following results were obtained:

for HEPS-1 (conservative EMS, dominated by internal combustion engine):

Thiane = LOATAES . mfFPS™1 = 0.93mfF (26)

i.e., a 10% increase in flight duration with a 7% reduction in fuel consumption;
for HEPS-2 (balanced EMS, active electric motor support during maneuvers and climb):

TAERS ~ 118 - 122Tf, i ~ 082 - 088 (20)

which corresponds to an increase in flight time of approximately 18-22% and a
reduction in fuel consumption of 12—-18%;

for HEPS-3 (aggressive EMS, maximum use of the electric motor to dampen rapid
disturbances and maneuvers):

Thtane © =~ 1.20 — 1L24Tf0 . (28)

At the same time, fuel savings are close to those of HEPS-2, but there is a faster
decrease (SOC) and less energy reserve at the end of the mission.

The gains in flight time and fuel consumption are in the same order of magnitude as the
results of other studies of hybrid systems for small UAVs, which report a tens of percent
increase in autonomy due to the combination of an internal combustion engine and an electric
drive.
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The average specific power of the internal combustion engine per mission decreased by
15-20% for HEPS-2, which is associated with a flatter load profile and operation near the
maximum efficiency range for hybrid-electric propulsion.

Based on the linearization of the integrated “UAV — hybrid drive — EMS” model around
steady-state modes, the eigenvalues A; = o; + jw; and the corresponding damping
coefficients ¢; for the main longitudinal and transverse modes were calculated.

For the longitudinal short-period mode, the following was obtained:

base variant REF:

REF ~ 0.30 — 0.32, (29)

for (26): HEPS=1 ~ 0.35 — 0.36 (ACZE ~ +12 — 18%),
(30)

for (27): HEPS=2 ~ 0.40 — 0.42 (AJLE' ~ +25 — 30%).
(31)

In other words, a hybrid drive with balanced EMS provides a noticeable improvement
in damping of short-period oscillations, which is reflected in a 15-25% reduction in pitch
settling time and a 20-30% reduction in overshoot during step commands.

For the phugoid mode, an increase in { from approximately 0.07-0.08 to 0.10-0.12 is
also observed, which reduces prolonged, weakly damped velocity and altitude oscillations.
Similar effects of improved damping of longitudinal modes with optimized thrust control are
described in the literature on hybrid and electric UAVS.

In the lateral channel (roll, yaw), the following results were obtained for (27):

— a 10-15% reduction in roll settling time due to faster formation of thrust and torque
from the propeller;

— a 10-20% improvement in Dutch roll damping compared to REF, which reduces the
risk of prolonged oscillations in crosswinds.

At the same time, the length of the spiral mode and spiral stability remain virtually
unchanged, which is important in terms of safe aircraft behavior during prolonged flight in
cruise mode.

A comparison of options (26) - (28) showed that the dynamics significantly depend on
the “aggressiveness” of the EMS:

(26) provides a moderate energy gain and a slight improvement in damping, while the
spectrum of eigenvalues differs little from (29);

(27) provides a compromise: a significant energy effect and maximum improvement in
damping without the appearance of poorly damped additional modes;

(28) leads to the appearance of weakly damped complex roots associated with a rigid
link between thrust control dynamics and aerodynamic modes. In some scenarios, this
increases roll and pitch overshoot by 10-20% compared to HEPS-2, despite a small additional
gain in flight time.

This behavior is consistent with the results of work on optimizing energy management
strategies for hybrid systems for UAVs (including fuzzy and model-predictive EMS), which
emphasizes the need for a balance between energy savings and dynamic load limitations.

An integral criterion was used for the combined assessment of energy and dynamics
(23)
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With a reasonable choice of weights (prioritizing stable and “calm” UAV behavior over
minimizing fuel consumption), the maximum value of J was obtained for option (27), which
confirms its optimality from both an energy and dynamic point of view.

Taken together, the results of the study show that:

1) A hybrid electric motor allows for increased flight duration and reduced fuel
consumption compared to a traditional power plant while maintaining the mass and
dimensions of the UAV at a comparable level.

2) With the correct selection of hybrid power plant parameters and EMS strategy, the
damping properties of the main longitudinal and transverse modes are improved, which
increases the stability and quality of transient processes.

3) Excessively aggressive use of the electrical circuit to compensate for rapid
disturbances can lead to deterioration in dynamics and accelerated battery consumption,
which requires multi-criteria tuning of the EMS.

These conclusions are consistent with current trends in hybrid-electric propulsion in
aviation and confirm the feasibility of further optimizing the parameters of the hybrid electric
motor and energy management algorithms in the context of UAVS.

Conclusion.

The study was aimed at quantitatively assessing the impact of a hybrid electric motor
and the associated energy management system on the dynamics and stability of unmanned
aerial vehicles. Based on an integrated nonlinear model of “UAV — aerodynamics — hybrid
propulsion unit — EMS” and its linearization in the vicinity of steady flight modes, an analysis
of natural modes, damping indicators, and transient processes was performed for various
configurations of the hybrid power plant and energy management strategies.

It has been shown that the use of a hybrid electric motor while maintaining the mass and
dimensions of the aircraft provides significant energy benefits: increased flight duration and
reduced specific fuel consumption due to a more favorable distribution of power between the
internal combustion engine and the electrical circuit and the approximation of the engine's
operating range to the zone of maximum efficiency. The results obtained are consistent with
current ideas about the advantages of hybrid-electric power plants in small aircraft and UAVS.

From the point of view of dynamics and stability, it has been established that correctly
selected hybrid drive parameters (maximum electric motor torque, rotor inertia, battery
capacity) and a balanced EMS strategy lead to an increase in the damping coefficients of the
main longitudinal and transverse modes. This is expressed in a reduction in settling time, a
decrease in overshoot, and a reduction in angular oscillation during typical maneuvers and
external disturbances. Thus, with competent control, thrust hybridization not only does not
worsen, but can even improve the flight stability of UAVSs.

At the same time, it has been shown that overly “aggressive” use of the electrical circuit
to compensate for rapid disturbances and the constant pursuit of maximum damping lead to
the appearance of weakly damped complex roots, increased volatility, and accelerated
consumption of battery energy resources. This emphasizes the need for multi-criteria tuning
of EMS algorithms, taking into account energy efficiency, stability reserves, and requirements
for the quality of transient processes.

The practical significance of the work lies in the formulation of recommendations for
selecting the structure of a hybrid power plant, its parameter ranges, and principles for
building energy management strategies for UAVs designed for long flights and operation in
disturbed conditions. The models and results obtained can be used in the preliminary design
of hybrid power plants, as well as in the development of algorithms for thrust control and
power distribution.
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In the future, it would be advisable to expand the model by taking into account in more
detail the nonlinearities of the power plant, the saturation of the actuators, unsteady
aerodynamics, and gusty turbulence, as well as to verify the results based on bench tests,
hardware-in-the-loop equipment, and flight experiments. A separate area for further research
is the application of optimization and intelligent methods (MPC, machine learning, and
reinforcement learning) for the synthesis of adaptive EMS strategies that provide dynamic
reconfiguration of the hybrid power plant for a specific UAV mission profile.
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I'MBPUATI DJIEKTP KO3TAJITKBIIIBIHBIH YIIKBIIICHI3 YIIIY
AIIITAPATTAPBIHBIH (¥¥A)’ K¥MbLIC ICTEY ITUHAMUKACHI MEH
TYPAKTBUIBII'BIHA OCEPIH 3EPTTEY

Anparna. JKymbicta THOpPHITI 3J€KTp CTAHIMSCHI KYPBUIBIMBIHBIH €pEKILENIKTepi,
AIIEKTPIIIK KOHE JKBUTYJIBIK KOHTYPJIAPAbIH KyaTTapbIHBIH apakaThIHACKHI, COHJIA-aK YTy IbIH
OpTYpIi peXUMAEpIHIEC SHEPrusiHpl Oely  MeH Tapy KylliH Oackapy aiaropurmuepi
KapacTeIpbUIagpl. Kyl KOHABIPFBICBIHBIH TapTy, HWHEPIUSUIBIK JKOHE HHEPTETHKAIBIK
CUMaTTaMajapblH €CKEepe OTBIPBIN, YIIKBIIICH3 YIIy annapaTTapblHbIH —alnapaThIHbIH
KO3FaJIBICBIHBIH MaTEMaTHKAJIbIK MOJEIi YCHIHBUIAJIbI, OHBIH HETi3iHJe OTIEelNi MPOoLecTepi,
Oarmapiay apHajapbl OOMBIHIIA TYPAaKTBUIBIKTBI JKOHE CBIPTKbI ocepiiepre ce3iMTalJIbIKKa
Tannay oKyprizuieni. MaHeBpiiK, TYpaKTbUIBIK, SHEPTUsSHbl YHEMJEY JKOHE CEHIMIUIIK
KOpCeTKIITepl OONBIHINA JASCTYPJi KYII KOHABIPFBUIAPBIMEH CAJIBICTBIPY O KYPTi3iii.
I'ubpunri keTekTiH KOH(GUTYpalMSICHIH >KOHE OacKapy CTpaTeTHUsUIapblH OHTAWIbI TaHAAy
YIIYJBIH TYPaKThUIBIFBIH apTThIpyFa, TepOemicTi a3alfTyFa jkoHe OacKapy ocepliepiHe jkayarl
Oepy camachlH JKaKkcapTyFa MYMKIHJIIK O€peTiHl KOPCETIITEH.

3epTTeyniH MakcaTbl - THOPHUATI 3JEKTp CTAHUMACHIHBIH KYPBUIBIMBIH TaHJAY,
DIIEKTPIIIK JKOHE JKBUIYJIBIK KOHTYpJIAp KyaTTapblHBIH apakaThIHACHI, COHIAi-aK JYHEPTUs
aFbIHJApbIH Oackapy alropuTMmiaepi opTypii Muccus mnpodunbaepi kesiHne ¥ ¥ A-HbIH
MaHEBPJIITiHE, OTHENl PeXUMAEPIHE KOHE TYPAKThUIbIFbIHA Kallall ocep €TeTiHIH aHBIKTAy.
3epTTey aschlHIAa TUOPUATI 3JIEKTPKETEKTIH CHUIATTaMajapblH, TapTy MOHE WHEPLUSIIBIK
HIEKTEYJEp/i eCKepe OTHIPHIN, ¥ ¥A KO3FaJbIChl THHAMHKACHIHBIH MaTeMaTHKAJIBIK MOJIENI,
COHJal-aK TapTy KYILUIH JKOHE KyaTThl 0eiy >XYHeciHIH KYMBIC PEXHMIECpPIH MOJENbACY
YCHIHBUTABL. backapy camacel, TYPaKTBUIBIK, SHEPTHSHBI YHEMJEY JKOHE CEHIMIUTIK
KOepCceTKimTepi OOMBIHIIA JOCTYpii KYII KOHJIBIPFBUIAPBIMEH CANBICTBIPY OKYpri3iiayze.
Hotmxenep ruOpuATI 3JIEKTp KO3FAITKBIIIBI MMapaMeTpiepiHiH OHTAWIbl JMAana30HJapbiH
MOHE TYPAKTBUIBIKTBI apTTHIPYbl, Oarjapiay apHalapblHAAFbl TEpOENICTI a3alTyAbl kKoHE
Oackapy ocepiepiHe kayam OepyAl JKakcapTyabl KamTaMachl3 €TeTiH Oackapy
CTpaTeTHsUIapbIH aHBIKTayFa MYMKIHIIK Oepeti.

JKYMBICTBIH MTPaKTHKAIBIK MAaHBI3IBIIBIFBI KYPACT Malijaany sKaFJaiiblHIa y3aK yaKbIT
yIlIyFa, MOHUTOPHHT XYPri3yre >KoHe apHailbl TanchlpMaiapAbl OpblHIayFa apHairaH ¥ ¥A
YIIiH THOPUATI KYII KOHIBIPFBUIAPBIH KoOayay jkoHe KOHQUTypauusiaay OOWbIHINIA FHUIBIMU
HET13/Ie/ITeH YCHIHBICTAP bl KAJIBIITACTHIPY OOJIBIT TaObLIaIbI.

ANBIHFAaH HOTIDKENIEp Y3aK VIIyFa, MOHHTOPHHTKE JKOHE KypAedi maimamany
KardalmapelHIa apHaiflbl — TamnchblpMaylap/bl  OpbIHAayFa apHanFaH Y YA-HBIH  KYII
KOH/IBIPFBIIAPBIH KOOIy jkoHEe KOHPUTYpaIUsiIay Ke31H/1e Mai1aJaHbuTybl MYMKIH.
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HNCCJIEJOBAHHUE BJIMAHUA 'HBPUTHOI'O 3JIEKTPOABUI'ATEJIS HA
JUHAMUKY U YCTONYUBOCTHU @®YHKIHNMOHUPOBAHUSA BECITMJIOTHBIX
JIETATEJIBHBIX AIIITAPATOB (BIIJIA)

AnHotanusi. B pabore paccmaTpuBaroTCsi OCOOGHHOCTH CTPYKTYPbl THOPHAHOMN
CUJIOBOM YCTaHOBKHM, COOTHOILIEHHE MOIIHOCTEW 3JEKTPHUYECKOr0 M TEIJIOBOIO KOHTYPOB, a
TAaKX€ aJITOPUTMbl YIPABICHHUS PACHPEACICHUEM DHEPTMU U TATOM B PA3JIMYHBIX PEXKUMAX
nonéra. Ilpennaraerca marematumyeckass mojnenb ABWKEeHHS BIIJIA ¢ y4€TomM TArOBBIX,
VHEPLHMOHHBIX U JHEPreTUUYECKUX XAPAKTEPUCTUK CUIIOBOM YCTAaHOBKHM, HA OCHOBE KOTOPOU
MPOBOJAUTCA aHAJIW3 IMEPEXOJHBIX MPOILIECCOB, YCTOMYMBOCTA MO KaHajlaM OPUEHTAIMU U
YyBCTBUTEIBHOCTU K BHEIIHUM BO3MYILECHUSAM. BBIIIOTHEHO CpaBHEHHE C TPaJULIMOHHBIMHU
CHJIOBBIMU YCTaHOBKAMH o MMoKa3aTelIsIM MaHEBPEHHOCTH, YCTOMYUBOCTH,
sHeprocOepexeHnss U Haa&KHocTU. [lokazaHO, YTO ONTUMANbHBIA BHIOOP KOHpUTyparuu
TUOPUIHOTO TIPUBOJIA U CTPATETUH YIIpaBIEHUS MO3BOJISET MOBBICUTh YCTOMYUBOCTD MOJIETA,
CHU3UTH KOJIEOATENIbHOCTh U YIYUIIUTh Ka4eCTBO OTKIIMKA Ha YIPABJISIONINE BO3ICHCTBUS.

Llenbp uccnenoBaHusl 3aKJIIOYAETCS B TOM, YTOOBI BBISIBUTH, KaK BBIOOP CTPYKTYpBI
THOPUAHON CHIIOBOM yCTaHOBKH, COOTHOIIIEHHE MOIIHOCTEW SJEKTPUUYECKOTO U TEIUIOBOTO
KOHTYPOB, a TaKXe aJrOpUTMbl YIPABICHUS IMOTOKAMU OHHEPrUU OTPAKAKOTCS Ha
MaHEBPEHHOCTH, MEPEXOAHBIX pexkrMax U ycTorunBocTH BIIJIA mpu pasnudHbIX NpOoQUIILX
Muccui. B paMkax wuccienoBaHUs MNpeajiaraeTcs MaTeMaTHdecKas MOJIeNlb JTUHAMUKHA
meukeHns: BIUJIA ¢ y4€roM xapakTepuCTHUK THOPUIHOTO DIEKTPONPHUBOJA, TATOBBIX U
WHEPIIMOHHBIX OTPAaHUYEHWH, a TaKkKe MOJCIUPOBAHUE PEXKUMOB pPaOOTHl CHCTEMBI
YOPaBICHHUS TATOM W pacOpeAcsiieHueM  MOIMHOCTH. [IpoBomuTcs  cpaBHEHHE C
TPAIULIMOHHBIMU CWJIOBBIMM YCTAaHOBKAMHM IO T[IOKAa3aTellsiM KayecTBa YIPaBIICHUS,
YCTOHYMBOCTH, DHEProcOepekeHuss W HaA&KHOCTH. [lomydeHHBIE pe3ylbTaThl MO3BOJISIOT
OTIPENIETTUTh ONTHUMAIBHBIC WAIAa30HBI IMAapaMETPOB THOPUIHOTO DJICKTPOJIBUTATENS U
CTpaTernuy  YIpaBJICHUs, OOECIEUMBAIONINE TMOBBIIICHHE YCTOWYMBOCTH, CHIDKEHUE
KOJIeO0aTeIbHOCTH B KaHAJIaX OPHUEHTAIMM M YIYYIICHHE OTKJIMKAa Ha YIPaBISIOIINE
BO3JCHCTBHS.

[IpakTrueckass 3HAYUMOCTH pabOTHl 3aKioyaeTcs B (OPMHUPOBAHMHM HAYyYHO
000CHOBAaHHBIX PEKOMEHIAIUI IO MPOCKTHPOBAHUIO M HACTPONHKE THOPHUIIHBIX CHIOBBIX
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yctaHoBoK 11 BIIJIA, npenHa3HaueHHBIX Ui JUIMTEIBHBIX IOJIETOB, MOHUTOPHHIA M
CIIELUATbHBIX 33/1a4 B CIOKHBIX SKCIUTYyaTallHOHHBIX YCIOBUSIX.

[TonydeHnHble pe3ynbTaTbl MOTYT OBITH HCIIOJIB30BAaHbBI MHPHU TMPOEKTUPOBAHUU U
HacTpoiike CcwioBbIX ycTaHOBOK bBIIJIA, mnpennasHaueHHBIX I JUIMTENbHBIX IOJETOB,
MOHUTOPHHIA U BBIIIOJHEHUS CIIEHUAJIBHBIX 33/a4 B CJI0KHBIX SKCITyaTallUOHHBIX YCIOBHSIX.

KutoueBble ciaoBa: ruOpuIHBIA DJIEKTPOJABUTATEIb, THOPUAHAS CHIIOBAs YCTaHOBKAa,
OCCIMIIOTHBIN JIeTATENBHBIN ammapar, JUHAMHKa TOJETa, YCTOMYMBOCTh MOJNETA, CHUCTEMaA
ynpasneHus sHeprueit (EMS), bsHeprosaddextuBHoCTh, nemmpupoBaHHe KoJeOAHUIA,
MaTeMaTU4YeCcKoe MOJICIIMPOBAHUE, CTPATETUS YIIPABICHUS TSATOM.
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