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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 𝑥̇ = 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 = [𝑢, 𝑣, 𝑤, 𝑝, 𝑞, 𝑟, 𝜑, 𝜃, 𝜓, 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 𝑥𝑏 , 𝑦𝑏 , 𝑧𝑏,  𝜑, 𝜃, 𝜓 are roll, pitch, and yaw angles, 𝑥𝐸 , 𝑦𝐸 , 𝑧𝐸 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: 

𝑚𝑉̇𝑏 + 𝜔 × (𝑚𝑉𝑏) = 𝐹𝑏 ,    (2) 

 

𝐽𝜔̇ + 𝜔 × (𝐽𝜔) = 𝑀𝑏 ,     (3) 

 
where 𝑚 is the mass of the apparatus, 𝑉𝑏 = [𝑢, 𝑣, 𝑤]𝑇, 𝜔 = [𝑝, 𝑞, 𝑟]𝑇is the inertia tensor, 𝐹𝑏, 

𝑀𝑏 are the vectors of total forces and moments in the connected system. The force vector 

includes aerodynamic, thrust, and gravitational components: 

 

𝐹𝑏 = 𝐹𝐴 + 𝐹𝑇 + 𝐹𝑔.     (4) 

 
Aerodynamic forces and moments are recorded using dimensionless coefficients: 

 

𝐹𝐴 =
1

2
𝜌𝑉2𝑆 [

−𝐶𝐷(𝛼, 𝛽, 𝛿)

𝐶𝑌(𝛼, 𝛽, 𝛿)

−𝐶𝐿(𝛼, 𝛽, 𝛿)
],      (5) 

 

𝑀𝐴 =
1

2
𝜌𝑉2𝑆 [

𝑏𝐶1

𝑐̅𝐶𝑚

𝑏𝐶𝑛

],      (6) 

where 𝑉 is air velocity, 𝜌 is air density, 𝑆 is wing area, 𝑏 is wingspan, 𝑐̅ is mean 

aerodynamic chord, 𝛼, 𝛽 are angle of attack and slip angle, and 𝛿 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 = [𝑇, 0,0]𝑇 ,      (7) 

 

𝑀𝑇 = [0,0, 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 

𝑇𝑠ℎ𝑎𝑓𝑡 = 𝜂𝑔(𝑇𝐼𝐶𝐸 + 𝑇𝐸𝑀),    (9) 

 

where 𝜂𝑔 is the transmission coefficient/efficiency of the gearbox, 𝑇𝐼𝐶𝐸 is the torque of 

the internal combustion engine, and 𝑇𝐸𝑀 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  𝜔𝑝 of the propeller and the control parameter (throttle 𝜃𝑡ℎ):): 

𝑇𝐼𝐶𝐸 = 𝑓𝐼𝐶𝐸(𝜔𝑝, 𝜃𝑡ℎ)    (10) 

 

taking into account restrictions on permissible power and acceleration/deceleration dynamics. 

The electric motor is described by a simplified PMSM/BLDC model: 

 

             𝑇𝐸𝑀 = 𝑘𝑇𝑖𝑞 − 𝑘𝑙𝑜𝑠𝑠𝜔𝑝,                          (11) 

 

where 𝑘𝑇  is the torque coefficient, 𝑖𝑞  is the control current, and 𝑘𝑙𝑜𝑠𝑠𝜔𝑝 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 = 𝑘𝑇
𝑝𝑟𝑜𝑝

𝜌𝑛2𝐷4,                (12) 

 

𝑄𝑝𝑟𝑜𝑝 = 𝑘𝑄
𝑝𝑟𝑜𝑝𝜌𝑛2𝐷5,                (13) 

 

where 𝑛 = 𝜔𝑝/2𝜋, 𝐷 is the screw diameter, 𝑘𝑇
𝑝𝑟𝑜𝑝

and 𝑘𝑄
𝑝𝑟𝑜𝑝

 are dimensionless 

coefficients determined from the passport data or calculations based on screw theory.  

The differential equation for the shaft rotation speed: 

 

𝐽𝑝𝜔̇𝑝 = 𝑇𝑠ℎ𝑎𝑓𝑡 − 𝑄𝑝𝑟𝑜𝑝,                           (14) 

 

where 𝐽𝑝 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 

𝐸𝑂𝐶𝑉(𝑆𝑂𝐶) and internal resistance 𝑅𝑖𝑛𝑡: 

 

𝑉𝑏 = 𝐸𝑂𝐶𝑉(𝑆𝑂𝐶) − 𝑅𝑖𝑛𝑡𝐼𝑏 ,                       (15) 

 

where 𝐼𝑏 is the battery current (positive during discharge). The evolution of the state of 

charge is described by: 

𝑆𝑂𝐶̇ = −
𝐼𝑏

𝑄𝑛𝑜𝑚
 ,                    (16) 

 

 

where 𝑄𝑛𝑜𝑚 is 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: 

 

𝑃𝐸𝑀 = 𝑇𝐸𝑀𝜔𝑝 = 𝜂𝑖𝑛𝑣𝑉𝑏𝐼𝑏,                    (17) 

 

where 𝜂𝑖𝑛𝑣 is 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 𝜃𝑡ℎ, 𝑖𝑞 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: 

 

𝑥̇ = 𝑓(𝑥, 𝑢, 𝑝𝐻𝐸𝑃𝑆),                     (18) 

where the control vector 

𝑥 = [𝛿𝑎, 𝛿𝑒 , 𝛿𝑟 , 𝛿𝑡]𝑇                (19) 
 

and 𝑝𝐻𝐸𝑃𝑆 is the vector of hybrid system parameters (maximum torques, battery capacity, 

EMS parameters, etc.). This system also includes the states ω𝑝, 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 

 

𝛿𝑥̇𝑒𝑥𝑡 = 𝐴𝛿𝑥𝑒𝑥𝑡 + 𝐵𝛿𝑢 ,                               (20) 

 

where matrices 𝐴, 𝐵 are calculated numerically using Jacobians 𝜕𝑓 𝜕𝑥𝑒𝑥𝑡⁄  and (𝜕𝑓 𝜕𝑢⁄ . 

Next, a modal analysis is performed—the eigenvalues 𝜆𝑖, 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 𝜆𝑖and the quality indicators of transient processes for 

different configurations of the hybrid power plant (changes in 𝑇𝐸𝑀,𝑚𝑎𝑥, 𝑄𝑛𝑜𝑚, 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 

𝜆𝑖 = 𝜎𝑖 ± 𝑗𝜔𝑖 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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𝜁𝑖 = −
𝜎𝑖

√𝜎𝑖
2+𝜔𝑖

2
     (21) 

and a comparison was made with the base configuration (traditional drive). For ease of 

analysis, a relative incremental value was introduced. 

∆𝜁𝑖
𝑟𝑒𝑙 = −

𝜁𝑖
𝐻𝐸𝑃𝑆−𝜁𝑖

𝑟𝑒𝑓

𝜁
𝑖
𝑟𝑒𝑓 ∙ 100%,            (22) 

where 𝜁𝑖
𝐻𝐸𝑃𝑆 and 𝜁𝑖

𝑟𝑒𝑓
 are the damping of the corresponding mode in hybrid and 

traditional installations. In most of the scenarios considered, ∆𝜁𝑖
𝑟𝑒𝑙 > 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 |𝜎𝑖| 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: 

 

𝐽 = 𝓌1𝐸𝑛𝑜𝑟𝑚 − 𝓌2𝜎𝜑 − 𝓌3𝜎𝜃,                                               (23) 

 

where 𝐸𝑛𝑜𝑟𝑚 =
𝐸𝐻𝐸𝑃𝑆

𝐸𝑟𝑒𝑓
 - is the normalized energy (or flight time) efficiency, 𝜎𝜑 , 𝜎𝜃 are 

the root mean square deviations of the roll and pitch angles during a typical maneuver, 

𝓌1, 𝓌2, 𝓌3 are weights reflecting mission priorities. With moderate EMS “stiffness,” the 

value of 𝐽 is maximized: both energy savings (increase in 𝐸𝑛𝑜𝑟𝑚>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 

 

𝑃̅𝐼𝐶𝐸 =
1

𝑇𝑚𝑖𝑠𝑠𝑖𝑜𝑛
∫ 𝑃𝐼𝐶𝐸

𝑇𝑚𝑖𝑠𝑠𝑖𝑜𝑛

0
(𝑡)𝑑𝑡                 (24) 

 

and for the hybrid configuration, 𝑃̅𝐼𝐶𝐸
𝐻𝐸𝑃𝑆 < 𝑃̅𝐼𝐶𝐸

𝑟𝑒𝑓
, 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. 

 

∆𝐸𝑏𝑎𝑡 = ∫ 𝑃𝑏𝑎𝑡
𝑇𝑚𝑖𝑠𝑠𝑖𝑜𝑛

0
(𝑡)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 𝑇𝐸𝑀,𝑚𝑎𝑥, 𝐽𝑝  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 UAVs.  

 

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): 

 

𝑇𝑓𝑙𝑖𝑔ℎ𝑡
𝐻𝐸𝑃𝑆 ≈ 1.01𝑇𝑓𝑙𝑖𝑔ℎ𝑡

𝑅𝐸𝐹 ,  𝑚̇𝑓
𝐻𝐸𝑃𝑆−1 ≈ 0.93𝑚̇𝑓

𝑅𝐸𝐹   (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): 

 

𝑇𝑓𝑙𝑖𝑔ℎ𝑡
𝐻𝐸𝑃𝑆−2 ≈ 1.18 − 1.22𝑇𝑓𝑙𝑖𝑔ℎ𝑡

𝑅𝐸𝐹 ,  𝑚̇𝑓
𝐻𝐸𝑃𝑆−2 ≈ 0.82 − 0.88𝑚̇𝑓

𝑅𝐸𝐹 (27) 

 

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): 

 

𝑇𝑓𝑙𝑖𝑔ℎ𝑡
𝐻𝐸𝑃𝑆−3 ≈ 1.20 − 1.24𝑇𝑓𝑙𝑖𝑔ℎ𝑡

𝑅𝐸𝐹 .    (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 λ𝑖 = σ𝑖 ±  𝑗ω𝑖  and the corresponding damping 

coefficients 𝜁𝑖 for the main longitudinal and transverse modes were calculated.  

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

base variant REF: 

𝜁𝑆𝑃
𝑅𝐸𝐹 ≈ 0.30 − 0.32,      (29) 

 

for (26):  𝜁𝑆𝑃
𝐻𝐸𝑃𝑆−1 ≈ 0.35 − 0.36 (∆𝜁𝑆𝑃

𝑟𝑒𝑙 ≈ +12 − 18%),        

(30) 

 

for (27):  𝜁𝑆𝑃
𝐻𝐸𝑃𝑆−2 ≈ 0.40 − 0.42 (∆𝜁𝑆𝑃

𝑟𝑒𝑙 ≈ +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 ζ 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 UAVs. 

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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ГИБРИДТІ ЭЛЕКТР ҚОЗҒАЛТҚЫШЫНЫҢ ҰШҚЫШСЫЗ ҰШУ 

АППАРАТТАРЫНЫҢ (ҰҰА)ЖҰМЫС ІСТЕУ ДИНАМИКАСЫ МЕН 

ТҰРАҚТЫЛЫҒЫНА ӘСЕРІН ЗЕРТТЕУ 

 

Аңдатпа. Жұмыста гибридті электр станциясы құрылымының ерекшеліктері, 

электрлік және жылулық контурлардың қуаттарының арақатынасы, сондай-ақ ұшудың 

әртүрлі режимдерінде энергияны бөлу  мен тару күшін басқару алгоритмдері 

қарастырылады. Күш қондырғысының тарту, инерциялық және энергетикалық 

сипаттамаларын ескере отырып, ұшқышсыз ұшу аппараттарының аппаратының 

қозғалысының математикалық моделі ұсынылады, оның негізінде өтпелі процестерді, 

бағдарлау арналары бойынша тұрақтылықты және сыртқы әсерлерге сезімталдыққа 

талдау жүргізіледі. Маневрлік, тұрақтылық, энергияны үнемдеу және сенімділік 

көрсеткіштері бойынша дәстүрлі күш қондырғыларымен салыстыру жүргізілді. 

Гибридті жетектің конфигурациясын және басқару стратегияларын оңтайлы таңдау 

ұшудың тұрақтылығын арттыруға, тербелісті азайтуға және басқару әсерлеріне жауап 

беру сапасын жақсартуға мүмкіндік беретіні көрсетілген.  

 Зерттеудің мақсаты - гибридті электр станциясының құрылымын таңдау, 

электрлік және жылулық контурлар қуаттарының арақатынасы, сондай-ақ энергия 

ағындарын басқару алгоритмдері әртүрлі миссия профильдері кезінде ҰҰА-ның 

маневрлігіне, өтпелі режимдеріне және тұрақтылығына қалай әсер ететінін анықтау. 

Зерттеу аясында гибридті электржетектің сипаттамаларын, тарту және инерциялық 

шектеулерді ескере отырып, ҰҰА қозғалысы динамикасының математикалық моделі, 

сондай-ақ тарту күшін және қуатты бөлу жүйесінің жұмыс режимдерін модельдеу 

ұсынылады. Басқару сапасы, тұрақтылық, энергияны үнемдеу және сенімділік 

көрсеткіштері бойынша дәстүрлі күш қондырғыларымен салыстыру жүргізілуде. 

Нәтижелер гибридті электр қозғалтқышы параметрлерінің оңтайлы диапазондарын 

және тұрақтылықты арттыруды, бағдарлау арналарындағы тербелісті азайтуды және 

басқару әсерлеріне жауап беруді жақсартуды қамтамасыз ететін басқару 

стратегияларын анықтауға мүмкіндік береді. 

Жұмыстың практикалық маңыздылығы күрделі пайдалану жағдайында ұзақ уақыт 

ұшуға, мониторинг жүргізуге және арнайы тапсырмаларды орындауға арналған ҰҰА 

үшін гибридті күш қондырғыларын жобалау және конфигурациялау бойынша ғылыми 

негізделген ұсыныстарды қалыптастыру болып табылады. 

Алынған нәтижелер ұзақ ұшуға, мониторингке және күрделі пайдалану 

жағдайларында арнайы тапсырмаларды орындауға арналған ҰҰА-ның күш 

қондырғыларын жобалау және конфигурациялау кезінде пайдаланылуы мүмкін. 
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ИССЛЕДОВАНИЕ ВЛИЯНИЯ ГИБРИДНОГО ЭЛЕКТРОДВИГАТЕЛЯ НА 

ДИНАМИКУ И УСТОЙЧИВОСТИ ФУНКЦИОНИРОВАНИЯ БЕСПИЛОТНЫХ 

ЛЕТАТЕЛЬНЫХ АППАРАТОВ (БПЛА) 

 

Аннотация. В работе рассматриваются особенности структуры гибридной 

силовой установки, соотношение мощностей электрического и теплового контуров, а 

также алгоритмы управления распределением энергии и тягой в различных режимах 

полёта. Предлагается математическая модель движения БПЛА с учётом тяговых, 

инерционных и энергетических характеристик силовой установки, на основе которой 

проводится анализ переходных процессов, устойчивости по каналам ориентации и 

чувствительности к внешним возмущениям. Выполнено сравнение с традиционными 

силовыми установками по показателям маневренности, устойчивости, 

энергосбережения и надёжности. Показано, что оптимальный выбор конфигурации 

гибридного привода и стратегий управления позволяет повысить устойчивость полёта, 

снизить колебательность и улучшить качество отклика на управляющие воздействия.  

 Цель исследования заключается в том, чтобы выявить, как выбор структуры 

гибридной силовой установки, соотношение мощностей электрического и теплового 

контуров, а также алгоритмы управления потоками энергии отражаются на 

маневренности, переходных режимах и устойчивости БПЛА при различных профилях 

миссий. В рамках исследования предлагается математическая модель динамики 

движения БПЛА с учётом характеристик гибридного электропривода, тяговых и 

инерционных ограничений, а также моделирование режимов работы системы 

управления тягой и распределением мощности. Проводится сравнение с 

традиционными силовыми установками по показателям качества управления, 

устойчивости, энергосбережения и надёжности. Полученные результаты позволяют 

определить оптимальные диапазоны параметров гибридного электродвигателя и 

стратегии управления, обеспечивающие повышение устойчивости, снижение 

колебательности в каналах ориентации и улучшение отклика на управляющие 

воздействия. 

Практическая значимость работы заключается в формировании научно 

обоснованных рекомендаций по проектированию и настройке гибридных силовых 



 
 
   

 

89 
 

 

КазККА Хабаршысы                                                                          
The Bulletin of KazATC                                                                                      
Вестник КазАТК                       
vestnik.alt.edu.kz 

ISSN 1609-1817 (Print)                                                
ISSN 2790-5802(Online)                                               
DOI 10.52167/1609-1817                №6 (141) 2025  

установок для БПЛА, предназначенных для длительных полётов, мониторинга и 

специальных задач в сложных эксплуатационных условиях. 

Полученные результаты могут быть использованы при проектировании и 

настройке силовых установок БПЛА, предназначенных для длительных полётов, 

мониторинга и выполнения специальных задач в сложных эксплуатационных условиях. 

 

Ключевые слова: гибридный электродвигатель, гибридная силовая установка, 

беспилотный летательный аппарат, динамика полёта, устойчивость полёта, система 

управления энергией (EMS), энергоэффективность, демпфирование колебаний, 

математическое моделирование, стратегия управления тягой. 
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