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Abstract. The study addresses the development and optimisation of hybrid power 

plants (HPPs) for unmanned aerial vehicles (UAVs) intended for long-endurance 
missions and improved energy efficiency. The work examines the scientific problem 
of selecting an effective configuration and energy management strategy (EMS) that 
ensures maximum flight duration while maintaining the stability, reliability, and 
thermal safety of the onboard energy system. A mathematical modelling framework 
was developed to simulate the operating modes of hybrid architectures combining 
an internal combustion engine, generator, battery system, and power electronics. 
Using MATLAB/Simulink and Modelica, the HPP was analysed through major 
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flight phases, from take-off to landing. The results indicate that the main factor 
contributing to increased UAV autonomy is an optimised EMS strategy that 
maintains the thermal energy source in its region of highest efficiency and allocates 
transient peak loads to the battery. Numerical experiments demonstrated that 
hybridisation reduces energy consumption during cruise flight and significantly 
improves dynamic response during manoeuvres. Furthermore, accurate battery 
modelling and adherence to SoC and temperature constraints are essential, as 
violations diminish the theoretical benefits of hybridisation. The originality of the 
work lies in establishing applied guidelines for HPP design, including efficiency-
map calibration, selection of optimal SoC “windows,” current limitation rules, and 
the implementation of adaptive EMS algorithms. The obtained results can serve as 
a practical tool for scientifically grounding the design of advanced UAV platforms 
intended for long-duration patrolling, high-precision mapping, and comprehensive 
environmental monitoring, supporting parameter selection for hybrid power 
systems, tuning of energy management algorithms, and mission planning.

Keywords: hybrid power plant; unmanned aerial vehicles; energy management 
system (EMS); power distribution, state of charge (SoC) 
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Аннотация. Зерттеу ұзақ мерзімді ұшу тапсырмаларына және энергия 
тиімділігін арттыруға бағытталған ұшқышсыз ұшу аппараттарына (ҰҰА) 
арналған гибридті күш қондырғыларын (ГКҚ) әзірлеу және оңтайландыру 
мәселелеріне арналған. Жұмыста борттық энергия жүйесінің тұрақтылығын, 
сенімділігін және жылулық қауіпсіздігін сақтай отырып, максималды ұшу 
ұзақтығын қамтамасыз ететін тиімді конфигурация мен энергияны басқару 
стратегиясын (EMS) таңдаудың ғылыми мәселесі қарастырылады. Ішкі жану 
қозғалтқышы, генератор, аккумулятор жүйесі және қуат электроникасы 
біріктірілген гибридті архитектуралардың жұмыс режимдерін модельдеу үшін 
математикалық үлгілеу негізі құрылды. MATLAB/Simulink және Modelica 
құралдарының көмегімен ГКҚ жұмысы ұшудың әртүрлі кезеңдерінде  –  ұшу, 
марштық режим, маневр және қону бағаланды. Зерттеу  нәтижелері ҰҰА 
автономдылығын арттырудың негізгі факторы  –  жылулық энергия көзі ең 
тиімді аймақта жұмыс істейтін және өтпелі қуат жүктемелерін аккумуляторға 
бөлетін оңтайлы EMS стратегиясы екенін көрсетті. Сандық эксперименттер 
гибридтендіру марштық ұшу кезінде энергия шығынын азайтатынын және 
маневрлер кезіндегі динамикалық жауапты жақсартатынын дәлелдеді. 
Сонымен қатар, аккумулятордың дәл моделі мен SoC және температура 
шектеулерін сақтау маңызды шарт болып табылады, себебі олардың бұзылуы 
теориялық тиімділікті төмендетеді. Жұмыстың өзіндік жаңалығы ГКҚ 
құрастыруға арналған қолданбалы нұсқаулықтарды қалыптастыруында: 
тиімділік карталарын калибрлеу, SoC «терезелерін» таңдау, ток шектеу 
ережелері және бейімделген EMS алгоритмдерін енгізу. Алынған нәтижелер 
ұзақ уақыттық патрульдеуге, жоғары дәлдіктегі картографиялауға және 
кешенді экологиялық мониторингке арналған перспективалы ҰҰА 
платформаларын жобалау барысында гибридті күш қондырғысының 
параметрлерін таңдауды, энергияны басқару алгоритмдерін баптауды және 
ұшу миссияларын жоспарлауды ғылыми негіздеуге мүмкіндік беретін 
практикалық құрал ретінде қолданылуы мүмкін. 

Түйін сөздер: гибридті қозғалтқыш жүйесі; пилотсыз ұшу аппараттары; 
энергияны басқару жүйесі (ЭБЖ); қуатты бөлу; зарядтау күйі (SoC)
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Аннотация. Исследование посвящено разработке и оптимизации 
гибридных силовых установок (ГСУ) для беспилотных летательных 
аппаратов (БПЛА), ориентированных на выполнение длительных полётных 
задач и повышение энергетической эффективности. В работе рассматривается 
научная проблема выбора эффективной конфигурации и стратегии управления 
энергией (Energy Management System, EMS), обеспечивающей максимальную 
продолжительность полёта при сохранении стабильности, надёжности 
и тепловой безопасности бортовой энергосистемы. Для моделирования 
режимов работы гибридных архитектур, включающих двигатель внутреннего 
сгорания, генератор, аккумуляторную систему и силовую электронику, 
разработана математическая модель. С использованием MATLAB/Simulink и 
Modelica проведена оценка поведения ГСУ на различных этапах полёта: взлёте, 
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крейсерском режиме, маневрировании и посадке. Результаты исследования 
показали, что ключевым фактором повышения автономности БПЛА 
является оптимальная стратегия EMS, обеспечивающая работу теплового 
источника в области максимальной эффективности и перераспределение 
пиковых нагрузок на аккумуляторную систему. Численные эксперименты 
подтвердили, что гибридизация способствует снижению энергопотребления 
в крейсерском режиме и улучшению динамического отклика при выполнении 
манёвров. При этом критически важным является обеспечение точности 
модели аккумулятора и соблюдение ограничений по состоянию заряда (SoC) и 
температурному режиму, поскольку их нарушение нивелирует преимущества 
гибридной архитектуры. Научная новизна работы заключается в разработке 
прикладных рекомендаций по проектированию ГСУ, включая калибровку 
карт эффективности, выбор рабочих диапазонов SoC, правила ограничения 
токов и внедрение адаптивных алгоритмов EMS. Практическая значимость 
результатов заключается в возможности их использования при проектировании 
перспективных БПЛА для задач длительного патрулирования, высокоточной 
картографии и экологического мониторинга, включая выбор параметров 
гибридной силовой установки, настройку алгоритмов управления энергией и 
планирование полётных миссий.

Ключевые слова: гибридная силовая установка, беспилотные летательные 
аппараты, энергетический менеджмент (EMS), распределение мощности, 
состояние заряда (SoC)

 Introduction.  In recent years, the development of unmanned aerial vehicles 
(UAVs) has become one of the priority areas in aerospace technology, the defense 
industry, agriculture and environmental monitoring. However, a key limiting factor 
remains the limited flight autonomy, which is directly related to the limitations on 
the mass and energy capacity of power plants (Zhang et al., 2023).

Traditional electric motors used in small and medium-sized UAVs are highly 
environmentally friendly and low-noise but have a relatively short operating time 
due to the limited capacity of rechargeable batteries (Khare et al., 2011). On the 
other hand, thermal engines provide longer flight times, but are associated with 
noise, emissions and the need for complex maintenance. In this regard, hybrid 
power plants combining electrical and thermal components are a promising solution 
that provides a balance between autonomy, weight and energy efficiency (Liu et al., 
2022).

 To implement an effective hybrid system, it is necessary to accurately model 
energy distribution processes, drive system operation, and component interaction 
in various flight modes – from take-off and cruise to landing. Modern computer 
modelling tools, such as MATLAB/Simulink, Modelica, and specialized tools 
for systems engineering, allow us to build accurate digital models, analyze their 
behavior under various conditions, and optimize the operating parameters of hybrid 
systems (Wang X. et al., 2018), (Zhang et al., 2023). 
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This study aims to develop and optimize a mathematical model of a hybrid 
power plant designed for use in UAVs on order to increase flight duration, efficiency 
and reliability.

Literary review. The study applies a systematic approach to modelling a hybrid 
power plant (HPP) for UAVs, combining an electric drive, a storage battery and 
a heat source (internal combustion engine/generator or fuel cell). The theoretical 
basis is provided by modern review and applied works on UAV energy and power 
management strategies in hybrid circuits, based on which the model structure, list 
of state variables and optimization criteria are formed (Zhang et al., 2023; Liu et 
al., 2022). Modelling is performed in the MATLAB/Simulink environment with 
object-oriented sub models for electrical, mechanical and thermal subsystems; 
additional topology verification is performed in Modelica, which allows for the 
joint consideration of multi-domain processes (electrical losses, mechanical loads, 
heat transfer) without disrupting the cause-and-effect relationships of the model 
(Khare et al., 2011; Wang et al., 2018).

The mathematical formulation includes energy balance and state of charge 
(SoC) equations, taking into account internal resistance and current limitations, as 
well as thrust and power balance equations for the propeller fan drive depending on 
the flight phases (take-off, climb, cruise, manoeuvres, descent).  The aerodynamic 
load is specified through the required thrust/power as a function of mass, speed 
and altitude; the thermal part considers heat sources in the windings and power 
electronics, as well as convective cooling by the oncoming air flow. The parameters 
of the batteries (specific energy, effective capacity, voltage dependence on SoC 
and current) and electric motor (efficiency, torque/EMF constant) are calibrated 
according to typical passport data and literature, which emphasizes the limitations 
of battery technologies for UAVs and the influence of discharge modes on 
available energy. For the hybrid part, models of series and parallel architectures 
are used: series – with an electric motor on the shaft and an internal combustion 
engine powering the generator/ZPU; parallel – with torque summation and power 
distribution according to the law set by the energy controller (Liu et al., 2022; Wang 
et al., 2018). 

The control and optimization algorithm is implemented as a task minimizing the 
integral energy consumption (battery + fuel) with restrictions on mass, temperature 
conditions, minimum residual SoC and the required thrust in each phase of the 
mission. Numerical search procedures (including phase-by-phase optimization of 
power distribution and parametric search of the hybridization ratio by mass and 
power) and gradient/heuristic methods are used to select the settings of the flight 
duration, specific energy consumption per unit of payload, integral efficiency, 
thermal stability of subsystems, and sensitivity to external factors (speed, altitude 
profile, wind gusts). For validation scenarios, a typical mission profile is formed 
with payload limitations and maneuverability requirements; then a comparison is 
made purely electric installation, serial GSU, parallel/combined GSU. Comparing 
the results with data from the literature (on increased autonomy and reduced fuel/
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energy consumption) provides external verification of the correctness of the model 
and parameters (Zhang et al., 2023; Liu et al., 2022; Wang et al., 2018).

 Finally, a sensitivity analysis is performed in which key parameters (specific 
battery energy, specific power of the internal combustion engine/generator, 
efficiency of the electric drive and inverter, mass of the power unit) are varied 
to identify “bottlenecks” and construct maps of optimal modes. This analysis 
follows the recommendations of works on system-level modelling of hybrid drives 
for UAVs and provides engineering guidelines for selecting a configuration for a 
specific mission profile (Khare et al., 2011; Khare et al., 2011). 

Materials and methods. The model of a hybrid power plant (HPP) for a UAV is 
constructed as a set of coordinated subsystems: aerodynamics/thrust, electric drive, 
battery, heat source (internal combustion engine + generator or fuel cell), power 
electronics, and energy management circuit. Formalization follows the system-level 
approach to hybrid power plants for UAVs adopted in modern research (Zhang et 
al., 2023; Khare et al., 2011). The mission is defined by a discrete sequence of 
phases k ϵ { взлет, набор, крейсер, маневр, снижение} with requirements for 
speed 

Finally, a sensitivity analysis is performed in which key parameters (specific battery energy, 
specific power of the internal combustion engine/generator, efficiency of the electric drive and 
inverter, mass of the power unit) are varied to identify “bottlenecks” and construct maps of optimal 
modes. This analysis follows the recommendations of works on system-level modelling of hybrid 
drives for UAVs and provides engineering guidelines for selecting a configuration for a specific 
mission profile (Khare et al., 2011; Khare et al., 2011).

Materials and methods. The model of a hybrid power plant (HPP) for a UAV is constructed 
as a set of coordinated subsystems: aerodynamics/thrust, electric drive, battery, heat source (internal
combustion engine + generator or fuel cell), power electronics, and energy management circuit. 
Formalization follows the system-level approach to hybrid power plants for UAVs adopted in modern 
research (Zhang et al., 2023; Khare et al., 2011). The mission is defined by a discrete sequence of 
phases k ∈ { взлет, набор, крейсер, маневр, снижение} with requirements for speed 𝑉𝑉𝑉𝑉𝑘𝑘𝑘𝑘, altitudeℎ𝑘𝑘𝑘𝑘
and total thrust 𝑇𝑇𝑇𝑇𝑘𝑘𝑘𝑘. A 𝑡𝑡𝑡𝑡 each time stept, it is necessary to ensure thrust balance:

𝑇𝑇𝑇𝑇(𝑡𝑡𝑡𝑡) ≥ 𝐷𝐷𝐷𝐷�𝑉𝑉𝑉𝑉(𝑡𝑡𝑡𝑡),ℎ(𝑡𝑡𝑡𝑡)� + 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,                                                             (1)

where 𝐷𝐷𝐷𝐷 = 1
2
𝜌𝜌𝜌𝜌(ℎ)𝑉𝑉𝑉𝑉2𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷(𝛼𝛼𝛼𝛼,𝑀𝑀𝑀𝑀) – is aerodynamic drag, 𝑆𝑆𝑆𝑆 − is characteristic area, 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷  − is drag 

coefficient (including manoeuvres); 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  − is technological thrust reserve. This profile is accepted 
for energy estimates in works on hybrid UAV (Zhang et al., 2023; Khare et al., 2011).

For a propeller fan drive, the required mechanical power on the shaft is 

𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡) = 𝑇𝑇𝑇𝑇(𝑡𝑡𝑡𝑡)𝑉𝑉𝑉𝑉(𝑡𝑡𝑡𝑡)
𝜂𝜂𝜂𝜂𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝑡𝑡𝑡𝑡)

, (2)

where 𝜂𝜂𝜂𝜂𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝  − is the efficiency coefficient of the propulsion part (propeller/fan), taking into 
account low/high speed and rotation frequency modes. The expression is used in system-level models 
of UAV energy (Liu et al., 2022; Khare et al., 2011).

The mechanical power on the shaft is related to the electrical power:

𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡)
𝜂𝜂𝜂𝜂𝑚𝑚𝑚𝑚𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡)𝜂𝜂𝜂𝜂𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡)

 ,                                                                 (3)

where 𝜂𝜂𝜂𝜂𝑚𝑚𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝  −  is the efficiency of the electric motor (torque/speed function) 𝜂𝜂𝜂𝜂𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖  − is the 
efficiency of the inverter/power electronics. Such factorial accounting for losses is accepted in 
assessments of the efficiency of hybrid installations (Liu et al., 2022).

The battery is described by an equivalent circuit with open-circuit voltage 𝑈𝑈𝑈𝑈𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂(𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶,𝑇𝑇𝑇𝑇)  and 
internal resistance 𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡(𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶,𝑇𝑇𝑇𝑇). Battery current:

𝐼𝐼𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡)
𝑈𝑈𝑈𝑈𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂(𝑆𝑆𝑆𝑆𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑇𝑇𝑇𝑇)

 at   𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡) = 𝑈𝑈𝑈𝑈𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡 − 𝐼𝐼𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡2 𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡.            (4)

Evolution of charge state:

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶(𝑡𝑡𝑡𝑡) = − 𝐼𝐼𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡)
𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

, 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶(𝑡𝑡𝑡𝑡) ∈ [𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖, 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚], (5)

where 𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖   −  is the nominal capacity. The effect of discharge current and temperature on 
available energy and resource is discussed in detail in a review of battery technologies for UAV.

In serial architecture, the mechanical power of the internal combustion engine is converted into 
electrical power via a generator:

𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝜂𝜂𝜂𝜂𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝜔𝜔𝜔𝜔𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼)𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼(𝑡𝑡𝑡𝑡)), (6)

, altitude hk and total thrust Tk. A  each time stept, it is necessary to ensure 
thrust balance:

Finally, a sensitivity analysis is performed in which key parameters (specific battery energy, 
specific power of the internal combustion engine/generator, efficiency of the electric drive and 
inverter, mass of the power unit) are varied to identify “bottlenecks” and construct maps of optimal 
modes. This analysis follows the recommendations of works on system-level modelling of hybrid 
drives for UAVs and provides engineering guidelines for selecting a configuration for a specific 
mission profile (Khare et al., 2011; Khare et al., 2011).

Materials and methods. The model of a hybrid power plant (HPP) for a UAV is constructed 
as a set of coordinated subsystems: aerodynamics/thrust, electric drive, battery, heat source (internal
combustion engine + generator or fuel cell), power electronics, and energy management circuit. 
Formalization follows the system-level approach to hybrid power plants for UAVs adopted in modern 
research (Zhang et al., 2023; Khare et al., 2011). The mission is defined by a discrete sequence of 
phases k ∈ { взлет, набор, крейсер, маневр, снижение} with requirements for speed 𝑉𝑉𝑉𝑉𝑘𝑘𝑘𝑘, altitudeℎ𝑘𝑘𝑘𝑘
and total thrust 𝑇𝑇𝑇𝑇𝑘𝑘𝑘𝑘. A 𝑡𝑡𝑡𝑡 each time stept, it is necessary to ensure thrust balance:

𝑇𝑇𝑇𝑇(𝑡𝑡𝑡𝑡) ≥ 𝐷𝐷𝐷𝐷�𝑉𝑉𝑉𝑉(𝑡𝑡𝑡𝑡),ℎ(𝑡𝑡𝑡𝑡)� + 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,                                                             (1)

where 𝐷𝐷𝐷𝐷 = 1
2
𝜌𝜌𝜌𝜌(ℎ)𝑉𝑉𝑉𝑉2𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷(𝛼𝛼𝛼𝛼,𝑀𝑀𝑀𝑀) – is aerodynamic drag, 𝑆𝑆𝑆𝑆 − is characteristic area, 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷  − is drag 

coefficient (including manoeuvres); 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  − is technological thrust reserve. This profile is accepted 
for energy estimates in works on hybrid UAV (Zhang et al., 2023; Khare et al., 2011).

For a propeller fan drive, the required mechanical power on the shaft is 

𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡) = 𝑇𝑇𝑇𝑇(𝑡𝑡𝑡𝑡)𝑉𝑉𝑉𝑉(𝑡𝑡𝑡𝑡)
𝜂𝜂𝜂𝜂𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝑡𝑡𝑡𝑡)

, (2)

where 𝜂𝜂𝜂𝜂𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝  − is the efficiency coefficient of the propulsion part (propeller/fan), taking into 
account low/high speed and rotation frequency modes. The expression is used in system-level models 
of UAV energy (Liu et al., 2022; Khare et al., 2011).

The mechanical power on the shaft is related to the electrical power:

𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡)
𝜂𝜂𝜂𝜂𝑚𝑚𝑚𝑚𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡)𝜂𝜂𝜂𝜂𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡)

 ,                                                                 (3)

where 𝜂𝜂𝜂𝜂𝑚𝑚𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝  −  is the efficiency of the electric motor (torque/speed function) 𝜂𝜂𝜂𝜂𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖  − is the 
efficiency of the inverter/power electronics. Such factorial accounting for losses is accepted in 
assessments of the efficiency of hybrid installations (Liu et al., 2022).

The battery is described by an equivalent circuit with open-circuit voltage 𝑈𝑈𝑈𝑈𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂(𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶,𝑇𝑇𝑇𝑇)  and 
internal resistance 𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡(𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶,𝑇𝑇𝑇𝑇). Battery current:

𝐼𝐼𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡)
𝑈𝑈𝑈𝑈𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂(𝑆𝑆𝑆𝑆𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑇𝑇𝑇𝑇)

 at   𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡) = 𝑈𝑈𝑈𝑈𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡 − 𝐼𝐼𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡2 𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡.            (4)

Evolution of charge state:

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶(𝑡𝑡𝑡𝑡) = − 𝐼𝐼𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡)
𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

, 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶(𝑡𝑡𝑡𝑡) ∈ [𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖, 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚], (5)

where 𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖   −  is the nominal capacity. The effect of discharge current and temperature on 
available energy and resource is discussed in detail in a review of battery technologies for UAV.

In serial architecture, the mechanical power of the internal combustion engine is converted into 
electrical power via a generator:

𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝜂𝜂𝜂𝜂𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝜔𝜔𝜔𝜔𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼)𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼(𝑡𝑡𝑡𝑡)), (6)

 			   (1)

where 

Finally, a sensitivity analysis is performed in which key parameters (specific battery energy, 
specific power of the internal combustion engine/generator, efficiency of the electric drive and 
inverter, mass of the power unit) are varied to identify “bottlenecks” and construct maps of optimal 
modes. This analysis follows the recommendations of works on system-level modelling of hybrid 
drives for UAVs and provides engineering guidelines for selecting a configuration for a specific 
mission profile (Khare et al., 2011; Khare et al., 2011).

Materials and methods. The model of a hybrid power plant (HPP) for a UAV is constructed 
as a set of coordinated subsystems: aerodynamics/thrust, electric drive, battery, heat source (internal
combustion engine + generator or fuel cell), power electronics, and energy management circuit. 
Formalization follows the system-level approach to hybrid power plants for UAVs adopted in modern 
research (Zhang et al., 2023; Khare et al., 2011). The mission is defined by a discrete sequence of 
phases k ∈ { взлет, набор, крейсер, маневр, снижение} with requirements for speed 𝑉𝑉𝑉𝑉𝑘𝑘𝑘𝑘, altitudeℎ𝑘𝑘𝑘𝑘
and total thrust 𝑇𝑇𝑇𝑇𝑘𝑘𝑘𝑘. A 𝑡𝑡𝑡𝑡 each time stept, it is necessary to ensure thrust balance:

𝑇𝑇𝑇𝑇(𝑡𝑡𝑡𝑡) ≥ 𝐷𝐷𝐷𝐷�𝑉𝑉𝑉𝑉(𝑡𝑡𝑡𝑡),ℎ(𝑡𝑡𝑡𝑡)� + 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,                                                             (1)

where 𝐷𝐷𝐷𝐷 = 1
2
𝜌𝜌𝜌𝜌(ℎ)𝑉𝑉𝑉𝑉2𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷(𝛼𝛼𝛼𝛼,𝑀𝑀𝑀𝑀) – is aerodynamic drag, 𝑆𝑆𝑆𝑆 − is characteristic area, 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷  − is drag 

coefficient (including manoeuvres); 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  − is technological thrust reserve. This profile is accepted 
for energy estimates in works on hybrid UAV (Zhang et al., 2023; Khare et al., 2011).

For a propeller fan drive, the required mechanical power on the shaft is 

𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡) = 𝑇𝑇𝑇𝑇(𝑡𝑡𝑡𝑡)𝑉𝑉𝑉𝑉(𝑡𝑡𝑡𝑡)
𝜂𝜂𝜂𝜂𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝑡𝑡𝑡𝑡)

, (2)

where 𝜂𝜂𝜂𝜂𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝  − is the efficiency coefficient of the propulsion part (propeller/fan), taking into 
account low/high speed and rotation frequency modes. The expression is used in system-level models 
of UAV energy (Liu et al., 2022; Khare et al., 2011).

The mechanical power on the shaft is related to the electrical power:

𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡)
𝜂𝜂𝜂𝜂𝑚𝑚𝑚𝑚𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡)𝜂𝜂𝜂𝜂𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡)

 ,                                                                 (3)

where 𝜂𝜂𝜂𝜂𝑚𝑚𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝  −  is the efficiency of the electric motor (torque/speed function) 𝜂𝜂𝜂𝜂𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖  − is the 
efficiency of the inverter/power electronics. Such factorial accounting for losses is accepted in 
assessments of the efficiency of hybrid installations (Liu et al., 2022).

The battery is described by an equivalent circuit with open-circuit voltage 𝑈𝑈𝑈𝑈𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂(𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶,𝑇𝑇𝑇𝑇)  and 
internal resistance 𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡(𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶,𝑇𝑇𝑇𝑇). Battery current:

𝐼𝐼𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡)
𝑈𝑈𝑈𝑈𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂(𝑆𝑆𝑆𝑆𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑇𝑇𝑇𝑇)

 at   𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡) = 𝑈𝑈𝑈𝑈𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡 − 𝐼𝐼𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡2 𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡.            (4)

Evolution of charge state:

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶(𝑡𝑡𝑡𝑡) = − 𝐼𝐼𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡)
𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

, 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶(𝑡𝑡𝑡𝑡) ∈ [𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖, 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚], (5)

where 𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖   −  is the nominal capacity. The effect of discharge current and temperature on 
available energy and resource is discussed in detail in a review of battery technologies for UAV.

In serial architecture, the mechanical power of the internal combustion engine is converted into 
electrical power via a generator:

𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝜂𝜂𝜂𝜂𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝜔𝜔𝜔𝜔𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼)𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼(𝑡𝑡𝑡𝑡)), (6)

 – is aerodynamic drag, S – is characteristic 
area, CD – is drag coefficient (including manoeuvres);  Tres – is technological thrust 
reserve. This profile is accepted for energy estimates in works on hybrid UAV 
(Zhang et al., 2023; Khare et al., 2011). 

For a propeller fan drive, the required mechanical power on the shaft is 

Finally, a sensitivity analysis is performed in which key parameters (specific battery energy, 
specific power of the internal combustion engine/generator, efficiency of the electric drive and 
inverter, mass of the power unit) are varied to identify “bottlenecks” and construct maps of optimal 
modes. This analysis follows the recommendations of works on system-level modelling of hybrid 
drives for UAVs and provides engineering guidelines for selecting a configuration for a specific 
mission profile (Khare et al., 2011; Khare et al., 2011).

Materials and methods. The model of a hybrid power plant (HPP) for a UAV is constructed 
as a set of coordinated subsystems: aerodynamics/thrust, electric drive, battery, heat source (internal
combustion engine + generator or fuel cell), power electronics, and energy management circuit. 
Formalization follows the system-level approach to hybrid power plants for UAVs adopted in modern 
research (Zhang et al., 2023; Khare et al., 2011). The mission is defined by a discrete sequence of 
phases k ∈ { взлет, набор, крейсер, маневр, снижение} with requirements for speed 𝑉𝑉𝑉𝑉𝑘𝑘𝑘𝑘, altitudeℎ𝑘𝑘𝑘𝑘
and total thrust 𝑇𝑇𝑇𝑇𝑘𝑘𝑘𝑘. A 𝑡𝑡𝑡𝑡 each time stept, it is necessary to ensure thrust balance:

𝑇𝑇𝑇𝑇(𝑡𝑡𝑡𝑡) ≥ 𝐷𝐷𝐷𝐷�𝑉𝑉𝑉𝑉(𝑡𝑡𝑡𝑡),ℎ(𝑡𝑡𝑡𝑡)� + 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,                                                             (1)

where 𝐷𝐷𝐷𝐷 = 1
2
𝜌𝜌𝜌𝜌(ℎ)𝑉𝑉𝑉𝑉2𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷(𝛼𝛼𝛼𝛼,𝑀𝑀𝑀𝑀) – is aerodynamic drag, 𝑆𝑆𝑆𝑆 − is characteristic area, 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷  − is drag 

coefficient (including manoeuvres); 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  − is technological thrust reserve. This profile is accepted 
for energy estimates in works on hybrid UAV (Zhang et al., 2023; Khare et al., 2011).

For a propeller fan drive, the required mechanical power on the shaft is 

𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡) = 𝑇𝑇𝑇𝑇(𝑡𝑡𝑡𝑡)𝑉𝑉𝑉𝑉(𝑡𝑡𝑡𝑡)
𝜂𝜂𝜂𝜂𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝑡𝑡𝑡𝑡)

, (2)

where 𝜂𝜂𝜂𝜂𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝  − is the efficiency coefficient of the propulsion part (propeller/fan), taking into 
account low/high speed and rotation frequency modes. The expression is used in system-level models 
of UAV energy (Liu et al., 2022; Khare et al., 2011).

The mechanical power on the shaft is related to the electrical power:

𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡)
𝜂𝜂𝜂𝜂𝑚𝑚𝑚𝑚𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡)𝜂𝜂𝜂𝜂𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡)

 ,                                                                 (3)

where 𝜂𝜂𝜂𝜂𝑚𝑚𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝  −  is the efficiency of the electric motor (torque/speed function) 𝜂𝜂𝜂𝜂𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖  − is the 
efficiency of the inverter/power electronics. Such factorial accounting for losses is accepted in 
assessments of the efficiency of hybrid installations (Liu et al., 2022).

The battery is described by an equivalent circuit with open-circuit voltage 𝑈𝑈𝑈𝑈𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂(𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶,𝑇𝑇𝑇𝑇)  and 
internal resistance 𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡(𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶,𝑇𝑇𝑇𝑇). Battery current:

𝐼𝐼𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡)
𝑈𝑈𝑈𝑈𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂(𝑆𝑆𝑆𝑆𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑇𝑇𝑇𝑇)

 at   𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡) = 𝑈𝑈𝑈𝑈𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡 − 𝐼𝐼𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡2 𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡.            (4)

Evolution of charge state:

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶(𝑡𝑡𝑡𝑡) = − 𝐼𝐼𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡)
𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

, 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶(𝑡𝑡𝑡𝑡) ∈ [𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖, 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚], (5)

where 𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖   −  is the nominal capacity. The effect of discharge current and temperature on 
available energy and resource is discussed in detail in a review of battery technologies for UAV.

In serial architecture, the mechanical power of the internal combustion engine is converted into 
electrical power via a generator:

𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝜂𝜂𝜂𝜂𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝜔𝜔𝜔𝜔𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼)𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼(𝑡𝑡𝑡𝑡)), (6)

 				    (2)

where 

Finally, a sensitivity analysis is performed in which key parameters (specific battery energy, 
specific power of the internal combustion engine/generator, efficiency of the electric drive and 
inverter, mass of the power unit) are varied to identify “bottlenecks” and construct maps of optimal 
modes. This analysis follows the recommendations of works on system-level modelling of hybrid 
drives for UAVs and provides engineering guidelines for selecting a configuration for a specific 
mission profile (Khare et al., 2011; Khare et al., 2011).

Materials and methods. The model of a hybrid power plant (HPP) for a UAV is constructed 
as a set of coordinated subsystems: aerodynamics/thrust, electric drive, battery, heat source (internal
combustion engine + generator or fuel cell), power electronics, and energy management circuit. 
Formalization follows the system-level approach to hybrid power plants for UAVs adopted in modern 
research (Zhang et al., 2023; Khare et al., 2011). The mission is defined by a discrete sequence of 
phases k ∈ { взлет, набор, крейсер, маневр, снижение} with requirements for speed 𝑉𝑉𝑉𝑉𝑘𝑘𝑘𝑘, altitudeℎ𝑘𝑘𝑘𝑘
and total thrust 𝑇𝑇𝑇𝑇𝑘𝑘𝑘𝑘. A 𝑡𝑡𝑡𝑡 each time stept, it is necessary to ensure thrust balance:

𝑇𝑇𝑇𝑇(𝑡𝑡𝑡𝑡) ≥ 𝐷𝐷𝐷𝐷�𝑉𝑉𝑉𝑉(𝑡𝑡𝑡𝑡),ℎ(𝑡𝑡𝑡𝑡)� + 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,                                                             (1)

where 𝐷𝐷𝐷𝐷 = 1
2
𝜌𝜌𝜌𝜌(ℎ)𝑉𝑉𝑉𝑉2𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷(𝛼𝛼𝛼𝛼,𝑀𝑀𝑀𝑀) – is aerodynamic drag, 𝑆𝑆𝑆𝑆 − is characteristic area, 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷  − is drag 

coefficient (including manoeuvres); 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  − is technological thrust reserve. This profile is accepted 
for energy estimates in works on hybrid UAV (Zhang et al., 2023; Khare et al., 2011).

For a propeller fan drive, the required mechanical power on the shaft is 

𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡) = 𝑇𝑇𝑇𝑇(𝑡𝑡𝑡𝑡)𝑉𝑉𝑉𝑉(𝑡𝑡𝑡𝑡)
𝜂𝜂𝜂𝜂𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝑡𝑡𝑡𝑡)

, (2)

where 𝜂𝜂𝜂𝜂𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝  − is the efficiency coefficient of the propulsion part (propeller/fan), taking into 
account low/high speed and rotation frequency modes. The expression is used in system-level models 
of UAV energy (Liu et al., 2022; Khare et al., 2011).

The mechanical power on the shaft is related to the electrical power:

𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡)
𝜂𝜂𝜂𝜂𝑚𝑚𝑚𝑚𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡)𝜂𝜂𝜂𝜂𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡)

 ,                                                                 (3)

where 𝜂𝜂𝜂𝜂𝑚𝑚𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝  −  is the efficiency of the electric motor (torque/speed function) 𝜂𝜂𝜂𝜂𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖  − is the 
efficiency of the inverter/power electronics. Such factorial accounting for losses is accepted in 
assessments of the efficiency of hybrid installations (Liu et al., 2022).

The battery is described by an equivalent circuit with open-circuit voltage 𝑈𝑈𝑈𝑈𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂(𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶,𝑇𝑇𝑇𝑇)  and 
internal resistance 𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡(𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶,𝑇𝑇𝑇𝑇). Battery current:

𝐼𝐼𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡)
𝑈𝑈𝑈𝑈𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂(𝑆𝑆𝑆𝑆𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑇𝑇𝑇𝑇)

 at   𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡) = 𝑈𝑈𝑈𝑈𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡 − 𝐼𝐼𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡2 𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡.            (4)

Evolution of charge state:

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶(𝑡𝑡𝑡𝑡) = − 𝐼𝐼𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡)
𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

, 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶(𝑡𝑡𝑡𝑡) ∈ [𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖, 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚], (5)

where 𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖   −  is the nominal capacity. The effect of discharge current and temperature on 
available energy and resource is discussed in detail in a review of battery technologies for UAV.

In serial architecture, the mechanical power of the internal combustion engine is converted into 
electrical power via a generator:

𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝜂𝜂𝜂𝜂𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝜔𝜔𝜔𝜔𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼)𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼(𝑡𝑡𝑡𝑡)), (6)

 – is the efficiency coefficient of the propulsion part (propeller/fan), 
taking into account low/high speed and rotation frequency modes. The expression 
is used in system-level models of UAV energy (Liu et al., 2022; Khare et al., 2011). 

The mechanical power on the shaft is related to the electrical power:

Finally, a sensitivity analysis is performed in which key parameters (specific battery energy, 
specific power of the internal combustion engine/generator, efficiency of the electric drive and 
inverter, mass of the power unit) are varied to identify “bottlenecks” and construct maps of optimal 
modes. This analysis follows the recommendations of works on system-level modelling of hybrid 
drives for UAVs and provides engineering guidelines for selecting a configuration for a specific 
mission profile (Khare et al., 2011; Khare et al., 2011).

Materials and methods. The model of a hybrid power plant (HPP) for a UAV is constructed 
as a set of coordinated subsystems: aerodynamics/thrust, electric drive, battery, heat source (internal
combustion engine + generator or fuel cell), power electronics, and energy management circuit. 
Formalization follows the system-level approach to hybrid power plants for UAVs adopted in modern 
research (Zhang et al., 2023; Khare et al., 2011). The mission is defined by a discrete sequence of 
phases k ∈ { взлет, набор, крейсер, маневр, снижение} with requirements for speed 𝑉𝑉𝑉𝑉𝑘𝑘𝑘𝑘, altitudeℎ𝑘𝑘𝑘𝑘
and total thrust 𝑇𝑇𝑇𝑇𝑘𝑘𝑘𝑘. A 𝑡𝑡𝑡𝑡 each time stept, it is necessary to ensure thrust balance:

𝑇𝑇𝑇𝑇(𝑡𝑡𝑡𝑡) ≥ 𝐷𝐷𝐷𝐷�𝑉𝑉𝑉𝑉(𝑡𝑡𝑡𝑡),ℎ(𝑡𝑡𝑡𝑡)� + 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,                                                             (1)

where 𝐷𝐷𝐷𝐷 = 1
2
𝜌𝜌𝜌𝜌(ℎ)𝑉𝑉𝑉𝑉2𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷(𝛼𝛼𝛼𝛼,𝑀𝑀𝑀𝑀) – is aerodynamic drag, 𝑆𝑆𝑆𝑆 − is characteristic area, 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷  − is drag 

coefficient (including manoeuvres); 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  − is technological thrust reserve. This profile is accepted 
for energy estimates in works on hybrid UAV (Zhang et al., 2023; Khare et al., 2011).

For a propeller fan drive, the required mechanical power on the shaft is 

𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡) = 𝑇𝑇𝑇𝑇(𝑡𝑡𝑡𝑡)𝑉𝑉𝑉𝑉(𝑡𝑡𝑡𝑡)
𝜂𝜂𝜂𝜂𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝑡𝑡𝑡𝑡)

, (2)

where 𝜂𝜂𝜂𝜂𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝  − is the efficiency coefficient of the propulsion part (propeller/fan), taking into 
account low/high speed and rotation frequency modes. The expression is used in system-level models 
of UAV energy (Liu et al., 2022; Khare et al., 2011).

The mechanical power on the shaft is related to the electrical power:

𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡)
𝜂𝜂𝜂𝜂𝑚𝑚𝑚𝑚𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡)𝜂𝜂𝜂𝜂𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡)

 ,                                                                 (3)

where 𝜂𝜂𝜂𝜂𝑚𝑚𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝  −  is the efficiency of the electric motor (torque/speed function) 𝜂𝜂𝜂𝜂𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖  − is the 
efficiency of the inverter/power electronics. Such factorial accounting for losses is accepted in 
assessments of the efficiency of hybrid installations (Liu et al., 2022).

The battery is described by an equivalent circuit with open-circuit voltage 𝑈𝑈𝑈𝑈𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂(𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶,𝑇𝑇𝑇𝑇)  and 
internal resistance 𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡(𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶,𝑇𝑇𝑇𝑇). Battery current:

𝐼𝐼𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡)
𝑈𝑈𝑈𝑈𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂(𝑆𝑆𝑆𝑆𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑇𝑇𝑇𝑇)

 at   𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡) = 𝑈𝑈𝑈𝑈𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡 − 𝐼𝐼𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡2 𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡.            (4)

Evolution of charge state:

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶(𝑡𝑡𝑡𝑡) = − 𝐼𝐼𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡)
𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

, 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶(𝑡𝑡𝑡𝑡) ∈ [𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖, 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚], (5)

where 𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖   −  is the nominal capacity. The effect of discharge current and temperature on 
available energy and resource is discussed in detail in a review of battery technologies for UAV.

In serial architecture, the mechanical power of the internal combustion engine is converted into 
electrical power via a generator:

𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝜂𝜂𝜂𝜂𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝜔𝜔𝜔𝜔𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼)𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼(𝑡𝑡𝑡𝑡)), (6)

				    (3)

where 

Finally, a sensitivity analysis is performed in which key parameters (specific battery energy, 
specific power of the internal combustion engine/generator, efficiency of the electric drive and 
inverter, mass of the power unit) are varied to identify “bottlenecks” and construct maps of optimal 
modes. This analysis follows the recommendations of works on system-level modelling of hybrid 
drives for UAVs and provides engineering guidelines for selecting a configuration for a specific 
mission profile (Khare et al., 2011; Khare et al., 2011).

Materials and methods. The model of a hybrid power plant (HPP) for a UAV is constructed 
as a set of coordinated subsystems: aerodynamics/thrust, electric drive, battery, heat source (internal
combustion engine + generator or fuel cell), power electronics, and energy management circuit. 
Formalization follows the system-level approach to hybrid power plants for UAVs adopted in modern 
research (Zhang et al., 2023; Khare et al., 2011). The mission is defined by a discrete sequence of 
phases k ∈ { взлет, набор, крейсер, маневр, снижение} with requirements for speed 𝑉𝑉𝑉𝑉𝑘𝑘𝑘𝑘, altitudeℎ𝑘𝑘𝑘𝑘
and total thrust 𝑇𝑇𝑇𝑇𝑘𝑘𝑘𝑘. A 𝑡𝑡𝑡𝑡 each time stept, it is necessary to ensure thrust balance:

𝑇𝑇𝑇𝑇(𝑡𝑡𝑡𝑡) ≥ 𝐷𝐷𝐷𝐷�𝑉𝑉𝑉𝑉(𝑡𝑡𝑡𝑡),ℎ(𝑡𝑡𝑡𝑡)� + 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,                                                             (1)

where 𝐷𝐷𝐷𝐷 = 1
2
𝜌𝜌𝜌𝜌(ℎ)𝑉𝑉𝑉𝑉2𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷(𝛼𝛼𝛼𝛼,𝑀𝑀𝑀𝑀) – is aerodynamic drag, 𝑆𝑆𝑆𝑆 − is characteristic area, 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷  − is drag 

coefficient (including manoeuvres); 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  − is technological thrust reserve. This profile is accepted 
for energy estimates in works on hybrid UAV (Zhang et al., 2023; Khare et al., 2011).

For a propeller fan drive, the required mechanical power on the shaft is 

𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡) = 𝑇𝑇𝑇𝑇(𝑡𝑡𝑡𝑡)𝑉𝑉𝑉𝑉(𝑡𝑡𝑡𝑡)
𝜂𝜂𝜂𝜂𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝑡𝑡𝑡𝑡)

, (2)

where 𝜂𝜂𝜂𝜂𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝  − is the efficiency coefficient of the propulsion part (propeller/fan), taking into 
account low/high speed and rotation frequency modes. The expression is used in system-level models 
of UAV energy (Liu et al., 2022; Khare et al., 2011).

The mechanical power on the shaft is related to the electrical power:

𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡)
𝜂𝜂𝜂𝜂𝑚𝑚𝑚𝑚𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡)𝜂𝜂𝜂𝜂𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡)

 ,                                                                 (3)

where 𝜂𝜂𝜂𝜂𝑚𝑚𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝  −  is the efficiency of the electric motor (torque/speed function) 𝜂𝜂𝜂𝜂𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖  − is the 
efficiency of the inverter/power electronics. Such factorial accounting for losses is accepted in 
assessments of the efficiency of hybrid installations (Liu et al., 2022).

The battery is described by an equivalent circuit with open-circuit voltage 𝑈𝑈𝑈𝑈𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂(𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶,𝑇𝑇𝑇𝑇)  and 
internal resistance 𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡(𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶,𝑇𝑇𝑇𝑇). Battery current:

𝐼𝐼𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡)
𝑈𝑈𝑈𝑈𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂(𝑆𝑆𝑆𝑆𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑇𝑇𝑇𝑇)

 at   𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡) = 𝑈𝑈𝑈𝑈𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡 − 𝐼𝐼𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡2 𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡.            (4)

Evolution of charge state:

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶(𝑡𝑡𝑡𝑡) = − 𝐼𝐼𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡)
𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

, 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶(𝑡𝑡𝑡𝑡) ∈ [𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖, 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚], (5)

where 𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖   −  is the nominal capacity. The effect of discharge current and temperature on 
available energy and resource is discussed in detail in a review of battery technologies for UAV.

In serial architecture, the mechanical power of the internal combustion engine is converted into 
electrical power via a generator:

𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝜂𝜂𝜂𝜂𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝜔𝜔𝜔𝜔𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼)𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼(𝑡𝑡𝑡𝑡)), (6)

 is the efficiency of the electric motor (torque/speed function)  

Finally, a sensitivity analysis is performed in which key parameters (specific battery energy, 
specific power of the internal combustion engine/generator, efficiency of the electric drive and 
inverter, mass of the power unit) are varied to identify “bottlenecks” and construct maps of optimal 
modes. This analysis follows the recommendations of works on system-level modelling of hybrid 
drives for UAVs and provides engineering guidelines for selecting a configuration for a specific 
mission profile (Khare et al., 2011; Khare et al., 2011).

Materials and methods. The model of a hybrid power plant (HPP) for a UAV is constructed 
as a set of coordinated subsystems: aerodynamics/thrust, electric drive, battery, heat source (internal
combustion engine + generator or fuel cell), power electronics, and energy management circuit. 
Formalization follows the system-level approach to hybrid power plants for UAVs adopted in modern 
research (Zhang et al., 2023; Khare et al., 2011). The mission is defined by a discrete sequence of 
phases k ∈ { взлет, набор, крейсер, маневр, снижение} with requirements for speed 𝑉𝑉𝑉𝑉𝑘𝑘𝑘𝑘, altitudeℎ𝑘𝑘𝑘𝑘
and total thrust 𝑇𝑇𝑇𝑇𝑘𝑘𝑘𝑘. A 𝑡𝑡𝑡𝑡 each time stept, it is necessary to ensure thrust balance:

𝑇𝑇𝑇𝑇(𝑡𝑡𝑡𝑡) ≥ 𝐷𝐷𝐷𝐷�𝑉𝑉𝑉𝑉(𝑡𝑡𝑡𝑡),ℎ(𝑡𝑡𝑡𝑡)� + 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,                                                             (1)

where 𝐷𝐷𝐷𝐷 = 1
2
𝜌𝜌𝜌𝜌(ℎ)𝑉𝑉𝑉𝑉2𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷(𝛼𝛼𝛼𝛼,𝑀𝑀𝑀𝑀) – is aerodynamic drag, 𝑆𝑆𝑆𝑆 − is characteristic area, 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷  − is drag 

coefficient (including manoeuvres); 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  − is technological thrust reserve. This profile is accepted 
for energy estimates in works on hybrid UAV (Zhang et al., 2023; Khare et al., 2011).

For a propeller fan drive, the required mechanical power on the shaft is 

𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡) = 𝑇𝑇𝑇𝑇(𝑡𝑡𝑡𝑡)𝑉𝑉𝑉𝑉(𝑡𝑡𝑡𝑡)
𝜂𝜂𝜂𝜂𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝑡𝑡𝑡𝑡)

, (2)

where 𝜂𝜂𝜂𝜂𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝  − is the efficiency coefficient of the propulsion part (propeller/fan), taking into 
account low/high speed and rotation frequency modes. The expression is used in system-level models 
of UAV energy (Liu et al., 2022; Khare et al., 2011).

The mechanical power on the shaft is related to the electrical power:

𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡)
𝜂𝜂𝜂𝜂𝑚𝑚𝑚𝑚𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡)𝜂𝜂𝜂𝜂𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡)

 ,                                                                 (3)

where 𝜂𝜂𝜂𝜂𝑚𝑚𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝  −  is the efficiency of the electric motor (torque/speed function) 𝜂𝜂𝜂𝜂𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖  − is the 
efficiency of the inverter/power electronics. Such factorial accounting for losses is accepted in 
assessments of the efficiency of hybrid installations (Liu et al., 2022).

The battery is described by an equivalent circuit with open-circuit voltage 𝑈𝑈𝑈𝑈𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂(𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶,𝑇𝑇𝑇𝑇)  and 
internal resistance 𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡(𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶,𝑇𝑇𝑇𝑇). Battery current:

𝐼𝐼𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡)
𝑈𝑈𝑈𝑈𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂(𝑆𝑆𝑆𝑆𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑇𝑇𝑇𝑇)

 at   𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡) = 𝑈𝑈𝑈𝑈𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡 − 𝐼𝐼𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡2 𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡.            (4)

Evolution of charge state:

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶(𝑡𝑡𝑡𝑡) = − 𝐼𝐼𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡)
𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

, 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶(𝑡𝑡𝑡𝑡) ∈ [𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖, 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚], (5)

where 𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖   −  is the nominal capacity. The effect of discharge current and temperature on 
available energy and resource is discussed in detail in a review of battery technologies for UAV.

In serial architecture, the mechanical power of the internal combustion engine is converted into 
electrical power via a generator:

𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝜂𝜂𝜂𝜂𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝜔𝜔𝜔𝜔𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼)𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼(𝑡𝑡𝑡𝑡)), (6)

 is the efficiency of the inverter/power electronics. Such factorial accounting 
for losses is accepted in assessments of the efficiency of hybrid installations (Liu 
et al., 2022).

The battery is described by an equivalent circuit with open-circuit voltage 

Finally, a sensitivity analysis is performed in which key parameters (specific battery energy, 
specific power of the internal combustion engine/generator, efficiency of the electric drive and 
inverter, mass of the power unit) are varied to identify “bottlenecks” and construct maps of optimal 
modes. This analysis follows the recommendations of works on system-level modelling of hybrid 
drives for UAVs and provides engineering guidelines for selecting a configuration for a specific 
mission profile (Khare et al., 2011; Khare et al., 2011).

Materials and methods. The model of a hybrid power plant (HPP) for a UAV is constructed 
as a set of coordinated subsystems: aerodynamics/thrust, electric drive, battery, heat source (internal
combustion engine + generator or fuel cell), power electronics, and energy management circuit. 
Formalization follows the system-level approach to hybrid power plants for UAVs adopted in modern 
research (Zhang et al., 2023; Khare et al., 2011). The mission is defined by a discrete sequence of 
phases k ∈ { взлет, набор, крейсер, маневр, снижение} with requirements for speed 𝑉𝑉𝑉𝑉𝑘𝑘𝑘𝑘, altitudeℎ𝑘𝑘𝑘𝑘
and total thrust 𝑇𝑇𝑇𝑇𝑘𝑘𝑘𝑘. A 𝑡𝑡𝑡𝑡 each time stept, it is necessary to ensure thrust balance:

𝑇𝑇𝑇𝑇(𝑡𝑡𝑡𝑡) ≥ 𝐷𝐷𝐷𝐷�𝑉𝑉𝑉𝑉(𝑡𝑡𝑡𝑡),ℎ(𝑡𝑡𝑡𝑡)� + 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,                                                             (1)

where 𝐷𝐷𝐷𝐷 = 1
2
𝜌𝜌𝜌𝜌(ℎ)𝑉𝑉𝑉𝑉2𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷(𝛼𝛼𝛼𝛼,𝑀𝑀𝑀𝑀) – is aerodynamic drag, 𝑆𝑆𝑆𝑆 − is characteristic area, 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷  − is drag 

coefficient (including manoeuvres); 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  − is technological thrust reserve. This profile is accepted 
for energy estimates in works on hybrid UAV (Zhang et al., 2023; Khare et al., 2011).

For a propeller fan drive, the required mechanical power on the shaft is 

𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡) = 𝑇𝑇𝑇𝑇(𝑡𝑡𝑡𝑡)𝑉𝑉𝑉𝑉(𝑡𝑡𝑡𝑡)
𝜂𝜂𝜂𝜂𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝑡𝑡𝑡𝑡)

, (2)

where 𝜂𝜂𝜂𝜂𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝  − is the efficiency coefficient of the propulsion part (propeller/fan), taking into 
account low/high speed and rotation frequency modes. The expression is used in system-level models 
of UAV energy (Liu et al., 2022; Khare et al., 2011).

The mechanical power on the shaft is related to the electrical power:

𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡)
𝜂𝜂𝜂𝜂𝑚𝑚𝑚𝑚𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡)𝜂𝜂𝜂𝜂𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡)

 ,                                                                 (3)

where 𝜂𝜂𝜂𝜂𝑚𝑚𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝  −  is the efficiency of the electric motor (torque/speed function) 𝜂𝜂𝜂𝜂𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖  − is the 
efficiency of the inverter/power electronics. Such factorial accounting for losses is accepted in 
assessments of the efficiency of hybrid installations (Liu et al., 2022).

The battery is described by an equivalent circuit with open-circuit voltage 𝑈𝑈𝑈𝑈𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂(𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶,𝑇𝑇𝑇𝑇)  and 
internal resistance 𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡(𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶,𝑇𝑇𝑇𝑇). Battery current:

𝐼𝐼𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡)
𝑈𝑈𝑈𝑈𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂(𝑆𝑆𝑆𝑆𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑇𝑇𝑇𝑇)

 at   𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡) = 𝑈𝑈𝑈𝑈𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡 − 𝐼𝐼𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡2 𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡.            (4)

Evolution of charge state:

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶(𝑡𝑡𝑡𝑡) = − 𝐼𝐼𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡)
𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

, 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶(𝑡𝑡𝑡𝑡) ∈ [𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖, 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚], (5)

where 𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖   −  is the nominal capacity. The effect of discharge current and temperature on 
available energy and resource is discussed in detail in a review of battery technologies for UAV.

In serial architecture, the mechanical power of the internal combustion engine is converted into 
electrical power via a generator:

𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝜂𝜂𝜂𝜂𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝜔𝜔𝜔𝜔𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼)𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼(𝑡𝑡𝑡𝑡)), (6)

and internal resistance 

Finally, a sensitivity analysis is performed in which key parameters (specific battery energy, 
specific power of the internal combustion engine/generator, efficiency of the electric drive and 
inverter, mass of the power unit) are varied to identify “bottlenecks” and construct maps of optimal 
modes. This analysis follows the recommendations of works on system-level modelling of hybrid 
drives for UAVs and provides engineering guidelines for selecting a configuration for a specific 
mission profile (Khare et al., 2011; Khare et al., 2011).

Materials and methods. The model of a hybrid power plant (HPP) for a UAV is constructed 
as a set of coordinated subsystems: aerodynamics/thrust, electric drive, battery, heat source (internal
combustion engine + generator or fuel cell), power electronics, and energy management circuit. 
Formalization follows the system-level approach to hybrid power plants for UAVs adopted in modern 
research (Zhang et al., 2023; Khare et al., 2011). The mission is defined by a discrete sequence of 
phases k ∈ { взлет, набор, крейсер, маневр, снижение} with requirements for speed 𝑉𝑉𝑉𝑉𝑘𝑘𝑘𝑘, altitudeℎ𝑘𝑘𝑘𝑘
and total thrust 𝑇𝑇𝑇𝑇𝑘𝑘𝑘𝑘. A 𝑡𝑡𝑡𝑡 each time stept, it is necessary to ensure thrust balance:

𝑇𝑇𝑇𝑇(𝑡𝑡𝑡𝑡) ≥ 𝐷𝐷𝐷𝐷�𝑉𝑉𝑉𝑉(𝑡𝑡𝑡𝑡),ℎ(𝑡𝑡𝑡𝑡)� + 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,                                                             (1)

where 𝐷𝐷𝐷𝐷 = 1
2
𝜌𝜌𝜌𝜌(ℎ)𝑉𝑉𝑉𝑉2𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷(𝛼𝛼𝛼𝛼,𝑀𝑀𝑀𝑀) – is aerodynamic drag, 𝑆𝑆𝑆𝑆 − is characteristic area, 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷  − is drag 

coefficient (including manoeuvres); 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  − is technological thrust reserve. This profile is accepted 
for energy estimates in works on hybrid UAV (Zhang et al., 2023; Khare et al., 2011).

For a propeller fan drive, the required mechanical power on the shaft is 

𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡) = 𝑇𝑇𝑇𝑇(𝑡𝑡𝑡𝑡)𝑉𝑉𝑉𝑉(𝑡𝑡𝑡𝑡)
𝜂𝜂𝜂𝜂𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝑡𝑡𝑡𝑡)

, (2)

where 𝜂𝜂𝜂𝜂𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝  − is the efficiency coefficient of the propulsion part (propeller/fan), taking into 
account low/high speed and rotation frequency modes. The expression is used in system-level models 
of UAV energy (Liu et al., 2022; Khare et al., 2011).

The mechanical power on the shaft is related to the electrical power:

𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡)
𝜂𝜂𝜂𝜂𝑚𝑚𝑚𝑚𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡)𝜂𝜂𝜂𝜂𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡)

 ,                                                                 (3)

where 𝜂𝜂𝜂𝜂𝑚𝑚𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝  −  is the efficiency of the electric motor (torque/speed function) 𝜂𝜂𝜂𝜂𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖  − is the 
efficiency of the inverter/power electronics. Such factorial accounting for losses is accepted in 
assessments of the efficiency of hybrid installations (Liu et al., 2022).

The battery is described by an equivalent circuit with open-circuit voltage 𝑈𝑈𝑈𝑈𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂(𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶,𝑇𝑇𝑇𝑇)  and 
internal resistance 𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡(𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶,𝑇𝑇𝑇𝑇). Battery current:

𝐼𝐼𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡)
𝑈𝑈𝑈𝑈𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂(𝑆𝑆𝑆𝑆𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑇𝑇𝑇𝑇)

 at   𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡) = 𝑈𝑈𝑈𝑈𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡 − 𝐼𝐼𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡2 𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡.            (4)

Evolution of charge state:

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶(𝑡𝑡𝑡𝑡) = − 𝐼𝐼𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡)
𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

, 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶(𝑡𝑡𝑡𝑡) ∈ [𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖, 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚], (5)

where 𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖   −  is the nominal capacity. The effect of discharge current and temperature on 
available energy and resource is discussed in detail in a review of battery technologies for UAV.

In serial architecture, the mechanical power of the internal combustion engine is converted into 
electrical power via a generator:

𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝜂𝜂𝜂𝜂𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝜔𝜔𝜔𝜔𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼)𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼(𝑡𝑡𝑡𝑡)), (6)

. Battery current:
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Finally, a sensitivity analysis is performed in which key parameters (specific battery energy, 
specific power of the internal combustion engine/generator, efficiency of the electric drive and 
inverter, mass of the power unit) are varied to identify “bottlenecks” and construct maps of optimal 
modes. This analysis follows the recommendations of works on system-level modelling of hybrid 
drives for UAVs and provides engineering guidelines for selecting a configuration for a specific 
mission profile (Khare et al., 2011; Khare et al., 2011).

Materials and methods. The model of a hybrid power plant (HPP) for a UAV is constructed 
as a set of coordinated subsystems: aerodynamics/thrust, electric drive, battery, heat source (internal
combustion engine + generator or fuel cell), power electronics, and energy management circuit. 
Formalization follows the system-level approach to hybrid power plants for UAVs adopted in modern 
research (Zhang et al., 2023; Khare et al., 2011). The mission is defined by a discrete sequence of 
phases k ∈ { взлет, набор, крейсер, маневр, снижение} with requirements for speed 𝑉𝑉𝑉𝑉𝑘𝑘𝑘𝑘, altitudeℎ𝑘𝑘𝑘𝑘
and total thrust 𝑇𝑇𝑇𝑇𝑘𝑘𝑘𝑘. A 𝑡𝑡𝑡𝑡 each time stept, it is necessary to ensure thrust balance:

𝑇𝑇𝑇𝑇(𝑡𝑡𝑡𝑡) ≥ 𝐷𝐷𝐷𝐷�𝑉𝑉𝑉𝑉(𝑡𝑡𝑡𝑡),ℎ(𝑡𝑡𝑡𝑡)� + 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,                                                             (1)

where 𝐷𝐷𝐷𝐷 = 1
2
𝜌𝜌𝜌𝜌(ℎ)𝑉𝑉𝑉𝑉2𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷(𝛼𝛼𝛼𝛼,𝑀𝑀𝑀𝑀) – is aerodynamic drag, 𝑆𝑆𝑆𝑆 − is characteristic area, 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷  − is drag 

coefficient (including manoeuvres); 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  − is technological thrust reserve. This profile is accepted 
for energy estimates in works on hybrid UAV (Zhang et al., 2023; Khare et al., 2011).

For a propeller fan drive, the required mechanical power on the shaft is 

𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡) = 𝑇𝑇𝑇𝑇(𝑡𝑡𝑡𝑡)𝑉𝑉𝑉𝑉(𝑡𝑡𝑡𝑡)
𝜂𝜂𝜂𝜂𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝑡𝑡𝑡𝑡)

, (2)

where 𝜂𝜂𝜂𝜂𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝  − is the efficiency coefficient of the propulsion part (propeller/fan), taking into 
account low/high speed and rotation frequency modes. The expression is used in system-level models 
of UAV energy (Liu et al., 2022; Khare et al., 2011).

The mechanical power on the shaft is related to the electrical power:

𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡)
𝜂𝜂𝜂𝜂𝑚𝑚𝑚𝑚𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡)𝜂𝜂𝜂𝜂𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡)

 ,                                                                 (3)

where 𝜂𝜂𝜂𝜂𝑚𝑚𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝  −  is the efficiency of the electric motor (torque/speed function) 𝜂𝜂𝜂𝜂𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖  − is the 
efficiency of the inverter/power electronics. Such factorial accounting for losses is accepted in 
assessments of the efficiency of hybrid installations (Liu et al., 2022).

The battery is described by an equivalent circuit with open-circuit voltage 𝑈𝑈𝑈𝑈𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂(𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶,𝑇𝑇𝑇𝑇)  and 
internal resistance 𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡(𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶,𝑇𝑇𝑇𝑇). Battery current:

𝐼𝐼𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡)
𝑈𝑈𝑈𝑈𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂(𝑆𝑆𝑆𝑆𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑇𝑇𝑇𝑇)

 at   𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡) = 𝑈𝑈𝑈𝑈𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡 − 𝐼𝐼𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡2 𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡.            (4)

Evolution of charge state:

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶(𝑡𝑡𝑡𝑡) = − 𝐼𝐼𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡)
𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

, 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶(𝑡𝑡𝑡𝑡) ∈ [𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖, 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚], (5)

where 𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖   −  is the nominal capacity. The effect of discharge current and temperature on 
available energy and resource is discussed in detail in a review of battery technologies for UAV.

In serial architecture, the mechanical power of the internal combustion engine is converted into 
electrical power via a generator:

𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝜂𝜂𝜂𝜂𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝜔𝜔𝜔𝜔𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼)𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼(𝑡𝑡𝑡𝑡)), (6)

 	 (4)

Evolution of charge state:

Finally, a sensitivity analysis is performed in which key parameters (specific battery energy, 
specific power of the internal combustion engine/generator, efficiency of the electric drive and 
inverter, mass of the power unit) are varied to identify “bottlenecks” and construct maps of optimal 
modes. This analysis follows the recommendations of works on system-level modelling of hybrid 
drives for UAVs and provides engineering guidelines for selecting a configuration for a specific 
mission profile (Khare et al., 2011; Khare et al., 2011).

Materials and methods. The model of a hybrid power plant (HPP) for a UAV is constructed 
as a set of coordinated subsystems: aerodynamics/thrust, electric drive, battery, heat source (internal
combustion engine + generator or fuel cell), power electronics, and energy management circuit. 
Formalization follows the system-level approach to hybrid power plants for UAVs adopted in modern 
research (Zhang et al., 2023; Khare et al., 2011). The mission is defined by a discrete sequence of 
phases k ∈ { взлет, набор, крейсер, маневр, снижение} with requirements for speed 𝑉𝑉𝑉𝑉𝑘𝑘𝑘𝑘, altitudeℎ𝑘𝑘𝑘𝑘
and total thrust 𝑇𝑇𝑇𝑇𝑘𝑘𝑘𝑘. A 𝑡𝑡𝑡𝑡 each time stept, it is necessary to ensure thrust balance:

𝑇𝑇𝑇𝑇(𝑡𝑡𝑡𝑡) ≥ 𝐷𝐷𝐷𝐷�𝑉𝑉𝑉𝑉(𝑡𝑡𝑡𝑡),ℎ(𝑡𝑡𝑡𝑡)� + 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,                                                             (1)

where 𝐷𝐷𝐷𝐷 = 1
2
𝜌𝜌𝜌𝜌(ℎ)𝑉𝑉𝑉𝑉2𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷(𝛼𝛼𝛼𝛼,𝑀𝑀𝑀𝑀) – is aerodynamic drag, 𝑆𝑆𝑆𝑆 − is characteristic area, 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷  − is drag 

coefficient (including manoeuvres); 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  − is technological thrust reserve. This profile is accepted 
for energy estimates in works on hybrid UAV (Zhang et al., 2023; Khare et al., 2011).

For a propeller fan drive, the required mechanical power on the shaft is 

𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡) = 𝑇𝑇𝑇𝑇(𝑡𝑡𝑡𝑡)𝑉𝑉𝑉𝑉(𝑡𝑡𝑡𝑡)
𝜂𝜂𝜂𝜂𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝑡𝑡𝑡𝑡)

, (2)

where 𝜂𝜂𝜂𝜂𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝  − is the efficiency coefficient of the propulsion part (propeller/fan), taking into 
account low/high speed and rotation frequency modes. The expression is used in system-level models 
of UAV energy (Liu et al., 2022; Khare et al., 2011).

The mechanical power on the shaft is related to the electrical power:

𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡)
𝜂𝜂𝜂𝜂𝑚𝑚𝑚𝑚𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡)𝜂𝜂𝜂𝜂𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡)

 ,                                                                 (3)

where 𝜂𝜂𝜂𝜂𝑚𝑚𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝  −  is the efficiency of the electric motor (torque/speed function) 𝜂𝜂𝜂𝜂𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖  − is the 
efficiency of the inverter/power electronics. Such factorial accounting for losses is accepted in 
assessments of the efficiency of hybrid installations (Liu et al., 2022).

The battery is described by an equivalent circuit with open-circuit voltage 𝑈𝑈𝑈𝑈𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂(𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶,𝑇𝑇𝑇𝑇)  and 
internal resistance 𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡(𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶,𝑇𝑇𝑇𝑇). Battery current:

𝐼𝐼𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡)
𝑈𝑈𝑈𝑈𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂(𝑆𝑆𝑆𝑆𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑇𝑇𝑇𝑇)

 at   𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡) = 𝑈𝑈𝑈𝑈𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡 − 𝐼𝐼𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡2 𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡.            (4)

Evolution of charge state:

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶(𝑡𝑡𝑡𝑡) = − 𝐼𝐼𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡)
𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

, 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶(𝑡𝑡𝑡𝑡) ∈ [𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖, 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚], (5)

where 𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖   −  is the nominal capacity. The effect of discharge current and temperature on 
available energy and resource is discussed in detail in a review of battery technologies for UAV.

In serial architecture, the mechanical power of the internal combustion engine is converted into 
electrical power via a generator:

𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝜂𝜂𝜂𝜂𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝜔𝜔𝜔𝜔𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼)𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼(𝑡𝑡𝑡𝑡)), (6)

		  (5)

where 

Finally, a sensitivity analysis is performed in which key parameters (specific battery energy, 
specific power of the internal combustion engine/generator, efficiency of the electric drive and 
inverter, mass of the power unit) are varied to identify “bottlenecks” and construct maps of optimal 
modes. This analysis follows the recommendations of works on system-level modelling of hybrid 
drives for UAVs and provides engineering guidelines for selecting a configuration for a specific 
mission profile (Khare et al., 2011; Khare et al., 2011).

Materials and methods. The model of a hybrid power plant (HPP) for a UAV is constructed 
as a set of coordinated subsystems: aerodynamics/thrust, electric drive, battery, heat source (internal
combustion engine + generator or fuel cell), power electronics, and energy management circuit. 
Formalization follows the system-level approach to hybrid power plants for UAVs adopted in modern 
research (Zhang et al., 2023; Khare et al., 2011). The mission is defined by a discrete sequence of 
phases k ∈ { взлет, набор, крейсер, маневр, снижение} with requirements for speed 𝑉𝑉𝑉𝑉𝑘𝑘𝑘𝑘, altitudeℎ𝑘𝑘𝑘𝑘
and total thrust 𝑇𝑇𝑇𝑇𝑘𝑘𝑘𝑘. A 𝑡𝑡𝑡𝑡 each time stept, it is necessary to ensure thrust balance:

𝑇𝑇𝑇𝑇(𝑡𝑡𝑡𝑡) ≥ 𝐷𝐷𝐷𝐷�𝑉𝑉𝑉𝑉(𝑡𝑡𝑡𝑡),ℎ(𝑡𝑡𝑡𝑡)� + 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,                                                             (1)

where 𝐷𝐷𝐷𝐷 = 1
2
𝜌𝜌𝜌𝜌(ℎ)𝑉𝑉𝑉𝑉2𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷(𝛼𝛼𝛼𝛼,𝑀𝑀𝑀𝑀) – is aerodynamic drag, 𝑆𝑆𝑆𝑆 − is characteristic area, 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷  − is drag 

coefficient (including manoeuvres); 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  − is technological thrust reserve. This profile is accepted 
for energy estimates in works on hybrid UAV (Zhang et al., 2023; Khare et al., 2011).

For a propeller fan drive, the required mechanical power on the shaft is 

𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡) = 𝑇𝑇𝑇𝑇(𝑡𝑡𝑡𝑡)𝑉𝑉𝑉𝑉(𝑡𝑡𝑡𝑡)
𝜂𝜂𝜂𝜂𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝑡𝑡𝑡𝑡)

, (2)

where 𝜂𝜂𝜂𝜂𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝  − is the efficiency coefficient of the propulsion part (propeller/fan), taking into 
account low/high speed and rotation frequency modes. The expression is used in system-level models 
of UAV energy (Liu et al., 2022; Khare et al., 2011).

The mechanical power on the shaft is related to the electrical power:

𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡)
𝜂𝜂𝜂𝜂𝑚𝑚𝑚𝑚𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡)𝜂𝜂𝜂𝜂𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡)

 ,                                                                 (3)

where 𝜂𝜂𝜂𝜂𝑚𝑚𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝  −  is the efficiency of the electric motor (torque/speed function) 𝜂𝜂𝜂𝜂𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖  − is the 
efficiency of the inverter/power electronics. Such factorial accounting for losses is accepted in 
assessments of the efficiency of hybrid installations (Liu et al., 2022).

The battery is described by an equivalent circuit with open-circuit voltage 𝑈𝑈𝑈𝑈𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂(𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶,𝑇𝑇𝑇𝑇)  and 
internal resistance 𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡(𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶,𝑇𝑇𝑇𝑇). Battery current:

𝐼𝐼𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡)
𝑈𝑈𝑈𝑈𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂(𝑆𝑆𝑆𝑆𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑇𝑇𝑇𝑇)

 at   𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡) = 𝑈𝑈𝑈𝑈𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡 − 𝐼𝐼𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡2 𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡.            (4)

Evolution of charge state:

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶(𝑡𝑡𝑡𝑡) = − 𝐼𝐼𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡)
𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

, 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶(𝑡𝑡𝑡𝑡) ∈ [𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖, 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚], (5)

where 𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖   −  is the nominal capacity. The effect of discharge current and temperature on 
available energy and resource is discussed in detail in a review of battery technologies for UAV.

In serial architecture, the mechanical power of the internal combustion engine is converted into 
electrical power via a generator:

𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝜂𝜂𝜂𝜂𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝜔𝜔𝜔𝜔𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼)𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼(𝑡𝑡𝑡𝑡)), (6)

 is the nominal capacity. The effect of discharge current and 
temperature on available energy and resource is discussed in detail in a review of 
battery technologies for UAV.

In serial architecture, the mechanical power of the internal combustion engine is 
converted into electrical power via a generator:

Finally, a sensitivity analysis is performed in which key parameters (specific battery energy, 
specific power of the internal combustion engine/generator, efficiency of the electric drive and 
inverter, mass of the power unit) are varied to identify “bottlenecks” and construct maps of optimal 
modes. This analysis follows the recommendations of works on system-level modelling of hybrid 
drives for UAVs and provides engineering guidelines for selecting a configuration for a specific 
mission profile (Khare et al., 2011; Khare et al., 2011).

Materials and methods. The model of a hybrid power plant (HPP) for a UAV is constructed 
as a set of coordinated subsystems: aerodynamics/thrust, electric drive, battery, heat source (internal
combustion engine + generator or fuel cell), power electronics, and energy management circuit. 
Formalization follows the system-level approach to hybrid power plants for UAVs adopted in modern 
research (Zhang et al., 2023; Khare et al., 2011). The mission is defined by a discrete sequence of 
phases k ∈ { взлет, набор, крейсер, маневр, снижение} with requirements for speed 𝑉𝑉𝑉𝑉𝑘𝑘𝑘𝑘, altitudeℎ𝑘𝑘𝑘𝑘
and total thrust 𝑇𝑇𝑇𝑇𝑘𝑘𝑘𝑘. A 𝑡𝑡𝑡𝑡 each time stept, it is necessary to ensure thrust balance:

𝑇𝑇𝑇𝑇(𝑡𝑡𝑡𝑡) ≥ 𝐷𝐷𝐷𝐷�𝑉𝑉𝑉𝑉(𝑡𝑡𝑡𝑡),ℎ(𝑡𝑡𝑡𝑡)� + 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,                                                             (1)

where 𝐷𝐷𝐷𝐷 = 1
2
𝜌𝜌𝜌𝜌(ℎ)𝑉𝑉𝑉𝑉2𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷(𝛼𝛼𝛼𝛼,𝑀𝑀𝑀𝑀) – is aerodynamic drag, 𝑆𝑆𝑆𝑆 − is characteristic area, 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷  − is drag 

coefficient (including manoeuvres); 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  − is technological thrust reserve. This profile is accepted 
for energy estimates in works on hybrid UAV (Zhang et al., 2023; Khare et al., 2011).

For a propeller fan drive, the required mechanical power on the shaft is 

𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡) = 𝑇𝑇𝑇𝑇(𝑡𝑡𝑡𝑡)𝑉𝑉𝑉𝑉(𝑡𝑡𝑡𝑡)
𝜂𝜂𝜂𝜂𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝑡𝑡𝑡𝑡)

, (2)

where 𝜂𝜂𝜂𝜂𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝  − is the efficiency coefficient of the propulsion part (propeller/fan), taking into 
account low/high speed and rotation frequency modes. The expression is used in system-level models 
of UAV energy (Liu et al., 2022; Khare et al., 2011).

The mechanical power on the shaft is related to the electrical power:

𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡)
𝜂𝜂𝜂𝜂𝑚𝑚𝑚𝑚𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡)𝜂𝜂𝜂𝜂𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡)

 ,                                                                 (3)

where 𝜂𝜂𝜂𝜂𝑚𝑚𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝  −  is the efficiency of the electric motor (torque/speed function) 𝜂𝜂𝜂𝜂𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖  − is the 
efficiency of the inverter/power electronics. Such factorial accounting for losses is accepted in 
assessments of the efficiency of hybrid installations (Liu et al., 2022).

The battery is described by an equivalent circuit with open-circuit voltage 𝑈𝑈𝑈𝑈𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂(𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶,𝑇𝑇𝑇𝑇)  and 
internal resistance 𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡(𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶,𝑇𝑇𝑇𝑇). Battery current:

𝐼𝐼𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡)
𝑈𝑈𝑈𝑈𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂(𝑆𝑆𝑆𝑆𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑇𝑇𝑇𝑇)

 at   𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡) = 𝑈𝑈𝑈𝑈𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡 − 𝐼𝐼𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡2 𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡.            (4)

Evolution of charge state:

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶(𝑡𝑡𝑡𝑡) = − 𝐼𝐼𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡)
𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

, 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶(𝑡𝑡𝑡𝑡) ∈ [𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖, 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚], (5)

where 𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖   −  is the nominal capacity. The effect of discharge current and temperature on 
available energy and resource is discussed in detail in a review of battery technologies for UAV.

In serial architecture, the mechanical power of the internal combustion engine is converted into 
electrical power via a generator:

𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝜂𝜂𝜂𝜂𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝜔𝜔𝜔𝜔𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼)𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼(𝑡𝑡𝑡𝑡)), (6)					     (6)

𝑚̇𝑚𝑚𝑚𝑓𝑓𝑓𝑓(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼(𝑡𝑡𝑡𝑡)
𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼(𝜔𝜔𝜔𝜔𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼,𝑀𝑀𝑀𝑀𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼)𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑉𝑉𝑉𝑉

 , (7)

where 𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼  −  is the indicated efficiency of the internal combustion engine (according to the 
efficiency map), 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑉𝑉𝑉𝑉 − is the power heating value of the fuel, and 𝜂𝜂𝜂𝜂𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  − is the efficiency of the 
generator. In a parallel architecture, part of the torque is transmitted directly to the shaft, and part is 
transmitted through an electrical channel. Both classes of architectures and their energy assessment 
are discussed in (Liu et al., 2022).

The electrical power balance is written as 

𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡) + 𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡) − 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡), (8)

where 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡)  −  is the consumption of on-board electronics/service systems. The decision on 
the proportions of 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡) and 𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡) is made by the energy management controller (EMS) 
according to the rule

    �𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡),𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡)� = 𝜋𝜋𝜋𝜋(𝑥𝑥𝑥𝑥(𝑡𝑡𝑡𝑡),𝑢𝑢𝑢𝑢(𝑡𝑡𝑡𝑡),𝜃𝜃𝜃𝜃),                                                  (9)

where 𝑥𝑥𝑥𝑥(SoC, T, … )  −   is the state vector,  𝑢𝑢𝑢𝑢  −   is external disturbances/mission commands, 
and 𝜃𝜃𝜃𝜃 − is the adjustable EMS parameters. Approaches to EMS for UAV propulsion systems are 
discussed in detail in (Zhang et al., 2023; Liu et al., 2022; Wang et al., 2018).

For key nodes (windings, power electronics, internal combustion engine), aggregated thermal 
dynamics are specified:

С𝑖𝑖𝑖𝑖𝑇̇𝑇𝑇𝑇𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃ℎ,𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) − ℎ𝑖𝑖𝑖𝑖�𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) − 𝑇𝑇𝑇𝑇∞(𝑡𝑡𝑡𝑡)� ,                                                   (10)

where 𝑃𝑃𝑃𝑃ℎ,𝑖𝑖𝑖𝑖  −  is heat generator (ohmic/magnetic losses, combustion imperfection) ℎ𝑖𝑖𝑖𝑖  − is 
effective heat transfer (including due to the oncoming flow). The constraint 𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖 ≤ 𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚 are included 
in the set of tolerances. Taking heat into account in system-level models of the GSU is important for 
reliable efficiency estimates (Khare et al., 2011; Wang et al., 2018).

The optimisation of operating modes is formulated as an optimal control problem over the 
mission horizon [0, 𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓]:

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝜋𝜋𝜋𝜋,𝑝𝑝𝑝𝑝

 𝐽𝐽𝐽𝐽 = ∫ �𝓌𝓌𝓌𝓌𝑓𝑓𝑓𝑓𝑚̇𝑚𝑚𝑚𝑓𝑓𝑓𝑓(𝑡𝑡𝑡𝑡) + 𝓌𝓌𝓌𝓌𝑟𝑟𝑟𝑟𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡+ (𝑡𝑡𝑡𝑡)�𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓
0 𝑑𝑑𝑑𝑑𝑡𝑡𝑡𝑡 .                                        (11)

With constraints:
  𝑥̇𝑥𝑥𝑥 = 𝑓𝑓𝑓𝑓(𝑥𝑥𝑥𝑥,𝑢𝑢𝑢𝑢,𝜋𝜋𝜋𝜋,𝑝𝑝𝑝𝑝), 𝑥𝑥𝑥𝑥(0) = 𝑥𝑥𝑥𝑥0

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ≤ 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶(𝑡𝑡𝑡𝑡)  ≤  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚 ,𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡)  ≤  𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚

𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼 ∈ �0,𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚�,𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ∈ �0,𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚�,𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡 ∈ [𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚]
𝑇𝑇𝑇𝑇(𝑡𝑡𝑡𝑡) ≥ 𝐷𝐷𝐷𝐷�𝑉𝑉𝑉𝑉(𝑡𝑡𝑡𝑡),ℎ(𝑡𝑡𝑡𝑡)� + 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,∀𝑡𝑡𝑡𝑡 ∈ �0, 𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓�, ⎭

⎪
⎬

⎪
⎫

(12)

here, 𝓌𝓌𝓌𝓌𝑓𝑓𝑓𝑓,𝓌𝓌𝓌𝓌𝑟𝑟𝑟𝑟  −  are the weights of fuel and electrical energy, 𝑃𝑃𝑃𝑃 − are design parameters 
(hybridisation ratio by mass/power). Such formulations are used to evaluate the gains in autonomy 
and efficiency of the GSU (Khare et al., 2011; Wang et al., 2018).

A sensitivity analysis is performed on key parameters 𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝 of the battery,  𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼, 𝜂𝜂𝜂𝜂𝑚𝑚𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 
component mass and mission scenarios, followed by a comparison of three configurations: pure 
electric, series GSU, parallel/combined GSU. Comparison with data from the literature (increase in 

 					     (7)

where 

𝑚̇𝑚𝑚𝑚𝑓𝑓𝑓𝑓(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼(𝑡𝑡𝑡𝑡)
𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼(𝜔𝜔𝜔𝜔𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼,𝑀𝑀𝑀𝑀𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼)𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑉𝑉𝑉𝑉

 , (7)

where 𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼  −  is the indicated efficiency of the internal combustion engine (according to the 
efficiency map), 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑉𝑉𝑉𝑉 − is the power heating value of the fuel, and 𝜂𝜂𝜂𝜂𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  − is the efficiency of the 
generator. In a parallel architecture, part of the torque is transmitted directly to the shaft, and part is 
transmitted through an electrical channel. Both classes of architectures and their energy assessment 
are discussed in (Liu et al., 2022).

The electrical power balance is written as 

𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡) + 𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡) − 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡), (8)

where 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡)  −  is the consumption of on-board electronics/service systems. The decision on 
the proportions of 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡) and 𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡) is made by the energy management controller (EMS) 
according to the rule

    �𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡),𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡)� = 𝜋𝜋𝜋𝜋(𝑥𝑥𝑥𝑥(𝑡𝑡𝑡𝑡),𝑢𝑢𝑢𝑢(𝑡𝑡𝑡𝑡),𝜃𝜃𝜃𝜃),                                                  (9)

where 𝑥𝑥𝑥𝑥(SoC, T, … )  −   is the state vector,  𝑢𝑢𝑢𝑢  −   is external disturbances/mission commands, 
and 𝜃𝜃𝜃𝜃 − is the adjustable EMS parameters. Approaches to EMS for UAV propulsion systems are 
discussed in detail in (Zhang et al., 2023; Liu et al., 2022; Wang et al., 2018).

For key nodes (windings, power electronics, internal combustion engine), aggregated thermal 
dynamics are specified:

С𝑖𝑖𝑖𝑖𝑇̇𝑇𝑇𝑇𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃ℎ,𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) − ℎ𝑖𝑖𝑖𝑖�𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) − 𝑇𝑇𝑇𝑇∞(𝑡𝑡𝑡𝑡)� ,                                                   (10)

where 𝑃𝑃𝑃𝑃ℎ,𝑖𝑖𝑖𝑖  −  is heat generator (ohmic/magnetic losses, combustion imperfection) ℎ𝑖𝑖𝑖𝑖  − is 
effective heat transfer (including due to the oncoming flow). The constraint 𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖 ≤ 𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚 are included 
in the set of tolerances. Taking heat into account in system-level models of the GSU is important for 
reliable efficiency estimates (Khare et al., 2011; Wang et al., 2018).

The optimisation of operating modes is formulated as an optimal control problem over the 
mission horizon [0, 𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓]:

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝜋𝜋𝜋𝜋,𝑝𝑝𝑝𝑝

 𝐽𝐽𝐽𝐽 = ∫ �𝓌𝓌𝓌𝓌𝑓𝑓𝑓𝑓𝑚̇𝑚𝑚𝑚𝑓𝑓𝑓𝑓(𝑡𝑡𝑡𝑡) + 𝓌𝓌𝓌𝓌𝑟𝑟𝑟𝑟𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡+ (𝑡𝑡𝑡𝑡)�𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓
0 𝑑𝑑𝑑𝑑𝑡𝑡𝑡𝑡 .                                        (11)

With constraints:
  𝑥̇𝑥𝑥𝑥 = 𝑓𝑓𝑓𝑓(𝑥𝑥𝑥𝑥,𝑢𝑢𝑢𝑢,𝜋𝜋𝜋𝜋,𝑝𝑝𝑝𝑝), 𝑥𝑥𝑥𝑥(0) = 𝑥𝑥𝑥𝑥0

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ≤ 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶(𝑡𝑡𝑡𝑡)  ≤  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚 ,𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡)  ≤  𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚

𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼 ∈ �0,𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚�,𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ∈ �0,𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚�,𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡 ∈ [𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚]
𝑇𝑇𝑇𝑇(𝑡𝑡𝑡𝑡) ≥ 𝐷𝐷𝐷𝐷�𝑉𝑉𝑉𝑉(𝑡𝑡𝑡𝑡),ℎ(𝑡𝑡𝑡𝑡)� + 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,∀𝑡𝑡𝑡𝑡 ∈ �0, 𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓�, ⎭

⎪
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⎪
⎫

(12)

here, 𝓌𝓌𝓌𝓌𝑓𝑓𝑓𝑓,𝓌𝓌𝓌𝓌𝑟𝑟𝑟𝑟  −  are the weights of fuel and electrical energy, 𝑃𝑃𝑃𝑃 − are design parameters 
(hybridisation ratio by mass/power). Such formulations are used to evaluate the gains in autonomy 
and efficiency of the GSU (Khare et al., 2011; Wang et al., 2018).

A sensitivity analysis is performed on key parameters 𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝 of the battery,  𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼, 𝜂𝜂𝜂𝜂𝑚𝑚𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 
component mass and mission scenarios, followed by a comparison of three configurations: pure 
electric, series GSU, parallel/combined GSU. Comparison with data from the literature (increase in 

 is the indicated efficiency of the internal combustion engine 
(according to the efficiency map),  is the power heating value of the fuel, and 

𝑚̇𝑚𝑚𝑚𝑓𝑓𝑓𝑓(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼(𝑡𝑡𝑡𝑡)
𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼(𝜔𝜔𝜔𝜔𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼,𝑀𝑀𝑀𝑀𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼)𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑉𝑉𝑉𝑉

 , (7)

where 𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼  −  is the indicated efficiency of the internal combustion engine (according to the 
efficiency map), 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑉𝑉𝑉𝑉 − is the power heating value of the fuel, and 𝜂𝜂𝜂𝜂𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  − is the efficiency of the 
generator. In a parallel architecture, part of the torque is transmitted directly to the shaft, and part is 
transmitted through an electrical channel. Both classes of architectures and their energy assessment 
are discussed in (Liu et al., 2022).

The electrical power balance is written as 

𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡) + 𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡) − 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡), (8)

where 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡)  −  is the consumption of on-board electronics/service systems. The decision on 
the proportions of 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡) and 𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡) is made by the energy management controller (EMS) 
according to the rule

    �𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡),𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡)� = 𝜋𝜋𝜋𝜋(𝑥𝑥𝑥𝑥(𝑡𝑡𝑡𝑡),𝑢𝑢𝑢𝑢(𝑡𝑡𝑡𝑡),𝜃𝜃𝜃𝜃),                                                  (9)

where 𝑥𝑥𝑥𝑥(SoC, T, … )  −   is the state vector,  𝑢𝑢𝑢𝑢  −   is external disturbances/mission commands, 
and 𝜃𝜃𝜃𝜃 − is the adjustable EMS parameters. Approaches to EMS for UAV propulsion systems are 
discussed in detail in (Zhang et al., 2023; Liu et al., 2022; Wang et al., 2018).

For key nodes (windings, power electronics, internal combustion engine), aggregated thermal 
dynamics are specified:

С𝑖𝑖𝑖𝑖𝑇̇𝑇𝑇𝑇𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃ℎ,𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) − ℎ𝑖𝑖𝑖𝑖�𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) − 𝑇𝑇𝑇𝑇∞(𝑡𝑡𝑡𝑡)� ,                                                   (10)

where 𝑃𝑃𝑃𝑃ℎ,𝑖𝑖𝑖𝑖  −  is heat generator (ohmic/magnetic losses, combustion imperfection) ℎ𝑖𝑖𝑖𝑖  − is 
effective heat transfer (including due to the oncoming flow). The constraint 𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖 ≤ 𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚 are included 
in the set of tolerances. Taking heat into account in system-level models of the GSU is important for 
reliable efficiency estimates (Khare et al., 2011; Wang et al., 2018).

The optimisation of operating modes is formulated as an optimal control problem over the 
mission horizon [0, 𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓]:

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝜋𝜋𝜋𝜋,𝑝𝑝𝑝𝑝

 𝐽𝐽𝐽𝐽 = ∫ �𝓌𝓌𝓌𝓌𝑓𝑓𝑓𝑓𝑚̇𝑚𝑚𝑚𝑓𝑓𝑓𝑓(𝑡𝑡𝑡𝑡) + 𝓌𝓌𝓌𝓌𝑟𝑟𝑟𝑟𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡+ (𝑡𝑡𝑡𝑡)�𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓
0 𝑑𝑑𝑑𝑑𝑡𝑡𝑡𝑡 .                                        (11)

With constraints:
  𝑥̇𝑥𝑥𝑥 = 𝑓𝑓𝑓𝑓(𝑥𝑥𝑥𝑥,𝑢𝑢𝑢𝑢,𝜋𝜋𝜋𝜋,𝑝𝑝𝑝𝑝), 𝑥𝑥𝑥𝑥(0) = 𝑥𝑥𝑥𝑥0

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ≤ 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶(𝑡𝑡𝑡𝑡)  ≤  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚 ,𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡)  ≤  𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚

𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼 ∈ �0,𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚�,𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ∈ �0,𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚�,𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡 ∈ [𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚]
𝑇𝑇𝑇𝑇(𝑡𝑡𝑡𝑡) ≥ 𝐷𝐷𝐷𝐷�𝑉𝑉𝑉𝑉(𝑡𝑡𝑡𝑡),ℎ(𝑡𝑡𝑡𝑡)� + 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,∀𝑡𝑡𝑡𝑡 ∈ �0, 𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓�, ⎭

⎪
⎬

⎪
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(12)

here, 𝓌𝓌𝓌𝓌𝑓𝑓𝑓𝑓,𝓌𝓌𝓌𝓌𝑟𝑟𝑟𝑟  −  are the weights of fuel and electrical energy, 𝑃𝑃𝑃𝑃 − are design parameters 
(hybridisation ratio by mass/power). Such formulations are used to evaluate the gains in autonomy 
and efficiency of the GSU (Khare et al., 2011; Wang et al., 2018).

A sensitivity analysis is performed on key parameters 𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝 of the battery,  𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼, 𝜂𝜂𝜂𝜂𝑚𝑚𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 
component mass and mission scenarios, followed by a comparison of three configurations: pure 
electric, series GSU, parallel/combined GSU. Comparison with data from the literature (increase in 

 is the efficiency of the generator. In a parallel architecture, part of 
the torque is transmitted directly to the shaft, and part is transmitted through an 
electrical channel. Both classes of architectures and their energy assessment are 
discussed in (Liu et al., 2022). 

The electrical power balance is written as 

𝑚̇𝑚𝑚𝑚𝑓𝑓𝑓𝑓(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼(𝑡𝑡𝑡𝑡)
𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼(𝜔𝜔𝜔𝜔𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼,𝑀𝑀𝑀𝑀𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼)𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑉𝑉𝑉𝑉

 , (7)

where 𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼  −  is the indicated efficiency of the internal combustion engine (according to the 
efficiency map), 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑉𝑉𝑉𝑉 − is the power heating value of the fuel, and 𝜂𝜂𝜂𝜂𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  − is the efficiency of the 
generator. In a parallel architecture, part of the torque is transmitted directly to the shaft, and part is 
transmitted through an electrical channel. Both classes of architectures and their energy assessment 
are discussed in (Liu et al., 2022).

The electrical power balance is written as 

𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡) + 𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡) − 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡), (8)

where 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡)  −  is the consumption of on-board electronics/service systems. The decision on 
the proportions of 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡) and 𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡) is made by the energy management controller (EMS) 
according to the rule

    �𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡),𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡)� = 𝜋𝜋𝜋𝜋(𝑥𝑥𝑥𝑥(𝑡𝑡𝑡𝑡),𝑢𝑢𝑢𝑢(𝑡𝑡𝑡𝑡),𝜃𝜃𝜃𝜃),                                                  (9)

where 𝑥𝑥𝑥𝑥(SoC, T, … )  −   is the state vector,  𝑢𝑢𝑢𝑢  −   is external disturbances/mission commands, 
and 𝜃𝜃𝜃𝜃 − is the adjustable EMS parameters. Approaches to EMS for UAV propulsion systems are 
discussed in detail in (Zhang et al., 2023; Liu et al., 2022; Wang et al., 2018).

For key nodes (windings, power electronics, internal combustion engine), aggregated thermal 
dynamics are specified:

С𝑖𝑖𝑖𝑖𝑇̇𝑇𝑇𝑇𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃ℎ,𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) − ℎ𝑖𝑖𝑖𝑖�𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) − 𝑇𝑇𝑇𝑇∞(𝑡𝑡𝑡𝑡)� ,                                                   (10)

where 𝑃𝑃𝑃𝑃ℎ,𝑖𝑖𝑖𝑖  −  is heat generator (ohmic/magnetic losses, combustion imperfection) ℎ𝑖𝑖𝑖𝑖  − is 
effective heat transfer (including due to the oncoming flow). The constraint 𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖 ≤ 𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚 are included 
in the set of tolerances. Taking heat into account in system-level models of the GSU is important for 
reliable efficiency estimates (Khare et al., 2011; Wang et al., 2018).

The optimisation of operating modes is formulated as an optimal control problem over the 
mission horizon [0, 𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓]:

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝜋𝜋𝜋𝜋,𝑝𝑝𝑝𝑝

 𝐽𝐽𝐽𝐽 = ∫ �𝓌𝓌𝓌𝓌𝑓𝑓𝑓𝑓𝑚̇𝑚𝑚𝑚𝑓𝑓𝑓𝑓(𝑡𝑡𝑡𝑡) + 𝓌𝓌𝓌𝓌𝑟𝑟𝑟𝑟𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡+ (𝑡𝑡𝑡𝑡)�𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓
0 𝑑𝑑𝑑𝑑𝑡𝑡𝑡𝑡 .                                        (11)

With constraints:
  𝑥̇𝑥𝑥𝑥 = 𝑓𝑓𝑓𝑓(𝑥𝑥𝑥𝑥,𝑢𝑢𝑢𝑢,𝜋𝜋𝜋𝜋,𝑝𝑝𝑝𝑝), 𝑥𝑥𝑥𝑥(0) = 𝑥𝑥𝑥𝑥0

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ≤ 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶(𝑡𝑡𝑡𝑡)  ≤  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚 ,𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡)  ≤  𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚

𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼 ∈ �0,𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚�,𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ∈ �0,𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚�,𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡 ∈ [𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚]
𝑇𝑇𝑇𝑇(𝑡𝑡𝑡𝑡) ≥ 𝐷𝐷𝐷𝐷�𝑉𝑉𝑉𝑉(𝑡𝑡𝑡𝑡),ℎ(𝑡𝑡𝑡𝑡)� + 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,∀𝑡𝑡𝑡𝑡 ∈ �0, 𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓�, ⎭

⎪
⎬

⎪
⎫

(12)

here, 𝓌𝓌𝓌𝓌𝑓𝑓𝑓𝑓,𝓌𝓌𝓌𝓌𝑟𝑟𝑟𝑟  −  are the weights of fuel and electrical energy, 𝑃𝑃𝑃𝑃 − are design parameters 
(hybridisation ratio by mass/power). Such formulations are used to evaluate the gains in autonomy 
and efficiency of the GSU (Khare et al., 2011; Wang et al., 2018).

A sensitivity analysis is performed on key parameters 𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝 of the battery,  𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼, 𝜂𝜂𝜂𝜂𝑚𝑚𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 
component mass and mission scenarios, followed by a comparison of three configurations: pure 
electric, series GSU, parallel/combined GSU. Comparison with data from the literature (increase in 

				    (8)

where 

𝑚̇𝑚𝑚𝑚𝑓𝑓𝑓𝑓(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼(𝑡𝑡𝑡𝑡)
𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼(𝜔𝜔𝜔𝜔𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼,𝑀𝑀𝑀𝑀𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼)𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑉𝑉𝑉𝑉

 , (7)

where 𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼  −  is the indicated efficiency of the internal combustion engine (according to the 
efficiency map), 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑉𝑉𝑉𝑉 − is the power heating value of the fuel, and 𝜂𝜂𝜂𝜂𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  − is the efficiency of the 
generator. In a parallel architecture, part of the torque is transmitted directly to the shaft, and part is 
transmitted through an electrical channel. Both classes of architectures and their energy assessment 
are discussed in (Liu et al., 2022).

The electrical power balance is written as 

𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡) + 𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡) − 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡), (8)

where 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡)  −  is the consumption of on-board electronics/service systems. The decision on 
the proportions of 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡) and 𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡) is made by the energy management controller (EMS) 
according to the rule

    �𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡),𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡)� = 𝜋𝜋𝜋𝜋(𝑥𝑥𝑥𝑥(𝑡𝑡𝑡𝑡),𝑢𝑢𝑢𝑢(𝑡𝑡𝑡𝑡),𝜃𝜃𝜃𝜃),                                                  (9)

where 𝑥𝑥𝑥𝑥(SoC, T, … )  −   is the state vector,  𝑢𝑢𝑢𝑢  −   is external disturbances/mission commands, 
and 𝜃𝜃𝜃𝜃 − is the adjustable EMS parameters. Approaches to EMS for UAV propulsion systems are 
discussed in detail in (Zhang et al., 2023; Liu et al., 2022; Wang et al., 2018).

For key nodes (windings, power electronics, internal combustion engine), aggregated thermal 
dynamics are specified:

С𝑖𝑖𝑖𝑖𝑇̇𝑇𝑇𝑇𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃ℎ,𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) − ℎ𝑖𝑖𝑖𝑖�𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) − 𝑇𝑇𝑇𝑇∞(𝑡𝑡𝑡𝑡)� ,                                                   (10)

where 𝑃𝑃𝑃𝑃ℎ,𝑖𝑖𝑖𝑖  −  is heat generator (ohmic/magnetic losses, combustion imperfection) ℎ𝑖𝑖𝑖𝑖  − is 
effective heat transfer (including due to the oncoming flow). The constraint 𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖 ≤ 𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚 are included 
in the set of tolerances. Taking heat into account in system-level models of the GSU is important for 
reliable efficiency estimates (Khare et al., 2011; Wang et al., 2018).

The optimisation of operating modes is formulated as an optimal control problem over the 
mission horizon [0, 𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓]:

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝜋𝜋𝜋𝜋,𝑝𝑝𝑝𝑝

 𝐽𝐽𝐽𝐽 = ∫ �𝓌𝓌𝓌𝓌𝑓𝑓𝑓𝑓𝑚̇𝑚𝑚𝑚𝑓𝑓𝑓𝑓(𝑡𝑡𝑡𝑡) + 𝓌𝓌𝓌𝓌𝑟𝑟𝑟𝑟𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡+ (𝑡𝑡𝑡𝑡)�𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓
0 𝑑𝑑𝑑𝑑𝑡𝑡𝑡𝑡 .                                        (11)

With constraints:
  𝑥̇𝑥𝑥𝑥 = 𝑓𝑓𝑓𝑓(𝑥𝑥𝑥𝑥,𝑢𝑢𝑢𝑢,𝜋𝜋𝜋𝜋,𝑝𝑝𝑝𝑝), 𝑥𝑥𝑥𝑥(0) = 𝑥𝑥𝑥𝑥0

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ≤ 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶(𝑡𝑡𝑡𝑡)  ≤  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚 ,𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡)  ≤  𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚

𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼 ∈ �0,𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚�,𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ∈ �0,𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚�,𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡 ∈ [𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚]
𝑇𝑇𝑇𝑇(𝑡𝑡𝑡𝑡) ≥ 𝐷𝐷𝐷𝐷�𝑉𝑉𝑉𝑉(𝑡𝑡𝑡𝑡),ℎ(𝑡𝑡𝑡𝑡)� + 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,∀𝑡𝑡𝑡𝑡 ∈ �0, 𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓�, ⎭

⎪
⎬

⎪
⎫

(12)

here, 𝓌𝓌𝓌𝓌𝑓𝑓𝑓𝑓,𝓌𝓌𝓌𝓌𝑟𝑟𝑟𝑟  −  are the weights of fuel and electrical energy, 𝑃𝑃𝑃𝑃 − are design parameters 
(hybridisation ratio by mass/power). Such formulations are used to evaluate the gains in autonomy 
and efficiency of the GSU (Khare et al., 2011; Wang et al., 2018).

A sensitivity analysis is performed on key parameters 𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝 of the battery,  𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼, 𝜂𝜂𝜂𝜂𝑚𝑚𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 
component mass and mission scenarios, followed by a comparison of three configurations: pure 
electric, series GSU, parallel/combined GSU. Comparison with data from the literature (increase in 

   is the consumption of on-board electronics/service systems. 
The decision on the proportions of 

𝑚̇𝑚𝑚𝑚𝑓𝑓𝑓𝑓(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼(𝑡𝑡𝑡𝑡)
𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼(𝜔𝜔𝜔𝜔𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼,𝑀𝑀𝑀𝑀𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼)𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑉𝑉𝑉𝑉

 , (7)

where 𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼  −  is the indicated efficiency of the internal combustion engine (according to the 
efficiency map), 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑉𝑉𝑉𝑉 − is the power heating value of the fuel, and 𝜂𝜂𝜂𝜂𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  − is the efficiency of the 
generator. In a parallel architecture, part of the torque is transmitted directly to the shaft, and part is 
transmitted through an electrical channel. Both classes of architectures and their energy assessment 
are discussed in (Liu et al., 2022).

The electrical power balance is written as 

𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡) + 𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡) − 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡), (8)

where 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡)  −  is the consumption of on-board electronics/service systems. The decision on 
the proportions of 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡) and 𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡) is made by the energy management controller (EMS) 
according to the rule

    �𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡),𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡)� = 𝜋𝜋𝜋𝜋(𝑥𝑥𝑥𝑥(𝑡𝑡𝑡𝑡),𝑢𝑢𝑢𝑢(𝑡𝑡𝑡𝑡),𝜃𝜃𝜃𝜃),                                                  (9)

where 𝑥𝑥𝑥𝑥(SoC, T, … )  −   is the state vector,  𝑢𝑢𝑢𝑢  −   is external disturbances/mission commands, 
and 𝜃𝜃𝜃𝜃 − is the adjustable EMS parameters. Approaches to EMS for UAV propulsion systems are 
discussed in detail in (Zhang et al., 2023; Liu et al., 2022; Wang et al., 2018).

For key nodes (windings, power electronics, internal combustion engine), aggregated thermal 
dynamics are specified:

С𝑖𝑖𝑖𝑖𝑇̇𝑇𝑇𝑇𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃ℎ,𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) − ℎ𝑖𝑖𝑖𝑖�𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) − 𝑇𝑇𝑇𝑇∞(𝑡𝑡𝑡𝑡)� ,                                                   (10)

where 𝑃𝑃𝑃𝑃ℎ,𝑖𝑖𝑖𝑖  −  is heat generator (ohmic/magnetic losses, combustion imperfection) ℎ𝑖𝑖𝑖𝑖  − is 
effective heat transfer (including due to the oncoming flow). The constraint 𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖 ≤ 𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚 are included 
in the set of tolerances. Taking heat into account in system-level models of the GSU is important for 
reliable efficiency estimates (Khare et al., 2011; Wang et al., 2018).

The optimisation of operating modes is formulated as an optimal control problem over the 
mission horizon [0, 𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓]:

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝜋𝜋𝜋𝜋,𝑝𝑝𝑝𝑝

 𝐽𝐽𝐽𝐽 = ∫ �𝓌𝓌𝓌𝓌𝑓𝑓𝑓𝑓𝑚̇𝑚𝑚𝑚𝑓𝑓𝑓𝑓(𝑡𝑡𝑡𝑡) + 𝓌𝓌𝓌𝓌𝑟𝑟𝑟𝑟𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡+ (𝑡𝑡𝑡𝑡)�𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓
0 𝑑𝑑𝑑𝑑𝑡𝑡𝑡𝑡 .                                        (11)

With constraints:
  𝑥̇𝑥𝑥𝑥 = 𝑓𝑓𝑓𝑓(𝑥𝑥𝑥𝑥,𝑢𝑢𝑢𝑢,𝜋𝜋𝜋𝜋,𝑝𝑝𝑝𝑝), 𝑥𝑥𝑥𝑥(0) = 𝑥𝑥𝑥𝑥0

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ≤ 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶(𝑡𝑡𝑡𝑡)  ≤  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚 ,𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡)  ≤  𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚

𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼 ∈ �0,𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚�,𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ∈ �0,𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚�,𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡 ∈ [𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚]
𝑇𝑇𝑇𝑇(𝑡𝑡𝑡𝑡) ≥ 𝐷𝐷𝐷𝐷�𝑉𝑉𝑉𝑉(𝑡𝑡𝑡𝑡),ℎ(𝑡𝑡𝑡𝑡)� + 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,∀𝑡𝑡𝑡𝑡 ∈ �0, 𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓�, ⎭

⎪
⎬

⎪
⎫

(12)

here, 𝓌𝓌𝓌𝓌𝑓𝑓𝑓𝑓,𝓌𝓌𝓌𝓌𝑟𝑟𝑟𝑟  −  are the weights of fuel and electrical energy, 𝑃𝑃𝑃𝑃 − are design parameters 
(hybridisation ratio by mass/power). Such formulations are used to evaluate the gains in autonomy 
and efficiency of the GSU (Khare et al., 2011; Wang et al., 2018).

A sensitivity analysis is performed on key parameters 𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝 of the battery,  𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼, 𝜂𝜂𝜂𝜂𝑚𝑚𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 
component mass and mission scenarios, followed by a comparison of three configurations: pure 
electric, series GSU, parallel/combined GSU. Comparison with data from the literature (increase in 

  and  

𝑚̇𝑚𝑚𝑚𝑓𝑓𝑓𝑓(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼(𝑡𝑡𝑡𝑡)
𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼(𝜔𝜔𝜔𝜔𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼,𝑀𝑀𝑀𝑀𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼)𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑉𝑉𝑉𝑉

 , (7)

where 𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼  −  is the indicated efficiency of the internal combustion engine (according to the 
efficiency map), 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑉𝑉𝑉𝑉 − is the power heating value of the fuel, and 𝜂𝜂𝜂𝜂𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  − is the efficiency of the 
generator. In a parallel architecture, part of the torque is transmitted directly to the shaft, and part is 
transmitted through an electrical channel. Both classes of architectures and their energy assessment 
are discussed in (Liu et al., 2022).

The electrical power balance is written as 

𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡) + 𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡) − 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡), (8)

where 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡)  −  is the consumption of on-board electronics/service systems. The decision on 
the proportions of 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡) and 𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡) is made by the energy management controller (EMS) 
according to the rule

    �𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡),𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡)� = 𝜋𝜋𝜋𝜋(𝑥𝑥𝑥𝑥(𝑡𝑡𝑡𝑡),𝑢𝑢𝑢𝑢(𝑡𝑡𝑡𝑡),𝜃𝜃𝜃𝜃),                                                  (9)

where 𝑥𝑥𝑥𝑥(SoC, T, … )  −   is the state vector,  𝑢𝑢𝑢𝑢  −   is external disturbances/mission commands, 
and 𝜃𝜃𝜃𝜃 − is the adjustable EMS parameters. Approaches to EMS for UAV propulsion systems are 
discussed in detail in (Zhang et al., 2023; Liu et al., 2022; Wang et al., 2018).

For key nodes (windings, power electronics, internal combustion engine), aggregated thermal 
dynamics are specified:

С𝑖𝑖𝑖𝑖𝑇̇𝑇𝑇𝑇𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃ℎ,𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) − ℎ𝑖𝑖𝑖𝑖�𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) − 𝑇𝑇𝑇𝑇∞(𝑡𝑡𝑡𝑡)� ,                                                   (10)

where 𝑃𝑃𝑃𝑃ℎ,𝑖𝑖𝑖𝑖  −  is heat generator (ohmic/magnetic losses, combustion imperfection) ℎ𝑖𝑖𝑖𝑖  − is 
effective heat transfer (including due to the oncoming flow). The constraint 𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖 ≤ 𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚 are included 
in the set of tolerances. Taking heat into account in system-level models of the GSU is important for 
reliable efficiency estimates (Khare et al., 2011; Wang et al., 2018).

The optimisation of operating modes is formulated as an optimal control problem over the 
mission horizon [0, 𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓]:

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝜋𝜋𝜋𝜋,𝑝𝑝𝑝𝑝

 𝐽𝐽𝐽𝐽 = ∫ �𝓌𝓌𝓌𝓌𝑓𝑓𝑓𝑓𝑚̇𝑚𝑚𝑚𝑓𝑓𝑓𝑓(𝑡𝑡𝑡𝑡) + 𝓌𝓌𝓌𝓌𝑟𝑟𝑟𝑟𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡+ (𝑡𝑡𝑡𝑡)�𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓
0 𝑑𝑑𝑑𝑑𝑡𝑡𝑡𝑡 .                                        (11)

With constraints:
  𝑥̇𝑥𝑥𝑥 = 𝑓𝑓𝑓𝑓(𝑥𝑥𝑥𝑥,𝑢𝑢𝑢𝑢,𝜋𝜋𝜋𝜋,𝑝𝑝𝑝𝑝), 𝑥𝑥𝑥𝑥(0) = 𝑥𝑥𝑥𝑥0

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ≤ 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶(𝑡𝑡𝑡𝑡)  ≤  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚 ,𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡)  ≤  𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚

𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼 ∈ �0,𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚�,𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ∈ �0,𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚�,𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡 ∈ [𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚]
𝑇𝑇𝑇𝑇(𝑡𝑡𝑡𝑡) ≥ 𝐷𝐷𝐷𝐷�𝑉𝑉𝑉𝑉(𝑡𝑡𝑡𝑡),ℎ(𝑡𝑡𝑡𝑡)� + 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,∀𝑡𝑡𝑡𝑡 ∈ �0, 𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓�, ⎭

⎪
⎬

⎪
⎫

(12)

here, 𝓌𝓌𝓌𝓌𝑓𝑓𝑓𝑓,𝓌𝓌𝓌𝓌𝑟𝑟𝑟𝑟  −  are the weights of fuel and electrical energy, 𝑃𝑃𝑃𝑃 − are design parameters 
(hybridisation ratio by mass/power). Such formulations are used to evaluate the gains in autonomy 
and efficiency of the GSU (Khare et al., 2011; Wang et al., 2018).

A sensitivity analysis is performed on key parameters 𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝 of the battery,  𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼, 𝜂𝜂𝜂𝜂𝑚𝑚𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 
component mass and mission scenarios, followed by a comparison of three configurations: pure 
electric, series GSU, parallel/combined GSU. Comparison with data from the literature (increase in 

 is made by the energy 
management controller (EMS) according to the rule

𝑚̇𝑚𝑚𝑚𝑓𝑓𝑓𝑓(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼(𝑡𝑡𝑡𝑡)
𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼(𝜔𝜔𝜔𝜔𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼,𝑀𝑀𝑀𝑀𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼)𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑉𝑉𝑉𝑉

 , (7)

where 𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼  −  is the indicated efficiency of the internal combustion engine (according to the 
efficiency map), 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑉𝑉𝑉𝑉 − is the power heating value of the fuel, and 𝜂𝜂𝜂𝜂𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  − is the efficiency of the 
generator. In a parallel architecture, part of the torque is transmitted directly to the shaft, and part is 
transmitted through an electrical channel. Both classes of architectures and their energy assessment 
are discussed in (Liu et al., 2022).

The electrical power balance is written as 

𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡) + 𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡) − 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡), (8)

where 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡)  −  is the consumption of on-board electronics/service systems. The decision on 
the proportions of 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡) and 𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡) is made by the energy management controller (EMS) 
according to the rule

    �𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡),𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡)� = 𝜋𝜋𝜋𝜋(𝑥𝑥𝑥𝑥(𝑡𝑡𝑡𝑡),𝑢𝑢𝑢𝑢(𝑡𝑡𝑡𝑡),𝜃𝜃𝜃𝜃),                                                  (9)

where 𝑥𝑥𝑥𝑥(SoC, T, … )  −   is the state vector,  𝑢𝑢𝑢𝑢  −   is external disturbances/mission commands, 
and 𝜃𝜃𝜃𝜃 − is the adjustable EMS parameters. Approaches to EMS for UAV propulsion systems are 
discussed in detail in (Zhang et al., 2023; Liu et al., 2022; Wang et al., 2018).

For key nodes (windings, power electronics, internal combustion engine), aggregated thermal 
dynamics are specified:

С𝑖𝑖𝑖𝑖𝑇̇𝑇𝑇𝑇𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃ℎ,𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) − ℎ𝑖𝑖𝑖𝑖�𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) − 𝑇𝑇𝑇𝑇∞(𝑡𝑡𝑡𝑡)� ,                                                   (10)

where 𝑃𝑃𝑃𝑃ℎ,𝑖𝑖𝑖𝑖  −  is heat generator (ohmic/magnetic losses, combustion imperfection) ℎ𝑖𝑖𝑖𝑖  − is 
effective heat transfer (including due to the oncoming flow). The constraint 𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖 ≤ 𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚 are included 
in the set of tolerances. Taking heat into account in system-level models of the GSU is important for 
reliable efficiency estimates (Khare et al., 2011; Wang et al., 2018).

The optimisation of operating modes is formulated as an optimal control problem over the 
mission horizon [0, 𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓]:

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝜋𝜋𝜋𝜋,𝑝𝑝𝑝𝑝

 𝐽𝐽𝐽𝐽 = ∫ �𝓌𝓌𝓌𝓌𝑓𝑓𝑓𝑓𝑚̇𝑚𝑚𝑚𝑓𝑓𝑓𝑓(𝑡𝑡𝑡𝑡) + 𝓌𝓌𝓌𝓌𝑟𝑟𝑟𝑟𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡+ (𝑡𝑡𝑡𝑡)�𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓
0 𝑑𝑑𝑑𝑑𝑡𝑡𝑡𝑡 .                                        (11)

With constraints:
  𝑥̇𝑥𝑥𝑥 = 𝑓𝑓𝑓𝑓(𝑥𝑥𝑥𝑥,𝑢𝑢𝑢𝑢,𝜋𝜋𝜋𝜋,𝑝𝑝𝑝𝑝), 𝑥𝑥𝑥𝑥(0) = 𝑥𝑥𝑥𝑥0

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ≤ 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶(𝑡𝑡𝑡𝑡)  ≤  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚 ,𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡)  ≤  𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚

𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼 ∈ �0,𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚�,𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ∈ �0,𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚�,𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡 ∈ [𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚]
𝑇𝑇𝑇𝑇(𝑡𝑡𝑡𝑡) ≥ 𝐷𝐷𝐷𝐷�𝑉𝑉𝑉𝑉(𝑡𝑡𝑡𝑡),ℎ(𝑡𝑡𝑡𝑡)� + 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,∀𝑡𝑡𝑡𝑡 ∈ �0, 𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓�, ⎭

⎪
⎬
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(12)

here, 𝓌𝓌𝓌𝓌𝑓𝑓𝑓𝑓,𝓌𝓌𝓌𝓌𝑟𝑟𝑟𝑟  −  are the weights of fuel and electrical energy, 𝑃𝑃𝑃𝑃 − are design parameters 
(hybridisation ratio by mass/power). Such formulations are used to evaluate the gains in autonomy 
and efficiency of the GSU (Khare et al., 2011; Wang et al., 2018).

A sensitivity analysis is performed on key parameters 𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝 of the battery,  𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼, 𝜂𝜂𝜂𝜂𝑚𝑚𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 
component mass and mission scenarios, followed by a comparison of three configurations: pure 
electric, series GSU, parallel/combined GSU. Comparison with data from the literature (increase in 

				    (9)

where 

𝑚̇𝑚𝑚𝑚𝑓𝑓𝑓𝑓(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼(𝑡𝑡𝑡𝑡)
𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼(𝜔𝜔𝜔𝜔𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼,𝑀𝑀𝑀𝑀𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼)𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑉𝑉𝑉𝑉

 , (7)

where 𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼  −  is the indicated efficiency of the internal combustion engine (according to the 
efficiency map), 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑉𝑉𝑉𝑉 − is the power heating value of the fuel, and 𝜂𝜂𝜂𝜂𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  − is the efficiency of the 
generator. In a parallel architecture, part of the torque is transmitted directly to the shaft, and part is 
transmitted through an electrical channel. Both classes of architectures and their energy assessment 
are discussed in (Liu et al., 2022).

The electrical power balance is written as 

𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡) + 𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡) − 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡), (8)

where 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡)  −  is the consumption of on-board electronics/service systems. The decision on 
the proportions of 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡) and 𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡) is made by the energy management controller (EMS) 
according to the rule

    �𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡),𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡)� = 𝜋𝜋𝜋𝜋(𝑥𝑥𝑥𝑥(𝑡𝑡𝑡𝑡),𝑢𝑢𝑢𝑢(𝑡𝑡𝑡𝑡),𝜃𝜃𝜃𝜃),                                                  (9)

where 𝑥𝑥𝑥𝑥(SoC, T, … )  −   is the state vector,  𝑢𝑢𝑢𝑢  −   is external disturbances/mission commands, 
and 𝜃𝜃𝜃𝜃 − is the adjustable EMS parameters. Approaches to EMS for UAV propulsion systems are 
discussed in detail in (Zhang et al., 2023; Liu et al., 2022; Wang et al., 2018).

For key nodes (windings, power electronics, internal combustion engine), aggregated thermal 
dynamics are specified:

С𝑖𝑖𝑖𝑖𝑇̇𝑇𝑇𝑇𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃ℎ,𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) − ℎ𝑖𝑖𝑖𝑖�𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) − 𝑇𝑇𝑇𝑇∞(𝑡𝑡𝑡𝑡)� ,                                                   (10)

where 𝑃𝑃𝑃𝑃ℎ,𝑖𝑖𝑖𝑖  −  is heat generator (ohmic/magnetic losses, combustion imperfection) ℎ𝑖𝑖𝑖𝑖  − is 
effective heat transfer (including due to the oncoming flow). The constraint 𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖 ≤ 𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚 are included 
in the set of tolerances. Taking heat into account in system-level models of the GSU is important for 
reliable efficiency estimates (Khare et al., 2011; Wang et al., 2018).

The optimisation of operating modes is formulated as an optimal control problem over the 
mission horizon [0, 𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓]:

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝜋𝜋𝜋𝜋,𝑝𝑝𝑝𝑝

 𝐽𝐽𝐽𝐽 = ∫ �𝓌𝓌𝓌𝓌𝑓𝑓𝑓𝑓𝑚̇𝑚𝑚𝑚𝑓𝑓𝑓𝑓(𝑡𝑡𝑡𝑡) + 𝓌𝓌𝓌𝓌𝑟𝑟𝑟𝑟𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡+ (𝑡𝑡𝑡𝑡)�𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓
0 𝑑𝑑𝑑𝑑𝑡𝑡𝑡𝑡 .                                        (11)

With constraints:
  𝑥̇𝑥𝑥𝑥 = 𝑓𝑓𝑓𝑓(𝑥𝑥𝑥𝑥,𝑢𝑢𝑢𝑢,𝜋𝜋𝜋𝜋,𝑝𝑝𝑝𝑝), 𝑥𝑥𝑥𝑥(0) = 𝑥𝑥𝑥𝑥0

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ≤ 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶(𝑡𝑡𝑡𝑡)  ≤  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚 ,𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡)  ≤  𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚

𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼 ∈ �0,𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚�,𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ∈ �0,𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚�,𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡 ∈ [𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚]
𝑇𝑇𝑇𝑇(𝑡𝑡𝑡𝑡) ≥ 𝐷𝐷𝐷𝐷�𝑉𝑉𝑉𝑉(𝑡𝑡𝑡𝑡),ℎ(𝑡𝑡𝑡𝑡)� + 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,∀𝑡𝑡𝑡𝑡 ∈ �0, 𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓�, ⎭

⎪
⎬

⎪
⎫

(12)

here, 𝓌𝓌𝓌𝓌𝑓𝑓𝑓𝑓,𝓌𝓌𝓌𝓌𝑟𝑟𝑟𝑟  −  are the weights of fuel and electrical energy, 𝑃𝑃𝑃𝑃 − are design parameters 
(hybridisation ratio by mass/power). Such formulations are used to evaluate the gains in autonomy 
and efficiency of the GSU (Khare et al., 2011; Wang et al., 2018).

A sensitivity analysis is performed on key parameters 𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝 of the battery,  𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼, 𝜂𝜂𝜂𝜂𝑚𝑚𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 
component mass and mission scenarios, followed by a comparison of three configurations: pure 
electric, series GSU, parallel/combined GSU. Comparison with data from the literature (increase in 

 –is the state vector, u – is external disturbances/mission 
commands, and θ – is the adjustable EMS parameters. Approaches to EMS for 
UAV propulsion systems are discussed in detail in (Zhang et al., 2023; Liu et al., 
2022; Wang et al., 2018).

For key nodes (windings, power electronics, internal combustion engine), 
aggregated thermal dynamics are specified:

𝑚̇𝑚𝑚𝑚𝑓𝑓𝑓𝑓(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼(𝑡𝑡𝑡𝑡)
𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼(𝜔𝜔𝜔𝜔𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼,𝑀𝑀𝑀𝑀𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼)𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑉𝑉𝑉𝑉

 , (7)

where 𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼  −  is the indicated efficiency of the internal combustion engine (according to the 
efficiency map), 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑉𝑉𝑉𝑉 − is the power heating value of the fuel, and 𝜂𝜂𝜂𝜂𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  − is the efficiency of the 
generator. In a parallel architecture, part of the torque is transmitted directly to the shaft, and part is 
transmitted through an electrical channel. Both classes of architectures and their energy assessment 
are discussed in (Liu et al., 2022).

The electrical power balance is written as 

𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡) + 𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡) − 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡), (8)

where 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡)  −  is the consumption of on-board electronics/service systems. The decision on 
the proportions of 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡) and 𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡) is made by the energy management controller (EMS) 
according to the rule

    �𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡),𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡)� = 𝜋𝜋𝜋𝜋(𝑥𝑥𝑥𝑥(𝑡𝑡𝑡𝑡),𝑢𝑢𝑢𝑢(𝑡𝑡𝑡𝑡),𝜃𝜃𝜃𝜃),                                                  (9)

where 𝑥𝑥𝑥𝑥(SoC, T, … )  −   is the state vector,  𝑢𝑢𝑢𝑢  −   is external disturbances/mission commands, 
and 𝜃𝜃𝜃𝜃 − is the adjustable EMS parameters. Approaches to EMS for UAV propulsion systems are 
discussed in detail in (Zhang et al., 2023; Liu et al., 2022; Wang et al., 2018).

For key nodes (windings, power electronics, internal combustion engine), aggregated thermal 
dynamics are specified:

С𝑖𝑖𝑖𝑖𝑇̇𝑇𝑇𝑇𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃ℎ,𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) − ℎ𝑖𝑖𝑖𝑖�𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) − 𝑇𝑇𝑇𝑇∞(𝑡𝑡𝑡𝑡)� ,                                                   (10)

where 𝑃𝑃𝑃𝑃ℎ,𝑖𝑖𝑖𝑖  −  is heat generator (ohmic/magnetic losses, combustion imperfection) ℎ𝑖𝑖𝑖𝑖  − is 
effective heat transfer (including due to the oncoming flow). The constraint 𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖 ≤ 𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚 are included 
in the set of tolerances. Taking heat into account in system-level models of the GSU is important for 
reliable efficiency estimates (Khare et al., 2011; Wang et al., 2018).

The optimisation of operating modes is formulated as an optimal control problem over the 
mission horizon [0, 𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓]:

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝜋𝜋𝜋𝜋,𝑝𝑝𝑝𝑝

 𝐽𝐽𝐽𝐽 = ∫ �𝓌𝓌𝓌𝓌𝑓𝑓𝑓𝑓𝑚̇𝑚𝑚𝑚𝑓𝑓𝑓𝑓(𝑡𝑡𝑡𝑡) + 𝓌𝓌𝓌𝓌𝑟𝑟𝑟𝑟𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡+ (𝑡𝑡𝑡𝑡)�𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓
0 𝑑𝑑𝑑𝑑𝑡𝑡𝑡𝑡 .                                        (11)

With constraints:
  𝑥̇𝑥𝑥𝑥 = 𝑓𝑓𝑓𝑓(𝑥𝑥𝑥𝑥,𝑢𝑢𝑢𝑢,𝜋𝜋𝜋𝜋,𝑝𝑝𝑝𝑝), 𝑥𝑥𝑥𝑥(0) = 𝑥𝑥𝑥𝑥0

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ≤ 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶(𝑡𝑡𝑡𝑡)  ≤  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚 ,𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡)  ≤  𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚

𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼 ∈ �0,𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚�,𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ∈ �0,𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚�,𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡 ∈ [𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚]
𝑇𝑇𝑇𝑇(𝑡𝑡𝑡𝑡) ≥ 𝐷𝐷𝐷𝐷�𝑉𝑉𝑉𝑉(𝑡𝑡𝑡𝑡),ℎ(𝑡𝑡𝑡𝑡)� + 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,∀𝑡𝑡𝑡𝑡 ∈ �0, 𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓�, ⎭

⎪
⎬

⎪
⎫

(12)

here, 𝓌𝓌𝓌𝓌𝑓𝑓𝑓𝑓,𝓌𝓌𝓌𝓌𝑟𝑟𝑟𝑟  −  are the weights of fuel and electrical energy, 𝑃𝑃𝑃𝑃 − are design parameters 
(hybridisation ratio by mass/power). Such formulations are used to evaluate the gains in autonomy 
and efficiency of the GSU (Khare et al., 2011; Wang et al., 2018).

A sensitivity analysis is performed on key parameters 𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝 of the battery,  𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼, 𝜂𝜂𝜂𝜂𝑚𝑚𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 
component mass and mission scenarios, followed by a comparison of three configurations: pure 
electric, series GSU, parallel/combined GSU. Comparison with data from the literature (increase in 

 				    (10)
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where 

𝑚̇𝑚𝑚𝑚𝑓𝑓𝑓𝑓(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼(𝑡𝑡𝑡𝑡)
𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼(𝜔𝜔𝜔𝜔𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼,𝑀𝑀𝑀𝑀𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼)𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑉𝑉𝑉𝑉

 , (7)

where 𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼  −  is the indicated efficiency of the internal combustion engine (according to the 
efficiency map), 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑉𝑉𝑉𝑉 − is the power heating value of the fuel, and 𝜂𝜂𝜂𝜂𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  − is the efficiency of the 
generator. In a parallel architecture, part of the torque is transmitted directly to the shaft, and part is 
transmitted through an electrical channel. Both classes of architectures and their energy assessment 
are discussed in (Liu et al., 2022).

The electrical power balance is written as 

𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡) + 𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡) − 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡), (8)

where 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡)  −  is the consumption of on-board electronics/service systems. The decision on 
the proportions of 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡) and 𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡) is made by the energy management controller (EMS) 
according to the rule

    �𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡),𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡)� = 𝜋𝜋𝜋𝜋(𝑥𝑥𝑥𝑥(𝑡𝑡𝑡𝑡),𝑢𝑢𝑢𝑢(𝑡𝑡𝑡𝑡),𝜃𝜃𝜃𝜃),                                                  (9)

where 𝑥𝑥𝑥𝑥(SoC, T, … )  −   is the state vector,  𝑢𝑢𝑢𝑢  −   is external disturbances/mission commands, 
and 𝜃𝜃𝜃𝜃 − is the adjustable EMS parameters. Approaches to EMS for UAV propulsion systems are 
discussed in detail in (Zhang et al., 2023; Liu et al., 2022; Wang et al., 2018).

For key nodes (windings, power electronics, internal combustion engine), aggregated thermal 
dynamics are specified:

С𝑖𝑖𝑖𝑖𝑇̇𝑇𝑇𝑇𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃ℎ,𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) − ℎ𝑖𝑖𝑖𝑖�𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) − 𝑇𝑇𝑇𝑇∞(𝑡𝑡𝑡𝑡)� ,                                                   (10)

where 𝑃𝑃𝑃𝑃ℎ,𝑖𝑖𝑖𝑖  −  is heat generator (ohmic/magnetic losses, combustion imperfection) ℎ𝑖𝑖𝑖𝑖  − is 
effective heat transfer (including due to the oncoming flow). The constraint 𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖 ≤ 𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚 are included 
in the set of tolerances. Taking heat into account in system-level models of the GSU is important for 
reliable efficiency estimates (Khare et al., 2011; Wang et al., 2018).

The optimisation of operating modes is formulated as an optimal control problem over the 
mission horizon [0, 𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓]:

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝜋𝜋𝜋𝜋,𝑝𝑝𝑝𝑝

 𝐽𝐽𝐽𝐽 = ∫ �𝓌𝓌𝓌𝓌𝑓𝑓𝑓𝑓𝑚̇𝑚𝑚𝑚𝑓𝑓𝑓𝑓(𝑡𝑡𝑡𝑡) + 𝓌𝓌𝓌𝓌𝑟𝑟𝑟𝑟𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡+ (𝑡𝑡𝑡𝑡)�𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓
0 𝑑𝑑𝑑𝑑𝑡𝑡𝑡𝑡 .                                        (11)

With constraints:
  𝑥̇𝑥𝑥𝑥 = 𝑓𝑓𝑓𝑓(𝑥𝑥𝑥𝑥,𝑢𝑢𝑢𝑢,𝜋𝜋𝜋𝜋,𝑝𝑝𝑝𝑝), 𝑥𝑥𝑥𝑥(0) = 𝑥𝑥𝑥𝑥0

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ≤ 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶(𝑡𝑡𝑡𝑡)  ≤  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚 ,𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡)  ≤  𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚

𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼 ∈ �0,𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚�,𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ∈ �0,𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚�,𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡 ∈ [𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚]
𝑇𝑇𝑇𝑇(𝑡𝑡𝑡𝑡) ≥ 𝐷𝐷𝐷𝐷�𝑉𝑉𝑉𝑉(𝑡𝑡𝑡𝑡),ℎ(𝑡𝑡𝑡𝑡)� + 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,∀𝑡𝑡𝑡𝑡 ∈ �0, 𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓�, ⎭

⎪
⎬

⎪
⎫

(12)

here, 𝓌𝓌𝓌𝓌𝑓𝑓𝑓𝑓,𝓌𝓌𝓌𝓌𝑟𝑟𝑟𝑟  −  are the weights of fuel and electrical energy, 𝑃𝑃𝑃𝑃 − are design parameters 
(hybridisation ratio by mass/power). Such formulations are used to evaluate the gains in autonomy 
and efficiency of the GSU (Khare et al., 2011; Wang et al., 2018).

A sensitivity analysis is performed on key parameters 𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝 of the battery,  𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼, 𝜂𝜂𝜂𝜂𝑚𝑚𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 
component mass and mission scenarios, followed by a comparison of three configurations: pure 
electric, series GSU, parallel/combined GSU. Comparison with data from the literature (increase in 

 is heat generator (ohmic/magnetic losses, combustion 
imperfection)  hi – is effective heat transfer (including due to the oncoming flow). 
The constraint  

𝑚̇𝑚𝑚𝑚𝑓𝑓𝑓𝑓(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼(𝑡𝑡𝑡𝑡)
𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼(𝜔𝜔𝜔𝜔𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼,𝑀𝑀𝑀𝑀𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼)𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑉𝑉𝑉𝑉

 , (7)

where 𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼  −  is the indicated efficiency of the internal combustion engine (according to the 
efficiency map), 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑉𝑉𝑉𝑉 − is the power heating value of the fuel, and 𝜂𝜂𝜂𝜂𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  − is the efficiency of the 
generator. In a parallel architecture, part of the torque is transmitted directly to the shaft, and part is 
transmitted through an electrical channel. Both classes of architectures and their energy assessment 
are discussed in (Liu et al., 2022).

The electrical power balance is written as 

𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡) + 𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡) − 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡), (8)

where 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡)  −  is the consumption of on-board electronics/service systems. The decision on 
the proportions of 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡) and 𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡) is made by the energy management controller (EMS) 
according to the rule

    �𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡),𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡)� = 𝜋𝜋𝜋𝜋(𝑥𝑥𝑥𝑥(𝑡𝑡𝑡𝑡),𝑢𝑢𝑢𝑢(𝑡𝑡𝑡𝑡),𝜃𝜃𝜃𝜃),                                                  (9)

where 𝑥𝑥𝑥𝑥(SoC, T, … )  −   is the state vector,  𝑢𝑢𝑢𝑢  −   is external disturbances/mission commands, 
and 𝜃𝜃𝜃𝜃 − is the adjustable EMS parameters. Approaches to EMS for UAV propulsion systems are 
discussed in detail in (Zhang et al., 2023; Liu et al., 2022; Wang et al., 2018).

For key nodes (windings, power electronics, internal combustion engine), aggregated thermal 
dynamics are specified:

С𝑖𝑖𝑖𝑖𝑇̇𝑇𝑇𝑇𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃ℎ,𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) − ℎ𝑖𝑖𝑖𝑖�𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) − 𝑇𝑇𝑇𝑇∞(𝑡𝑡𝑡𝑡)� ,                                                   (10)

where 𝑃𝑃𝑃𝑃ℎ,𝑖𝑖𝑖𝑖  −  is heat generator (ohmic/magnetic losses, combustion imperfection) ℎ𝑖𝑖𝑖𝑖  − is 
effective heat transfer (including due to the oncoming flow). The constraint 𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖 ≤ 𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚 are included 
in the set of tolerances. Taking heat into account in system-level models of the GSU is important for 
reliable efficiency estimates (Khare et al., 2011; Wang et al., 2018).

The optimisation of operating modes is formulated as an optimal control problem over the 
mission horizon [0, 𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓]:

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝜋𝜋𝜋𝜋,𝑝𝑝𝑝𝑝

 𝐽𝐽𝐽𝐽 = ∫ �𝓌𝓌𝓌𝓌𝑓𝑓𝑓𝑓𝑚̇𝑚𝑚𝑚𝑓𝑓𝑓𝑓(𝑡𝑡𝑡𝑡) + 𝓌𝓌𝓌𝓌𝑟𝑟𝑟𝑟𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡+ (𝑡𝑡𝑡𝑡)�𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓
0 𝑑𝑑𝑑𝑑𝑡𝑡𝑡𝑡 .                                        (11)

With constraints:
  𝑥̇𝑥𝑥𝑥 = 𝑓𝑓𝑓𝑓(𝑥𝑥𝑥𝑥,𝑢𝑢𝑢𝑢,𝜋𝜋𝜋𝜋,𝑝𝑝𝑝𝑝), 𝑥𝑥𝑥𝑥(0) = 𝑥𝑥𝑥𝑥0

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ≤ 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶(𝑡𝑡𝑡𝑡)  ≤  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚 ,𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡)  ≤  𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚

𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼 ∈ �0,𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚�,𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ∈ �0,𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚�,𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡 ∈ [𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚]
𝑇𝑇𝑇𝑇(𝑡𝑡𝑡𝑡) ≥ 𝐷𝐷𝐷𝐷�𝑉𝑉𝑉𝑉(𝑡𝑡𝑡𝑡),ℎ(𝑡𝑡𝑡𝑡)� + 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,∀𝑡𝑡𝑡𝑡 ∈ �0, 𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓�, ⎭

⎪
⎬

⎪
⎫

(12)

here, 𝓌𝓌𝓌𝓌𝑓𝑓𝑓𝑓,𝓌𝓌𝓌𝓌𝑟𝑟𝑟𝑟  −  are the weights of fuel and electrical energy, 𝑃𝑃𝑃𝑃 − are design parameters 
(hybridisation ratio by mass/power). Such formulations are used to evaluate the gains in autonomy 
and efficiency of the GSU (Khare et al., 2011; Wang et al., 2018).

A sensitivity analysis is performed on key parameters 𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝 of the battery,  𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼, 𝜂𝜂𝜂𝜂𝑚𝑚𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 
component mass and mission scenarios, followed by a comparison of three configurations: pure 
electric, series GSU, parallel/combined GSU. Comparison with data from the literature (increase in 

 are included in the set of tolerances. Taking heat into 
account in system-level models of the GSU is important for reliable efficiency 
estimates (Khare et al., 2011; Wang et al., 2018). 

The optimisation of operating modes is formulated as an optimal control problem 
over the mission horizon [0, tf]:

𝑚̇𝑚𝑚𝑚𝑓𝑓𝑓𝑓(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼(𝑡𝑡𝑡𝑡)
𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼(𝜔𝜔𝜔𝜔𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼,𝑀𝑀𝑀𝑀𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼)𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑉𝑉𝑉𝑉

 , (7)

where 𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼  −  is the indicated efficiency of the internal combustion engine (according to the 
efficiency map), 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑉𝑉𝑉𝑉 − is the power heating value of the fuel, and 𝜂𝜂𝜂𝜂𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  − is the efficiency of the 
generator. In a parallel architecture, part of the torque is transmitted directly to the shaft, and part is 
transmitted through an electrical channel. Both classes of architectures and their energy assessment 
are discussed in (Liu et al., 2022).

The electrical power balance is written as 

𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡) + 𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡) − 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡), (8)

where 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡)  −  is the consumption of on-board electronics/service systems. The decision on 
the proportions of 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡) and 𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡) is made by the energy management controller (EMS) 
according to the rule

    �𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡),𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡)� = 𝜋𝜋𝜋𝜋(𝑥𝑥𝑥𝑥(𝑡𝑡𝑡𝑡),𝑢𝑢𝑢𝑢(𝑡𝑡𝑡𝑡),𝜃𝜃𝜃𝜃),                                                  (9)

where 𝑥𝑥𝑥𝑥(SoC, T, … )  −   is the state vector,  𝑢𝑢𝑢𝑢  −   is external disturbances/mission commands, 
and 𝜃𝜃𝜃𝜃 − is the adjustable EMS parameters. Approaches to EMS for UAV propulsion systems are 
discussed in detail in (Zhang et al., 2023; Liu et al., 2022; Wang et al., 2018).

For key nodes (windings, power electronics, internal combustion engine), aggregated thermal 
dynamics are specified:

С𝑖𝑖𝑖𝑖𝑇̇𝑇𝑇𝑇𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃ℎ,𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) − ℎ𝑖𝑖𝑖𝑖�𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) − 𝑇𝑇𝑇𝑇∞(𝑡𝑡𝑡𝑡)� ,                                                   (10)

where 𝑃𝑃𝑃𝑃ℎ,𝑖𝑖𝑖𝑖  −  is heat generator (ohmic/magnetic losses, combustion imperfection) ℎ𝑖𝑖𝑖𝑖  − is 
effective heat transfer (including due to the oncoming flow). The constraint 𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖 ≤ 𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚 are included 
in the set of tolerances. Taking heat into account in system-level models of the GSU is important for 
reliable efficiency estimates (Khare et al., 2011; Wang et al., 2018).

The optimisation of operating modes is formulated as an optimal control problem over the 
mission horizon [0, 𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓]:

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝜋𝜋𝜋𝜋,𝑝𝑝𝑝𝑝

 𝐽𝐽𝐽𝐽 = ∫ �𝓌𝓌𝓌𝓌𝑓𝑓𝑓𝑓𝑚̇𝑚𝑚𝑚𝑓𝑓𝑓𝑓(𝑡𝑡𝑡𝑡) + 𝓌𝓌𝓌𝓌𝑟𝑟𝑟𝑟𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡+ (𝑡𝑡𝑡𝑡)�𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓
0 𝑑𝑑𝑑𝑑𝑡𝑡𝑡𝑡 .                                        (11)

With constraints:
  𝑥̇𝑥𝑥𝑥 = 𝑓𝑓𝑓𝑓(𝑥𝑥𝑥𝑥,𝑢𝑢𝑢𝑢,𝜋𝜋𝜋𝜋,𝑝𝑝𝑝𝑝), 𝑥𝑥𝑥𝑥(0) = 𝑥𝑥𝑥𝑥0

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ≤ 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶(𝑡𝑡𝑡𝑡)  ≤  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚 ,𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡)  ≤  𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚

𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼 ∈ �0,𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚�,𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ∈ �0,𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚�,𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡 ∈ [𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚]
𝑇𝑇𝑇𝑇(𝑡𝑡𝑡𝑡) ≥ 𝐷𝐷𝐷𝐷�𝑉𝑉𝑉𝑉(𝑡𝑡𝑡𝑡),ℎ(𝑡𝑡𝑡𝑡)� + 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,∀𝑡𝑡𝑡𝑡 ∈ �0, 𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓�, ⎭
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(12)

here, 𝓌𝓌𝓌𝓌𝑓𝑓𝑓𝑓,𝓌𝓌𝓌𝓌𝑟𝑟𝑟𝑟  −  are the weights of fuel and electrical energy, 𝑃𝑃𝑃𝑃 − are design parameters 
(hybridisation ratio by mass/power). Such formulations are used to evaluate the gains in autonomy 
and efficiency of the GSU (Khare et al., 2011; Wang et al., 2018).

A sensitivity analysis is performed on key parameters 𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝 of the battery,  𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼, 𝜂𝜂𝜂𝜂𝑚𝑚𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 
component mass and mission scenarios, followed by a comparison of three configurations: pure 
electric, series GSU, parallel/combined GSU. Comparison with data from the literature (increase in 

			   (11)

With constraints:

 

𝑚̇𝑚𝑚𝑚𝑓𝑓𝑓𝑓(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼(𝑡𝑡𝑡𝑡)
𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼(𝜔𝜔𝜔𝜔𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼,𝑀𝑀𝑀𝑀𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼)𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑉𝑉𝑉𝑉

 , (7)

where 𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼  −  is the indicated efficiency of the internal combustion engine (according to the 
efficiency map), 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑉𝑉𝑉𝑉 − is the power heating value of the fuel, and 𝜂𝜂𝜂𝜂𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  − is the efficiency of the 
generator. In a parallel architecture, part of the torque is transmitted directly to the shaft, and part is 
transmitted through an electrical channel. Both classes of architectures and their energy assessment 
are discussed in (Liu et al., 2022).

The electrical power balance is written as 

𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡) + 𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡) − 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡), (8)

where 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡)  −  is the consumption of on-board electronics/service systems. The decision on 
the proportions of 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡) and 𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡) is made by the energy management controller (EMS) 
according to the rule

    �𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡),𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡)� = 𝜋𝜋𝜋𝜋(𝑥𝑥𝑥𝑥(𝑡𝑡𝑡𝑡),𝑢𝑢𝑢𝑢(𝑡𝑡𝑡𝑡),𝜃𝜃𝜃𝜃),                                                  (9)

where 𝑥𝑥𝑥𝑥(SoC, T, … )  −   is the state vector,  𝑢𝑢𝑢𝑢  −   is external disturbances/mission commands, 
and 𝜃𝜃𝜃𝜃 − is the adjustable EMS parameters. Approaches to EMS for UAV propulsion systems are 
discussed in detail in (Zhang et al., 2023; Liu et al., 2022; Wang et al., 2018).

For key nodes (windings, power electronics, internal combustion engine), aggregated thermal 
dynamics are specified:

С𝑖𝑖𝑖𝑖𝑇̇𝑇𝑇𝑇𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃ℎ,𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) − ℎ𝑖𝑖𝑖𝑖�𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) − 𝑇𝑇𝑇𝑇∞(𝑡𝑡𝑡𝑡)� ,                                                   (10)

where 𝑃𝑃𝑃𝑃ℎ,𝑖𝑖𝑖𝑖  −  is heat generator (ohmic/magnetic losses, combustion imperfection) ℎ𝑖𝑖𝑖𝑖  − is 
effective heat transfer (including due to the oncoming flow). The constraint 𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖 ≤ 𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚 are included 
in the set of tolerances. Taking heat into account in system-level models of the GSU is important for 
reliable efficiency estimates (Khare et al., 2011; Wang et al., 2018).

The optimisation of operating modes is formulated as an optimal control problem over the 
mission horizon [0, 𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓]:

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝜋𝜋𝜋𝜋,𝑝𝑝𝑝𝑝

 𝐽𝐽𝐽𝐽 = ∫ �𝓌𝓌𝓌𝓌𝑓𝑓𝑓𝑓𝑚̇𝑚𝑚𝑚𝑓𝑓𝑓𝑓(𝑡𝑡𝑡𝑡) + 𝓌𝓌𝓌𝓌𝑟𝑟𝑟𝑟𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡+ (𝑡𝑡𝑡𝑡)�𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓
0 𝑑𝑑𝑑𝑑𝑡𝑡𝑡𝑡 .                                        (11)

With constraints:
  𝑥̇𝑥𝑥𝑥 = 𝑓𝑓𝑓𝑓(𝑥𝑥𝑥𝑥,𝑢𝑢𝑢𝑢,𝜋𝜋𝜋𝜋,𝑝𝑝𝑝𝑝), 𝑥𝑥𝑥𝑥(0) = 𝑥𝑥𝑥𝑥0

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ≤ 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶(𝑡𝑡𝑡𝑡)  ≤  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚 ,𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡)  ≤  𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚

𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼 ∈ �0,𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚�,𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ∈ �0,𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚�,𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡 ∈ [𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚]
𝑇𝑇𝑇𝑇(𝑡𝑡𝑡𝑡) ≥ 𝐷𝐷𝐷𝐷�𝑉𝑉𝑉𝑉(𝑡𝑡𝑡𝑡),ℎ(𝑡𝑡𝑡𝑡)� + 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,∀𝑡𝑡𝑡𝑡 ∈ �0, 𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓�, ⎭

⎪
⎬

⎪
⎫

(12)

here, 𝓌𝓌𝓌𝓌𝑓𝑓𝑓𝑓,𝓌𝓌𝓌𝓌𝑟𝑟𝑟𝑟  −  are the weights of fuel and electrical energy, 𝑃𝑃𝑃𝑃 − are design parameters 
(hybridisation ratio by mass/power). Such formulations are used to evaluate the gains in autonomy 
and efficiency of the GSU (Khare et al., 2011; Wang et al., 2018).

A sensitivity analysis is performed on key parameters 𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝 of the battery,  𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼, 𝜂𝜂𝜂𝜂𝑚𝑚𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 
component mass and mission scenarios, followed by a comparison of three configurations: pure 
electric, series GSU, parallel/combined GSU. Comparison with data from the literature (increase in 

 (12)

here, 

𝑚̇𝑚𝑚𝑚𝑓𝑓𝑓𝑓(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼(𝑡𝑡𝑡𝑡)
𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼(𝜔𝜔𝜔𝜔𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼,𝑀𝑀𝑀𝑀𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼)𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑉𝑉𝑉𝑉

 , (7)

where 𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼  −  is the indicated efficiency of the internal combustion engine (according to the 
efficiency map), 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑉𝑉𝑉𝑉 − is the power heating value of the fuel, and 𝜂𝜂𝜂𝜂𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  − is the efficiency of the 
generator. In a parallel architecture, part of the torque is transmitted directly to the shaft, and part is 
transmitted through an electrical channel. Both classes of architectures and their energy assessment 
are discussed in (Liu et al., 2022).

The electrical power balance is written as 

𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡) + 𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡) − 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡), (8)

where 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡)  −  is the consumption of on-board electronics/service systems. The decision on 
the proportions of 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡) and 𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡) is made by the energy management controller (EMS) 
according to the rule

    �𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡),𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡)� = 𝜋𝜋𝜋𝜋(𝑥𝑥𝑥𝑥(𝑡𝑡𝑡𝑡),𝑢𝑢𝑢𝑢(𝑡𝑡𝑡𝑡),𝜃𝜃𝜃𝜃),                                                  (9)

where 𝑥𝑥𝑥𝑥(SoC, T, … )  −   is the state vector,  𝑢𝑢𝑢𝑢  −   is external disturbances/mission commands, 
and 𝜃𝜃𝜃𝜃 − is the adjustable EMS parameters. Approaches to EMS for UAV propulsion systems are 
discussed in detail in (Zhang et al., 2023; Liu et al., 2022; Wang et al., 2018).

For key nodes (windings, power electronics, internal combustion engine), aggregated thermal 
dynamics are specified:

С𝑖𝑖𝑖𝑖𝑇̇𝑇𝑇𝑇𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃ℎ,𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) − ℎ𝑖𝑖𝑖𝑖�𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) − 𝑇𝑇𝑇𝑇∞(𝑡𝑡𝑡𝑡)� ,                                                   (10)

where 𝑃𝑃𝑃𝑃ℎ,𝑖𝑖𝑖𝑖  −  is heat generator (ohmic/magnetic losses, combustion imperfection) ℎ𝑖𝑖𝑖𝑖  − is 
effective heat transfer (including due to the oncoming flow). The constraint 𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖 ≤ 𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚 are included 
in the set of tolerances. Taking heat into account in system-level models of the GSU is important for 
reliable efficiency estimates (Khare et al., 2011; Wang et al., 2018).

The optimisation of operating modes is formulated as an optimal control problem over the 
mission horizon [0, 𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓]:

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝜋𝜋𝜋𝜋,𝑝𝑝𝑝𝑝

 𝐽𝐽𝐽𝐽 = ∫ �𝓌𝓌𝓌𝓌𝑓𝑓𝑓𝑓𝑚̇𝑚𝑚𝑚𝑓𝑓𝑓𝑓(𝑡𝑡𝑡𝑡) + 𝓌𝓌𝓌𝓌𝑟𝑟𝑟𝑟𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡+ (𝑡𝑡𝑡𝑡)�𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓
0 𝑑𝑑𝑑𝑑𝑡𝑡𝑡𝑡 .                                        (11)

With constraints:
  𝑥̇𝑥𝑥𝑥 = 𝑓𝑓𝑓𝑓(𝑥𝑥𝑥𝑥,𝑢𝑢𝑢𝑢,𝜋𝜋𝜋𝜋,𝑝𝑝𝑝𝑝), 𝑥𝑥𝑥𝑥(0) = 𝑥𝑥𝑥𝑥0

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ≤ 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶(𝑡𝑡𝑡𝑡)  ≤  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚 ,𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡)  ≤  𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚

𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼 ∈ �0,𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚�,𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ∈ �0,𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚�,𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡 ∈ [𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚]
𝑇𝑇𝑇𝑇(𝑡𝑡𝑡𝑡) ≥ 𝐷𝐷𝐷𝐷�𝑉𝑉𝑉𝑉(𝑡𝑡𝑡𝑡),ℎ(𝑡𝑡𝑡𝑡)� + 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,∀𝑡𝑡𝑡𝑡 ∈ �0, 𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓�, ⎭

⎪
⎬
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⎫

(12)

here, 𝓌𝓌𝓌𝓌𝑓𝑓𝑓𝑓,𝓌𝓌𝓌𝓌𝑟𝑟𝑟𝑟  −  are the weights of fuel and electrical energy, 𝑃𝑃𝑃𝑃 − are design parameters 
(hybridisation ratio by mass/power). Such formulations are used to evaluate the gains in autonomy 
and efficiency of the GSU (Khare et al., 2011; Wang et al., 2018).

A sensitivity analysis is performed on key parameters 𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝 of the battery,  𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼, 𝜂𝜂𝜂𝜂𝑚𝑚𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 
component mass and mission scenarios, followed by a comparison of three configurations: pure 
electric, series GSU, parallel/combined GSU. Comparison with data from the literature (increase in 

 are the weights of fuel and electrical energy,  

𝑚̇𝑚𝑚𝑚𝑓𝑓𝑓𝑓(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼(𝑡𝑡𝑡𝑡)
𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼(𝜔𝜔𝜔𝜔𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼,𝑀𝑀𝑀𝑀𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼)𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑉𝑉𝑉𝑉

 , (7)

where 𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼  −  is the indicated efficiency of the internal combustion engine (according to the 
efficiency map), 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑉𝑉𝑉𝑉 − is the power heating value of the fuel, and 𝜂𝜂𝜂𝜂𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  − is the efficiency of the 
generator. In a parallel architecture, part of the torque is transmitted directly to the shaft, and part is 
transmitted through an electrical channel. Both classes of architectures and their energy assessment 
are discussed in (Liu et al., 2022).

The electrical power balance is written as 

𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡) + 𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡) − 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡), (8)

where 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡)  −  is the consumption of on-board electronics/service systems. The decision on 
the proportions of 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡) and 𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡) is made by the energy management controller (EMS) 
according to the rule

    �𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡),𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡)� = 𝜋𝜋𝜋𝜋(𝑥𝑥𝑥𝑥(𝑡𝑡𝑡𝑡),𝑢𝑢𝑢𝑢(𝑡𝑡𝑡𝑡),𝜃𝜃𝜃𝜃),                                                  (9)

where 𝑥𝑥𝑥𝑥(SoC, T, … )  −   is the state vector,  𝑢𝑢𝑢𝑢  −   is external disturbances/mission commands, 
and 𝜃𝜃𝜃𝜃 − is the adjustable EMS parameters. Approaches to EMS for UAV propulsion systems are 
discussed in detail in (Zhang et al., 2023; Liu et al., 2022; Wang et al., 2018).

For key nodes (windings, power electronics, internal combustion engine), aggregated thermal 
dynamics are specified:

С𝑖𝑖𝑖𝑖𝑇̇𝑇𝑇𝑇𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃ℎ,𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) − ℎ𝑖𝑖𝑖𝑖�𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) − 𝑇𝑇𝑇𝑇∞(𝑡𝑡𝑡𝑡)� ,                                                   (10)

where 𝑃𝑃𝑃𝑃ℎ,𝑖𝑖𝑖𝑖  −  is heat generator (ohmic/magnetic losses, combustion imperfection) ℎ𝑖𝑖𝑖𝑖  − is 
effective heat transfer (including due to the oncoming flow). The constraint 𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖 ≤ 𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚 are included 
in the set of tolerances. Taking heat into account in system-level models of the GSU is important for 
reliable efficiency estimates (Khare et al., 2011; Wang et al., 2018).

The optimisation of operating modes is formulated as an optimal control problem over the 
mission horizon [0, 𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓]:

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝜋𝜋𝜋𝜋,𝑝𝑝𝑝𝑝

 𝐽𝐽𝐽𝐽 = ∫ �𝓌𝓌𝓌𝓌𝑓𝑓𝑓𝑓𝑚̇𝑚𝑚𝑚𝑓𝑓𝑓𝑓(𝑡𝑡𝑡𝑡) + 𝓌𝓌𝓌𝓌𝑟𝑟𝑟𝑟𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡+ (𝑡𝑡𝑡𝑡)�𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓
0 𝑑𝑑𝑑𝑑𝑡𝑡𝑡𝑡 .                                        (11)

With constraints:
  𝑥̇𝑥𝑥𝑥 = 𝑓𝑓𝑓𝑓(𝑥𝑥𝑥𝑥,𝑢𝑢𝑢𝑢,𝜋𝜋𝜋𝜋,𝑝𝑝𝑝𝑝), 𝑥𝑥𝑥𝑥(0) = 𝑥𝑥𝑥𝑥0

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ≤ 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶(𝑡𝑡𝑡𝑡)  ≤  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚 ,𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡)  ≤  𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚

𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼 ∈ �0,𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚�,𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ∈ �0,𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚�,𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡 ∈ [𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚]
𝑇𝑇𝑇𝑇(𝑡𝑡𝑡𝑡) ≥ 𝐷𝐷𝐷𝐷�𝑉𝑉𝑉𝑉(𝑡𝑡𝑡𝑡),ℎ(𝑡𝑡𝑡𝑡)� + 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,∀𝑡𝑡𝑡𝑡 ∈ �0, 𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓�, ⎭

⎪
⎬

⎪
⎫

(12)

here, 𝓌𝓌𝓌𝓌𝑓𝑓𝑓𝑓,𝓌𝓌𝓌𝓌𝑟𝑟𝑟𝑟  −  are the weights of fuel and electrical energy, 𝑃𝑃𝑃𝑃 − are design parameters 
(hybridisation ratio by mass/power). Such formulations are used to evaluate the gains in autonomy 
and efficiency of the GSU (Khare et al., 2011; Wang et al., 2018).

A sensitivity analysis is performed on key parameters 𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝 of the battery,  𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼, 𝜂𝜂𝜂𝜂𝑚𝑚𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 
component mass and mission scenarios, followed by a comparison of three configurations: pure 
electric, series GSU, parallel/combined GSU. Comparison with data from the literature (increase in 

 are 
design parameters (hybridisation ratio by mass/power). Such formulations are used 
to evaluate the gains in autonomy and efficiency of the GSU (Khare et al., 2011; 
Wang et al., 2018). 

 A sensitivity analysis is performed on key parameters 

𝑚̇𝑚𝑚𝑚𝑓𝑓𝑓𝑓(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼(𝑡𝑡𝑡𝑡)
𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼(𝜔𝜔𝜔𝜔𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼,𝑀𝑀𝑀𝑀𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼)𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑉𝑉𝑉𝑉

 , (7)

where 𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼  −  is the indicated efficiency of the internal combustion engine (according to the 
efficiency map), 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑉𝑉𝑉𝑉 − is the power heating value of the fuel, and 𝜂𝜂𝜂𝜂𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  − is the efficiency of the 
generator. In a parallel architecture, part of the torque is transmitted directly to the shaft, and part is 
transmitted through an electrical channel. Both classes of architectures and their energy assessment 
are discussed in (Liu et al., 2022).

The electrical power balance is written as 

𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡) + 𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡) − 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡), (8)

where 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡)  −  is the consumption of on-board electronics/service systems. The decision on 
the proportions of 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡) and 𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡) is made by the energy management controller (EMS) 
according to the rule

    �𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡),𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡)� = 𝜋𝜋𝜋𝜋(𝑥𝑥𝑥𝑥(𝑡𝑡𝑡𝑡),𝑢𝑢𝑢𝑢(𝑡𝑡𝑡𝑡),𝜃𝜃𝜃𝜃),                                                  (9)

where 𝑥𝑥𝑥𝑥(SoC, T, … )  −   is the state vector,  𝑢𝑢𝑢𝑢  −   is external disturbances/mission commands, 
and 𝜃𝜃𝜃𝜃 − is the adjustable EMS parameters. Approaches to EMS for UAV propulsion systems are 
discussed in detail in (Zhang et al., 2023; Liu et al., 2022; Wang et al., 2018).

For key nodes (windings, power electronics, internal combustion engine), aggregated thermal 
dynamics are specified:

С𝑖𝑖𝑖𝑖𝑇̇𝑇𝑇𝑇𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃ℎ,𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) − ℎ𝑖𝑖𝑖𝑖�𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) − 𝑇𝑇𝑇𝑇∞(𝑡𝑡𝑡𝑡)� ,                                                   (10)

where 𝑃𝑃𝑃𝑃ℎ,𝑖𝑖𝑖𝑖  −  is heat generator (ohmic/magnetic losses, combustion imperfection) ℎ𝑖𝑖𝑖𝑖  − is 
effective heat transfer (including due to the oncoming flow). The constraint 𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖 ≤ 𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚 are included 
in the set of tolerances. Taking heat into account in system-level models of the GSU is important for 
reliable efficiency estimates (Khare et al., 2011; Wang et al., 2018).

The optimisation of operating modes is formulated as an optimal control problem over the 
mission horizon [0, 𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓]:

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝜋𝜋𝜋𝜋,𝑝𝑝𝑝𝑝

 𝐽𝐽𝐽𝐽 = ∫ �𝓌𝓌𝓌𝓌𝑓𝑓𝑓𝑓𝑚̇𝑚𝑚𝑚𝑓𝑓𝑓𝑓(𝑡𝑡𝑡𝑡) + 𝓌𝓌𝓌𝓌𝑟𝑟𝑟𝑟𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡+ (𝑡𝑡𝑡𝑡)�𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓
0 𝑑𝑑𝑑𝑑𝑡𝑡𝑡𝑡 .                                        (11)

With constraints:
  𝑥̇𝑥𝑥𝑥 = 𝑓𝑓𝑓𝑓(𝑥𝑥𝑥𝑥,𝑢𝑢𝑢𝑢,𝜋𝜋𝜋𝜋,𝑝𝑝𝑝𝑝), 𝑥𝑥𝑥𝑥(0) = 𝑥𝑥𝑥𝑥0

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ≤ 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶(𝑡𝑡𝑡𝑡)  ≤  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚 ,𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡)  ≤  𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚

𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼 ∈ �0,𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚�,𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ∈ �0,𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚�,𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡 ∈ [𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚]
𝑇𝑇𝑇𝑇(𝑡𝑡𝑡𝑡) ≥ 𝐷𝐷𝐷𝐷�𝑉𝑉𝑉𝑉(𝑡𝑡𝑡𝑡),ℎ(𝑡𝑡𝑡𝑡)� + 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,∀𝑡𝑡𝑡𝑡 ∈ �0, 𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓�, ⎭

⎪
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(12)

here, 𝓌𝓌𝓌𝓌𝑓𝑓𝑓𝑓,𝓌𝓌𝓌𝓌𝑟𝑟𝑟𝑟  −  are the weights of fuel and electrical energy, 𝑃𝑃𝑃𝑃 − are design parameters 
(hybridisation ratio by mass/power). Such formulations are used to evaluate the gains in autonomy 
and efficiency of the GSU (Khare et al., 2011; Wang et al., 2018).

A sensitivity analysis is performed on key parameters 𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝 of the battery,  𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼, 𝜂𝜂𝜂𝜂𝑚𝑚𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 
component mass and mission scenarios, followed by a comparison of three configurations: pure 
electric, series GSU, parallel/combined GSU. Comparison with data from the literature (increase in 

 of the battery, 

𝑚̇𝑚𝑚𝑚𝑓𝑓𝑓𝑓(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼(𝑡𝑡𝑡𝑡)
𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼(𝜔𝜔𝜔𝜔𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼,𝑀𝑀𝑀𝑀𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼)𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑉𝑉𝑉𝑉

 , (7)

where 𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼  −  is the indicated efficiency of the internal combustion engine (according to the 
efficiency map), 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑉𝑉𝑉𝑉 − is the power heating value of the fuel, and 𝜂𝜂𝜂𝜂𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  − is the efficiency of the 
generator. In a parallel architecture, part of the torque is transmitted directly to the shaft, and part is 
transmitted through an electrical channel. Both classes of architectures and their energy assessment 
are discussed in (Liu et al., 2022).

The electrical power balance is written as 

𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡) + 𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡) − 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡), (8)

where 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚(𝑡𝑡𝑡𝑡)  −  is the consumption of on-board electronics/service systems. The decision on 
the proportions of 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡) and 𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡) is made by the energy management controller (EMS) 
according to the rule

    �𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡(𝑡𝑡𝑡𝑡),𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡𝑡𝑡)� = 𝜋𝜋𝜋𝜋(𝑥𝑥𝑥𝑥(𝑡𝑡𝑡𝑡),𝑢𝑢𝑢𝑢(𝑡𝑡𝑡𝑡),𝜃𝜃𝜃𝜃),                                                  (9)

where 𝑥𝑥𝑥𝑥(SoC, T, … )  −   is the state vector,  𝑢𝑢𝑢𝑢  −   is external disturbances/mission commands, 
and 𝜃𝜃𝜃𝜃 − is the adjustable EMS parameters. Approaches to EMS for UAV propulsion systems are 
discussed in detail in (Zhang et al., 2023; Liu et al., 2022; Wang et al., 2018).

For key nodes (windings, power electronics, internal combustion engine), aggregated thermal 
dynamics are specified:

С𝑖𝑖𝑖𝑖𝑇̇𝑇𝑇𝑇𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) = 𝑃𝑃𝑃𝑃ℎ,𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) − ℎ𝑖𝑖𝑖𝑖�𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡) − 𝑇𝑇𝑇𝑇∞(𝑡𝑡𝑡𝑡)� ,                                                   (10)

where 𝑃𝑃𝑃𝑃ℎ,𝑖𝑖𝑖𝑖  −  is heat generator (ohmic/magnetic losses, combustion imperfection) ℎ𝑖𝑖𝑖𝑖  − is 
effective heat transfer (including due to the oncoming flow). The constraint 𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖 ≤ 𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚 are included 
in the set of tolerances. Taking heat into account in system-level models of the GSU is important for 
reliable efficiency estimates (Khare et al., 2011; Wang et al., 2018).

The optimisation of operating modes is formulated as an optimal control problem over the 
mission horizon [0, 𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓]:

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝜋𝜋𝜋𝜋,𝑝𝑝𝑝𝑝

 𝐽𝐽𝐽𝐽 = ∫ �𝓌𝓌𝓌𝓌𝑓𝑓𝑓𝑓𝑚̇𝑚𝑚𝑚𝑓𝑓𝑓𝑓(𝑡𝑡𝑡𝑡) + 𝓌𝓌𝓌𝓌𝑟𝑟𝑟𝑟𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡+ (𝑡𝑡𝑡𝑡)�𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓
0 𝑑𝑑𝑑𝑑𝑡𝑡𝑡𝑡 .                                        (11)

With constraints:
  𝑥̇𝑥𝑥𝑥 = 𝑓𝑓𝑓𝑓(𝑥𝑥𝑥𝑥,𝑢𝑢𝑢𝑢,𝜋𝜋𝜋𝜋,𝑝𝑝𝑝𝑝), 𝑥𝑥𝑥𝑥(0) = 𝑥𝑥𝑥𝑥0

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ≤ 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶(𝑡𝑡𝑡𝑡)  ≤  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚 ,𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖(𝑡𝑡𝑡𝑡)  ≤  𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚

𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼 ∈ �0,𝑃𝑃𝑃𝑃𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚�,𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ∈ �0,𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚�,𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑡𝑡𝑡𝑡 ∈ [𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑚𝑚𝑚𝑚]
𝑇𝑇𝑇𝑇(𝑡𝑡𝑡𝑡) ≥ 𝐷𝐷𝐷𝐷�𝑉𝑉𝑉𝑉(𝑡𝑡𝑡𝑡),ℎ(𝑡𝑡𝑡𝑡)� + 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,∀𝑡𝑡𝑡𝑡 ∈ �0, 𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓�, ⎭

⎪
⎬

⎪
⎫

(12)

here, 𝓌𝓌𝓌𝓌𝑓𝑓𝑓𝑓,𝓌𝓌𝓌𝓌𝑟𝑟𝑟𝑟  −  are the weights of fuel and electrical energy, 𝑃𝑃𝑃𝑃 − are design parameters 
(hybridisation ratio by mass/power). Such formulations are used to evaluate the gains in autonomy 
and efficiency of the GSU (Khare et al., 2011; Wang et al., 2018).

A sensitivity analysis is performed on key parameters 𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝 of the battery,  𝜂𝜂𝜂𝜂𝐼𝐼𝐼𝐼𝑂𝑂𝑂𝑂𝐼𝐼𝐼𝐼, 𝜂𝜂𝜂𝜂𝑚𝑚𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 
component mass and mission scenarios, followed by a comparison of three configurations: pure 
electric, series GSU, parallel/combined GSU. Comparison with data from the literature (increase in 

  component mass and mission scenarios, followed by a comparison 
of three configurations: pure electric, series GSU, parallel/combined GSU. 
Comparison with data from the literature (increase in flight time, reduction in total 
energy consumption) serves as external validation (Zhang et al., 2023; Zhang et al., 
2023).

 Discussion. The results confirm that the key to increasing UAV autonomy 
lies not only in the choice of components (batteries, internal combustion engine/
generator, inverter), but also in the correct formulation of the energy management 
(EMS) task at the mission level. Models that consider the phase structure of the 
flight (take-off – cruise – descent), node efficiency maps, and SoC/temperature 
limitations allow the formation of “charge-sustain/boost” modes that keep the heat 
source in an “island” of efficiency and relieve the battery from harmful current 
peaks.

A comparison of architecture (serial, parallel, combined) indicates a compromise 
between weight, ease of control, and the ability to keep the ICE at optimal modes. 
Serial circuits simplify the energy balance and stabilize the operation of the ICE/
generator but incur additional conversion losses. Parallel circuits are more efficient 
in terms of traction dynamics and allow direct mechanics to the shaft but require 
more complex torque coordination. These conclusions are consistent with system-
level assessments and experiments on hybrid test benches (Tian et al., 2024). 
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The quality of the battery model (SoC/voltage/internal resistance ratio, 
temperature effects and ageing) significantly affects the accuracy of autonomy 
prediction. Recent reviews emphasize that the reliability and degradation of UAV 
batteries are becoming a limiting factor: aggressive current profiles increase thermal 
load, reduce available energy, and increase the risk of failure. Consequently, EMS 
must explicitly consider SoH/HI metrics and integrate BMS constraints into the 
optimization loop [8]. In terms of control algorithms, there is a trend away from 
static/rule-based strategies towards optimization and learning methods. Recent work 
shows the use of DQN and fuzzy logic for selecting  settings in a variable external 
environment: this increases resistance to wind gusts and profile disturbances, 
allowing the motor to be kept in the zone of best efficiency and smoothing out 
power peaks using the battery. However, such approaches require reliable online 
estimates of the state (SoC/SoH/temperature) and careful tuning of safety limits 
(Quintana et al., 2024). 

 The thermal aspect deserves special attention. Even at moderate average loads, 
local temperature exceedances in the windings, inverter and battery cells can limit 
traction modes or force the EMS to go into protective states.

Experimental bench studies of hybrid installations confirm the need for built-in 
thermal models and thermal-aware control algorithms to avoid resource degradation 
and maintain predictability of traction performance in long-term missions (Recoskie 
et al., 2013).

Finally, the prospects for hybridization are closely linked to advances in energy 
storage. Recent reviews of lithium-ion systems show steady growth in specific energy 
and improvements in safety technologies; This broadens the window of solutions 
for the share of hybridization, reduces weight on board, and provides additional 
reserve for boost phases without critically impacting resources. Combined with 
improved EMS strategies, this provides a measurable increase in range/flight time 
for small and medium-sized platforms (Shi et al., 2014). 

Taken together, the simulation results and literature data indicate that with 
proper EMS setup and calibration of efficiency maps, autonomy gains can be 
achieved without significant weight increases; the accuracy and value of the model 
are determined by the quality of the battery and thermal subsystems; intelligent, 
learnable control strategies promise further gains but require strict safety constraints 
and advanced state estimates. This sets the direction for future work: integration of 
a power plant “digital twin” with online SOH estimation, thermal management, and 
adaptive optimization of flight settings (Glassock et al., 2015).

Research results. Modelling of the hybrid power plant showed that main 
increases in UAV autonomy is achieved not so much by the choice of a single 
component as by the correct energy management strategy at the mission level: 
keeping the heat source in the zone of best efficiency and smoothing out thrust peaks 
using the battery  in charge-sustain/boost modes resulted in a noticeable reduction 
in integral energy consumption compared to rule-based power distribution profiles, 
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which is consistent with system-level assessments of hybrid power systems for 
UAVs (Zhang et al., 2023; Liu et al., 2022; Wang et al., 2018).

 A comparison of the architectures showed the expected compromise: the serial 
circuit simplifies the energy balance and more stably keeps the internal combustion 
engine/generator u=in the effective range but incurs additional conversion losses; 
the parallel circuit wins in dynamic modes and during short-term manoeuvres thanks 
to the direct mechanical branch, requiring more complex coordination of moments. 
In both cases, the optimizing EMS provided energy savings in cruising sections, 
which is consistent with the conclusions on hybrid-electric drives for small aircraft 
(Wang et al., 2018; Liu et al., 2022). The quality of the battery model and compliance 
with SoC “windows” proved critical to achieving the predicted flight time gain: 
exceeding temperature and current limits led to accelerated degradation of available 
energy and forced thrust limitations; The need to integrate state and degradation 
indicators (SoH/HI) into the EMS circuit is confirmed by recent reviews of UAV 
battery systems (Zhang et al., 2023). In scenarios with external disturbances (with 
gusts, variable altitude profile), trained strategies (including RL/DQN) kept the 
heat source in a “high efficiency island” longer and distributed the stability of more 
economically than static rules, reducing peak currents and increasing the stability 
of the energy balance over the mission horizon, which is consistent with recent 
demonstrations of optimisation EMS-approaches in simulation studies (Khare et 
al., 2011; Wang et al., 2018). Sensitivity analysis identified two major “levels of 
influence” on the final autonomy : the specific energy of the storage device and the 
accuracy of the maps of the efficiency of the internal combustion engine/generator 
and electric drive; progress in both areas expands the range of acceptable EMS 
settings and increases the proportion of time spent in optimal modes, which is also 
noted in reviews of hybrid-electric aviation and battery technologies (Zhang et 
al., 2023; Liu et al., 2022; Zhang et al., 2023). Final validation on virtual bench 
scenarios confirmed the reproducibility of the main trends: voltage stabilisation 
on the bus, smoothing of battery profile currents, and predictable operation of 
power electronics under step loads, which correlates with the calculated cruise and 
manoeuvre modes in the mission profile (Khare et al., 2011; Wang et al., 2018).

Conclusion. The simulation of a hybrid power plant (HPP) for UAVs showed 
that the greatest increase autonomy is achieved through a correctly designed energy 
management strategy (EMS) that keeps the heat source around best efficiency 
and distributes power peaks to the battery. A comparison of the architectures 
confirmed the expected compromise: the series circuit provides better dynamics 
during manoeuvres; in both cases, the optimizing EMS reduces the integral energy 
consumption during cruising. An essential condition for the practical feasibility 
of the identified gains is an accurate battery model and compliance with SoC and 
temperature restriction – without this, resource and thermal effects will negate the 
calculated effect on hybridization.

The result obtained set applied guidelines for the design of the GSU: calibration 
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of the efficiency maps of the internal combustion engine/generator and electric 
drive; selection of SoC “windows” and current limits in conjunction with the BMS; 
application of adaptive/trained EMS algorithms for disturbed flight scenarios. As 
part of future work, it is advisable to integrate a “digital twin” of the power plant with 
online state of health (SoH/HI) assessments, considering component degradation 
and thermal management, as well as to expand the experimental base with bench 
and flight tests on several UAV sizes. Such a programme will confirm the stability 
of the proposed solutions and convert model gains into a stable increase in flight 
time and energy sustainability of real platforms.
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