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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)

For citations: Tukenova L.M., Auyelbekov O.A., Sapakova S.Z., Sametova A.A.,
Bostanov E.L. Modelling and optimisation of hybrid power plant operating modes

for unmanned aerial vehicles. Academic Scientific Journal of Computer Science,
2026. — No.l. — P. 430-442. DOI: https://doi.org/10.32014/2026.2518-1726.421

© Texenona JI.M.", Oyeadexo O.A.>%, Canakosa C.3.%, CameroBa A.A.!,
Bocranos E.JIL.5, 2026.

*On-Dapadu atbiHare Kazak yiITThIK yHHBepcHuTeTi, AiMarel, KasakcraH;

' AKITaparThIK JKoHE €CenTey TEXHOIOTHIIAPhl HHCTUTYTHI, AMathl, Kasakcran;
Kasak yITThIK KbI3/1ap MearorukaiblK yHUBepcuTeTi, Anmarsl, KazakcraH;

3 XaspIKapaliblK aKnaparThiK TEXHOJIOTHSIAP YHUBEPCHUTETI, AnMarsl, KazakcTas;

*AzamarTeIK aBHalUs akageMuscel, AnMarsl, Kazakcran.
E-mail:l.tukenova7@gmail.com

MUJIOTCHI3 YIIY ANIMAPATTAPBIHA APHAJIFAH TUBPU/ITI
IEKTP CTAHIMSIAPBIHBIH KYMBIC PEKAM/IEPIH
MOJIEJIBJIEY KOHE OHTANJIAH/IBIPY

TekenoBa Jloiito — ¢.-M.F.K., KaybiMmacThippuiran mnpodeccop, On-Dapabu areinmarsl Kaszak
VITTBIK YHUBepcHTeTi, Anmarsl, Kasakcras,

E-mail: l.tukenova7@gmail.com, https://orcid.org/0000-0002-0863-5153;

Oye6exoB OmipiaaH — ¢.-M.F.K., KaybIMAACTBIPbUIFAH Hpodeccop, AKMapaTThIK KOHE ecentey
TEXHOJIOTUSIIAPbl MHCTUTYTHI; Ka3ak YITTBIK KbI3Jap II€arordKablK YHMBEPCHUTETi, AJIMATHI,
Ka3zakcran,

E-mail: omirlan.auelbek@gmail.com, https://orcid.org/0000-0002-2903-9086;

CanakoBa Cass — ¢.-M.F.K.,, KaybIMIACThIpbUIFaH Tpodeccop, XalblKapalblK aKMapaTThIK
TEXHOJIOTUsuIap yHuBepcuteTi, Anmarsl, KazakcraH,

431



Academic Scientific Journal of Computer Science 1. 2026

E-mail: s.sapakova@iitu.edu.kz, https://orcid.org/0000-0001-6541-6806;

CametoBa Aiirepim — ara oxpITymsl, On-Papabu arsiHmarsl Kazak yiaTTBIK yHHBEpPCHTETI,
Anmarsl, Ka3zakcran,

E-mail: sametova_aygerim@mail.ru, https://orcid.org/0000-0003-1849-8938;

BocranoB Epnap — ara OKbITylIbl, A3aMaTTBIK aBHauusi akajgemuscbl, Anmarbl, Kazakcran,
E-mail: bostanovernar0929@gmail.com, https://orcid.org/0000-0002-8753-0244.

AHHOTanusl. 3epTTey y3aK Mep3iMIi YIIy TarchblpMajapblHa >KOHE HEPIHs
TUIMAITITIH apTThIpyFa OaFbITTaNFaH YIIKBIIICHI3 ymry ammapartapbiHa (¥Y¥A)
apHasiran ruOpunTi kym Kouasipreutapbi (I'KK) o3ipney sxone oHTainmanasipy
Mocenenepine apHanraH. JKymbpIcTa OOPTTBIK SHEPTUsl )KYHECiHIH TYPaKThIIBIFbIH,
CEHIM/IUIITIH KOHE >KBUTYJBIK KayilCI3IIriH cakTail OTBIPBIN, MaKCHUMAJJbl YIIY
Y3aKTBIFBIH KaMTaMachl3 €TEeTiH THIM/i KOH(QHUTypauusi MEH SHEPrHUsHbl OacKapy
crparerusiceid (EMS) Tannayapy FeIIIBIME Maceseci KapacThlpbuiaabl. [mki xany
KO3FaNTKBIIIbI, TEHEPATOp, aKKyMYJSITOp JKyHeci >KoHe KyaT JIIEKTPOHHUKACHI
OipiKTipiNreH THOPUATI ApXUTEKTYpaIap IbIH )KYMbIC PEKUMICPiH MOJICNIBACY YILIiH
MaTeMaTHKalIbIK yiariney Herisi kypbuiabl. MATLAB/Simulink sxone Modelica
KypannapeiHblH KeMeriMeH ['KK sKyMbIChI YITyIbIH 9pTYpIli Ke3eHAepiHae — yIIy,
MapIITHIK PEKUM, MaHEBP JKOHE KOHY OaramaHzabl. 3eprrey HoTmxkenepi ¥ YA
ABTOHOM/IBUIBIFBIH apTTHIPYABIH HETi3r (akTopbl — KBUTYJIBIK HEPTHs Ke3i eH
THIMJII aiiMaKTa )KYMBIC ICTEHTIH KoHE OTIEN1 KyaT *KYKTeMeJepiH aKKyMyJIsITOpFa
Oesnetin oHTaitnel EMS crparerusicel ekeHiH kopceTTi. CaHABIK 9KCIEPUMEHTTEP
THOPUATEHAIPY MapIITHIK YINY Ke3iHJe dHEPrusl LIBIFBIHBIH a3alTaThIHBIH KOHE
MaHeBpJiep Ke3iHJeri IMHAMHKAJBIK >KayalTbl »KaKcapTaTBIHBIH JQJIeIIe/I.
CoHbIMEH KaTap, aKKyMYJSTOPABIH [ Mozaeni MeH SoC koHe TemIeparypa
LIEKTEYJIEPiH caKTay MaHbI3AbI LIAPT OOJIBIN TaObLIab!, ce0ebdi oaapablH OY3bUTYBI
TEOPUSUIBIK THIMIUTIKTI TeMeHaeTeni. JKyMbICTBIH ©3iHAiK xaHaimbirbl [ KK
KYpacThIpyFa apHaJfaH KOJAaHOaJIbl HYCKAyJNBIKTapAbl KaJbIITACTBIPYBIH/A!
THIMALTIK KapTanapelH KanuOpney, SoC «repesenepiH» TaHJay, TOK LICKTEY
epexenepi skoHe Oetimuenren EMS anroputmiepin eHrizy. AJbIHFaH HOTHKENIEP
Y3aK YakbITTBIK MarTpyiabAeyre, XOFapbl AQJIIKTEri Kaprorpadusuiayra XoHE
KEIICH/1 9SKOJOTMSJIBIK MOHHUTOPMHTKE apHajFaH mepcrekTuBaibl ¥ YA
miatgopManapbiH  ko0anay OapbIChIHAa THOPUATI KYII KOHIBIPFBICBIHBIH
napamMeTpliepiH TaHAay[abl, SHEPTUSHBl OacKapy aJrOpUTMIEpiH OanTaydbl KoHE
YIIy MHCCHSUIAPBIH >KOCTapiaynbl FHUIBIMH HETi3[ieyre MYMKIHIIK OepeTiH
MPaKTUKAIIBIK Kypaj peTiHAe KOJAaHbLUTYbl MYMKIH.

Tyiiin ce3mep: TMOPUATI KO3FANTKBIII JKYHeci; THJIOTCHI3 YIIY anmapaTTapbl;
sHeprusiHbl 0ackapy xkyieci (OBXK); kyarTsl 0emy; 3apsaray kyiii (SoC)
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AHHoTanmsa. VcciemoBaHne TOCBSIMIEHO pa3paboTKe W ONTUMHU3AIUHU
ruOpuaHBIX CcHiIOBBIX ycTaHOBOK (I'CY) mnms OeCHMIIOTHBIX —JIeTaTeNbHBIX
anmaparoB (BITJIA), opueHTHPOBAHHBIX HA BBITIOJHEHUE JUITUTEIHHBIX MOJIETHBIX
3aJ1a4 ¥ MOBBIIIICHNE YHEPreTHYeCcKoi A pekTuBHOCTH. B pabote paccmarpuBaercs
Hay4Has mpobsema BbI00pa 3P PeKTHBHON KOH(MUTYPALINN M CTPATETHH yIIPABICHUS
sneprueii (Energy Management System, EMS), o6ecrnieunBarorieil MaKCHMaIbHYIO
MIPOIOIDKUTENFHOCT TONETa TPH COXPAHEHWH CTA0MIBHOCTH, HAAEKHOCTH
M TEIUIOBOM Oe30macHoCcTH OOpTOBOM »HEprocucreMsl. /I MomenupoBaHuUs
PEXUMOB pabOTHI THOPUIHBIX APXUTEKTYP, BKIIOYAIONNX IBUTATEIh BHYTPEHHETO
CrOpaHus, TeHepaTrop, aKKyMYyJISTOPHYIO CHUCTEMY U CHIIOBYIO ODJIEKTPOHHKY,
paspaborana maremaTtudeckas Monensb. C ucnonp3oBanueM MATLAB/Simulink u
ModelicanpoBenena ornienka mosegeHus ['CY Ha pa3nuyHbIX dTanax moiéra: B3ieTe,

433



Academic Scientific Journal of Computer Science 1. 2026

KpelcepckoM pekrMe, MaHEeBPHPOBAHUW M TIOCajKe. PesynpraTel nccienoBaHus
MOKa3aJdd, YTO KIIOYeBBIM (DaKTOpOM TMOBBIIIEHHUS aBTOHOMHOCTH bBIIJIA
ABISieTCs. onTHManbHas crpareruss EMS, obecneunBaromas paboTy TEMIOBOTO
HCTOYHUKA B OOJACTH MaKCHMalbHOH A(()EKTHBHOCTH W Iepepaclpee/IiCHHe
[IMKOBBIX HArpy30K Ha aKKyMYJSTOPHYIO cHUCTEeMY. UMCIIEHHBIE 3KCIEPUMEHTBI
MTOATBEPIMIIN, YTO THOPUIU3AIUS CIIOCOOCTBYET CHMKEHHUIO YHEPrOnoTpeOIeHus
B KpEHCEPCKOM PEKUME U YIYULUIEHUIO THHAMUYECKOTO OTKJIMKA IIPU BBIITOJIHEHUH
MaHEBPOB. lIpu 3TOM KPUTHUYECKH Ba)KHBIM SIBISIETCS OOECIIEUEHHE TOYHOCTU
MOJIETTH aKKYMYJISITOpa U COOITIONCHIE OTpaHUYEHUH 10 COCTOSHUTO 3apsiaa (SoC) u
TEMIIEPATYPHOMY PEXUMY, IIOCKOJIBKY UX HApYyIIEHHE HUBEIUPYET IPEUMYIIECTBA
THOpHUIHON apXUTEeKTyphl. Haydnass HoBH3Ha paboTHI 3aKII0UaeTCsl B pa3padoTke
MIPUKJIAJHBIX peKOMeHJauil mo mpoektupoBanuio ['CY, Bkitowas KaaunOpoOBKY
KapT 3(eKTUuBHOCTH, BBIOOP pabounx nuana3zoHoB SoC, mpaBuia OrpaHUYCHUS
TOKOB M BHEIPCHHEC aTalTUBHBIX anroputMoB EMS. Ilpaktudeckas 3HAYMMOCTH
PE3yIBTaTOB 3aKII0YaeTCs B BO3ZMOKHOCTH X UCTIOIb30BAHNUS TPH IPOEKTUPOBAHUH
nepcnekTuBHbIX BIUJIA s 3anau [UTENbHOO NaTpyaIupoOBaHusl, BBICOKOTOUYHOU
Kaprorpaduu ¥ DKOJOTHYECKOr0 MOHHUTOpPWHIA, BKJIOYas BBIOOP IapameTpoB
rHOPHUIHOM CHITIOBOM YCTAHOBKU, HACTPOWKY aJlTOPUTMOB YIIPABIICHHS SHEPTHEH U
[IJIJAHUPOBAHUE MOJETHBIX MUCCUI.

KiroueBble cjioBa: ruOpuiHas CUIoBast ycTaHOBKa, OECIIMIOTHBIE JIETaTeIbHbIC
ammaparel, dHepreTuueckuit MeHemkMeHT (EMS), pacmpemescHHe MOITHOCTH,
coctosiuue 3apsiaa (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
etal., 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: acrodynamics/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 € { B3mer, Habop, kpeiicep, MaHeBp, cHIKeHUe} with requirements for
speed Vj, altitude 4, and total thrust 7. A each time stept, it is necessary to ensure
thrust balance:

T(t) = D(V (), h(£)) + Tres, (1)

where D = %p(h)VZS Cp(a, M) _ g aerodynamic drag, S — is characteristic
area, C, — is drag coefficient (including manoeuvres); T - 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

TV (L)

Preq ) = Tprop(®) ° )

where Nprop —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:

Preq(t)

P (t) = S ® )

where n,,,, — 1is the efficiency of the electric motor (torque/speed function)
Niny — 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
Upc(SoC, T)and internal resistance Rin¢(SoC,T). Battery current:
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Ppat(t)
Ibat(t) = m at Pbat(t) = UOCIbat - IgatRint- (4)

Evolution of charge state:

Ipae(t)
SoC(t) = _Znﬁ’ SoC(t) € [SoCpin, SOCimaxl, (5)
where Qnom — 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:

Pgen = 77.gen(C‘)ICE)PICE(t))a (6)
. _ Pice(t)
my(6) = Nice(@iceMicg)LHV ' ()

where ICE ™ s the indicated efficiency of the internal combustion engine
(according to the efficiency map), is the power heating value of the fuel, and
Ngen — 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

Poy(t) = Ppae(t) + Pgen(t) — Prux (0), ()

where Py (t) — isthe consumption of on-board electronics/service systems.

The decision on the proportions of Ppat (t) and P, gen(t) is made by the energy
management controller (EMS) according to the rule

(Poat(8), Pren()) = m(x(), u(t), 6), ©)

where x(SoC, T, ...) —is the state vector, u — is external disturbances/mission
commands, and 0 — 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:

C;Ti(t) = Py (®) — hi(T;(0) — T (D)), (10)
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where Ph,i is heat generator (ohmic/magnetic losses, combustion
imperfection) h, — is effective heat transfer (including due to the oncoming flow).
The constraint 1i = Timax 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, L]

rgll'pn] = fotf[wfmf(t) + w, P ()] dt . (11)

With constraints:
x = f(x) u:ﬂup):x(o) = xO
S0Cin < SoC(t) < SoChpgy,,Ti(t) < Ti max & 12)

PICE € [0, PICE,max]JPgen € [O, Rgen,max]tpbat € [PminJ Pmax]
T(t) = D(V(6), h(t)) + Tres, VYt € [0, tf], J

here, Wr»We ~ are the weights of fuel and electrical energy, P — 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 E¢, of the battery,

Nice> Nmot 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
etal., 2013).

Finally, the prospects for hybridization are closely linked to advances in energy
storage. Recentreviews 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
(Wangetal.,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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