
Development of a Novel Rule-Based Controlled
Strategy on a Hybrid Electric UAV
Lionel Fouellefack 

University of South Africa
Etienne Feukeu 

University of South Africa
Sumbwanyambe Mbuyu 

University of South Africa
Dhlamini Mokhotjwa 

University of South Africa

Research Article

Keywords: Unmanned Aerial Vehicles, Hybrid Electric Propulsion Systems (HEPS), Energy Management
Strategy, Internal Combustion Engine (ICE), Electric Motor (EM)

Posted Date: June 19th, 2026

DOI: https://doi.org/10.21203/rs.3.rs-10008531/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

Additional Declarations: No competing interests reported.

https://doi.org/10.21203/rs.3.rs-10008531/v1
https://doi.org/10.21203/rs.3.rs-10008531/v1
https://doi.org/10.21203/rs.3.rs-10008531/v1
https://creativecommons.org/licenses/by/4.0/


 

1 

 

Development of a Novel Rule-Based Controlled Strategy on a Hy-1 

brid Electric UAV 2 

Lionel Fouellefack1,  Etienne Alain Feukeu 2 Sumbwanyambe Mbuyu3 and Dhlamini Mokhotjwa 4 3 

 4 

1 Department of Electrical and Smart Systems Engineering, University of South Africa, Pretoria, South Africa 5 

* Correspondence: 25201662@mylife.unisa.ac.za s 6 

Abstract:  7 

Hybrid electric propulsion has gained significant attention in reducing the fuel consumption and pol-8 

lution emissions of Unmanned Aerial Vehicles (UAVs). The problem of managing the energy within 9 

the powertrain of the aircraft is still a major concern within the aviation industry.  This can be accom-10 

plished through an effective energy management strategy that ensures that the energy within the 11 

aircraft is properly distributed. In this paper, a novel rule-based control strategy is developed as an 12 

energy management strategy for a fixed-wing UAV used for intelligence surveillance and reconnais-13 

sance (ISR) missions. Firstly, a simulation model of four powertrain architectures of the aircraft is 14 

presented: Conventional, electric, serial hybrid, and parallel hybrid architectures. Then, a novel rule-15 

based control strategy was developed as an energy management strategy, allowing the aircraft to 16 

switch between various operating modes throughout its mission. Through simulation, it was shown 17 

that the aircraft with hybrid electric propulsion systems could save about 22% of fuel compared to 18 

an aircraft with a conventional powertrain system for varying mission profiles. 19 

 20 
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1 Introduction 23 

The Electric-powered UAVs cannot achieve high range and endurance due to the limitations in 24 

their battery-specific energy density. Internal Combustion Engine (ICE) - powered UAVs or conven-25 

tional architectures can achieve higher range and endurance than their electric counterparts, but 26 

they produce a lot of noise and thermal signatures, which is undesirable, especially if the UAV has to 27 

patrol in the air for very long distances [1][2][3]. Also, UAVs with conventional architectures produce 28 

a lot of harmful emissions, which pollute the atmosphere, contributing to global warming [4][5]. A 29 

report from National Geographic shows that aviation alone produces about 12% of total CO2 emis-30 

sions [6], with about 700 million tons emitted by aircraft in 2013[6]. Additionally, with the shortages 31 

of fossil fuels, there is a need for engineers to develop alternative powertrain architectures for UAVs 32 

that will satisfy the range and endurance requirements of the aircraft while meeting the stringent 33 

requirements of fuel consumption and atmospheric emissions. Hybrid propulsion technology has be-34 

come a promising solution for engineers and scientists to increase the UAV endurance and range, as 35 

it utilizes two or more power sources that can be used interchangeably during flight. Many Universi-36 

ties and aerospace companies are actively researching this hybrid technology approach by develop-37 

ing hybrid powertrain architectures that use more than two power sources, which could be batteries, 38 

fossil fuels, fuel cells, or photovoltaic cells, to increase the UAV range. A 13.6kg Fixed-Wing airplane 39 

with a hybrid-electric propulsion system has been built by students from the Air Force Institute of 40 

Technology to improve the endurance of their ICE – powered UAV [7]. A group of Aerospace 41 
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Engineering students from the University of Colorado, the University of Stuttgart, and the University 42 

of Sydney associated together to develop a UAV using hybrid propulsion technology (Hyperion 43 

UAV)[8]. The University of Sydney researchers built a hybrid electric UAV (SUAV) and Grob 109 UAV 44 

using fuel cells and batteries to evaluate the endurance of the UAV for given mission Profiles [9][10]. 45 

Also, a 13.4kg hybrid-electric UAV using fuel cells and batteries was built by researchers from Cran-46 

field University [11]. Aerospace companies such as Quatermium [12], AeroVironment [13], and Lock-47 

heed Martin [14] are also developing UAVs using hybrid Technology to improve the endurance of 48 

electric-powered UAVs. Four main variants of powertrain architectures for aircraft exist, which are 49 

classified according to literature into Electric Architecture, Series Hybrid Architecture, Parallel Hybrid 50 

Architecture, and Series-Parallel Hybrid Architecture [1][15][16]. In the electric architecture, energy 51 

is supplied by the battery to drive the propulsion system [17]. With this powertrain configuration, 52 

the UAV can only achieve a limited endurance due to the limited specific energy density of its battery 53 

[18]. In the series hybrid architecture, the energy that drives the propulsor of the UAV comes from 54 

the electric motor [1]. In the parallel hybrid architecture, energy is supplied to the propulsion by the 55 

ICE and electric motor, which comes from at least two energy sources (ie, Fuel and Battery), which 56 

drives the propeller of the aircraft either simultaneously or individually [1]. The series-parallel archi-57 

tecture is not widely employed on UAVs due to its bulky nature. Since the main aim of the paper is 58 

to do a comparative study in terms of range endurance and fuel consumption achieved by each ar-59 

chitecture type of the aircraft, only the electric, series hybrid, and parallel hybrid architectures were 60 

considered for investigation. The three powertrain architectures are shown in Figure 1, Figure 2, and 61 

Figure 3, respectively. 62 

 63 

Figure 1: All – Electric Powertrain Architecture [17] 64 

 65 

Figure 2: Series Hybrid Powertrain Architecture [19] 66 
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 67 

Figure 3: Parallel Hybrid Powertrain Architecture [20] 68 

A supervisory controller ensures that energy is properly distributed within the powertrain of an 69 

aircraft. They are broadly classified into rule-based [21][22] and optimization-based strategies [23]. 70 

In this paper, a rule-based controlled strategy was investigated as an energy management strategy 71 

(EMS) as it allows the UAV to switch between various operating modes using some controlled deci-72 

sions to improve the fuel consumption of the aircraft. Previous researchers have used this controlled 73 

strategy as an energy management strategy on an aircraft. The contribution of each author's work 74 

and limitations identified are discussed below: C He. Et al (2020) [24] employed this control method 75 

to characterize the split of the power demand during different flight phases of the tilt-wing UAV (Ver-76 

tical flight mode, transition mode, and forward flight mode) during different mission phases of the 77 

UAV. The author did not, however, employ the control strategy to optimize other parameters of the 78 

aircraft, such as fuel consumption and payload mass. Donate et al. (2017) [25] used a rule-based EMS 79 

to characterize the split between the power sources of a parallel hybrid electric power system (HEPS) 80 

consisting of a two-stroke diesel engine and electric machine in five operating modes: hybrid Mode, 81 

motor mode, engine mode, charging mode, and electric mode. Using the method, the author was 82 

able to achieve a fuel reduction of 12% and 8% compared to the non–hybrid case when the battery 83 

was sized for 30 minutes and 60 minutes in electric flight, respectively. Hung, J. (2012) [26] developed 84 

a rule-based controlled strategy to minimize the fuel consumption of a UAV using a parallel HEPS. 85 

The controller allows the UAV to switch between different operational modes (Hybrid Climbing, En-86 

gine only, Hybrid Charging, Hybrid Normal mode, Motor only mode) during the mission of the aircraft. 87 

The UAV achieved a 6.5% fuel savings using this configuration compared to the engine-only configu-88 

ration. The work, however, did not consider other rule-based control schemes to obtain better fuel 89 

savings, with the limited fuel savings achieved. Wang et al (2019) [27] developed a rule-based con-90 

trolled EMS on a UAV utilizing a distributed series HEPS using an engine and electric motor. The rule-91 

based strategy allowed switching between three operating modes (Electric Mode, Ideal Mode, and 92 

Max Power mode). The author did not, however, obtain any conclusive results in terms of fuel con-93 

sumption and payload achieved during a flight mission. Y Xie et al (2018) [28] implemented a rule-94 

based controlled strategy on a UAV utilizing a parallel HEPS to reduce the fuel consumption of the 95 

UAV. The controlled strategy developed enabled the UAV to operate in four modes (Electric Mode, 96 

Fuel Mode, Charging Mode, and Combined Mode) throughout the UAV's mission. Through simula-97 

tions, the authors were able to achieve a 7% fuel consumption reduction compared to an ICE-98 

powered aircraft. The author did not, however, consider any optimization strategy to obtain better 99 

results with the limited fuel consumption achieved. In addition, other powertrain architectures were 100 

not investigated. Suti et al (2021) [29] developed a rule-based controlled strategy for a parallel hy-101 

brid-electric UAV to evaluate the feasibility of converting an ICE-based propulsion system into a HEPS. 102 

The developed controller allowed the UAV to operate in 3 Modes: Generator Mode/Battery disen-103 

gaged, Generator Mode/Battery Engaged, and Booster Mode. The author, however, did not achieve 104 

any conclusive results regarding fuel consumption, payload capacity, and power required of the UAV 105 
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during a full mission with the developed controlled strategy. D Hyun et al (2024) [30] developed a 106 

rule-based EMS on a hybrid UAV using battery and fuel power sources for crop spraying missions. J 107 

Wilson (2024) [31] developed a hybrid powertrain model framework using rule-based controlled EMS 108 

on a UAV using a parallel hybrid powertrain to evaluate its performance on a hybrid power testbench. 109 

The controller was operated in three modes: electric mode, combustion engine mode, and hybrid 110 

mode. The author did not, however, provide any conclusion regarding the fuel consumption achieved 111 

on his developed powertrain model and control strategy employed. C Greiser et al (2011) [32] devel-112 

oped a rule-based controlled strategy for a remotely piloted aircraft with a parallel HEPS, which was 113 

tested on a hybrid power test plant built by the authors. The developed controller was tested on the 114 

hybrid power test plant in four distinct flight modes (cruise mode, restart mode, endurance mode, 115 

and climb mode). The developed controlled strategy from the research did not provide any conclusive 116 

results regarding fuel consumption, payload capacity, or energy usage in the developed powertrain 117 

system. Also, the work was limited to a parallel hybrid-electric architecture. Boggero et al (2019) [33] 118 

presented a simulation model of a virtual test bench of a UAV with a parallel HEPS. The developed 119 

model was evaluated in various operating modes over the flight profile of the UAV. The work, how-120 

ever, did not carry out any fuel consumption analysis to evaluate the fuel burn and energy savings 121 

during the mission of the UAV. Work was limited to a parallel hybrid architecture, as only a single 122 

powertrain architecture was considered. JMT Matlock (2019) [34] developed a simulation model of 123 

parallel hybrid electric UAVs using rule-based control EMS. The developed controller was evaluated 124 

on a parallel hybrid power test bench constructed by the author to test its operation in 3 modes (ICE 125 

Mode, EM mode, and combined mode). The author did not, however, provide any conclusion regard-126 

ing fuel consumption, energy usage, and payload capacity achieved during the flight mission of the 127 

UAV. D Obertino et al (2021) [35] implemented a rule-based controlled strategy and a simulation 128 

framework on a UAV with a parallel HEPS. Two controllers were implemented: the Serial Hybrid Con-129 

troller, which allowed switching between the designed mode with power provided by the electric 130 

motor throughout the flight mission of the UAV, and the parallel hybrid controller, which allowed the 131 

UAV to switch into four modes: recharge mode, stealth mode, dash mode, and normal mode, 132 

throughout the mission of the UAV. The work did not, however, provide any conclusion on the en-133 

durance and fuel consumption achieved by each hybrid contribution. 134 

The paper is divided into the following sections: Section 2 presents the modelling and simulation 135 

of the drive components for propulsion of the UAV, Section 3, presents the Simulink Models of the 136 

different powertrain architectures, Section 4, presents the rule based controlled strategy developed 137 

for the serial and parallel powertrain architecture of the UAV, Section 5 presents the results obtained 138 

and section 6 gives a summary results of the finding obtained and future directions. 139 

Three main original contributions were achieved in this research:  140 

A simulation model of four powertrain architectures of the aircraft was developed and presented 141 

i.e conventional, electric, serial hybrid electric, and parallel hybrid electric architectures.  142 

A simulation model of a UAV with a parallel hybrid electric architecture was presented, which 143 

estimates the power, torque, BSFC, and fuel flow of the hybrid electric aircraft for given mission pro-144 

files. 145 

A novel rule-based control strategy was implemented on a UAV with a parallel hybrid electric ar-146 

chitecture, which allows the UAV to save about 22% fuel consumption compared to the conventional 147 

powertrain of the aircraft.  148 
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 149 

2 Modelling and Simulation 150 

This Methods Various drive components for propulsion of the UAV were modelled in Matlab – 151 

Simulink environment: battery, electric motor, generator, combustion engine, propeller, DC – DC 152 

converter, Electronic Speed Control, Fuel System, UAV, and clutch. 153 

2.1. Battery Model 154 

The battery model subsystem was implemented using the Shepherd nonlinear circuit modelling 155 

approach. Using this modelling approach, the battery voltage, current, and State of Charge (SOC) are 156 

modelled at any given time step [36][37]. Figure 4 shows the circuit diagram of the battery. 157 

 158 

Figure 4: Shepherd’s Non–Linear Equivalent 159 

The battery modelling equations are defined in charge and discharge mode as:  160 

Discharge Mode: 161 

𝑉௕௔௧௧ = 0ܧ − ܴ0݅௕ − ܭ ܳܳ − ݅௕ݐ . (݅௕ݐ + ݅∗) + (ݐ௕݅ܤ−)݌ݔ݁ܣ − − − − − − − − − −(1) 162 

௙ܥܱܵ = 0ܥܱܵ − ∫ ݅௕݀ݐ௧௧0ܳ ௕ − − − − − − − − − − − − − − − − − − − − − − − − − (2) 163 

Charge Mode: 164 

𝑉௕௔௧௧ = 0ܧ − ܴ0݅௕ − ܭ ( ݐ݅ܳ − 0.1ܳ) ݅∗ − ܭ ( ܳܳ − (ݐ݅ ݐ݅ + .ܤ−)݌ݔ݁ܣ ݅௕ݐ) − − − − − (3) 165 

௙ܥܱܵ = 0ܥܱܵ + ∫ ݅௕݀ݐ௧௧0ܳ ௕ − − − − − − − − − − − − − − − − − − − − − − − − − (4) 166 
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Where: 𝑉௕௔௧௧ is battery voltage (V), 0ܧ is the battery constant voltage (V), ܭ is the polarization re-167 

sistance Ω, Q is the battery capacity (Ah), A is the exponential zone amplitude (V), B is the exponential 168 

zone time constant inverse (ܣℎ)−1 ܴ0 is the internal resistance (Ω), ݅௕ is the battery current (A), ݅∗ 169 

is the filtered current (A). figure 5, figure 6, figure 7 and figure 8 shows simulink models of the devel-170 

oped battery.  171 

 172 

Figure 5: Simulink Model of the Battery 173 

 174 

Figure 6: Polarisation Resistance Calculation in Simulink 175 
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 176 

Figure 7: Polarisation Calculation Voltage Calculation in Simulink 177 

 178 

Figure 8: Battery Voltage Calculation in Simulink 179 

The battery model was parametrized using the same input parameters as those obtained from the 180 

literature.[38] (k = 0.12, A = 0.55, 0ܧ = 13.4 B = 83, R = 0.3). The results show that the battery model 181 

discharge voltage closely matches that obtained experimentally, as shown in Figure 9. 182 
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 183 

Figure 9: Battery Model Validation With Experimental Data from Manufacturer Data Sheet 184 

 185 

2.2. Electric Motor Model 186 

The electric motor was modelled in Simulink using equations of the first-order DC electric motor 187 

model by Mark Drela [39]. Figure 10 shows the equivalent circuit model using this modelling ap-188 

proach. 189 

 190 

Figure 10: Equivalent Circuit of a DC Electric Motor 191 

The main equations using this modelling approach are defined as: 192 

ܳ௠(ࣻ) = (ࣻ − ொܭ(0ࣻ − − − − − − − − − − − −(5) 193 

௠(Ω)ݒ = Ωܭ௩ − − − − − − −  − − (6) 194 

,ࣻ)ݒ Ω) = ௠(Ω)ݒ + ࣻℛ = Ωܭ௩ + ࣻℛ − − − − − (7) 195 
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Where: ܭொ is the motor torque constant, ࣻ0 is the no – load current, ࣻ is the terminal current, ܭ௩ 196 

is the motor speed constant, Ω is the motor rotational speed. Figure 11 shows the Simulink model of 197 

the electric motor.  198 

 199 

Figure 11: Simulink Model of the Electric Motor 200 

 201 

The electric motor back EMF is determined by the model as: 202 

௠(Ω)ݒ = Ωܭ௩ − − − − − − − − − − − − − − − − − (8) 203 

The motor terminal current is determined by the model as: 204 

ࣻ(Ω, v) = ݒ − ܴ௠(Ω)ݒ − − − − − − − − − − − −(9) 205 

Substituting equation (8) into (9) the motor terminal current equation can be rewritten as: 206 

ࣻ(Ω, v) = ݒ) − Ωܭ௩) ∗ 1ℛ − − − − − − − −(10) 207 

The motor torque is determined by the model as: 208 

ܳ௠(Ω, v) = [ࣻ(Ω, v) − ݅0] ∗ ொܭ1 − − − − − (11) 209 

Substituting equation (10) into (11) the motor torque can be rearranged as: 210 

ܳ௠(Ω, v) = ݒ)] − Ωܭ௩) ∗ 1ℛ − ݅0] ∗  ொ 211ܭ1

The motor output power is determined by the model as: 212 

௦ܲℎ௔௙௧(Ω, v) = ܳ௠(Ω, v) × Ω 213 

= ݒ)] − Ωܭ௩) ∗ 1ℛ − ݅0] ∗ Ωܭொ 214 
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The motor efficiency is determined by the model as: 215 

,௠(Ωߟ v) = ௦ܲℎ௔௙௧(Ω, v)௜ܲ௡  216 

= ௦ܲℎ௔௙௧(Ω, v)ࣻݒ  217 

= (1 − ࣻ0ࣻ) ொܭ௩ܭ 11 + ࣻℛ ௩ܭ Ω⁄  218 

The derived equations were used to develop the Simulink model of the electric motor. The model 219 

was run at various input voltages to obtain the power, torque and current of the electric motor as a 220 

function of rotational speed as shown in figure 12, figure 13 and figure 14 respectively.  221 

 222 

Figure 12: Electric Motor Power Against Motor Rotational Speed at Various Input Voltages 223 
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 224 

Figure 13: Electric Motor Torque Against Motor Rotational Speed at Various Input Voltages 225 

 226 

Figure 14: Electric Motor Current Against Motor Rotational Speed at Various Input Voltages 227 

 It was not possible to validate the obtained results due to the difficulty of obtaining real experi-228 

mental data from a manufacturer. However, the results obtained are the same as the results obtained 229 

from the theoretical performance of an electric motor obtained by [39][40][41]. 230 

2.3. Generator Model  231 

The generator converts mechanical energy from the ICE into electrical energy to recharge the bat-232 

tery. This generally occurs when the propulsion components produce more power than is available 233 

for flight during the UAV's mission, resulting in excess power that is converted by the generator into 234 

electrical energy to recharge the battery. To replicate the scenario in a UAV simulation, a simplified 235 

generator model was implemented using equations from [44], which are defined as follows: 236 

௘ܲ௟௘௖ = ௖ܲ௢௡௩ − ௘ܲ௟ 237 
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௖ܲ௢௡௩ = ௘ܶ௠߱௘ 238 

௘ܲ௟ = ݅2ܴ = ௕2ܴݒ
 239 

௚௘௡ݒ = ௘ܲ௟௘௖݅௖  240 

݅௖ = ݅ −  ݅0 241 

Where: ௘ܲ௟௘௖ is the electrical power produced by the generator from the ICE, ௖ܲ௢௡௩ is the power 242 

converted to electricity from the ICE, ௘ܶ௠ is the torque generated by the ICE to charge the battery, 243 ߱௘  is the motor angular velocity, ௘ܲ௟  is the electrical power loss due to the motor's internal re-244 

sistance, ܴ is the motor internal resistance, ݒ௕ is the motor back emf, ݒ௚௘௡ is the voltage produced 245 

by the generator to charge the battery, ݅௖ is the difference between the terminal current and the no-246 

load current. 247 

2.4. Internal Combustion Engine (ICE) Model: 248 

The ICE was modelled in Matlab – Simulink using engine data from the Aerosonde UAV [42]. It 249 

determines the engine ICE power, ICE Torque, Brake Specific fuel consumption, and fuel flow for a 250 

given engine throttle, engine atmospheric pressure, engine rotational speed, and temperature at the 251 

UAV’s reference altitude. Figure 15 shows a Simulink model of the ICE.  252 

 253 

Figure 15: Simulink Model of the ICE 254 

The Manifold Air Pressure (MAP) is determined by the model as: 255 

௠ܲ௔ = ௠ܲ௜௡ + ( ௔ܲ௧௠1000) × ௧ℎߟ  256 

The ICE power at any given altitude is determined by the model as:  257 

ூܲ஼ா,஺௟௧ = ூܲ஼ா√ ௔ܶ௟௧௦ܶ௘௔_௟௘௩௘௟ 258 

The engine Brake Specific Fuel Consumption is determined by the model as:  259 
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ܥܨܵܤ =  ூܲ஼ா,஺௟௧ 260ܨܨ 

The engine torque is determined from the ICE power and engine rotational speed as: 261 

ூܶ஼ா = ூܲ஼ா,஺௟௧߱௘௡௚  262 

ܹℎ݁݁ݎ: ௠ܲ௔ is the engine manifold pressure, ௠ܲ௜௡ is the minimum atmospheric pressure, ௔ܲ௧௠  is 263 

the engine atmospheric pressure ߟ௧ℎ  is the engine throttle, ௦ܶ௘௔_௟௘௩௘௟ is the temperature at sea level, 264 ௔ܶ௟௧ is the temperature at a given altitude, ூܲ஼ா is the ICE power,  ூܲ஼ா,஺௟௧ is the ICE power at a given 265 

altitude, ܥܨܵܤ is the engine Brake Specific Fuel Consumption, ܨܨ is the engine fuel flow, ூܶ஼ா is the 266 

ICE torque, ߱௘௡௚ is the engine rotational speed. The model was run at various engine throttle posi-267 

tions to evaluate its effects on the output parameters of the ICE. Figures 16, 17, 18, and 19 show the 268 

power, torque, BSFC, and FF curves obtained when the model was run at various engine throttle 269 

positions.  270 

 271 

Figure 16: Engine Power Against Engine Rotational Speed at Various Engine Throttle Position 272 
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 273 

Figure 17: Engine Torque Against Engine Rotational Speed at Various Engine Throttle Positions 274 

 275 

Figure 18: Engine Brake Specific Fuel Consumption at Various Engine Throttle Positions 276 
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 277 

Figure 19: Engine Brake Specific Fuel Consumption Against Engine Rotational Speed at Various Engine Throttle Positions 278 

Figure 20 shows the engine fuel consumption map obtained from the model, which represents 279 

the fuel operating range of the ICE for a given torque, engine rotational speed, and Engine BSFC. 280 

 281 

Figure 20: Engine Fuel MAP with BSFC Contours using ICE Data 282 

2.4. Propeller Model  283 

The propeller was modelled using data from an APA 4012 propeller from the University of Illinois 284 

Urbana – Champaign (UIUC) propeller database [43]. It determines the propeller thrust, torque, 285 
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power, and efficiency for a given propeller diameter, rotational speed, air density, and UAV speed. 286 

Figure 21 shows a Simulink model of the propeller.  287 

 288 

Figure 21: Simulink Model of the Propeller 289 

The propeller modelling equations are given by [44]: 290 

௉ܬ = 𝑉݊291 ܦ 

்ܥ =  292 4ܦ2݊ߩܶ

௣ܥ =  293 5ܦ3݊ߩܲ

ܳ = ܲ݊
 294 

ொܥ =  295 ߨ௣2ܥ

CQ = Qρn3D5CQ 296 

Where: 𝑉 is the UAV air speed, ݊ is the rotational speed, ܦ is the propeller diameter, ்ܥ is the 297 

propeller thrust coefficient, ܶ is the propeller thrust, ߩ is the air density, ܥ௣ is the propeller power 298 

coefficient, ܲ is the propeller power. ܥொ is the propeller torque coefficient, ܳ is the propeller torque. 299 

Figure 22, Figure 23 and Figure 24 shows the propeller thrust coefficient, torque coefficient, and ef-300 

ficiency against advanced ratio obtained from the model.  301 
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 302 

Figure 22: Advanced Ratio Against Propeller Thrust Coefficient 303 

 304 

Figure 23: Advanced Ratio Against Propeller Power Coefficient 305 
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 306 

Figure 24: Propeller Advanced Ratio Against Propeller Efficiency 307 

2.5. DC – DC converter Model 308 

Two converters were implemented on Simulink. The buck converter, which steps down the volt-309 

age from the propulsion system of the UAV, and boast converter, which steps up the voltage. Their 310 

dynamic equations are respectively described as:  311 

Buck converter: 312 ݀݅௅݀ݐ = 𝑉௜ − 𝑉0ܮ ,      ݀𝑉0݀ݐ = ݅௅ܥ − 𝑉0ܴ௅313 ܥ ݀݅௅݀ݐ = − 𝑉0ܮ ,    ݀𝑉௖݀ݐ = ݅௅ܥ − 𝑉௖ܴ௅314 ܥ 

Boast converter: 315 ݀݅௅݀ݐ = − 𝑉௜ܮ ,   ݀𝑉0݀ݐ = − 𝑉0ܴ௅316 ܥ ݀݅௅݀ݐ = 𝑉௜ − 𝑉0ܮ ,    ݀𝑉0݀ݐ = ݅௅ܥ − 𝑉0ܴ௅317 ܥ 

2.6. Electronic Speed Control (ESC) Model 318 

The electronic speed control model was developed to regulate the rotational speed of the electric 319 

motor in the propulsion system of the UAV in simulation. It is described by the following dynamic 320 

equations [45]: 321 
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ܷாௌ஼,௠௔௫ = ܷ௠ெ௔௫ 322 ܫாௌ஼,௠௔௫ =  ௠ெ௔௫ 323ܫ

௜ܷ௡௣௨௧ = ܵ௕௔௧. 3.7 324 

ܨܹܲ =  ாௌ஼,௠௔௫ 325ܫெܷெܷாௌ஼,௠௔௫ܫ

ாௌ஼ߟ = ( ௜ܷ௡௣௨௧ − ܴ௕௔௧ − 1)ܨܶܲ − ((ܨܹܲ ௜ܷ௡௣௨௧⁄  326 

ாܲௌ஼ =  ெܷெ 327ܫ

ாௌ஼ܫ = ( ாܲௌ஼ ⁄ாௌ஼ߟ )௜ܷ௡௣௨௧  328 

2.7. Fuel System Model  329 

The Fuel burn model was implemented in Simulink to estimate the fuel burn during the mission of 330 

the UAV. The model determines the amount of fuel burn for a given drag force, airspeed, specific fuel 331 

consumption, and propeller efficiency. Figure 25 shows the Simulink model of the fuel subsystem.  332 

 333 

Figure 25: Fuel Burn Simulink Model 334 

The power available for propulsion is determined by the model as: 335 

௔ܲ௩௔ = ܦ × 𝑉 336 

Where: D is the drag produced by the UAV and V is the airspeed 337 

The actual power produced by the UAV is always greater than the available power due to the 338 

wasted kinetic energy in the air produced by the UAV, which adds to the available power to produce 339 

the actual propulsive power of the UAV [46]. To account for the additional power due to the kinetic 340 

energy lost in the air, an efficiency factor is introduced in the model such that the actual power gen-341 

erated by the UAV is determined as: 342 
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௘ܲ௡௚ = ௔ܲ௩௔ߟ  343 

Where: ߟ is the propulsive efficiency  344 

The fuel burn rate is determined by the model as: 345 ݉̇௙ = ௚ܲ௘௡ ×  346 ܥܨܵܤ

The mass of fuel burn is determined by the model as: 347 

݉௙ = ∫ ݉̇௙௧
0  348 ݐ݀

2.8. UAV Model  349 

The UAV model was developed in Simulink by considering the 3-dimensional motion of a point 350 

mass in steady accelerated flight, as shown in Figure 26.  351 

 352 

Figure 26: Fixed Wing UAV Diagram [12] 353 ݔ௕ , ௕ݕ , ,௚ݔ ,௕ are the coordinates of the body frame of the aircraftݖ ,௚ݕ  ௚ are the coordinates of 354ݖ

the fixed earth frame. The dynamic equations of the aircraft are defined as [47]: 355 ̇ݎ௫ = 𝑉ܿݎ̇ 356 (߯)ݏ݋ܿ(ߛ)ݏ݋௬ = 𝑉ܿݎ̇ 357 (߯)݊݅ݏ(ߛ)ݏ݋ℎ = 𝑉358 (ߛ)݊݅ݏ 

𝑉̇ = (ܶ − ݃݉ܦ − ((ߛ)ଓ݊ݏ ݃̇
 359 

ߛ̇ = ݃݉(߮)ݏ݋ܿܮ) − ((ߛ)ݏ݋ܿ 𝑉݃ 360 

                                                                          ߯̇ =  361 (ߛ)ݏ݋𝑉ܿ݉(߮)݊݅ݏܮ
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Where: (ݎ௫, ,௬ݎ ℎ௭) denotes the axial, lateral, and vertical position of the UAV, respectively, ̇ݎ௫,  ௬ 362ݎ̇

are the velocities of the UAV in the axial and lateral directions, ̇ݎℎ is the rate of climb of the UAV. V is 363 

the velocity of the UAV, ߛ is the angle of climb, ߯ is the heading angle, 𝑉̇ is the acceleration of the 364 

UAV, ܶ is the UAV Thrust, ܦ is the UAV drag, ݉ is the mass of the UAV, ݃ is the acceleration due to 365 

gravity, ܮ is the lift of the UAV, ߮ is the bank angle, ̇ߛ is the rate of climb angle, ߯̇  is the rate of head-366 

ing angle. The lift and drag can be calculated by the model according to aerodynamic theory as:  367 

ܮ = 12  ௅ 368ܥ𝑉2ܵߩ

ܦ =  12  ஽ 369ܥ𝑉2ܵߩ

Where: ܵ is the wing reference area, ߩ is the atmospheric density, ܥ௅ is the lift coefficient, ܥ஽ is 370 

the drag coefficient. ܥௗ can also be expressed in terms of the parasite drag coefficient ܥௗ0 and aero-371 

dynamic coefficient ݇௘ as: 372 ܥ஽ = ஽0ܥ + ݇௘ܥ௅2 373 

And ݇௘ is expressed in terms of aspect ratio ܴ௔ and Oswald factor ߳ as: 374 

݇௘ =  ௔ 375ܴߨ1߳

The equations were used to develop a Simulink model of the UAV, which was used to estimate 376 

the fuel consumption of the developed powertrain model at any given time step. The model deter-377 

mines the lift force, drag force, rate of climb, axial velocity, lateral velocity, angle of climb, heading 378 

angle, bank angle, rate of angle of climb, and thrust force for a given airspeed and atmospheric den-379 

sity. The parameters for the UAV model were obtained from the Aerosonde UAV [48][49], which has 380 

the following characteristics as shown in Table 1.  381 

Parameters Value Unit 

Length, a 1.74 ݉ 

Wingspan, b 2.9 ݉ 

Wing area, S 0.55 ݉2 

Mass, m 13.5 ݇݃ 

Aspect Ratio, AR 15.3 - 

Lift Coefficient, ܥ௅∝ 5.61 - 

Zero Lift Coefficient, ܥ௅0 0.23 - 
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Parasite Drag Coefficient, ܥ஽0 0.0434 - 

Propeller Efficiency, ߟ௣௥௢௣ 0.75 - 

Motor Efficiency, ߟ௠௢௧௢௥  0.8 - 

 382 

Table 1: Main Parameters of Hybrid Electric Aerosonde [14] 383 

2.9. Clutch Model 384 

A simplified clutch model was developed to couple the energy from the propulsion system to the 385 

propeller of the aircraft, which is defined as follows: 386 

௢ܶ௨௧ = { ூܶ஼ா + ாܶெ ݂݅ ݐℎ݁ ݈ܿܿݐݑℎ ݅ݐ ݂݅ 0݀݁݃ܽ݃݊݁ ݏℎ݁ ݈ܿܿݐݑℎ ݅݀݁݃ܽ݃݊݁ݏ݅݀ ݏ  387 

߱௢௨௧ = { ூ஼ா߱)ݔܽ݉ + ߱ாெ) ݂݅ ݐℎ݁ ݈ܿܿݐݑℎ ݅ݏ ݁݊݃ܽ݃݁݀߱ாெ ݂݅ ݈ܿܿݐݑℎ ݅߱݊݁ݒ݅ݎ݀ ܯܧ ݀݊ܽ ݀݁݃ܽ݃݊݁ݏ݅݀ ݏூ஼ா  388 ݊݁ݒ݅ݎ݀ ܧܥܫ ݀݊ܽ ݀݁݃ܽ݃݊݁ݏ݅݀ ݏ݅ ℎܿݐݑ݈ܿ ݂݅ 

It should be noted that the clutch is engaged when the rotor of the electric motor and the plate 389 

of the ICE make contact to transfer power, and the clutch is disengaged when the rotor and plate do 390 

not make contact.  391 

3. Architectures Configuration 392 

Four main architecture models of the UAV were implemented on Simulink which are: Electric Con-393 

figuration, Conventional Configuration, Serial Hybrid Electric Configuration, and Parallel Hybrid Elec-394 

tric Configuration.  395 

3.1. Electric Architecture 396 

Figure 27 shows the Simulink model of the electric architecture where only the electric motor 397 

powers the propeller of the aircraft in flight.  398 

 399 
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Figure 27: Electric Powertrain Architecture of the UAV 400 

 401 

3.2. Conventional Architecture 402 

Figure 28 shows the Simulink model of a conventional architecture where only the ICE drives the 403 

propeller of the aircraft in flight.   404 

 405 

Figure 28: Conventional Powertrain Architecture of the UAV 406 

3.3. Serial Hybrid Electric Architecture 407 

Figure 29 shows the Simulink model of the serial hybrid electric architecture of the UAV, where 408 

the electric motor drives the propeller of the aircraft, which is assisted by the generator through the 409 

ICE and the generator, which recharges the battery in flight. 410 

 411 

Figure 29: Serial Hybrid Electric Architecture of the UAV 412 

3.4. Parallel Hybrid Electric Architecture  413 

Figure 30 shows the Simulink model of the parallel hybrid electric architecture of the UAV, where 414 

both the electric motor and ICE drive the propeller in flight.  415 
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 416 

Figure 30: Parallel Hybrid Electric Architecture of the UAV 417 

4. Rule-Based Controlled Strategy 418 

Two rule-based control strategies of the hybrid UAV were designed for the serial architecture and 419 

for the parallel architecture of the UAV. These are described below:  420 

4.1. Rule-Based Control Strategy for the Parallel Architecture 421 

The formulation of the rule-based controlled strategy for the parallel hybrid architecture of the 422 

UAV was based on five different flight stages along the mission of the aircraft, which are defined as 423 

follows:    424 

Stage 1: Hybrid Mode (Take-off and Climb), which happens when the aircraft uses energy from 425 

both the ICE and EM. 426 ܲ(ݐ) = ூܲ஼ா(ݐ) + ாܲெ(ݐ) (ݐ)ܶ 427 = ூܶ஼ா(ݐ) + ாܶெ(ݐ) 428 

Stage 2: ICE-only Mode (Cruise): When the aircraft transitions to stage 2, it uses energy only from 429 

the ICE. 430 ܲ(ݐ) =  ூܲ஼ா(ݐ), ாܲெ(ݐ) = (ݐ)ܶ 431 0 =  ூܶ஼ா(ݐ), ாܶெ(ݐ) = 0 432 

Stage 3: Hybrid Mode (Cruise): During stage  3, the aircraft uses energy from both the ICE and EM 433 ܲ(ݐ) =  ூܲ஼ா(ݐ) + ாܲெ(ݐ) (ݐ)ܶ 434 =  ூܶ஼ா(ݐ) + ாܶெ(ݐ) 435 

Stage  4: ICE only Mode (Cruise): In stage  4, the aircraft uses energy only from the ICE 436 ܲ(ݐ) =  ூܲ஼ா(ݐ), ாܲெ(ݐ) = (ݐ)ܶ 437 0 =  ூܶ஼ா(ݐ),          ாܶெ(ݐ) = 0 438 
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Stage  5:  ICE only Mode (Descend and Landing): In this stage , the aircraft uses energy only from 439 

the ICE.  440 ܲ(ݐ) =  ூܲ஼ா(ݐ), ாܲெ(ݐ) = (ݐ)ܶ 441 0 =  ூܶ஼ா(ݐ), ாܶெ(ݐ) = 0 442 

4.2. Rule-Based Controlled Strategy for the Serial Architecture  443 

Stage 1: Hybrid Mode (Take-off and Climb) 444 ܲ(ݐ) =  ாܲெ(ݐ) + ௚ܲ௘௡(ݐ) (ݐ)ܶ 445 = ாܶெ(ݐ) + ௚ܶ௘௡(ݐ) 446 

Stage 2:  Generator Mode (cruise) 447 ܲ(ݐ) =  ܲீ ௘௡(ݐ), ாܲெ(ݐ) = (ݐ)ܶ 448 0 =  ܶீ ௘௡(ݐ), ாܶெ(ݐ) = 0 449 

Stage 3: Hybrid Mode (Cruise Mode) 450 P(t) =  Pgen(t) + PEM(t) 451 T(t) =  Tgen(t) + TEM(t) 452 

Stage 4: EM Mode (Endurance) 453 ܲ(ݐ) =  ாܲெ(ݐ),       ܲீ ௘௡(ݐ) = (ݐ)ܶ 454 0 =  ாܶெ(ݐ),   ܶீ ௘௡(ݐ) = 0 455 

Stage 5: Hybrid Mode (Cruise)  456 ܲ(ݐ) =  ܲீ ௘௡(ݐ) + ாܲெ(ݐ) (ݐ)ܶ 457 =  ܶீ ௘௡(ݐ) + ாܲெ(ݐ) 458 

Stage 6: Generator Mode (Descend and Landing) 459 ܲ(ݐ) = ܲீ ௘௡(ݐ), ாܲெ(ݐ) = (ݐ)ܶ 460 0 =  ܶீ ௘௡(ݐ),          ாܶெ(ݐ) = 0 461 

5. Results and Discussion 462 

5.1. Inputs 463 

The model's inputs are the mission alƟtude, rotaƟonal speed, and mission speed. 464 

5.2. Mission AlƟtude 465 
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The mission alƟtude comprises of a 3-hour Intelligence Surveillance and Reconnaissance (ISR) mis-466 

sion used for military applicaƟon where the aircraŌ takes oī and climbs to an alƟtude of 500m, 467 

cruises at constant alƟtude of  500m, transiƟons to a higher alƟtude at 700m, then to a lower alƟtude 468 

of 350m  and Įnally cruises at constant alƟtude  650m onƟll it reaches the descend and landing 469 

phases as shown in Įgure 31.  470 

 471 

Figure 31: Mission AlƟtude Against Time of the UAV 472 

5.3. Mission RotaƟonal Speed 473 

The rotaƟon speed of the ICE increases to a maximum speed of 4500 rev/min during takeoī and 474 

climb, remains constant at 4500 rev/min during the cruising phase, then transiƟons to a lower rota-475 

Ɵon speed of 3500 rev/min in the next cruising phase, then 800 rev/min in the endurance phase and 476 

Įnally peaks up again to a higher speed of 4500 rev/min in the last mission phase as shown in Įgure 477 

32.  478 
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 479 

Figure 32: Mission RotaƟonal Speed Against Mission Time of the UAV 480 

5.4. Mission Speed 481 

The speed of the aircraŌ increases to a maximum speed of 20m/s during the take-oī and landing 482 

phase and remains constant at 20m/s during the remaining mission phases of the aircraŌ, as shown 483 

in Figure 33. 484 

 485 

Figure 33: Mission Speed Against Mission Time of the UAV 486 

5.5. ICE power 487 
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Figure 34 shows the power variaƟon from the ICE along the mission of the aircraŌ when only the 488 

ICE is used, which increases up to a maximum value of 570W when the aircraŌ is climbing to an 489 

alƟtude of 500m and remains constant during the cruising phase. The power decreases to 395W 490 

when the aircraŌ cruises at a lower rotaƟonal speed of  3500rev/min and at a higher alƟtude of 700m, 491 

and peaks up again to 550W when the aircraŌ cruises at a higher rotaƟonal speed of 4500rev/min.  492 

 493 

Figure 34: ICE Power Against Mission Time of the UAV 494 

5.6. ICE Torque  495 

Figure 35 shows the torque variaƟon of the ICE along the diīerent mission phases of the aircraŌ 496 

when only the ICE is used.  497 
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 498 

Figure 35: ICE Torque Against Mission Time of the UAV 499 

5.7. ICE BSFC 500 

Figure 36 shows the BSFC variaƟon of the ICE along the whole mission of the aircraŌ when only the 501 

ICE is used.  502 

 503 

Figure 36: Engine BSFC Against Mission Time of the UAV 504 

5.8. ICE Fuel Flow  505 

Figure 37 shows the fuel Ňow variaƟon of the ICE along the whole mission of the aircraŌ when only 506 

the ICE is used. 507 
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 508 

Figure 37: Engine fuel Ňow Against Mission Time of the UAV 509 

5.9. Mission Power (Energy Management Analysis Using Rule-Based Controlled 510 

Strategy) 511 

Figure 38 shows the power used along the mission by the hybrid propulsion system of the UAV. 512 

During take-oī and climb, the power peaks up to a maximum value of 2500W when the UAV is climb-513 

ing, which is achieved by the propulsion system operaƟng in hybrid mode. The power then decreases 514 

to 515W when the UAV is operaƟng in ICE mode between 260s and 2650s during the Įrst cruising 515 

stage, and peaks up again to about 2100W when the UAV is operaƟng in hybrid mode between 2660s 516 

and 5750s in the second cruising stage. The power then decreases again to about 550W in the re-517 

maining mission phases of the aircraŌ. It is important to note that the power decreases during the 518 

cruising stage since more power is required in the climbing mission phase than in the cruising stage. 519 

An esƟmate of the power required to saƟsfy the mission of the UAV was determined using power 520 

proĮle curves used by previous researchers from literature [50], as shown in Įgure 38. Also, it is ob-521 

served that mission power saƟsĮes the power required of the aircraŌ throughout its mission. Some 522 

spikes are also observed as a result of the controller trying to change operaƟng mode during the 523 

mission of the aircraŌ [48], which is also a result of the aircraŌ changing speed [44].  524 
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 525 

Figure 38: Mission Power Against Mission Time  526 

5.10. Mission Torque Required 527 

Figure 39 shows the torque used along the mission by the hybrid propulsion system of the UAV. It is 528 

observed that the torque is low during certain mission segments where the UAV uses the combusƟon 529 

engine, and peaks when the UAV uses both power sources.  530 

 531 

Figure 39: Mission Against Mission Time 532 

5.11. EM Power 533 

Figure 40 shows the electric motor power variaƟon along the whole mission of the aircraŌ. It can be 534 

observed that the electric motor remains silent over certain mission segments of the aircraŌ. The 535 
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electric motor power is zero over these mission segments of the aircraŌ since only the ICE powers 536 

the aircraŌ.  537 

 538 

Figure 40: Electric Motor Power VariaƟon Against Mission Time of the UAV 539 

 540 

 541 

 542 

5.12. EM Torque 543 

Also, the electric motor torque is silent during these mission segments of the aircraŌ since only the 544 

ICE powers the aircraŌ, and the electric motor torque is zero during these mission segments, as 545 

shown in Figure 41. 546 

 547 
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Figure 41: Electric Motor Torque VariaƟon Against Mission Time of the UAV 548 

5.13. Motor Current  549 

Figure 42 shows the motor current draw from the EM throughout the mission of the aircraŌ, which 550 

peaks up to a maximum value of 0.16A during the climb segment and changes throughout the diīer-551 

ent mission phases of the aircraŌ. It also observed that the motor current is zero during some mission 552 

segments of the aircraŌ, where only the ICE is used. 553 

 554 

Figure 42: Motor Current VariaƟon Against Mission Time of the UAV 555 

5.14. BaƩery SOC 556 

Figure 43 shows the baƩery SOC along the whole mission of the UAV. The baƩery SOC is constant 557 

during some mission segments where only the ICE is used, and decreases during the mission seg-558 

ments where the electric motor is used.  559 

 560 
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Figure 43: BaƩery SOC Against Mission Time  561 

5.15. Mission Fuel Burn 562 

Figure 44 shows the fuel burn along the mission for the ICE-powered UAV and the hybrid-powered 563 

UAV. It is observed that the ICE-powered UAV uses more fuel than the hybrid-powered UAV over the 564 

same mission proĮle. The hybrid UAV achieves a fuel burn of 4.2kg, while the ICE-powered UAV 565 

achieves 5.4kg for the same mission.  566 

 567 

Figure 44: Mission Fuel Burn Against Mission Time 568 

Figure 45 shows the variaƟon of the thrust and drag force along the whole mission of the aircraŌ. 569 

The thrust force increases during the takeoī and climbing phase of the aircraŌ since more propulsive 570 

power is needed, which is achieved with the ICE and EM working together, and it remains steady 571 

throughout the mission of the aircraŌ. It can be observed that the thrust of the UAV matches the drag 572 

at all the mission phases of the aircraŌ since steady unaccelerated Ňight was considered when devel-573 

oping the model.  574 
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 575 

Figure 45: Mission Force Against Mission Time 576 

5.16. Fuel Burn Comparison between Parallel Hybrid Architecture and ConvenƟonal Archi-577 

tecture  578 

Various ISR mission proĮles consisƟng of various mission segments were varied to evaluate the fuel 579 

burn achieved by the UAV. Table 2 gives the fuel burn and the percentage of fuel consumpƟon reduc-580 

Ɵon achieved compared to the convenƟonal powertrain system for each ISR mission type. The fuel 581 

burn increased as the mission Ɵme increased, with the percentage of fuel burn improvement chang-582 

ing slightly, i.e 22.9%, 19.1% and 22.2% for Mission 1, Mission 2, and Mission 3, respecƟvely. Table 3 583 

shows the parameter speciĮcaƟons of the propulsive components of the UAV used when developing 584 

the model.  585 

ISR Mis-
sion 

Time(h) 

Mission Segments Mass of Fuel 
Burn For Con-

venƟonal Archi-
tecture (kg) 

Mass of 
fuel burn 

for parallel 
hybrid Ar-
chitecture 

(kg) 

Percentage of fuel 
consumpƟon reduc-
Ɵon (%) compared to 
convenƟonal architec-

ture  

1h Take-oī and climb, 
cruise, cruise, descend, 

and landing 

2.05 1.58 22.9 

2h Take-oī and climb, 
cruise, cruise, cruise, 
descend, and landing 

4.14 3.35 19.1 
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3h Take-oī and climb, 
cruise, cruise, cruise, 
cruise, descend and 

landing 

5.4 4.2 22.2 

Table 2: Fuel Burn Comparison Table Between Parallel Hybrid Architecture and ConvenƟonal Architecture 586 

Propulsion System Component Parameter SpeciĮcaƟon 

BaƩery Nominal Voltage: 20V 

Rated Capacity: 2.5Ah 

IniƟal SOC: 100 

BaƩery Response Time: 30 

Maximum Capacity: 2.5Ah 

Cut-oī Voltage: 15V 

Fully Charged Voltage: 23.3 

Nominal Discharge Current: 1.087A 

Internal Resistance: 0.08Ω 

ICE Sea level temperature: 288K 

Minimum Engine Atmospheric Pressure: 
60kpa 

Engine ThroƩle: 0.377 

 

Electric Motor Motor Speed Constant(݇௩): 400 

Motor Internal Resistance: 120 Ω 
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No-load Current: 0.0008A 

Propeller Propeller Diameter: 0.15m 

Propeller Type: APA 4012 propeller 

Table 3: Parameter speciĮcaƟons for the Propulsion component for the model development 587 

 588 

6. Conclusion  589 

In this paper, a novel rule-based control strategy was implemented to evaluate the energy eĸciency 590 

and fuel consumpƟon reducƟon on a Įxed-wing UAV with HEPS. Various drive components for pro-591 

pulsion of the UAV were individually developed which were integrated for various powertrain archi-592 

tectures. The results obtained were compared with the results obtained for a convenƟonal power-593 

train system of the UAV. Various Missions proĮles were considered. Through simulaƟon, it was shown 594 

that a UAV with a parallel hybrid electric propulsion system saved about 22% of fuel compared to a 595 

convenƟonal powertrain system. Further research will invesƟgate other supervisory control strategies 596 

to achieve more energy saving, payload capacity, fuel consumpƟon improvement, and baƩery SOC. 597 

An experimental aircraŌ test facility will also have to be developed to test the developed technology. 598 
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