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Abstract 
 

Unmanned aerial vehicles (UAVs) and fuel cell industries are seeking to enhance the 

capability and performance of UAVs powered by fuel cells as propulsion systems. 

Tasks such as surveillance and land surveying increased the need to improve UAVs 

flight characteristics especially its endurance. The design for long endurance UAVs 

along with its integrated propulsion system components should be carefully designed 

and optimized. In this thesis, an optimization approach is developed to obtain optimal 

flight endurance. The proposed approach includes a component-level, a subsystem-

level as well as a system-level modeling. For the component level modeling, models 

of all propulsion system components are developed based on real physical models. In 

the subsystem level modeling, fuel cell subsystems are integrated in a single model 

that is verified through experiments to obtain its polarization curve. The hybrid 

subsystem is then integrated through a developed energy management scheme. For 

the system level modeling, multi-disciplinary design analysis (MDA) is developed for 

different case studies that include steady level mission and climb flights. This model 

is solved using a nonlinear solver function of the MATLAB tool box (fsolve). The 

optimization scheme for all UAV design variables uses a genetic algorithm on the 

outer loop of the optimization routine to search for the optimal solution using the 

developed MDA as a fitness function. The optimization selects wing airfoil, hydrogen 

tank, battery, motor, gear reduction and propeller from different possible 

combinations to maximize the endurance of a UAV. The combination of propellers 

with larger diameters and motors with lower voltage constants resulted in higher 

overall system performance. The fuel cell model that depends on a simple polarization 

curve test demonstrated good agreement with experimental results. To reduce the 

uncertainty in the propeller modeling, the propeller-fuselage interference is 

considered to produce more accurate results. The contribution of integrating the 

propeller interference reduces the uncertainty from 30% to less than 4%. The results 

of this study indicated that using a battery for climb rate mission and a fuel cell for 

steady level flight mission, along with the proposed energy management scheme, 

increased the overall UAV flight endurance by 19.4% compared to classical 

approaches in design methods. 

Search terms: Multidisciplinary analysis, design optimization, hybrid propulsion 

systems, genetic algorithm, PEMFC, energy management, UAV, simulation. 
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Nomenclature 
 

𝑎0 Zero lift slope for the airfoil rad-1 

𝑏𝑤 Wing span m 

c Chord length m 

𝑑𝑝 Propeller diameter in 

𝑑𝑓 Fuselage diameter mm 

𝑓𝑚𝑜𝑢𝑛𝑡 Tank mounting/bosses/tubing mass fraction - 

h Planck’s constant J.s-1 

i0 Exchange current A 

iFC The cell operating current A 

i* Filtered battery current A 

𝑖𝑡 Battery capacity A.h 

k Boltzmann’s constant  m2.kg.s2.K-1 

�̇�𝑎𝑖𝑟𝑖𝑛 Air flow rate kg/s 

𝑚𝐻2
 The hydrogen mass kg 

𝑚𝑐𝑜𝑚𝑝 Hydrogen tank composite overwrap mass kg 

𝑚𝑙𝑖𝑛𝑒𝑟 Hydrogen tank liner mass kg 

𝑚𝑡𝑎𝑛𝑘 Total tank mass kg 

mb Battery mass  kg 

mreg Regulator mass kg 

n Hydrogen content  mol 

r Cylinder radius m 

rohm Cell resistance ohm 

𝑟𝑐 Radius of curvature m 
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𝑡𝑐𝑦 Total cylinder thickness m 

𝑣 Relative air speed m.s-1 

𝑥𝑓𝑠 Liner load sharing factor of safety to yield - 

xi Mole fractions of species - 

A Cell active area m2 

A Tafel slope V.A-1 

Ab Exponential zone amplitude - 

B Parametric constants for PEMFC - 

B Exponential zone time constant inverse for battery - 

C Battery capacity in coulomb Coulomb 

𝐶𝐷 Total coefficient of drag - 

𝐶𝐻𝑇 Horizontal tail coefficient of volume - 

𝐶𝐿 Total coefficient of lift - 

𝐶𝑀 Total coefficient of moment - 

𝐶𝑉𝑇 Vertical tail coefficient of volume - 

CO2 Concentration of oxygen in the catalytic interface of 

the cathode 

- 

CP Coefficient of power - 

CQ Coefficient of torque - 

CT Coefficient of thrust - 

CUDC HV High side capacitor F 

CUDC LV Capacitances of the low side capacitor F 

𝐷 Total drag N 

E Oswald efficiency factor  - 

𝐸0 Standard no load voltage V 
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𝐸𝑁𝑒𝑟𝑛𝑠𝑡 Thermodynamic potential of the cell V 

𝐸𝑜𝑐 Cell open circuit voltage V 

𝐸𝑠𝑡𝑎𝑐𝑘 Fuel cell stack voltage V 

Eb Battery energy capacity J 

F Faraday constant A.h.mole-1 

∆𝐺 Change in the free Gibbs energy J 

𝐺𝑟 Gear ratio - 

𝐼𝑏 Battery current A 

𝐼𝑓𝑐 FC system feedback current A 

𝐼𝑚 Motor current A 

𝐽 Advance ratio for propeller - 

Jmax The maximum current density A.m-1 

K Polarization constant of the battery V.A-1.h-1 

𝐾𝑣 Motor voltage constant RPM,V-1 

L Thickness of the membrane m2 

𝐿𝐻𝑇 Total horizontal tail length m 

𝐿𝑉𝑇 Total vertical tail length m 

LUDC Inductance of the unidirectional converter Hz 

�̇� Hydrogen flow rate  mole.s-1 

𝑁𝐻2
 Hydrogen consumption mole 

𝑁𝑂2
 Oxygen consumption mole.s-1 

𝑃𝐻2
  Hydrogen pressure atm 

𝑃𝐻2𝑂 Atmospheric pressure atm 

𝑃𝑂2
  Oxygen pressure atm 

𝑃1 Air ambient pressure Pa 

𝑃𝑎𝑖𝑟 Supply pressures of fuel and air Pa 
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𝑃𝑏𝑎𝑡 Power produced by the battery W 

𝑃𝑓𝑢𝑒𝑙 Supply pressures of air Pa 

𝑃𝑟𝑒𝑞 Required thrust power W 

 𝑃2 Pressure after fan Pa 

Q Battery capacity A.h 

R Universal gas constant J.mole-1.K-1 

𝑅𝑖𝑛𝑡 FC internal resistance ohm 

𝑅𝑖𝑛𝑡 Motor internal resistance ohm 

Rb Battery internal resistance ohm 

Rm Winding resistance ohm 

𝑅𝑒𝑙𝑒 Electrical resistance of the fuel cell ohm 

𝑅𝑖𝑜𝑛 Ionic resistance of the fuel cell ohm 

𝑅𝐶𝑅 Concentration resistance of the fuel cell ohm 

𝑆 Total area of lifting surface m2 

𝑆𝐻𝑇 Horizontal tail surface area  m2 

𝑆𝑉𝑇 Vertical tail surface area m2 

𝑆𝑤 Wing surface area m2 

∆𝑆 Change of the entropy J 

T Absolute temperature K 

𝑇1 Air ambient temperature K 

𝑇𝑟𝑒𝑓  Reference temperature K 

∆𝑇 Sampling time s 

Td Cell settling time to a current step s 

UH2 Hydrogen utilization factor - 

UO2 Oxidant utilization factor - 
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𝑈 𝑓𝐻2
 Hydrogen and oxygen utilizations - 

𝑈 𝑓𝑂2
 Hydrogen and oxygen utilizations - 

𝑉∞ Wind relative speed m.s-1 

𝑉𝐹𝐶  Output voltage of fuel cell V 

𝑉𝑎𝑐𝑡  Voltage drop due to the activation of the anode and 

cathode 

V 

𝑉𝑏𝑎𝑡𝑚𝑖𝑛 Minimum battery supplied voltage V 

𝑉𝑐𝑒𝑙𝑙 Cell voltage V 

𝑉𝑐𝑜𝑛 Voltage drop resulting from the reduction in 

concentration of the reactants 

V 

𝑉𝑚 Motor output voltage V 

𝑉𝑜ℎ𝑚𝑖𝑐 Ohmic voltage drop V 

𝑉𝑜𝑑𝑖𝑠 Battery discharge voltage V 

V0 No load motor voltage V 

𝑊𝑓𝑎𝑛 Fuel Cell Fan Power W 

𝛼𝑇 Inclined angle of thrust with respect to the flight 

path direction  

rad 

𝛽 Drag coefficient for motor - 

𝜇 Fluid kinematic viscosity  m2.s-1 

𝜌𝑀 Specific resistivity of the membrane for the electron 

flow 

ohm 

𝜌 Air density at a certain flight altitude kg.m-3 

𝜏𝑒 Torque of electric origin N.m 

𝜔 Rotational speed of the propeller rad.s-1 

𝜂𝐵𝐷𝐶 Bidirectional DC/DC converter efficiency  - 
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𝜂𝑆𝐷𝑇 Corrected propeller coefficients value - 

𝜂𝑎𝑐𝑡 Activation over voltage V 

𝜂𝑓𝑐 Fuel cell stack efficiency - 

𝜂𝑚 Efficiency of the electric motor - 

𝜂𝑜ℎ𝑚 Ohmic over voltage V 

𝜂𝑝 Propeller efficiency - 

𝜃 Climb rate angle rad 
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AoA 

Abbreviations 

Angle of attack 

 

 

BDC Bidirectional converter  

BLDC Brushless direct current motor  

DSM Design structure matrix  

ECMS Equivalent consumption minimization strategy  

EMS Energy management system  

ESS Energy storage system  

FC Fuel cell  

HSMs Hollow silica microspheres  

MDA Multi-disciplinary analysis  

MDO Multi-disciplinary design optimization  

NICD Lead acid batteries  

PEM Polymer electrolyte membrane  

PEMFC Polymer electrolyte membrane fuel cell  

SOC State of charge   

SOE State of energy  

SOFC Solid oxide full cell  

SPS Sim power systems  

TDR Total device rating  

UAV Unmanned aerial vehicle  

UDC Unidirectional converter  
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Chapter 1. Introduction 

1.1. Overview 

As the area of application for unmanned aerial vehicles (UAVs) is expanding 

every day, there is a need to improve different UAV performance characteristics to 

meet design and demand requirements. Miniature unmanned aerial vehicles (MUAV) 

are primarily used for surveillance, target engagement and tracking missions. Such 

missions require the MUAV to possess long endurance performance characteristics 

capable of maximizing the UAV flight time. This means that there will be more fuel 

and a larger UAV propulsion system size in terms of engines, fuel storage and other 

components. Similarly, electric propulsion systems that utilize batteries as the main 

power source also require more batteries to increase the endurance of the UAV, and 

hence, increase UAV weight. This leads to an increase in UAV size and thus more 

drag force. At a certain point, the UAV will reach a threshold in which adding more 

fuel or batteries will increase the total weight and size, and in turn, will decrease the 

endurance. Moreover, such a solution is not effective as it will increase both the initial 

and the running costs. Second there is a need for new power sources that lower the 

dependence on fossil fuel and achieves more sustainability. Third, an environmentally 

friendly power source such as solar cells or fuel cells will be considered as a better 

alternative to internal combustion engines.   

Taking into consideration the aforementioned points, hydrogen fuel cells have 

been proposed as a good solution due their high energy densities that can reach up to 

800 Wh/kg with around 200 Wh/kg for lithium ion batteries. In addition, PEM fuel 

cells are considered to have almost zero emissions when using hydrogen as the fuel. 

On the other hand, PEM fuel cells have low power densities compared to lithium ion 

batteries or ultra-capacitors. As a result, a combination of PEMFC/ Li-Po battery can 

result in a good propulsion system that meets the endurance requirements. Bradley et 

al. [1] reviewed fuel cell powered UAVs that were manufactured between the period 

of 2000 to 2008 which are listed in Table 1. It is notable that most manufacturers 

preferred PEM fuel cells over other types of fuel cells as PEM fuel cells operate at 

lower temperatures and possess more durability. In addition, PEM fuel cells are 

considered to have solid structures which make them more applicable in the field of 

aerospace applications.  
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Table 1 : Previous Work Done on FC Powered UAVs [1] 

Organization (date) Fuel Cell 

Type 

Reactant Storage Type Endurance 

AeroVironment (2003) PEM H2 sodium borohydride 0.2 hr 

AeroVironment (2005) PEM H2 cryogenic 24 hr 

Naval Research Lab 

(2006) 

PEM H2 gaseous 3.3 hr 

Georgia Inst. of Tech. 

(2006) 

PEM H2 gaseous 0.75 hr 

CSULA/OSU (2007) PEM H2 gaseous 12 hr 

KAIST (2007 ) PEM H2 sodium borohydride 10 hr 

Adaptive materials inc 

(2006) 

SOFC Propane 4 hr 

CSU Los Angeles (2006)  PEM H2 gaseous 0.75 hr 

AeroVironment (2007) PEM H2 sodium borohydride 9 hr 

DLR/HyFish (2006) PEM H2 gaseous 0.25 hr 

  

Reviewing PEM fuel cell includes the study and analysis of fuel cell 

subsystems as well. PEMFC is a very sensitive device and should be analyzed 

carefully. Unfortunately, most of the UAV propulsion systems that has PEMFC as the 

main power source treated the FC as a single component “stack” in the analysis and 

design process. This treatment leads to deviation in the theoretical model results from 

experimental tests results. In addition, hydrogen storage technology introduces 

another challenge for FC integration in the propulsion system optimization. This is 

mainly because of the pressure difference at different altitudes and constraints in the 

size of the fuselage.  

Hybridization of UAV propulsion systems demonstrated their effectiveness in 

improving UAV endurance. A preferred option of hybrid systems is the FC/Li-Po. 

The fuel cell will be the main power source while the battery will be the secondary 

power source and will act as an energy storage component. Hybridization requires an 

energy management system that analyzes the operation modes, phases of power 

surplus, and power shortage. Based on the required analysis of the power source, 
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DC/DC converters should be designed and integrated in the UAV power source 

system.  

On the other hand, endurance can be improved by improving the aircraft 

structural design such as the wing and tail performance characteristics. Wings are 

responsible for creating lift force that overcomes the aircraft weight force. Lift could 

be increased by improving airfoil shape and increasing the wing area. However, this 

will increase both the drag force and the UAV weight. At a certain point, increasing 

the wing area will decrease aircraft performance. As a result, an optimization tool 

should be developed to include the optimization of the total aircraft mass. 

Finally, most of the experimental tests depend on a complete build and flight 

tests of the UAV. This results in higher costs for building UAVs. Another effective 

way to validate aircraft design is to construct hardware in the loop tests for the new 

designed components. In these types of tests, the component(s) being tested will be 

connected to the Simulink complete model. Preparing the test kit, whether it is 

hardware or software, will be challenging as it requires a well-designed model, careful 

connections and well-established conditions that represent real operating conditions 

and deal with different test equipment.      

1.2.     Thesis Objectives and Problem Statement 

As stated previously, UAVs application fields require the UAV to fly for 

extended periods of time. Hence, the endurance of the UAV should be improved. 

Figure 1 illustrates this result as the endurance of most aircrafts do not exceed 2 

hours. As can be seen in the Figure 1, the ratio of endurance/takeoff mass is low 

which is an issue that needs to be resolved. Hand-launchable unmanned aerial 

vehicles are considered to be a good choice for small scale UAVs designed for long 

endurance flight missions as they have many advantages over other types of MUAVs. 

First, hand-launchable UAVs don’t require runways or mechanical launching aids. In 

addition, they require less training and setup time. Finally, they can have longer 

endurance because they require less power for the take-off flight mission [2].  

Integration of fuel cells into the propulsion system is still under research. 

Hence, the number of resources available that target this problem are few. Also, the 

optimization schemes used in the multidisciplinary analysis are still underdeveloped. 

For example, it was suggested that UAV endurance could be improved using two 
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approaches. The first approach is to improve the fuel cell propulsion system while the 

second approach is to improve the wing/tail design parameters. Most of the research 

conducted was directed towards one of the two suggested approaches as integrating 

the two approaches in one optimization tool is a great challenge in designing UAVs. 

This integrated approach will lead to an increase in the number of design variables. 

Also, multidisciplinary analysis and design structure matrices will suffer from a high 

degree of complexity.  

 

Figure 1: UAV Takeoff Weight vs. Endurance  

Another challenging research point is the analysis of many subsystems which 

need to be integrated into a single model analysis. Fuel cell subsystems are then 

integrated to yield the fuel cell model.  Subsequently, FC/Li-Po power management 

will be implemented. Moreover, these two systems will be integrated into the 

propulsion system model and the propulsion system model will be integrated with the 

wing/tail design model. Lastly, the propulsion system model and the wing/tail design 

will be integrated into an aircraft performance model.  

In addition, optimization is usually done for a certain flight mission or flight 

path. For example, the optimum model for steady level flight mission differs from the 

optimum model for climb rate mission flight for the same proposed aircraft. This is 
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because each flight mission has different design requirements which might result in 

the selection of different components for different flight missions. As a result, the 

solution might not be feasible. Hence, a tradeoff study should be done to reach the 

optimum solution that lies in the feasible region of the proposed flight missions.     

This thesis aims to develop a flexible optimization framework for the system 

level design of UAVs’ propulsion system, wing and tail. The optimized UAV will be 

validated through a full UAV simulation model. The optimization scheme depends on 

the genetic algorithm methodology with the inclusion of the multidisciplinary analysis 

to derive the optimized wing, tail and propulsion system components to achieve the 

maximum possible endurance. The system will be simulated using 

MATLAB/Simulink and validated through HiL simulation test. Hence, the following 

objectives should be met: 

 Modeling of different propulsion system components in addition to the wing 

and tail. 

 Modeling of energy management system for the PEMFC/ Po-Li battery. 

 Modeling of the integrated UAV wing/ tail/ propulsion system. 

 Building a multidisciplinary analysis for the propulsion system along with the 

wing and tail. 

 Using genetic algorithm to solve for the optimum endurance. 

 Applying genetic algorithm optimization studies for the climb rate flight 

mission. 

 Applying genetic algorithm optimization studies for hybridization.  

 Using the results from the optimization scheme to build a Simulink model for 

the complete UAV system to simulate its performance. 

 Running a HiL simulation test to validate results. 
 

1.3.     Thesis Contribution 

This problem is of significance to the UAV industry because most applications 

of UAVs require long endurance performance. Hence, the need for a well-structured 

base for optimizing and designing UAVs is considered to be of high importance. This 

work takes into consideration the wing and tail design as a part of the 

multidisciplinary analysis and optimization process which adds more complexity and 
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difficulty to the problem solution. However, it will introduce a good frame of higher 

degrees of freedom and more options that include the wing and tail design for the 

designer that will use this methodology later on. Finally, in this research, a new 

methodology to test the results is considered to be very economical instead of 

constructing the complete UAV and run complete flight tests. This will be done by 

designing a complete simulation model for the resulting aircraft. This model will be 

considered as a flexible framework to do Hardware in the Loop Simulation tests.   

This thesis will contribute to AUS. The thesis will introduce Simulink models 

for each propulsion system component in addition to a complete simulation model of 

the proposed UAV design. It will include integrated models for fuel cell subsystems 

along with energy management for the FC/ Po-Li battery. In addition, it will propose a 

simulation model that will integrate the propulsion system with UAV performance. 

Moreover, the multidisciplinary analysis and the new optimization tool that will be 

developed based on genetic algorithms will be constructed. This work will help 

students to build upon and improve the work done in this thesis. 

Finally, a special contribution to the UAE government will be added to this 

project’s significance. The UAE government is increasing the budget and support 

towards building creative UAVs that help in achieving different governmental 

services in order to develop a “smart government.” In February 2014, the UAE 

government launched a large competition with a budget of over 5 million dirhams for 

creative UAVs according to Emarat Al Youm newspaper [3]. Mr. Mohammed Al 

Qarqawy, manager of the highest committee for Smart Government Project, stated 

that this competition aimed to have UAVs that can provide a wide range of 

governmental services that will save money, effort and time [4]. 

1.4. Thesis Organization 

This study consists of 8 chapters: 

 Chapter 1 contains the preface and a detailed description of the problem and 

proposed solution of this study. The chapter includes a general background 

and overview, the problem statement, significance of the project, objectives 

and thesis outline. 
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 Chapter 2 includes a background of the different components used such as 

PEM fuel cells, Lithium batteries, electric DC motors, speed controllers, 

propellers, DC/DC converters and hydrogen storage methodologies. 

 Chapter 3 discusses different types of energy management schemes and their 

models. 

 Chapter 4 contains models for the components described in Chapter 2 and the 

development of the multidisciplinary design analysis framework. 

 Chapter 5 includes the development of multidisciplinary design optimization 

that contains the design structure matrices and optimization scheme. Genetic 

algorithm technique is used to solve for the optimum endurance after 

determining the constraints, design variables and objective function.  

 Chapter 6 involves case studies for the optimization that focuses on climb rate 

and hybridization. 

 Chapter 7 simulates the aircraft using results from Chapter 6 and designs a 

HiL simulation model to validate the results obtained from Chapter 5.  

 Chapter 8 summarizes the research conducted in the thesis and includes 
suggestions for further research.    
 

1.5. Literature Review 
This section reviews previous work conducted on UAV fuel cell design. The 

literature review is divided into three sections depending on the main stream of the 

research being reviewed. The first section is on hand-launchable UAVs and fuel cell 

powered UAVs, the second section is on the methodologies proposed for FC UAV 

design and the third section is on propulsion system design considerations.  

1.5.1.   A review on hand-launchable UAVs and fuel cell powered UAVs.  

Moffit et al. [5] and his team from Georgia Institute of Technology conducted 

extensive research in this field on a PEM fuel cell powered UAV. A high-level 

conceptual design study of small-scale long-endurance aircraft was performed. 

Authors used a PEM-powered demonstrator aircraft designed and built by the Georgia 

Institute of Technology to apply the performance optimization analysis in order to 

achieve a long endurance and range. The solution technique was based on fixed point 

iteration to achieve convergence of design variables using the sequential 

unconstrained minimization technique (SUMT) with the help of a penalty function 
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using a simplex optimization search algorithm. However, the very broad range of the 

design space led to inaccurate results and some of the results were impractical due to 

their scarcity in the market.  

In the paper; “Design and Performance Validation of a Fuel Cell Unmanned 

Aerial Vehicle”, authors extended what they started in [5] to build a fuel cell powered 

UAV and validate the theoretical results [6]. They divided the work into two main 

categories; the first category was a high-level conceptual design and the second 

category included a validation of the results through a sequence of bench-top tests. 

The results demonstrated some differences between the theoretical and practical 

results but it was within the acceptable range. However, this study was of high cost in 

terms of computational costs and hardware costs.   

Lindhal et al. [7] introduced a mathematical derivation, simulation and 

validation of a simple propulsion system for UAV at steady state conditions. The 

system components were solid oxide fuel cell (SOFC) as the power source, motor 

controller, brushless motor and propeller. The optimization technique was used for the 

purpose of achieving the optimum electric power being delivered by the SOFC. The 

simulation was built using the fsolve function of MATLAB which could be of good 

estimates for such first- order mathematical models. The results validation indicated a 

good agreement between simulation and wind tunnel test results. However, the 

propulsion system measured only the ability of the power source to overcome the 

thrust.  

Rhoads et al. [8] from Colorado State University succeeded to design, build 

and fly a fuel cell powered UAV. The main objective of their design was to achieve 

24 hours endurance. The team was able to achieve up to 28 hours of flight. The work 

done focused on the selection of appropriate available components and manufacturing 

of the hand launched UAV more than on a detail design optimization problem. 

However, the endurance/ take-off mass ratio was small.   

Wagner et al. [2] have developed an in-depth mathematical formulation for a 

hand launched UAV to achieve long endurance. Conceptual design started by the 

design space definition and alternative matrix followed by qualitative and quantitative 

calculations. Second stage was breaking the problem into subsystems that included 

the development of components’ contributing analyses followed by a design structure 
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matrix. The optimization technique used to solve the DSM was a genetic algorithm 

that has the advantage of finding more than one solution near the optimal solution. 

Results showed that a notable improvement of the UAV endurance from 2 hours to 

almost 6 hours. However, the main power source was a lithium polymer battery and 

not a fuel cell.         

Kim and Kwon [9] used a hydrogen production system instead of a hydrogen 

storage tank as the fuel supply to their UAV. Even though the authors designed a 

small UAV, their focus was on the validation of the hydrogen production system more 

than on the UAV design and function. However, they succeeded to fly the UAV for 

endurance of almost 2 hours using an autopilot system. Moreover, in 2012, a basic 

fuel cell powered UAV was developed by Verstraete et al. [10].  Their main 

investigation included a preliminary design with a demonstration to validate the 

UAV’s performance. In addition, they developed an aerodynamic model that didn’t 

integrate power and energy management system for the propulsion system. Another 

UAV powered by a fuel cell was investigated by Herwerth et al. [11]. The authors 

proposed a theoretical design of a small hybrid UAV powered by PEM fuel cell/ 

lithium-polymer battery powered UAV with long endurance.  

Furrutter et al. [12] designed a small PEM fuel cell powered UAV. The fuel 

cell was used in the steady flight condition and it had a power supply of 100 W. For 

the take- off flight mission, a Li-Po battery was used. Mathematical formulation and 

derivation was presented by the authors [12] without providing any details about the 

optimization scheme used. An endurance of 150 seconds was achieved, but the UAV 

experienced a high drag force. 

Ldayu et al. [13] developed a Kenyalang fuel cell UAV. The authors presented 

a CFD model to obtain aerodynamic performance characteristics of the designed 

UAV such as coefficient of lift (CL) and coefficient of drag (Cd ). This model was used 

to indicate rate of climb, takeoff distance and stall speed at low Mach numbers. 

Another fuel cell powered UAV was introduced in [14] using a 550 W PEM fuel cell 

integrated with Li-Po battery. Qualitative and quantitative analyses for hydrogen 

storage tanks were implemented. Thermal management that depended on a fin-and-

tube radiator with an external fan was designed instead of using traditional radiators 

that would have a large surface area. The designed UAV succeeded to fly for 23 hours 
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and 19 minutes with the achievement of specific energy of 1170 Wh/kg. 

Hybridization of the propulsion system was studied through a quantitative analysis in 

which it was found that hybridization did not improve the endurance of the UAV. 

1.5.2.   A review on the methodologies proposed for FC UAV design.  

Bradley et al. defined three types of methodologies used in UAV conceptual 

design [1]. The first one took into account scaling of an existing fuel cell system 

without considering the design of the fuel cell system and subsystems. The second 

methodology includes the design of the fuel cell subsystems without taking into 

consideration the UAV design. The disadvantages of the two previous design 

methodologies are the avoidance of the UAV structural design and its flight 

performance in the design of the propulsion system. The last methodology which is 

considered to be the most general one that includes the design of the fuel cell 

subsystems integrated with the UAV design. This methodology includes some 

drawbacks of having a broad design space with more computational costs.  

     After their valuable work on designing, optimizing and validating fuel cell 

powered UAV for long endurance flight, Moffit et al. [15] applied an uncertainty 

analysis through system sensitivity analysis (SSA). According to Moffit at al., the 

need for sensitivity analysis of UAVs powered by fuel cells is important because of 

the severe complexity and constraints of the design space which may lead to 

performance uncertainties. To reduce uncertainty for the output variables, the 

researchers used Monte Carlo techniques and then validated the results using 

experimental setups. The SSA improved the accuracy associated with   results.  

A good reference on the modeling of different energy sources components was 

carried out by Hannan in [16]. This paper included the modeling of lead acid batteries, 

PEM fuel cells and PV solar cells as energy sources as well as super capacitors as 

energy storage components. An investigation on the combination of super capacitors 

and batteries to be used as an advanced energy storage system was conducted. In 

addition, different models of converters were discussed in this review paper.  

According to Timothy et al. in [17], the design of UAVs have three levels 

based on the technology used. The ‘off the shelf’ level includes the use of available 

commercial components for the design as the basic level. The intermediate level 

consists primarily of the components and technologies that are available for 



33 
 

laboratory and research use, while the advanced level depends on demonstrations 

being tested in universities and specialized organizations. Even though fuel cells 

appear to be a promising technology as an energy source for UAVs, there are some 

challenges regarding hydrogen storage, safety issues, power and energy management 

and durability requirements that require more extensive research.  

A general methodology for the design of UAV powered with fuel cells was 

addressed by Bradley et al. [18]. General design matrices that can be implemented in 

the conceptual design’s contributing analyses were introduced. These models could be 

performed under steady state conditions. The paper contained important design 

considerations such as fuel storage and water and thermal management of fuel cell 

especially when performing under high altitude conditions. 

Hydrogen storage is considered as a main challenge for fuel cell powered 

UAVs since it directly depends on the aircraft and fuselage structure and on the 

altitude characteristics. Khandelwal et al. [19] gave a complete review on hydrogen 

availability, production and storage technology. Also, a complete analysis of the 

hydrogen tank was conducted to determine its characteristics such as shape, volume, 

pressure, material, and insulation.  

Choi et al. [20] suggested a new framework in his research that helps 

designers of UAV electric propulsion systems improve their performance 

characteristics. This framework includes suggested and applied methodologies for 

design and optimization of different propulsion system components. The framework 

is divided into four main sections. The first one is the establishment of integrated 

design framework by applying a software code (GTPROP). The second section 

concentrates on the design analysis. This includes design parameters that would be 

used in subsequent section of performance analysis or in off- design analysis. The 

fourth section deals with the component sizing that includes estimation of mass and 

volume for different power propulsion system components. 

 Most of the work done on fuel cell powered UAVs includes the 

implementation of fuel cells to an existing aircraft. Soban et al. in [21] suggested new 

methodologies to design propulsion systems and optimize UAV design. The authors 

stated six important steps that should be followed in the design process as shown in 

Figure 2. The study included implementations of qualitative techniques such as house 
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of quality matrix, morphological matrix and pugh matrix. In addition, a new tool was 

developed and modified from the morphological matrix and was called the Interactive 

Reconfigurable Matrix of Alternatives (IRMA). This tool includes some features that 

are useful in designing fuel cell powered UAVs.  

A review on the Protonex UAV was done by Baldic et al. in [22].  The authors 

introduced the most common technologies in hydrogen storage as well. A comparison 

between fuel cells and batteries was carried out as well as a comparative analysis 

between fuel cell systems and internal combustion engines. The authors concluded 

that fuel cell systems are a promising technology to be used instead of internal 

combustion engines, especially for hand-launchable UAVs.  

 

Figure 2: Design Process Methodology Steps [21] 

1.5.3. A review on UAV hybrid propulsion systems.   

A review paper on the hybrid electric propulsion systems for UAVs was 

carried out by Hung in [23].  Simulink was used to create simulation models for 

different subsystem components under different configurations and control strategies 

to get the best operating points of the system. Results showed that a development up 

to 6.5% of fuel saving could be achieved with using a hybrid electric system instead 

of a piston engine only.  

  The general mathematical formulation and derivation for electric motor, 

battery and propeller for UAV propulsion system was carried by Gur et al. in [24] in 

which he depended on the market available components. The author pointed out more 
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than 250 brushless direct- current electric motors and lithium polymer batteries. An 

optimization scheme was explained to get the best components optimization. Finally, 

a sensitive analysis was applied to check for the accuracy of the chosen 

characteristics.  

Chiesa et al. in [25] worked on different design configurations for propulsion 

systems using trade-off analyses. Results showed that hybrid electric system with 

PEMFCs/ Lithium-polymer batteries would be the most appropriate propulsion 

system. Simulation models using MATLAB were designed and an endurance of 30 

hours flight with an additional 3 hours of energy supply in case of emergency was 

achieved.          

Ward and Jenal [26] gave a full detailed description of the fuel cell propulsion 

system. The fuel used had a payload of 500 W and a mass of around 3 kg. Static 

testing of the fuel cell under different optimum operating points and propeller 

installations were conducted. It was found that the fuel cell was not able to supply the 

motor with its power needs and it was not recommended to add more cells to the fuel 

cell due weight constraints.  

Bradley et al. in [27] discussed hybridized propulsion systems in which a PEM 

fuel cells were used along with lithium pack batteries. The main goal was to optimize 

the energy management control strategies at different optimized flight paths. The 

author concluded that the hybrid fuel cell powered system showed no development for 

the UAV flight endurance but it improved the fuel cell efficiency and its durability.  

Many researchers have developed varied power management techniques for 

different hybrid power plants. Motapon et al. [28], compared some common energy 

management strategies used for UAV hybrid propulsion system. The study addressed 

an in-depth mathematical formulation of the system optimization, simulation and 

validation of results. The main performance characteristics compared were the 

hydrogen consumption, the state of charges and discharges, system efficiency and 

durability. The authors concluded that the strategy to be used in power management 

depends on the priority of design variables.  

Another study on the power management of a hybrid propulsion system that 

included FC/ battery was carried by Bohwa et al. in [29]. The authors addressed 

passive and active power logics and available flight tests’ results were used in the 
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comparison with the simulated results. It was found that the active power logic has 

more advantages over the passive one and demonstrated better power distribution and 

safer flight modes. Bohwa et al. [29] also noted the importance of having fuel cells 

working under steady state conditions to maximize their durability.  

From a control behavior point of view, it is important to have a well-controlled 

system over the variation of different power requirements under partial and full loads 

of UAV operation. Cooley et al. in [30] designed and validated a multi-converter 

system for a hybrid solid oxide fuel cell/ lead acid battery using the two extra element 

theory and methodology. Such a system can be used for different hybrid FC/ battery 

UAV propulsion systems to track the durability of the fuel cell and assure the 

accuracy of the energy management system.  
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Chapter 2. Aircraft Aerodynamics and Propulsion Systems 
 

 This chapter introduces background on flight mechanics and different 

propulsion system components that will be used in this study. 

2.1.  Aircraft Aerodynamics 
The flying of an airplane results in the creation of aerodynamics and body 

forces acting on the aircraft as shown in Figure 3. Those forces may also result in the 

creation of moments. Weight is the force generated due to gravity. In order to 

overcome the weight force, a lift force that is created due to the airflow stream over 

the lifting surfaces is needed. However, the airflow stream creates a resistance force 

due friction and pressure drop which is defined as drag force. Finally, thrust force that 

is created from the propeller to overcome drag force moves the plane longitudinally. 

 

Figure 3: General Schematic of Forces Acting on Propeller Driven Airplane [31] 

As the fluid stream flows over the airfoil, pressure and shear stress acts on 

airfoil surface. As shown in the Figure 4, pressure acts perpendicular to the surface 

creating lift force due to pressure difference between upper and lower surfaces. While 

shear stress acts tangentially on the surface creating drag force. 

Figure 5 shows different terminologies of the airfoil. Angle of attack is 

defined as the angle between the relative flow stream and chord line. Angle of attack 

is a critical terminology as it plays a major role in determining the coefficient of lift 

directly and coefficient of drag indirectly. 
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Figure 4: Forces Acting on Airfoil [32] 

 

Figure 5: Airfoil Imaginary Components and Terminologies [32] 

The integration of the total pressure differences along the entire wing area 

results in total lift and drag forces acting on the wing and could be expressed in 

Equations (1), (2) and (3).  

𝐿 =  
1

2
𝜌𝑣2𝑆  

(1) 

𝐷 =  
1

2
𝜌𝑣2𝑆𝐶𝐷 

(2) 

𝑀 =  
1

2
𝜌𝑣2𝑐𝐶𝑀 

(3) 

where 𝜌 is air density at a certain flight altitude, 𝑣 is relative air speed, 𝑆 is the total 

area of lifting surface, 𝐶𝐿 is total coefficient of lift, 𝐶𝐷 is total coefficient of drag, 𝐶𝑀 

is total coefficient of Moment and c is the chord length.  

Coefficient of lift, drag and moments are a function of Reynolds number, 

angle of attack and compressibility. However, since the design variable for Mach 

number is less than 0.3, the airflow is considered to be incompressible and laminar. 

Reynolds number equation is covered by the following equation: 
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𝑅𝑒 =  
𝜌𝑣𝑐

𝜇
 (4) 

where 𝜇 is the fluid kinematic viscosity. At a certain Reynolds number, Cl could be 

graphed against different angles of attacks as shown in Figure 6 which illustrates the 

typical graph of Cl vs. α. Coefficient of lift varies linearly over a large range of angle 

of attacks, and even when the angle of attack is zero, there is still a positive value for 

the coefficient of lift due to the camber shape of the airfoil. Further increase of the 

angle of attack will lead rapidly decrease in the lift coefficient because of separation 

on the upper surface of the airfoil. Lift slope values of an airfoil is more than the 

actual lift slope values of the wing which results in lower value for the total 

coefficient of lift. The total coefficient of lift slope can be calculated as follows: 

𝑎 =  
𝑎0

1 +
57.3𝑎0

𝜋𝑒𝐴𝑅

 (5) 

where 𝑎0 is the lift slope for the airfoil and AR is the wing aspect ratio. 

 

Figure 6: Typical Diagram of Cl vs. a 

Drag coefficient is also related to angle of attack and coefficient of lift as can 

be seen from Figure 7. To illustrate this point further, it’s needed to define the aspect 

ratio which is the ratio of the square wingspan to the total wing area: 

𝐴𝑅 =  
𝑏2

𝑆
 

(6) 
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Total drag coefficient is composed of induced drag and parasitic drag. Induced 

drag is the drag generated due to lift and can be calculated from the following 

equation: 

𝐶𝐷𝑖𝑛𝑑𝑢𝑐𝑒 =  
𝐶𝐿

2

𝜋𝑒𝐴𝑅
 

(7) 

where 𝑒 represents Oswald efficiency factor ranges from 0.85 to 0.95 depending on 

how much elliptic the shape is [33]. Parasitic drag is drag generated from other non-

lifting parts such as fuselage. Total drag coefficient will be: 

𝐶𝐷 =  𝐶𝐷0 +  𝐶𝐷𝑖 (8) 

 

Figure 7: Typical Drag Polar Diagram  

2.2.  Propulsion Systems 
UAV hybrid electric propulsion systems consist of three main units: power 

supply unit, control unit and power demand unit. The goal of the propulsion system is 

to generate thrust that overcomes drag. Hybrid power supply unit includes two or 

more energy supply sources such as batteries, capacitors, fuel cells and solar cells. 

There should be at least one main power supply source and one energy storage 

component “supplementary power supply”. The power demand unit includes electric 

motor, propeller and gear reducer. Different electric motor types are available such as 

brushed DC motors or brushless DC motors. Gear reducer mission is to guarantee a 

good match between the propeller rotational velocity and the motor rotational speed. 

Hybridization requires converters and controllers to vary the voltage and current 

outputs with regard to the power demand. Converters such as bidirectional DC/DC 

converters, unidirectional DC/DC converters and micro controllers are usually used. 
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A power management system is needed to specify the voltage and current of DC/DC 

converters based on the power sources limitations and power requirements. In 

addition, the control unit includes current regulators and speed controllers to control 

the motor output speed. If needed, an inverter can be used such as three phase 

inverter.      

Hybridization between proton exchange membrane fuel cells and lithium 

polymer batteries has demonstrated to be among the best hybridization options. This 

is due the fact that PEMFCs have high energy density that could supply long 

endurance mode and Li-Po batteries have high power densities that could supply take-

off mode and acceleration mode. In addition, PEMFC response is relatively slow so in 

the case where a sudden change in power demand happened, the Li-Po battery can 

supplement. In general, PEMFC supplies power during the steady state flight modes 

while Li-Po battery supplements power in transient modes. Figure 8 illustrates the 

integrated hybrid electric propulsion system to be used. Hydrogen is the fuel used for 

the proposed propulsion system. Two options are available for the hydrogen supply: 

compressed hydrogen in tanks and chemical hydrides. Air will be supplied using fans 

powered by simple DC motors. Unidirectional boost mode DC/DC converter and 

bidirectional DC/DC buck-boost mode converter are used in the integration of power 

sources in the propulsion system. The unidirectional DC/DC converter is connected to 

the PEMFC to boost up the FC output voltage and regulates the DC bus voltage while 

in the bidirectional DC/DC converter, the main mission is to control the power flow 

of the battery. That is either to have a power flow from the battery in the case of 

power discharge or vice versa in the case of charging the battery. The converters 

output voltage and current are controlled via a power management unit. The speed 

controller is needed to control the switching process based on the rotor position of the 

BLDC motor which transfers the electrical power into mechanical power to prop the 

propeller that creates the required thrust. In addition, a three phase inverter is used to 

transfer the DC bus current to AC current signals. 

Propulsion system requirements are determined based on the UAV 

aerodynamics. In general, different power demand requirements are derived from the 

flight states: take-off, climbing, cruise, endurance and landing. The focus will be on 

maximizing the UAV endurance as the main flight mission. Table 2 summarizes each 

component contribution to the propulsion system.      
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Figure 8: UAV Hybrid Electric Propulsion System Scheme 

 

Table 2: Propulsion System Components Contribution 

Component Contribution 

Hydrogen Supply (Carbon Fiber 

Vessel or chemical hydride) 

Works as the fuel to the propulsion system 

DC Fans Supply air to the PEMFC for cooling and 

for oxygen supply to the cathode 

PEMFC Primary power source 

Li/Po Battery Supplementary power source and energy 

storage component 

Unidirectional DC/DC Converter Boost and regulate FC output voltage 

Bidirectional DC/DC Converter Regulate power flow in charging and 

discharging of the Li-Po battery 

Speed Controller Control switching process in the BLDC 

motor 

Brushless DC Motor Generate required torque to rotate the 

propeller 

Propeller Generate the required thrust to overcome 

drag 

 

2.3. Propulsion System Components 
 This section provides a background and description of different propulsion 

system components used in the proposed propulsion system.  
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2.3.1. Fuel cells.  

A fuel cell is an electrochemical device that converts the chemical energy of a 

fuel directly into electrical energy. The advantage of such a direct conversion lowers 

the energy losses which results in higher actual efficiency. Other advantages include 

clean emissions for the environment [34].  Different types of fuel cells such as solid 

oxide fuel cell (SOFC), polymer electrolyte membrane (PEM) fuel cell, the alkaline 

fuel cell, and the phosphoric acid fuel cell are used in transportation applications [35]. 

Although SOFCs were used for some aerospace applications, PEM fuel cells showed 

better technical features in terms of durability, power density and cost [16].  

   The PEM fuel cell structure contains three main components: a fuel electrode 

(anode), an oxidant electrode (cathode), and an electrolyte in between (membrane). 

The fuel cell stack consists of number of fuel cells connected in series or parallel to 

give the required voltage output. The chemical reaction between the hydrogen and 

oxygen, being happened at the anode and cathode, results in electrical power as 

follows [36]: 

Anode:    𝐻2 →  2𝐻+ +  2𝑒− (9) 

Cathode:    
1

2
 𝑂2 +  2𝐻+  →  𝐻2𝑂 (10) 

Figure 9 shows inputs and outputs of fuel cell energies, the chemical reaction 

of hydrogen and oxygen gives electrical energy, heat and water.   

PEM Fuel Cell

Hydrogen 
Energy

Oxygen 
Energy

Electrical Energy

Heat

Water

 

Figure 9: Fuel Cell Energy Flow 

2.3.2. Hydrogen storage and hydrogen supply. 

Hydrogen storage is considered as one of the most controversial aspects in 

hydrogen technology becoming commercially-available. Storing hydrogen is 

challenging due to its low gas density, particularly as hydrogen storage is critical in 

on-board transportation applications such as UAVs. In order to have energy stored in 
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hydrogen equivalent to one gasoline tank, 3000-fold the size of that tank filled with 

hydrogen at ambient conditions is needed [37]. There are many techniques to store 

hydrogen but they are still under research and development such as cryogenic liquid 

and hollow silica microspheres (HSMs). The most used techniques are chemical 

hydrides and compressed hydrogen.  

Chemical hydrides such as Sodium borohydride (𝑁𝑎𝐵𝐻4) are used to produce 

hydrogen using a reactor system that includes a special catalyst. Concentrated sodium 

borohydride solution is kept in a separate cartage [22]. The solution is fed to a catalyst 

bed through a small fuel pump in which it is decomposed into hydrogen and sodium 

borate (𝑁𝑎𝐵𝑂2). A separator is supplied to feed the fuel cell with the hydrogen as 

shown in Figure 10. System advantages include reducing the space needed, avoid 

complexity of fuel refiling and easier system handling. On the other hand, the system 

cost is very high and the reactor should be modified or even changed after each use.  

Fuel Tank
NaBH4 Solution

Discharged NaBO4

Fuel Pump

Borate

M

Catalyst Chamber

Gas/ Liquid 
Separator

H2 + water 
vapor

Oxygen from Air

PEMFC

H2O

H2

Borate (NaBO4)

 

Figure 10: Chemical Hydride Subsystem Schematic  

Compressed hydrogen is usually kept in tanks with special specifications that 

meet structural requirements, heat requirements, volume change requirements, 

gravimetric density requirements and hydrogen uptake [38-41]. There are three main 

categories of keeping the compressed hydrogen in tanks. The first one is the high 

pressure tank system which is the most usable technology among others. Four main 

types of high pressure tanks are shown in Figure 11. Huo in [42] stated that carbon 

fiber epoxy composite material can provide the required structural strength with 
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appropriate cylinder thickness but it has a relatively high cost. The second category is 

the liquid hydrogen tanks. These tanks need almost double the thickness with special 

insulation techniques to keep the liquid hydrogen in the required thermal region [41]. 

The last category is the hydrogen-absorbing alloy tanks which can store the hydrogen 

at a higher density. These tanks are still under analysis and need further study.  

It should be mentioned that hydrogen cannot be supplied directly from its 

storage system to the PEM stack because of high pressure differences between the 

stored hydrogen pressure and the pressure needed at the anode. Connecting techniques 

include the following as suggested by [43]: 

 dead-end mode, which is considered as the simplest and most used  

 dead-end mode with intervallic purging 

 closed-loop with recirculation pump or ejector 

 closed-loop with humidifier 

 connected to an expander/turbine 

 

Figure 11: Different Types of High Pressure Hydrogen Tanks [41] 

2.3.3. Oxygen supply. 

Oxygen is included in the air with almost 20.95%. As a result, most of 

PEMFC oxygen supplied is directly taken from air supply using a fan, a blower or a 

compressor. Depending on the purpose of the entire system use, some cases use pure 
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oxygen for the supply such as submarines where there is no oxygen available. Also, 

this happen in the case of high temperature fuel cell operations in which there is 

separate cooling and humidification systems. For small UAV propulsion systems, 

oxygen is supplied directly from the atmosphere with atmospheric pressure. A fan is 

used because the PEMFC of consideration is of low pressure PEM fuel cell stack and 

a low output power “small PEMFC”. The air mass flow rate will be higher than the 

hydrogen flow rate because the utilization factor of oxygen is much smaller than the 

hydrogen and oxygen reaction at the cathode is considered to be slower than hydrogen 

reaction at the anode. 

2.3.4.  Battery.   

Another source of electric power in the propulsion system is lithium polymer 

battery. Li-Po batteries provide higher specific energy than other types of batteries 

such like lead acid batteries or NiCd batteries [24]. Polymer batteries consists of 

lithium ions moving between the electrodes in charging and discharging states while 

the electrolyte is a polymeric material instead of an organic solvent [44].  The main 

specifications of such batteries are shown in Table 3. 

Table 3: Main Specifications of Li-Po [45] 

Specification Range Unit 

Specific energy 150-190 W.h/kg 

Specific power 250-340 W/kg 

Power density 300-1500 W/kg 

Efficiency 80-90% - 

Cycle durability 400-1200 cycle 

 

Gur in [24] had tested data of more than 240 Li-Po batteries from 11 

manufacturers to investigate the relation between the battery energy capacity (Eb) and 

mass. The following relation were found and presented in Figure 12 as well: 

𝐸𝑏 = 4.04𝑚𝑏
2 + 139𝑚𝑏 + 0.0155 (11) 

where Eb in W.h and mb in kg. This relation will be useful for estimating the mass of 

the battery in the aircraft design. 
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Figure 12: Battery Capacity vs. Battery Mass [24] 

2.3.5. Electric motor.  

Electric motors are considered as a major part of the UAV propulsion system 

as they are responsible for rotating the propeller which is responsible for thrust 

generation. There are two main categories of electric motors - brushed DC motors and 

brushless DC motors.  The main difference between them is that brushless DC motors 

use electronic commutation to switch the current direction instead of brushes used in 

brush DC motors. This difference gives the BLDC advantages of lower noises and 

less maintenance necessary. Moreover, BLDCs operate with higher efficiency and 

higher power density. They also show better control and faster response [7]. In 

addition to the aforementioned reasons, BLDCs show better durability and reliability 

which make them mostly used for UAVs propulsion systems [46].     

The concept behind the BLDC working mechanism is that it has stationary 

current-carrying coils with rotating permanent magnets [47].  There are two ways of 

applying this idea - either to have the rotor inside while placing the magnets in the 

center surrounded by the coil windings or to have the rotor outside in which the 

magnets will be enclosed by an outer casing while having the coil windings inside 

[48] as shown in Figure 13.  It should be noted that most manufacturers prefer the 
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outer-rotor configuration because it has lower cost, lower material losses and greater 

rotor inertia [48]. 

 

Figure 13: BLDC Configuration. a) Outer-Rotor. b) Inner-Rotor. [48] 

2.3.6. Speed controller. 

As stated previously, brushless DC motor require a speed controller to control 

the switching process based on the rotor position in a real time process. This is done 

via a duty cycle “D” in the pulses applied to the motor windings [47]. Speed 

controllers use an integrated dc-dc converter to achieve the control of the average 

motor voltage for each commutating sequence modulated by the duty cycle. Most 

speed controllers are designed based on batteries being the main source of power. In 

general, batteries have low series resistance compared to PEM fuel cells which lead to 

more no load voltage [48]. This should be taken into consideration if the chosen speed 

controller duty cycle will be managing the power change delivered to the propeller. 

2.3.7. Propellers.  

The main goal of a propulsion system is to produce thrust that overcomes the 

drag force of the UAV. The component that is responsible for this duty is the 

propeller. As a result, propellers are considered as extremely important part to 

determine the operating point of the propulsion system [7]. Propellers can be analyzed 

as a finite rotating wing because the propeller’s blades have the shape of an airfoil. As 

a result, propellers produce lift but in the direction of axis rotation. That is called lift 

force thrust. 

Figures 14and15show a typical propeller blade description. A cross section of 

the propeller blade takes the shape of an airfoil that has leading and trailing edges 

with cambered side.  Figure 14 defines the blade tip and root which are the farthest 

and nearest points to the hub respectively. The leading edge is the surface that faces 
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the incoming air. Figure 15 shows the blade angle that is formed between the face of 

an element and the plane of rotation which varies along the blade length. Blade 

element is the airfoil sections joined side by side to form the blade airfoil. Each point 

at the blade has a different speed that follows the relation: 

𝑉 =  𝜔𝑟 (12) 

where 𝜔 is the propeller rotational speed and r is the propeller radius. As a result, 

blade elements are put at different blade angles so each blade element expresses the 

same angle of attack and produce optimal thrust. 

          The airfoil cross section geometry changes from the center of the blade to the 

tip resulting in a twist through the blade to prevent bending of the propeller blade. The 

lower the speed, the steeper the angle of attack should be. In addition, pitch refers to 

the distance a spiral threaded object moves forward in one revolution. Effective pitch 

is the actual distance a propeller advances in one revolution in the air. The effective 

pitch is always shorter than the geometric pitch due to the slip condition of the air.  

 

   

 

 

 

  

Figure 14:  Blade Description [49] Figure 15: Blade Angle [49] 
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Chapter 3. Energy Storage Systems and Energy Management 
Schemes 

 

3.1. Introduction 
Hybridization has been recommended as being one of the effective ways for 

enhancing the performance of fuel cell power plants for aircrafts [11]. Hybridization 

helps in segregating the power and energy demands of the fuel cell system from those 

required of the aircraft. As an example, a hybrid aircraft that must transit from cruise 

to climb can do so with the help of stored energy from an energy buffer [50].  

Additionally, hybridization has many other benefits. For example, high 

transient energy could be supplied through energy management system (EMS) which 

can ultimately enhances system dynamics. This can also lead to enhanced power 

quality of the system [51]. Moreover, a hybrid system on one side can help in making 

components operating in region of higher efficiency. On the other side, hybridization 

can help in reducing the cost of the components by maintaining components of 

smaller dimensions especially the fuel cell which is considered the most expensive 

component of any hybrid system. Also, energy storage system (ESS) helps in 

supplying power to the FC's auxiliary equipment for start-up and also provides load 

demand while the FC is warming up. ESS can also condition power output from FC 

so as acceptable voltage is provided, reliability is improved and lifetime of the 

components is extended. Moreover, the transient power can be supplied by an ESS 

which enables the FC to more slowly alter to the new power levels or operate under 

nearly stable state circumstances [52]. 

3.2. Energy Storage Systems 
Energy storage systems lie in two categories, either passive hybrid system or 

active hybrid system. Passive hybrid system is established when the hybrid 

configuration is simply formed by connecting the FC and ESS straight to the load. 

Instead of simply having a single power source by itself, such as either the FC or ESS, 

a ‘passive’ hybrid system is used for a longer run-time and higher power capability. 

Passive hybrid systems also help in reducing the stress on the FC and consequently 

conditions the hybrid source terminal voltage. Nevertheless, a number of 

disadvantages associated with such a hybrid configuration exist [53]: 
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 To avoid the overcharge of the battery, the system should be designed such 

that the ESS terminal voltage has to be consistent with the fuel cell nominal 

voltage.  

 Impedance characteristics of each power source determines the power 

distribution passively which leads to a fixed way. Hence, the performance of 

the entire hybrid system may be unnecessarily limited by one of those two 

components.  

These disadvantages can be minimized if not eliminated by introducing a 

DC/DC converter between the FC and ESS, where an ‘actively’ controlled hybrid 

system is created. In actively controlled hybrid systems, the power converter is 

controlled to regulate the power sharing between the FC and ESS so that the 

advantages of each component are maximized. For example, the system power 

sources can be connected to give their maximum power supply ability even though 

the load requirements state is less than the supplied. This will lead to power loss [54, 

55].  

In active hybrid systems, A DC/DC bidirectional converter is placed between 

the battery and the fuel cell as an alternative to the passive hybrid system [56]. Active 

hybrid systems depend on using converters to organize the power supply by the 

ordinary power supply source, secondary power supply source and the power demand. 

3.3. DC/DC Converters 
Having more than one power supply requires a control system to efficiently 

connect the power supply and power demand. Unidirectional and bidirectional 

DC/DC converters will be used to achieve the purpose. The reason behind using a 

bidirectional DC/DC converter is because the input and output voltage difference is 

limited [57]. This converter controls the buck/boost process based on the signal 

frequency generated by converter controller [58]. There are various types of DC/DC 

converters, but all DC/DC converters used in UAV propulsion system are either half- 

bridge or full- bridge converters [59]. In general, half bridge DC/DC converters have 

the following advantages [60]: 

1- They require half the components of the full bridge counting for the same 

power rating. 

2- They introduce no total device rating (TDR) penalty. 
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3- Lower cost and weight. 

4- Less control and accessory power needs.   

The DC/DC converter depends on two main conditions to specify its working 

mechanism. The first condition is the amount of power supply by the fuel cell and the 

second condition is the amount of power needed by the propulsion system. If the 

power supply by the fuel cell is not enough, then the converter discharges electric 

power from the battery as well. This is called the boost mode. While there is surplus 

in the power supply by the fuel cell, the converter uses this power to recharge the 

battery; this is called the buck mode. 

3.4. Energy Management Schemes Description 
 There are many techniques used for managing the power supply and power 

demand of UAV. The most used techniques are the state machine control strategy, the 

rule based fuzzy logic strategy, the classical PI control strategy, the frequency 

decoupling strategy and the equivalent consumption minimization strategy (ECMS).     

According to Fernandez et al. in [61], Fernandez et al. in [62], and Attaianese 

et al. in [63], the state machine control strategy is considered one of the simple and 

well-known rule based strategy, where each EMS rule or state is determined 

according to a heuristic or empiric past experience. Thus, the performance of this 

strategy requires the designer to be familiar with how each component operates in the 

system. 

The rule-based fuzzy logic energy management technique is another 

commonly used strategy in which the power distribution is formed through 

membership functions and using the set of if-then rules [64]. As this strategy 

performance is less sensitive to measurement imprecision and component variations, 

it can be easily used to achieve optimal operation. Yet, the main component of the 

fuzzy logics controller is associated with the if-then rules which needs the knowledge 

and past experience of an expert. In this strategy, the membership functions of the 

battery state of energy (SOE) should be defined first along with load power and fuel 

cell power [65]. After that, the set of rules or so-called the inference matrix table is 

defined. Ultimately, the fuzzy logic control surface is created which gives the fuel cell 

reference power with regards to the battery state of charge (SOC) and load power 

[66]. 
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A third type of energy management strategy which has been recently proposed 

is called classical PI controllers strategy. According to Thounthong et al. in [67] and 

Wong et al. in [68], classical PI control strategy is grounded on the control of the 

main performance parameters such as the battery state of charge (SOC), the 

supercapacitor voltage or DC bus voltage using PI controllers. Unlike, the rule based 

fuzzy logic strategy; the knowledge of an expert is not required in here as the PI 

controllers can be easily tuned on-line for better tracking [69]. In this strategy the 

distribution of the load power is done in a way as to allow the fuel cell system to 

provide the steady state load demand. 

In the frequency decoupling strategy, the fuel cell solely provides low 

frequency demand enabling the other energy sources to deal with high frequency 

demand [70]. This is attained through the use of some techniques such as low pass-

filters; wavelet or fast Fourier transforms (FFT) techniques [71]. The frequency 

decoupling and fuzzy logic strategy enhances the life time of the fuel cell system by 

preventing the dynamic stress on the fuel supply system. In here, the fuel cell system 

provides a nearly steady mean load power whereas the other energy sources discharge 

or recharge when the load power is above or below its mean value respectively [72]. 

Finally, the equivalent fuel consumption minimization strategy (ECMS) is 

considered to be the most common strategy for real time implementation [73]. In this 

strategy, the power distribution is formed from the minimization of an instantaneous 

cost function, which comprises of the fuel consumption of the fuel cell system and the 

equivalent fuel consumption of the other energy sources. Consequently, the equivalent 

fuel consumption is achieved by the charge and discharge equivalence factors (schg 

and sdis). The optimal fuel cell power is so-called the fuel cell power reference which 

reduces the summation of the equivalent fuel consumption and the fuel consumed by 

the fuel cell to the minimum. 

3.5. Energy Management Schemes Modeling 
The main objectives of an energy management system are to guarantee the 

following [73]: 

• Low hydrogen consumption. 

• High overall system efficiency. 
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• Narrow scope of the battery SOC. 

• Long life cycle. 

To achieve previous goals, a suitable energy management system should be 

enhanced. The proposed EMS should control both the bidirectional DC/DC converter 

and unidirectional DC/DC converter.  

3.5.1. Energy management system requirements.  

Based on the battery state of charge and power demand, two power flow 

modes are introduced. The first power flow mode is the battery discharging power 

flow. This happens when there are high power demand due take-off process, climbing 

process or acceleration process. In addition to that, any sudden change in the power 

demand that needs a fast response will activate this mode. As it is seen in Figure 16, 

the battery discharges its power to meet the high power demand requirement.     

 

Figure 16: Power Flow in the Case of Battery Discharge 

 The second case is when there are a low power demand and low battery state 

of charge as shown in Figure 17. In this case, the fuel cell will supply power to the 

BLDC motor and to the battery to charge it. The BDC DC/DC converter will oppose 

the power flow towards the battery so that it can be recharged. This happens in the 

flight states of endurance and steady state flight.  

 

Figure 17: Power Flow in the Case of Battery Charge 
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As stated before, the energy management system will be designed to help 

organizing the fuel cell/ battery power supply and to guarantee that each power supply 

works in its designed range. The first design requirement is the fuel cell power supply 

range. That is the minimum, maximum and optimal fuel cell power supply. The same 

thing applies to the battery power supply in addition to its state of charge. Three 

ranges for the battery SOC is specified; low, normal and high. The values are 

specified based on the manufacturer recommendation. Also, a constraint on the 

current slope is specified to prevent reactants starvation. Table 4 shows the 

parameters used.  

Table 4: EMS System Requirements 

Design Requirement Value Unit 

Fuel Cell Minimum Power 100 W 

Fuel Cell Maximum Power 230 W 

Fuel Cell Optimum Power 200 W 

Battery Maximum Power 600 W 

Battery Minimum Power 350 W 

Low SOC Range  SOC<35 % 

Normal SOC Range 35<SOC<85 % 

High SOC Range SOC>85 % 

 

3.5.2. The state machine control strategy model.  

The state machine control strategy specifies states based on the design 

requirements conditions. Based on the demand load and battery SOC, the SMCS 

determines which state should be used. In this FC/ Battery hybrid system, eight states 

are defined based on different combinations of Pload and battery SOC as shown in 

Table 5. In state 1, the load power is in the range of the minimum fuel cell power and 

optimum fuel cell power having a high SOH. As a result, the fuel cell will supply its 

minimum power and the battery will supplement the rest needed power. In state 2, the 

fuel cell will perform on its optimum power and the rest will be supplied from the 

battery. In state 3, the fuel cell will supply its maximum power and the rest will be 

supplied from the battery power. In the three first states, the fuel cell works in the load 

leveling level. In state 4, the fuel cell will perform its optimum power giving that the 
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excess power will go to the battery to recharge it. In state 5, the fuel cell will perform 

its maximum power giving that the excess power will go to the battery to recharge it. 

In state 6, the fuel cell will perform its maximum power with the supplement of 

battery power. State 7 should not happen because the power demand is too high and 

the battery state of charge is low. Finally, if the battery state of charge is low and the 

power demand is lower than the maximum fuel cell power, then the fuel cell power 

will perform its maximum fuel cell power that will cover the power demand and will 

charge the battery. The output will be the fuel cell reference power that is divided by 

the fuel cell voltage to get the fuel cell current. Figure 18 shows the hysteresis control 

scheme. 

Table 5: States Used for SMC Strategy 

State Condition #1 Condition #2 Power Supply 

1 SOH high PFC min <Pload < PFC opt PFC = PFC min 

2 SOH high PFC opt < Pload < PFC max PFC = PFC opt 

3 SOH high PFC max < Pload PFC = PFC max 

4 SOH normal PFC min <Pload < PFC opt PFC = PFC opt 

5 SOH normal PFC opt < Pload < PFC max PFC = PFC max 

6 SOH normal PFC max < Pload PFC = PFC max 

7 SOH low PFC max < Pload PFC = PFC max 

8 SOH low PFC max > Pload PFC = Pload + Pcharg 

  

 

Figure 18: Hysteresis Control 



57 
 

3.5.3. The rule based fuzzy logic strategy model.  

This strategy is widely used because it has a faster response and easier 

management scheme [64]. The fuel cell output power is obtained based on the battery 

state of charge and on the demand power using membership functions. The 

Mamdani’s fuzzy inference approach is used along with the centroid method for 

defuzzification. Trapezoidal membership functions designed are shown in Figures 19, 

20 and 21.  

Fuzzy logic control strategy uses rules that are similar to the states of the state 

machine control strategy which are defined based on system heuristics. Input values 

from the device is converted into fuzzy values that is set by the fuzzification block. 

Based on that, the required scaling and corrections per-unit operation is made [73]. M. 

Godoy in [74] stated the required steps for the implementation of fuzzy logic 

controller:    

 Step (1): definition of input-output variables of controller. 

 Step (2): design of fuzzy control rule. 

 Step (3): fuzzification. 

 Step (4): inference. 

 Step (5): defuzzification 

 

Figure 19: SOC Membership Function 

Fuzzy logic control surface is shown in Figure 22. Table 6 defines the rules 

which are illustrated in Figure 23. 
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Figure 20: Pload Membership Function 

 

Figure 21: Pfc Membership Function 

 

Figure 22: Fuzzy Logic Control Surface 
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Table 6: Fuzzy Logic Control Rules 

 SOC 

Condition 

Pload Condition Result of PFC 

Rule #1 High High High 

Rule #2 High Average Average 

Rule #3 High Low Low 

Rule #4 Average High High 

Rule #5 Average Average Average 

Rule #6 Average Low Low 

Rule #7 Low High High 

Rule #8 Low Average High 

Rule#9 Low Low Average 

 

 

Figure 23: Fuzzy Logic Rules Schematic 

3.5.4. The frequency decoupling and fuzzy logic strategy.  

The frequency decoupling and fuzzy logic strategy is very similar to the fuzzy 

logic control strategy except that in the frequency decoupling, a low pass filter is 

used. The mission of the low pass filter is to keep the mean battery energy around 

zero. This will minimize the battery SOC scope. In addition, it will assure that the fuel 

cell supplies a low frequency load demand [74]. When having a high frequency power 
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demand, other energy sources will deal with it. The entire strategy is exactly the same 

and a fuzzy logic controller is needed to assure that battery SOC is kept around a 

minimum limit [75]. Figure 33 shows this strategy model in which a low pass filter is 

added to the load power before the fuzzy logic controller to implement the frequency 

filtering.   

 

Figure 24: The Frequency Decoupling and Fuzzy Logic Strategy [64] 

3.5.5. The classical PI control strategy.  

This strategy uses a PI regulator to control the battery SOC. As a result, the 

battery power is specified and then it is removed from the load power to get the fuel 

cell power needed as shown in the following equation:  

𝑃𝐹𝐶 =  𝑃𝑙𝑜𝑎𝑑 −  𝑃𝑏𝑎𝑡𝑡  (13) 

The battery power might be a positive value or a negative value depending on 

the battery SOC reference “SOCmin”. When the battery SOC is above SOCmin, the 

battery will supply its full power and the fuel cell will supply low power and vice 

versa. This strategy is easy to implement but there can be only two states which limit 

the control strategy. 

3.5.6. The equivalent consumption minimization strategy (ECMS).  

The equivalent consumption minimization strategy is an optimization process 

strategy in which the cost function is the hydrogen consumption. So it is needed to 

minimize the hydrogen consumption by minimizing the hydrogen consumed by the 

fuel cell to provide load power and the hydrogen consumed by the fuel cell to 

recharge the battery. The variable equivalence factor used is the battery SOC [76]. 

Also, to avoid complexities in the algorithm, the equivalence factor is included in the 

cost function [76]. By doing this, it is possible to get optimum value for the 

equivalence factor for different SOC balance coefficient (μ).  This work has been 

adapted from [77], as follows: 
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Find an optimal solution 𝑥 = [𝑃𝐹𝐶 , 𝛼𝑝, 𝑃𝑏𝑎𝑡𝑡] 

Which minimizes the following function: 

𝐹 = [𝑃𝐹𝐶 +  𝛼𝑝. 𝑃𝑏𝑎𝑡𝑡 ]. ∆𝑇 (14) 

Under the equality constraints given in the following relations: 

𝑃𝑙𝑜𝑎𝑑 =  𝑃𝐹𝐶 +  𝑃𝑏𝑎𝑡𝑡   (15) 

𝛼𝑝 = 1 − 2𝜇
(𝑆𝑂𝐶 − 0.5(𝑆𝑂𝐶𝑚𝑎𝑥 + 𝑆𝑂𝐶𝑚𝑖𝑛))

𝑆𝑂𝐶𝑚𝑎𝑥 + 𝑆𝑂𝐶𝑚𝑖𝑛
 

(16) 

Given that the boundary conditions are: 

𝑃𝐹𝐶 𝑚𝑖𝑛 <  𝑃𝐹𝐶 <  𝑃𝐹𝐶 𝑚𝑎𝑥 

𝑃𝑏𝑎𝑡𝑡 𝑚𝑖𝑛 <  𝑃𝑏𝑎𝑡𝑡 <  𝑃𝑏𝑎𝑡𝑡 𝑚𝑎𝑥 

0 < 𝛼𝑝 < 100 

where 𝛼𝑝 is the penalty coefficient and ∆𝑇 is the sampling time. 𝜇 is SOC balance 

coefficient which is equal to 0.6 [52]. Other parameters were defined earlier. A 

nonlinear MATLAB solver “fmincon” will be used in the evaluation.  
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Chapter 4. Development of Multi-Disciplinary Analysis 

4.1. Introduction  
This chapter includes the development of each UAV component’s model that 

will be used to evaluate the required UAV performance characteristic. The proposed 

UAV under study will be introduced in the next section. Aircraft airframe is excluded 

from analysis except for the wing and tail airfoils. Models for different propulsion 

system components are developed to calculate the aircraft endurance. The models are 

developed under steady state conditions because dynamic response occurs for a small 

period of time that will have a negligible effect on total endurance.   

Aeropack PEM fuel cell developed by Horizon Energy System will be used in 

the study. The fuel cell can supply 200 W continuously with the supplement of a 

lithium Polymer battery. Hence, the design power requirements should be suitable for 

the Aeropack and hand-launchability.  The general design requirements for the UAV 

are summarized in Table 7. 

Table 7: Design Requirements for UAV 

Design Variable Value Unit 

Maximum take-off weight  8.5  kg 

Maximum operating cruising speed 19  m/s 

Power required for cruise 200  W 

Cruising altitude 100 – 1000  m 

 

4.2. Aircraft Conceptual Design 
Since the aircraft is hand-launchable, it is considered to be a small scale 

aircraft with maximum take-off weight equals to 83 N and 200 W continuous power 

supply. Hence, the design of the UAV should have a high aerodynamic efficiency, 

low drag, low pitching moment and ease of manufacturing. Based on that, a matrix of 

alternatives is built to down select the conceptual aircraft design as shown in Table 8.  

Based on quantitative and qualitative calculations as well as previous aircraft 

projects, the final conceptual design is selected as can be seen from Table 8. For the 

wing type, a high wing is selected based on historical data of hand-launchable fixed 

wing aircrafts. For better stability and control of the aircraft, tapered planform with 
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conventional tail is selected. In addition, a high aspect ratio equal to 10 is selected 

because of high aerodynamic efficiency. The fuselage shape is cylindrical as it is 

easier to manufacture. Finally, a tractor propeller position is selected for lower drag 

and pitching moment. As a result, the proposed aircraft used in this analysis was 

developed by an undergraduate senior design project at the American University of 

Sharjah [78].  

Table 8: Matrix of Alternatives for Aircraft Conceptual Design 

Attribute Alt1 Alt2 Alt3 

Vehicle conventional flying wing canard 

Wing position low Mid High 

Planform Straight Tapered Elliptical 

Aspect ratio low Mid High 

Tail Conventional T-tail V-tail 

Fuselage Cylindrical Elliptical  

Prop position Pusher Tractor  

Structure Wood Composite Combination 

Landing gear Fixed Retractable None 

 

Using Equation (1), minimum cruising speeds are calculated against different 

values of total coefficient of drag by assuming that airplane flies at 1000 m and the 

wing area is 0.9 m2. At CL= 0.4, the resulted minimum cruising speed is 17.7 m/s 

which is close to the design requirement speed. At maximum power available which 

is equal to the maximum power required, the coefficient of drag is calculated using 

Equation (2), CD = 0.068709. Wing geometry design specifications are shown in 

Table 9. 

For vertical and horizontal wings, the start point is by determining the tail 

volume coefficients as follows: 

𝐶𝑉𝑇 =  
𝐿𝑉𝑇𝑆𝑉𝑇

𝑏𝑤𝑆𝑤
 

(17) 

𝐶𝐻𝑇 =  
𝐿𝐻𝑇𝑆𝐻𝑇

𝑏𝑤𝑆𝑤
 

(18) 
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where 𝐿𝑉𝑇 is the length of the vertical tail, 𝑆𝑉𝑇 is the vertical tail span, 𝐿𝐻𝑇 is the 

length of the horizontal tail and 𝑆𝐻𝑇 is the horizontal tail span. Based on historical 

data and Equations (17) and (18), vertical tail plane (VTP) and horizontal tail plane 

(HTP) are designed and summarized in Table 10. 

Table 9:  Wing Geometry Specifications 

Design Variable Symbol Value Unit 

Wing loading W/S 7.5 Kg/m2 

Wing area Sref 0.9 m2 

Wing span bw 3 m 

Aspect ratio ARw 10 - 

Taper ratio 𝜆𝑤 1 - 

Root chord, tip chord cr, ct 0.3 m 

Mean aerodynamic chord c 0.3 m 

Dihedral angle 𝛤 2 degrees 

 

Table 10: Tail Geometry Specifications 

Vertical Tail Horizontal Tail 

Vertical tail area 0.06 m2 Horizontal tail area 0.14 m2 

Vertical tail span 0.27 m Horizontal tail span 0.84 m 

Aspect ratio vertical tail 5 Aspect ratio horizontal tail 5 

Taper ratio, λ 0.8 taper ratio, λ 0.7 

Tail volume 0.02 Tail volume 0.5185 

Length from vertical tail 

AC to CG 

0.9 m Length from horizontal tail 

AC to C 

1 m 

 

For fuselage sizing, components sizes are taken into consideration in which it 

is guaranteed that all components fit in the fuselage and fuselage sizes are 

summarized in Table 11. Other details of UAV design are beyond the scope of this 

study. UAV geometry is shown in Figure 25 which is a conventional airplane type.  
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Table 11: Fuselage Geometry Specifications 

Variable Value (mm) 

Length 1750 

Max width and height 180 

length/width 9.722 

 

 

Figure 25: UAV Geometry Schematic [78] 

4.3. Wing/ Tail Airfoils 
Wing airfoil selection criteria should take into consideration high lift to drag 

ratio, ease of manufacturing, low pitching moment and low drag. UIUC airfoil data 

base defined a number of airfoils to be used at low speed airplane design [79]. Based 

on a historical study of low speed airfoils, four airfoils are of interest, NACA23010, 

SD7062, NACA 23012 and NACA 23018. The comparison of these airfoils 

performance at Re of 400000 is shown in Figure 26. SD7062 airfoil has higher lift 

coefficient than other airfoils while NACA 23012 has a lower drag polar than 

SD7062. In addition, NACA 23010 has the highest lift to drag ratios and lowest polar 

drag among other airfoils. NACA 23018 has the worst performance. The proposed 
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UAV will be fully simulated to get the total coefficient of lift and drag for the selected 

airfoils in the next chapter in which: 

𝐶𝐿 = 𝑓(𝛼) (19) 

𝐶𝐷 = 𝑓(𝐶𝐿) (20) 

 For the vertical and horizontal airfoils, symmetric airfoil is used. The selected 

airfoil for both wings are NACA0009 as shown in Figure 27 and 28, which is 

commonly used airfoil for stabilizers. Table 12 summarizes the airfoils characteristics. 

Data were obtained via airfoil simulation using XFLR5. 

 

Figure 26: Comparison of Selected Airfoils at Re 400000 

 

Figure 27: NACA0009 Airfoil Analysis Graph at Re 400000 
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Figure 28: NACA0009 Airfoil Plot 

 

Table 12: Selected Airfoils Parameters at Re 400000 

Parameter NACA23010 SD7062 NACA23012 NACA0009 Unit 

t/c 0.1 0.1 0.12 0.09 - 

𝜶𝟎𝒍 -0.02 -0.047 -0.022 0 Rad 

𝑪𝒍𝟎 0.125 0.4485 0.285 0 - 

𝑪𝒍𝒎𝒂𝒙 1.364 1.554 1.44 0.983 - 

𝑪𝒍𝜶 6.277 6.033 6.124 6.06 Rad-1 

Max camber 1.84% 1.1% 1.72% 0.13% - 

 

4.4. Polymer Electrolyte Fuel Cell Model 
Fuel cell model consists of four main parts; fuel cell output voltage, fuel cell 

hydrogen consumption, fuel cell oxygen consumption and fuel cell efficiency.  

 Fuel Cell Output Voltage 

Single cell output voltage can be obtained from Nernst equation [80, 81]: 

𝑉𝑐𝑒𝑙𝑙 = 𝐸𝑐𝑒𝑙𝑙 +  𝜂𝑜ℎ𝑚 +  𝜂𝑎𝑐𝑡 +  𝜂𝑐𝑜𝑛𝑐 (21) 

where E (V) in the Nernst voltage, 𝜂𝑜ℎ𝑚 is the ohmic over voltage (V) (ohmic 

polarization) and can be expressed as: 

𝜂𝑜ℎ𝑚 =  −𝑅𝑖𝑛𝑡𝐼𝑓𝑐 (22) 

where 𝑅𝑖𝑛𝑡 is the FC internal resistance, and 𝐼𝑓𝑐 is the FC system feedback current 

(A). Also, 𝜂𝑎𝑐𝑡 is the activation over voltage (V) (activation polarization) and can be 

expressed as: 

𝜂𝑎𝑐𝑡 =  −𝐵 ln(𝐶𝐼𝑓𝑐) (23) 

where B and C are parametric constants depending on the fuel cell manufacturer.  
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The final expression for Nernst equation is given as: 

𝐸𝑐𝑒𝑙𝑙 =  𝐸0 + 
𝑅𝑇

2𝐹
ln(

𝑃𝐻2√𝑃𝑂2

𝑃𝐻2𝑂
) 

(24) 

where 𝐸0 (V) is the standard no load voltage (standard potential of hydrogen/ oxygen 

reaction), R (atm. Kmol-1 .K-1) is the universal gas constant, F is Faraday constant, T 

is absolute temperature (K), and𝑃𝐻2
(atm), 𝑃𝑂2

(atm), 𝑃𝐻2𝑂(atm), being the partial 

pressures of hydrogen, oxygen and water respectively.   

On the stack level, the total output voltage will be: 

𝐸𝑠𝑡𝑎𝑐𝑘 = 𝑁 (𝐸0 +  
𝑅𝑇

2𝐹
ln (

𝑃𝐻2√𝑃𝑂2

𝑃𝐻2𝑂
) − 𝐿) 

(25) 

where N is the total number of cells, L (V) includes activation losses, internal current 

losses, concentration losses and resistive losses. 

Another expression of Nernst equation that depends on experimental data to 

obtain the fuel cell stack output voltage as a function of current is called polarization 

curve as shown in Figure 29. Polarization curve equation is preferred in PEMFC 

models because it avoids the complexity of Nernst equation derivation. In addition, it 

gives more accurate data because it depends on real performance of the fuel cell to 

obtain the polarization curve as follow: 

𝑉𝐹𝐶 = 𝑓(𝐼𝐹𝐶) (26) 

 

Figure 29: Fuel Cell Voltage Losses [43] 
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 Fuel Cell Hydrogen Consumption 

Hydrogen consumption can be calculated from Faraday’s law: 

𝑁𝐻2
̇ =  

𝑆𝐻2𝑁𝐼𝑓𝑐

2𝑈𝐻2𝐹
 

(27) 

where 𝑆𝐻2 is the stoichiometric at the anode. UH2 is the hydrogen utilization factor.  It 

is defined as the ratio between the fuel flow that reacts and the input fuel flow. The 

typical value used is ranged from 0.8 to 0.9 [78]. Also, the fuel, oxidant and water 

generated output should be taken into consideration. 

 Fuel Cell Oxygen Consumption  

Oxygen consumption can be calculated from Faraday’s law as well: 

𝑁𝑂2
̇ =  

𝑁𝐼𝑓𝑐

2𝑈𝑂2𝐹
 

(28) 

where UO2 is the oxidant utilization factor which is defined as the ratio between the 

oxidant flow that reacts and the input air flow rate. The typical value used is 0.21. 

 Fuel Cell Efficiency 

The fuel cell stack efficiency is approximated by: 

𝜂𝑓𝑐 =  
𝐸𝑠𝑡𝑎𝑐𝑘

𝑁𝐸0
 

(29) 

 Theoretically, a single fuel cell can produce one volt (𝐸0), but due fuel cell 

irreversiblities and internal losses, most fuel cells efficiencies are below 50%. This is 

still considered a high percentage when compared to internal combustion engines with 

maximum efficiency of around 35%.  

4.5. Hydrogen Storage Model 
Hydrogen will be stored in a composite fully wrapped pressure vessel. The 

model is obtained from empirical data of materials and mechanics of materials 

relations. The loading type will be assumed uniform and it will be due the internal 

hydrogen pressure and the external atmospheric pressure. The hydrogen tank shape 

and configuration depend on several criteria such as fuselage shape and type of tank 

[19]. The final shape has a cylindrical geometry with hemispherical end caps. The 

cylinder thickness of the overwrap should be enough to resist both the axial stress and 

the hoop stress that are caused by the pressure load. As a result, metallic or polymeric 
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liners to reduce the hydrogen leak rate is needed [82]. The total cylinder thickness 

could be calculated as [83]: 

𝑡𝑐𝑦 =  𝑥𝑓𝑠. [
𝑟(𝑃 − 𝑃𝑎𝑡𝑚)

𝜏𝑚𝑎𝑥𝑐𝑜𝑚𝑝
+

𝑟(𝑃 − 𝑃𝑎𝑡𝑚)

2𝜏𝑚𝑎𝑥𝑐𝑜𝑚𝑝
] 

(30) 

And the total tank mass will be: 

𝑚𝑡𝑎𝑛𝑘 = (1 +  𝑓𝑚𝑜𝑢𝑛𝑡). (𝑚𝑙𝑖𝑛𝑒𝑟 + 𝑚𝑐𝑜𝑚𝑝) + 𝑚𝑟𝑒𝑔 + 𝑚𝐻2
 (31) 

where 𝑥𝑓𝑠 is liner load sharing factor of safety to yield, 𝑓𝑚𝑜𝑢𝑛𝑡is tank 

mounting/bosses/tubing mass Fraction, 𝑚𝑙𝑖𝑛𝑒𝑟 is hydrogen tank liner mass, 𝑚𝑐𝑜𝑚𝑝 is 

hydrogen tank composite overwrap mass, 𝑚𝐻2
 is the hydrogen mass, mreg is the 

regulator mass, r is the cylinder radius.  

The volume (V) required by this amount of hydrogen stored at a pressure (P) is 

calculated using the Redlich-Kwang equation [84]: 

𝑃 =  
𝑅𝑇

𝑉 − 𝑏
− 

𝑎

𝑇0.5𝑉(𝑉 + 𝑏)
 

(32) 

where a= 0.1425 K0.5.m6.Pa.mol-2 and b= 1.817.10-5 m3.mol-1. Other parameters 

needed are specified in Table 13. The ideal gas relation is not used due the high 

pressure of compressed hydrogen.  

Table 13: Parameters That Should be Specified for Hydrogen Storage Tank Design  

Parameter Value Unit 

Composite overwrap maximum stress  𝝈𝒎𝒂𝒙𝒄𝒐𝒎𝒑 Pa 

Liner density 𝝆𝒍𝒊𝒏𝒆𝒓 Kg/m3 

Regulator mass  mreg kg 

Composite overwrap density 𝝆𝒄𝒐𝒎𝒑 Kg/m3 

Liner thickness  tliner m 

Liner load sharing factor of safety to yield  xfs - 

Tank mounting/bosses/ tubing mass fraction  fmount - 

 

The dead-end mode technique is used for connecting the hydrogen supply to 

the stack as shown in Figure 30. This technique is considered as the simplest mode of 

connecting the hydrogen supply to the stack especially in the case of a simple small 
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PEM stack. In the dead-end mode, one or more pressure regulators are connected 

between the pressure supply and the stack to lower the hydrogen supplied pressure to 

the required point.  

Hydrogen Tank

Pressure 
Regulator

Gage

PEM Fuel Cell

 

Figure 30: Typical Hydrogen Supply System in Dead-End Mode  

4.6. Air Supply Subsystem  
The motor power needed to drive the fan has the governing Equation (33). 

Thus, the power needed is considered as a loss or parasitic load [43]. Figure 31 shows 

the air supply subsystem. 

𝑊𝑓𝑎𝑛 =  
�̇�𝑎𝑖𝑟𝑖𝑛. 𝑐𝑝. 𝑇1

𝜂𝑚𝑜𝑡𝑜𝑟
[ (

𝑃2

𝑃1
)

𝑘−1
𝑘

− 1]

̇

 

(33) 

where �̇�𝑎𝑖𝑟𝑖𝑛 is air flow rate, 𝑔𝑠−1,  𝑐𝑝 is specific heat, J 𝑔−1𝐾−1, 

𝑇1 is air ambient temperature, K, 𝑃2is pressure after fan, Pa, 

𝑃1is air ambient pressure, Pa and 

𝐾 is ratio of specific heats (for diatomic gases k = 1.4).  

PEM Fuel Cell

Air exhaust

M
 

Figure 31: Air Supply Subsystem 



72 
 

4.7. Battery Model 
Li-Po battery is used as the supplementary power supply source to support the 

PEMFC power supply when there exists a high power demand. The discharging 

governing equation for output voltage is given as: 

𝑉𝑜𝑑𝑖𝑠 =  𝐸0 − 𝐾
𝑄

𝑄 − 𝑖𝑡
. (𝑖𝑡 + 𝑖∗) − 𝑅𝑏𝐼 + 𝐴𝑏𝑒−𝐵.𝑖𝑡  

(34) 

While the charging state will be: 

𝑉𝑜𝑐ℎ𝑎𝑟 =  𝐸0 − 𝐾
𝑄

𝑄 − 𝑖𝑡
. 𝑖𝑡 −  𝑅𝑏𝐼 + 𝐴𝑏𝑒−𝐵.𝑖𝑡 − 𝐾

𝑄

𝑖𝑡 − 0.1𝑄
. 𝑖∗ (35) 

where E0 is the battery constant voltage (V), K is the polarization constant (V/A.h), Q 

is the battery capacity (A.h), i* is the filtered battery current (A), it is the actual battery 

charge (A.h), Ab is the exponential zone amplitude (V), B is the exponential zone time 

constant inverse (A.h-1) and Rb is the battery internal resistance (ohms). 

Power produced by the battery could be expressed as: 

𝑃𝑏𝑎𝑡 =  𝑉0𝐼𝑏 + 𝐼𝑏
2𝑅𝑖𝑛𝑡 (36) 

The battery state of charge governing equation is: 

𝑆𝑂𝐶 =  
∫ 𝑖𝑑𝑡

𝑡

0

𝐶
 

(37) 

where C is the battery capacity in coulomb. 

4.8. Brushless DC Motor Model 
As stated before, BLDC uses power electronic switches rather than brushes to 

be commutated which adds more complexity in the analysis and modeling. As a 

result, a controller is needed to organize the switching process based on the rotor 

position. In the modeling of BLDC motors, a well based dynamic model that takes 

care of state space equations governing each winding combined with an 

electromagnetic torque equation in addition to the equation of mechanical motion is 

needed [85, 86]. In the case of a well-controlled system, these complexities can be 

ignored by treating the system as steady state with the assumption that the controller 

has the ability to state the position of the rotor [87].  More details on the speed 

controller is presented in the speed controller section. Equations governing the BLDC 

motor are: 

𝑉𝑚 = 𝐾𝜔 + 2𝑅𝑚𝐼𝑚 (38) 
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𝜏𝑒 = 𝐾𝐼𝑚 (39) 

where K is the motor speed constant, 𝜔 is the shaft speed, 𝜏𝑒 is the torque of electric 

origin, and Rm is the winding resistance. Values for K and Rm are typically supplied 

by the manufacturer. Note that Rm appears with a factor of two in this equation 

because resistance is specified per winding and two windings are in series for each 

commutating sequence. Motor manufacturers also typically provide zero load current 

I0 and zero load voltage V0 data under “no-load” conditions. These data are 

incorporated as a windage loss by calculating a drag coefficient as follows: 

𝛽 =  
𝐾2𝐼0

𝑉0 − 2𝑅𝑚𝐼0
 

(40) 

This drag coefficient modifies the output torque 𝜏 to ensure that the motor 

model passes through the specified no-load operating point, 

𝜏 =  𝜏𝑒 −  𝛽𝜔 (41) 

Manufacturers work usually with the motor voltage constant which is defined 

as: 

𝐾𝑣 =  
𝜔

𝑉𝑚
=  

1

𝐾
 

(42) 

In the case of having a gearing mechanism to control motor shaft rotational 

speed with Gr being the gear ratio: 

𝑉𝑚 = 𝐾𝜔𝐺𝑟 + 2𝑅𝑚𝐼𝑚 (43) 

𝜏𝑒 = 𝐾𝐼𝑚𝐺𝑟 (44) 

And the drag coefficient will be: 

𝛽 =  
𝐾2𝐺𝑟

2𝐼0

𝑉0 − 2𝑅𝑚𝐼0
 

(45) 

Finally, the efficiency of the electric motor will be: 

𝜂𝑚 =
𝑃𝑜

𝑃𝑖𝑛
=

𝜏𝑒𝜔

𝑉𝑚𝐼𝑚
 

(46) 

4.9. Speed Controller Model 
Losses in the speed controller are usually neglected leading to: 

𝑉𝑚 = 𝐷𝑉𝑐 (47) 
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𝐼𝑚 =  
1

𝐷
𝐼𝑐 

(48) 

where D represents the speed controller duty cycle,  𝐼𝑐 is the speed controller output 

current and 𝑉𝑐 is the speed controller output voltage. However, if the losses of the 

speed controller to be considered, Equation (38) will be modified to: 

 

𝑉𝑚 = 𝜂𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑙𝑒𝑟𝐷𝑉𝑐 −  𝑅𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑙𝑒𝑟𝐼𝑚 (49) 

where 𝜂𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑙𝑒𝑟 is the speed controller efficiency and 𝑅𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑙𝑒𝑟 is the speed 

controller internal resistance.  

4.10. Propeller Model 
 Two main methodologies are used in the propeller modeling; propeller 

momentum theory and vortex theory. Propeller momentum theory depends on the 

hypothesis of the propeller disk being enclosed by a stream tube. The stream tube 

extends infinitely from both sides of the propeller narrowing down as the stream 

leaves the propeller. All the upstream that enter the propeller disk shall leave up to the 

downstream. Assumption that the static pressure in the far stream is constant and 

equal to the free stream static pressure is made [88]. Vortex theory built on the 

derivation of Goldstein approximates the propeller as a lifting surface in which the 

flow will be bound circulated. The free vorticity shed from the propeller creates a 

helical sheet [89]. The derivation of different velocities components, pitch angles, lift 

force and drag force were done by F. Phillips and they are beyond the scope of this 

research. The non-dimensional coefficients resulting from the derivation of the vortex 

theory will be used: 

𝐶𝑇 =  
𝑇

𝜌(𝜔
2𝜋⁄ )2𝑑𝑝

4
 

(50) 

𝐶𝑄 =  
𝑄

𝜌(𝜔
2𝜋⁄ )2𝑑𝑝

5 
(51) 

𝐶𝑝 =  
𝑄𝜔

𝜌(𝜔
2𝜋⁄ )3𝑑𝑝

5 
(52) 

𝐽 =  
𝑉∞

(𝜔
2𝜋⁄ )𝑑𝑝

 
(53) 

𝜂𝑝 =  
𝑇𝑉∞

𝑄𝜔
 

(54) 
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where CT is the coefficient of thrust, CQ is the coefficient of torque, CP is the 

coefficient of power, 𝜂𝑝 is the propeller efficiency, and 𝐽 is advance ratio. 

To calculate for the propeller- fuselage interference, Boeing developed an 

interaction relation between the propeller and fuselage for the B-17 Flying Fortess 

that used the airspeed, power, engine and propeller geometry to obtain the propeller-

fuselage interference [90]. Lowry in [91] used the experimental data from Boeing to 

build a general approach to calculate for a slowdown efficiency factor for both pusher 

and tractor propeller aircraft configurations as shown in Figure 32. The approach uses 

the ratio of the fuselage diameter to propeller diameter to estimate the slowdown 

factor. The slowdown factor is then multiplied by the propeller coefficients to obtain 

the corrected coefficients value, the governing equations are: 

𝜂𝑆𝐷𝑇 = 1 − 0.00722 (
𝑑𝑓

𝑑𝑝
) − 0.16462 (

𝑑𝑓

𝑑𝑝
)

2

− 0.1834 (
𝑑𝑓

𝑑𝑝
)

3

 
(55) 

𝐶𝑇𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 𝐶𝑇 × 𝜂𝑆𝐷𝑇 (56) 

𝐶𝑝𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 𝐶𝑝 × 𝜂𝑆𝐷𝑇 (57) 

where 𝑑𝑓 is the fuselage diameter and dp is the propeller diameter. 

 

Figure 32: Slowdown Factor Based on Lawry Approach 

4.11. Aircraft Performance 
 Aircraft equations of motion for transitional flight are expressed as: 

𝑇 cos 𝛼𝑇 − 𝐷 − 𝑊 sin 𝜃 = 𝑚
𝑑𝑉

𝑑𝑡
 

(58) 
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𝐿 + 𝑇 sin 𝛼𝑇 − 𝑊 cos 𝜃 = 𝑚
𝑉2

𝑟𝑐
 

(59) 

where 𝜃 is the angle between the lift direction and Weight, 𝛼𝑇 is inclined angle of 

thrust with respect to the flight path direction, 𝑟𝑐 is radius of curvature. 

4.11.1. Steady level flight.  

Considering that the flight conditions are: 

 Unaccelerated, steady flight means that 𝑑𝑉

𝑑𝑡
= 0 

 Straight path means that 𝑉
2

𝑟𝑐
= 0 

 Level flight along horizontal means that 𝜃 = 0 

 𝛼𝑇 is small enough so that cos 𝛼𝑇 ≈ 1  and sin 𝛼𝑇  ≈ 0  

This will lead to: 

𝑇 = 𝐷 =
1

2
𝜌𝑣2𝑆𝐶𝐷  

(60) 

𝐿 = 𝑊 =  
1

2
𝜌𝑣2𝑆𝐶𝐿 

(61) 

Dividing the two equations result in: 

𝑇𝑅 =  
𝑊

𝐶𝐿

𝐶𝐷

=
𝑊

𝐿
𝐷

 
(62) 

For a given airstream velocity, total coefficient of lift could be obtained from 

Equation (63):  

𝐶𝐿,𝑚𝑎𝑥 =  
𝑊

1
2 𝜌𝑉𝑠𝑡𝑎𝑙𝑙

2 𝑆𝐶𝐿

 
(63) 

At minimum thrust required, the zero-lift drag equals drag due lift, which is 

[92]: 

𝐶𝐷,0 =  𝐶𝐷,𝑖 =  
𝐶𝐿

2

𝜋𝑒𝐴𝑅
 

(64) 

Power required is defined as: 

𝑃𝑅 =  𝑇𝑅𝑉∞ (65) 

Substituting 𝑉∞ from Equation (65) yields into: 
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𝑃𝑅 =  √
2𝑊3𝐶𝐷

2

𝜌∞𝑆𝐶𝐿
3  

(66) 

From Equation (66), it’s concluded that power required varies inversely 

with 𝐶𝐿
3/2

/𝐶𝐷, not like the thrust required which varies inversely 𝐶𝐿

𝐶𝐷
. Hence, at 

minimum power required, the zero-lift drag equals one third drag due lift, which is: 

𝐶𝐷,0 =  
1

3
𝐶𝐷,𝑖 =  

𝐶𝐿
2

3𝜋𝑒𝐴𝑅
 

(67) 

4.11.2. Climb rate.  

For climb rate 𝜃 ≠ 0, all other conditions introduced for steady level flight 

remain the same because the climb rate is happening at a fixed cruise speed. 

Equations of motions for climb rate flight mission are given as: 

𝑇 = 𝐷 + 𝑊 sin 𝜃  (68) 

𝐿 = 𝑊 cos 𝜃 =  
1

2
𝜌𝑣2𝑆𝐶𝐿 

(69) 

As a result, the cruise speed as climb rate will be: 

𝑉𝑐𝑙𝑖𝑚𝑏 = √
2𝑊 cos 𝜃

𝜌𝑆𝐶𝐿
 

(70) 

The climb rate is given by: 

𝑅𝐶 = 𝑉𝑐𝑙𝑖𝑚𝑏 sin 𝜃 (71) 

The available thrust is given by 

𝑇𝑅𝑐𝑙𝑖𝑚𝑏 =  
1

2
𝜌𝑣2𝑆𝐶𝐷 +  𝑊 sin 𝜃 

(72) 

4.12. Complete Aircraft System Integration 
The meeting point between the propulsion system and aerodynamic system is 

power. The power available from the propulsion system must equal the power 

required by aerodynamic in steady flight condition as follows: 

𝑃𝑅 = 𝑃𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 = 𝐷𝑉 = 𝑇𝑉 (73) 

By knowing the power required, the thrust available by the propulsion system 

can be determined. Thrust supplied by propulsion system is obtained by: 
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𝑇𝑎𝑣 =  𝐶𝑇𝜌𝑑𝑝
4 (

𝜔

2𝜋
)

2

 
(74) 

where 𝐶𝑇 is the coefficient of thrust, 𝜌 is air density, 𝑑𝑝  is propeller diameter and 𝜔 

is rotational speed of the propeller. Knowing the thrust required is considered a key to 

the problem solution and estimation of the endurance. Thrust required will determine 

the required voltage and current supply by the fuel cell and battery. This will lead to 

know the hydrogen flow rate which lead to know the amount of hydrogen stored. 

Two important flight characteristics is of interest in this research - range and 

endurance. Range is defined as the total distance measured with respect to the ground 

traversed by an airplane on a tank of fuel. While endurance is defined as the total time 

that an airplane stays in the air on a tank of fuel. The parameters that maximize range 

differs from parameters that maximize endurance. Depending on the application 

required, one can choose. Breguet developed formulas for range and endurance [92]. 

Range is expressed as: 

𝑅 =  
𝜂

𝑐

𝐶𝐿

𝐶𝐷
ln

𝑊0

𝑊1
 

(75) 

where 𝜂 is propeller efficiency, c is specific fuel consumption 𝑊0 is the weight at 

take-off and 𝑊1is the final weight after fuel consumption. For a certain aircraft, in 

order to maximize the range, 𝐶𝐿

𝐶𝐷
 should be maximized. Breguet formula for endurance 

is: 

𝐸 =  
𝜂

𝑐

𝐶𝐿

3
2

𝐶𝐷

(2𝜌∞𝑆)
1
2 (𝑊1

−
1
2 − 𝑊0

−
1
2) 

(76) 

As the airplane design aims to have the maximum endurance, its needed to 

maximize 
𝐶𝐿

3
2

𝐶𝐷
. 

4.13. Multi-Disciplinary Analysis (MDA) 
 Aircraft design consists of subsystems which are described as multi-

disciplinary complex systems by nature such as fuel cell and propeller subsystems. 

This requires simplifications and decomposition schemes to provide a well-structured 

method for analyzing the MDA. Figure 33 illustrates the process of obtaining a logical 

MDA. First of all different design variables and objectives should be defined. These 

design variables are modeled in their contribution analyses which were developed in 
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previous sections. A design structure matrix (DSM) is needed for managing the flow 

of information among different contributing analyses. DSM should be fitted into 

MDA framework solution scheme that guarantees that all design objectives are met. 

MDA flexible framework include compatibility equations and a nonlinear solver. To 

reach the optimum results, the DSM will be fitted into a design optimization scheme. 

Genetic Algorithm technique will be developed to solve for this task.   

 

Figure 33: Design Process for Long Endurance Aircraft Flight Mission 

4.13.1. Development of contributing analyses.   

Contribution analyses represent the heart core of the MDA and MDO. 

Development of different components’ models was done in previous sections. Figure 

34 illustrates different contributing analyses that will be used to develop both MDA 

and MDO for steady laminar flight. Each CA contains a design variable. For example, 

FC polarization CA evaluation will result in giving the fuel cell voltage. To do so, FC 

CA needs the fuel cell current as an input. The development of the design structure 

matrix will be discussed in the next section. Equations developed before can be 

manipulated to give the required output. For example, Equation (46) can be solved to 

get the motor torque. However, if the motor torque is obtained before, the equation 

can be used to solve for the motor current as follows: 

𝐼𝑚 = (𝑄 + 𝛽𝜔𝑚) (
𝐾𝑣

𝐺𝑟
) 

(77) 

4.13.2. Development of design structure matrix (DSM).   

The flow of inputs and outputs between the different CAs requires a 

manageable system which is described as the design structure matrix. CAs are 

organized diagonally from upper left to lower right. Flow of data is shown as the lines 



80 
 

connecting the CAs in which CAs are executed serially from left to right. Hence, lines 

in upper diagonally represent forward feed while lines in lower diagonally represent 

feedback. The interaction between different CAs requires a flexible framework to 

execute all of CAs and guarantees that all feedback variables are in harmony with 

other outputs as shown in Figure 35. 

 

Figure 34: Different CAs Models 

 

Figure 35: Design Structure Matrix Routine 
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  4.13.3. MDA with simultaneous analysis.   

As mentioned previously, the design structure matrix needs a flexible 

framework to organize the CAs data flow. This can be done through the development 

of simultaneous analysis routine in which the DSM is transformed into a set of 

coupled non-linear equations that can be solved simultaneous using a non-linear 

solver as shown in Figure 36. The CAs order is very important in defining the 

feedback loops and outputs. To solve for the system design variables, compatibility 

equations need to be defined. A compatibility equation, F(xi), is defined as the 

normalized difference between an initial guess for a feedback variable and its value 

when calculated as an output of a CA as shown in the following equation: 

𝐹(𝑥𝑖) =
𝐹(𝑥𝑖)𝑜𝑢𝑡𝑝𝑢𝑡 − 𝐹(𝑥𝑖)𝑔𝑢𝑒𝑠𝑠

𝐹(𝑥𝑖)𝑜𝑢𝑡𝑝𝑢𝑡
 

(78) 

The output value is then passed to the non-linear solver to vary the input value 

again. The solver will iterate the values until all compatibility equations are driven to 

zero. There are several techniques to solve a system of nonlinear equations such as 

Powell Dog-leg, FPI and Gauss- Newton. The technique used here is a MATLAB 

function “fsolve”. It uses the trust region dogleg method for solving nonlinear systems 

and it minimizes the merit function which is needed to decide whether xi+1 is better or 

worse than xi. The solver finds the values of input variables which are the roots of the 

system of nonlinear equations that satisfy the defined compatibility equations.     

Solver

Mass CAs

Aerodynamic CAs

Propulsion Sys. 
CAs

Aircraft Performance 
CAs

Compatibility Eq.

  

Figure 36 Common MDA Used in Aircraft Design 
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4.13.4. Development of MDA.  

This section discusses the development of the MDA based on the previous 

sections as shown in Figure 37. The solver variables are the fuel cell current and 

propeller speed. These variables are set to some initial values. As the analysis begins, 

the new resulted variable values are fed back through the loop to the MDA again.  

  For a predefined angle of attack and propulsion system components such as 

hydrogen tank, fuel cell, motor and propeller, aircraft total mass and hydrogen content 

can be obtained. Coefficient of lift and drag can be obtained based on total aircraft 

mass calculated and the predefined angle of attack. The required cruise speed and 

thrust required are then obtained from the aerodynamic box using Equations (60) and 

(61). With the guessed value of rotational speed, the advance ratio could be obtained 

from Equation (53) and propeller corrected propeller coefficients can be obtained 

using Equations (50), (55), (56) and its model shown in Figure 32. Using the required 

thrust obtained and coefficient of thrust, the new value of propeller speed can be 

obtained and fed back. The propeller speed and Cp obtained will be used to get the 

propeller torque using Equation (52). The motor current and voltage can then be 

obtained using Equations (38) and (43) assuming that the gear ratio is one and the 

power delivered to the propeller is the same as the motor power. With the fuel cell 

current initial value, the fuel cell voltage can be obtained using the polarization curve 

Equation (26). Neglecting the motor speed controller losses will lead to the power 

delivered from the fuel cell be the same as the motor power. Dividing the calculated 

motor power over the new fuel cell voltage will result in the new fuel cell current. 

Finally, efficiencies of different components are calculated and the aircraft endurance 

is obtained.   

The new variables of fuel cell current and propeller speed are fed to the 

compatibility equations before passing them to the fsolve solver. The solver will 

iterate the variables until the compatibility equations are driven as close as possible to 

zero. The compatibility equations defined are: 

𝐹1(𝑥) =
𝜔𝑛𝑒𝑤 − 𝜔𝑜𝑙𝑑

𝜔𝑜𝑙𝑑
 (79) 

𝐹2(𝑥) =
𝐼𝑓𝑐𝑛𝑒𝑤 −  𝐼𝑓𝑐𝑜𝑙𝑑

𝐼𝑓𝑐𝑜𝑙𝑑
 

(80) 
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Those equations are set equal to zero. Hence, the nonlinear system of 

equations is implicitly solved if the compatibility equation is driven to zero. MDA 

development analysis is important for the development of the multi-disciplinary 

design optimization (MDO) scheme as it represents the main structure for the MDO 

and its evaluation. Some results will be carried on to the MDO such as the propeller 

tip Mach number, efficiencies, fuel cell current and endurance. Further discussions for 

the development of MDO will be carried on in the next chapter.  

Solver

FC current

H2 Tank Data

Motor index 
& data 

Compatibility 
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Motor 
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Figure 37: Developed MDA for Endurance Steady Flight Level 
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Chapter 5. Multi-Disciplinary Design Optimization 
 

 The objective of this thesis is to optimize the different propulsion system 

components and design variables to the given fuel cell and total aircraft mass. As a 

result, an optimization scheme is developed in this section to optimize the aircraft 

endurance. The optimization scheme is best described as “mixed discrete continuous” 

because the solution is structured based on DSM rather than a close form 

mathematical model for the objective function. Genetic algorithm stands to be one 

among the best solution methodologies for such optimization schemes.   

5.1. Genetic Algorithm Description  
Genetic algorithm (GA) history returns to John Henry Holland from the 

University of Michigan in the 1970s who developed GA optimization and was 

inspired by the process of biological evolution theory [93]. Genetic algorithm has then 

been used in different optimization fields, machine learning and artificial intelligence.  

 As in the biological evolution theory, GA includes a population of old 

generation that is fully replaced by the production of a new generation. This is done 

by recombination or crossover of the parent’s chromosomes and the stochastically 

triggered mutation. Chromosomes are being encoded by a decimal value for the 

design variable as a binary string. Initially, a random population generation for 

different design variables and their combinations is created and being defined as 

chromosomes according to their binary system identification as illustrated in Table 

14. A fitness function is evaluated based on the score of each chromosome. The 

fitness evaluation function serves as the link between the optimization scheme, 

genetic algorithm solution process and the termination criteria. Hence, if the fitness 

evaluation meets the termination criteria, GA stops. Otherwise, a new generation is 

created.    

Table 14: Chromosome Set Example 

Propeller Coefficient of Thrust Fuel Cell Current, (A) 

Ct1 5 0101 Ifc1 7 1011 

Ct2 8 1000 Ifc2 10 1010 

Ct3 7 0111 Ifc3 12 1100 
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Evaluation fitness creates a biased in relation of the chromosomes that are 

used in the selection of the parents randomly. Using each parent chromosome, the 

children are made by crossover and mutation process. Different combinations of 

chromosome sets are derived from their parents using the offspring. Random 

mutations represent randomness which might be helpful in finding solutions that were 

neglected or overlooked by crossover. While crossover is important in accelerating 

the solution by combining solutions on different chromosomes.    

.  The process is repeated again with placing the new children into a new 

population and evaluating them according to the fitness function until the termination 

criteria are met as shown in Figure 38. 

Start

Population

Evaluation

Selection

Crossover

Mutation

Accepting

Stop
Termination 

Criteria

New Population 
Completed

yes

No

yes No

 

Figure 38: General Flow Chart for GA 

5.2. Objective Function 
As mentioned previously, the objective function of interest is the aircraft 

endurance. The main goal of the optimization scheme is to maximize the objective 

function of the UAV flight as given in the following equation: 
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𝑀𝑎𝑥𝑖𝑚𝑖𝑧𝑒 𝐸 =  −
�̇�

𝑛
 

(81) 

where �̇� is the hydrogen flow rate given either in mol/s or kg/s, n is the hydrogen 

content given either in moles or in kilogram. The negative sign in Equation (81) 

stands for maximizing the UAV flight endurance.  

5.3. Design Variables 
The optimization scheme of the UAV flight endurance usually involves 

discrete and continuous design variables. These design variables are the airfoil, motor, 

propeller, and hydrogen tank indices. Design variables associated with the 

components indexes are illustrated in Table 15. In addition, in case of UAV 

hybridization, the battery index will be added. Since some commercial from off-the-

shelf ready-made components will be used, many possible combinations of hydrogen 

tank, motor and propeller could be integrated.   

Table 15: Design Variables for GA Optimization 

Design Variable Symbol Unit 

Airfoil angle of attack at zero lift 𝛼0𝑙 Rad 

Airfoil camber ratio t/c - 

Airfoil maximum lift coefficient 𝐶𝑙𝑚𝑎𝑥 - 

Motor mass mm kg 

Motor no load current I0 A 

Motor no load voltage V0 V 

Motor voltage constant kv - 

Propeller diameter dp m 

Propeller pitch ratio kc - 

Propeller speed 𝜔 Rad/s 

Propeller advance ratio J - 

Hydrogen tank diameter dtank m 

Hydrogen tank mass mtank kg 

Gear ratio Gr - 

FC current IFC A 
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5.4. Design Constraints 
Design constraints are defined to guarantee the feasibility of the proposed 

solutions. These constraints are the aircraft mass, fuel cell current, propeller tip Mach 

number, motor and propeller efficiency, and angle of attack as presented in Table 16. 

Aircraft mass is constrained to be less than 8.5 kg to guarantee the launchablity 

criteria. For the fuel cell, the fuel cell current is constrained to satisfy that the fuel cell 

operates within the allowed range and not to suffer from hydration in the membrane. 

The propeller tip Mach number is set to be below 0.85 to avoid air flow separation 

and to guarantee laminar flow. All constraints are evaluated accordingly in every 

process of the optimal design to determine the fitness function. If the obtained 

solution lies outside the constraint range, the solution is discarded as a member of the 

population for the subsequent generation. Hence, population creation of all design 

variables is found based on all members that found within feasible ranges.    

Table 16: MDO Constraints for Steady Level Flight Mission 

Constraint Range 

Aircraft mass 7 < 𝑚𝑡𝑜𝑡 < 8.5 𝑘𝑔 

Fuel cell current 𝐼𝑓𝑐 < 13 𝐴 

Propeller tip Mach number 𝑀𝑡𝑖𝑝 < 0.85 

Propeller efficiency 0 < 𝜂𝑝𝑟𝑜𝑝 < 0.9 

Motor efficiency 0 < 𝜂𝑚𝑜𝑡𝑜𝑟 < 0.95 

Angle of attack 0.1 < 𝛼 < 0.25 Rad 

 

5.5. Development of Genetic Algorithm for Long Endurance Mission  
The developed genetic algorithm code will be used is the GA toolbox and 

direct search box provided by MATLAB. The evaluation of the fitness function used 

is the same that is developed in the design structure matrix as indicated in Figure 37. 

After defining the optimization scheme, objective functions, all design variables and 

constraints; the multi-disciplinary design optimization is obtained as presented in 

Figure 39. This optimization scheme stands as the baseline flexible framework that 

can vary depending on the implementation.  

The baseline of UAV used in the analysis was introduced earlier in chapter 4. 

The UAV’s mass breakdown used in the analysis is shown in Figure 40. Hydrogen 
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tank mass and content mass, motor mass and battery mass are not specified depending 

on their indices. But the overall maximum UAV mass constraint is implemented. All 

previous mentioned masses correspond to more than 47% of the total UAV mass. 

Design Variables

Airfoil Index
[α, Cl, Cd, t/c]

H2 Index
[DTank , mH2tank, nH2]

Propeller Index
[Diameter, Pitch, ω ]

Motor Index
[I0, V0, Kv, Rm]
Gear Ratio (Gr) 

MDA
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Objective Function:
Maximize Endurance
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7 < mtot < 8.5 kg
Ifc < 13 A

Mtip < 0.85
0 < ήprop < 0.9

0 < ήmotor < 0.95
0.1 < α < 0.25 Rad  
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Performance 
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Figure 39: Optimization Scheme for Steady Level Flight Mission 

 

Figure 40: Aircraft Mass Breakdown 
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The aerodynamic simulation for the proposed aircraft was done using XFLR5 

for a range of angle of attacks at a fixed Reynold number of 400,000 as shown in 

Figure 41. The resulted relations of the coefficients of lift and drag at an angle of 

attack is shown in Table 17 and in Figure 42 for some selected potential airfoils 

suitable for hand-launchable UAVs. Figure 42 indicates that SD7062 airfoil has the 

highest lift coefficient. The drag polar is shown in Figure 43 in which UAV with 

NACA23012 airfoil is performing better. For the lift to drag ratios, UAV with 

NACA23010 airfoil is performing better than the other two proposed airfoils as 

shown in Figures 44 and 45.   

 

Figure 41: UAV Simulation Using XFLR5 at Re 400000 

 

Table 17: Airfoil Indexes 

Index Airfoil Relation 

1 NACA23012 𝐶𝐿 = 5.14𝛼 + 0.035 (82) 

𝐶𝐷 = 0.035𝐶𝐿
2 − 0.0035𝐶𝐿 + 0.021 (83) 

 

2 SD7062 𝐶𝐿 = 4.533𝛼 + 0.33 (84) 

𝐶𝐷 = 0.0788𝐶𝐿
2 − 0.0355𝐶𝐿 + 0.0214 (85) 

 

3 NACA23010 𝐶𝐿 = 5.33𝛼 + 0.066 (86) 

𝐶𝐷 = 0.039𝐶𝐿
2 − 0.0046𝐶𝐿 + 0.016 (87) 
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Figure 42: Effect of Airfoil Variation on CL for the Proposed UAV  

 

Figure 43: Effect of Airfoil Variation on Drag Polar for the Proposed UAV  

 

Figure 44: Effect of Airfoil Variation on CL/CD for the Proposed UAV  
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Figure 45: Effect of Airfoil Variation on CL
(3/2)/CD  for the Proposed UAV  

Horizon Aeropack PEMFC is used as the main power supply component as 

shown in Figure 46. The fuel cell specifications are shown in Table 18. The fuel cell 

total weight is less than 0.5 kg which makes it a very good chioce compared to other 

fuel cells available in the market with the same power range outputs especially for the 

fields that has weight restrictions such as UAVs.  

Horizon Energy Systems designed a special graphic-user-interface (GUI) 

program to monitor the PEMFC system supplied by the company. This graphic can 

also be done through connecting the fuel cell system directly to the computer using 

RS-232 cable with specifications of 19200, 8 bit, parity-none, and 1 stop bit. All data 

id are saved in a log file to make them avilable for further analysis. Parameters such 

as date, time, fuel cell voltage, fuel cell current, fuel cell power, fuel cell Watt-hours, 

temperature, and hydrogen generator pressure are recorded. The fuel cell is then 

connected to the load directly and operated until it reaches its full output power. The 

fuel cell current, fuel cell voltage and fuel cell power are then fitted in a quadratic 

function to generate the polarization curve which relates the fuel cell voltage and 

current as presented in Figures 47 and 48.   

The resulted curve fitting functions are given as follows: 

𝑉𝑓𝑐 = 0.042𝐼𝑓𝑐
2 − 1.2𝐼𝑓𝑐 + 31  (88) 

𝑃𝑓𝑐 =  24𝐼𝑓𝑐 + 2.3 (89) 
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The obtained relation differs from the relation provided by the manufactrurer. 

This might be due to different conditions of the tests as compared to some other 

standard conditions for testing fuel cells. Also, the available Aeropack fuel cell was 

also previously used in other researches that cause some deteroiation in  its 

performance before using it in the current research. 

 

Figure 46: Aeropack Fuel Cell Dimensions 

 

Table 18: Aeropack Fuel Cell Technical Specifications 

Parameter Value Unit 

No. of cells 35 - 

Rated performance 10 ( at 21 V) A 

Continious output power 200 W 

Peak output power 600 W 

Output voltage range 21-32 V 

Design life time 500 Hour 

Wight of PEMFC 470 g 

Hydrogen gas purity 99.999 % 

Rated hydrogen consumption 2.2 L/min 

Hydrogen input pressure 0.4 Bar 

Operating temperature range 0 to 35 C 

Max temperature shut down 65 C 

Low voltage shutdown 19 V 

Stack efficiency 50 % 
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Figure 47: Polarization Curve for Aeropack Fuel Cell 

 

Figure 48: Power Distribution Plot for Aeropack Fuel Cell 

Off-the-shelf ultra-weight carbon fiber composite vessels with compressed 

hydrogen are used as hydrogen storage tanks (canisters). Specifications of Horizon 
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carbon fiber LC series storage tanks ranges from 1.1 to 4 L volume are shown in 

Table 19. Although other types of composites such as aluminum are also available for 

hydrogen storage, carbon fiber is considered to be among the best solutions in terms 

of weight and ability to resist both axial hoop stresses that are caused by the 

compressed hydrogen pressure [94]. The system contains two step pressure regulators 

to lower the pressure to (0.4-0.6) bar which is the suitable pressure for Aeropack 

PEMFC as shown in Figure 49.   

Table 19: Compressed Hydrogen Carbon Fiber Tanks Specifications 

Index Outside 

Dia. (mm) 

Overall 

length 

(mm) 

Empty 

Weight (kg) 

Volume (L) Pressure 

(MPa) 

1 61.4 301 0.65 0.5 30 

2 109 231 1 1.1 30 

3 111 268 1.1 1.6 20 

4 130 253 1.48 2 20 

5 108 368 1.3 2.1 20 

6 130 270 1.51 2.2 20 

7 130 288 1.54 2.4 20 

8 130 297 1.55 2.5 20 

  

 

Figure 49: Pressure Regulator of the Compressed Hydrogen Tank 

Air is supplied for both cooling and a source for oxygen reactant supply. Two 

axial DC fans from Delta Electronics of physical geometrirs and technical 

specifications are shown in Figure 50 and and Table 20, respectvely. These axial fans 

are used to supply air from atmosphere to the fuel cell system. The reason behind 
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using double fans instead of a single fan is because of the sizing issue. Using two fans 

usually lowers the height which allows the fuel cell to be mounted easily in the 

fuselage. In addition, two fans also better for better distribution of air through the fuel 

cell than a single large fan resulting  in better utilization factor and better cooling. 

 

Figure 50: Axial DC Fan: a) General Schematic b) Dimensions 

 

Table 20: Axial Fan Specifications 

Parameter Value Unit 

Rated voltage  12 VDC 

Input current  0.5 A 

Input power  6 W 

Speed (rotational) 13000 RPM 

Max air flow  

Min air flow 

0.680 

0.578 

m3/min 

Max air pressure  27.3 mmH2O 

Weight 32 g 

 

Hacker Motors proofed to be very good choice for small scale UAVs 

propulsion systems. This is due the fact that they have relatively less weight compared 

to other DC motors with the same torque generated range. Also, they have wide range 

of kv ranges from 149 to 1100 RPM/v with longer life cycle. The series A40 to A60 

with technical specifications given in Table 21 might be of special interest to other 

researchers.  
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In order to have a good match between the propeller rotational velocity and 

the motor rotational speed, a gear reducer is needed. The gear reducer that has a gear 

ratio range from 1 to 10 is required. The speed controller of Phoenix ICE HV 85 from 

Castle Creation is used. The selected speed controller’s technical specifications are 

presented in Table 22. This speed controller is available at the aeronautics laboratory 

and has a special feature of data logging capability and a 3 phase built-in inverter. 

Table  21 : Hacker Motors Technical Specifications 

V0 
(Volts) 

Mass (g) Rm 
(Ohm) 

10 (A) Kv  (RPM/V) Index Motor 
Name 

8.4 658.6506 0.016 1.6 149 1 A60 18L 
8.4 658.6506 0.018 1.8 168 2 A60 16L 
8.4 576.6123 0.032 1.7 170 3 A60 20M 
8.4 576.6123 0.027 1.8 190 4 A60 18M 
8.4 658.6506 0.02 2.5 192 5 A60 14L 
8.4 492.23 0.038 1.3 200 6 A60 24S 
8.4 576.6123 0.022 1.9 215 7 A60 16M 
8.4 492.23 0.03 1.5 215 8 A60 22S 
8.4 492.23 0.027 1.8 235 9 A60 20S 
8.4 389.0961 0.031 1.7 270 10 A50 16L 
8.4 389.0961 0.025 1.9 310 11 A50 14L 
8.4 389.0961 0.021 2.3 355 12 A50 12L 
8.4 307.0578 0.026 2 380 13 A50 16S 
8.4 307.0578 0.016 2.5 500 14 A50 12S 
8.4 307.0578 0.012 3.1 580 15 A50 10S 
8.4 260.1787 0.018 2.4 600 16 A40 10L 
8.4 220.3315 0.01 2.7 730 17 A40 12S 
8.4 260.1787 0.013 3.1 750 18 A40 8L 
8.4 220.3315 0.007 3.8 880 19 A40 10S 
8.4 260.1787 0.01 4 1000 20 A40 6L 
8.4 220.3315 0.005 4.9 1100 21 A40 8S 

 

Table 22: Speed Controller Technical Specifications 

Parameter Value Unit 

Max input voltage 50 V 

Max Amp draw 85 A 

PWM switching rate 12 kHz 

Resistance .0015 ohms 

Weight 119 g 
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For propeller sizing criteria, the propeller diameter ranges from 12 to 27 

inches with a corresponding pitch range from 7 to 15 inches supplied by APC 

propellers as shown in Table 23 are used. For the propeller model, the propeller data 

file is obtained from the manufacturer (APC Propellers). The data is also fitted using a 

quadratic curve fitting. Figures 51 and 52 show the fitted propeller data at different 

pitch to diameter ratios (kc).  

Table 23: Propeller Technical Specifications 

Propeller 

Index 

Diameter 

(Inch) 

Pitch 

(Inch) 

Pitch to Diameter 

Ratio (Kc) 

1 12 11.5 0.95 

2 12 12 1.0 

3 13 9 0.7 

4 14 8.5 0.61 

5 15 7 0.47 

6 16 12 0.75 

7 16.5 13 0.79 

8 16.5 14 0.85 

9 17 12 0.71 

10 18 8 0.44 

11 19 11 0.58 

12 20 8 0.4 

13 20 14.5 0.725 

14 21 13.5 0.64 

15 25 12.5 0.5 

16 26 15 0.58 

17 27 13 0.48 
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Figure 51: Propeller Coefficient of Thrust, Ct at Different Kc Values 

 

Figure 52: Propeller Coefficient of Power, Cp at Different Kc Values 
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5.6. Analysis and Results 

 The problem formulation of the multi-disciplinary design optimization 

analysis is fully summarized in Tables 24 and 25. This analysis was conducted 

assuming steady level flight performance using genetic algorithm as the optimization 

routine. The evolution history of the optimization scenarios are also presented in 

Figures 53 and 54 in which the top graph represents the penalty function value while 

the bottom one represents the stopping criteria. Figure 53 shows the obtained results 

for the maximum endurance while Figure 54 shows the results for the maximum 

range.  

Table 24: Design Variables Formulation for MDO Analysis 

Design Variable Value Units 

Airfoil index 1-3 Unit less 

Motor index 1-21 Unit less 

Propeller index 1-17 Unit less 

Hydrogen tank index 1-10 Unit less 

Gear ratio 1-10 Unit less 

 

 The penalty function graph indicated in blue dots represents the mean value 

of the penalty function while the black dots represent the best value at each 

generation. The penalty function evaluation consists of two main parameters namely 

constraints and fitness functions. For each parameter, the penalty function picks a 

design entity from the created population mentioned above at each generation for 

checking its consistency with the design parameter. In the case of consistency, the 

fitness function value is set to be equal to the value of the penalty function. 

Otherwise, the value of the penalty function is also set to be equal to the maximum 

fitness value among the worst feasible members of the population. For the subsequent 

generation, the values chosen are those with the minimum penalty function values. 

The iteration process the design parameters converged to the minimum value after so 

many iterations due positive fitness and low penalty values. As the optimization 

routine process is carried on, each new generation is converged to the best penalty 

function value. This is because of the reproduction process of the new generation that 
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takes into consideration the relation of the best penalty function and new parents 

selection process. 

Bottom graph included the stopping criteria in which if any of the termination 

criteria are is, it will cause the optimization process to be stopped. The stall time 

criteria evaluates the improvement of the objective function over a specified time 

interval. The time interval is set equal to the time criteria which is set to be equal to 

infinity. The stall generations criteria evaluate the weighted average change in fitness 

value for a stall generation that is equal to almost 50. The specified value for the 

change is sit equal to a tolerance value of 1e-6. Finally, the number of generations is 

set to be 100. If the optimization process reaches the maximum number of 

generations, the process is terminated. As can be seen from Figure 53, the 

optimization process for maximum endurance was terminated after 59 generations and 

2403 fitness functions evaluations. As for the range optimization process, a total 

number of 2841 fitness function values were evaluated and 70 generations were 

created. For both scenarios, the stall (G) generation criteria was satisfied as the 

change in the stall generation was too small, less than 1e-6, and the penalty function 

value converged to the minimum objective function value.  

Table 25: Design Parameters Used in the MDO Analysis 

Design Parameter Value Unit 

Altitude 200 m 

Air density 1.225 kg/m3 

Viscosity 0.000015 m3/s 

Gravity 9.81 N/kg 

Wing surface area 0.9 m2 

Faraday constant 26.801 A.h/mol 

Ideal gas constant 8.314472 J / mol. K 

Hydrogen utilization 0.9 Unit less 

Air temperature 298.15 K 
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Figure 53: Evolution History for the Optimization Process for Maximum Endurance 

 

Figure 54: Evolution History for the Optimization Process for Maximum Range 
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Selected indices for both scenarios resulted from the optimization process are 

listed in Table 26. The selected airfoil that resulted in both maximum endurance and 

maximum range is NACA23010. As stated previously, to maximize endurance, 𝐶𝐿
2/3

𝐶𝐷
 

should be maximized which corresponds to an angle of attack equals 11o for UAV 

with NACA23010 airfoil. While in order to maximize range, 𝐶𝐿

𝐶𝐷
   should be 

maximized which corresponds to an angle of attack equals to 7o for the same UAV. 

UAV with NACA23010 gave better performance characteristics in terms of 

endurance and range than other airfoils. Even though other airfoils might have better 

lift and drag performance characteristics, the optimization routine picked up the UAV 

that has better lift to drag ratios.  

The hydrogen tank index selected is number 8 which is considered the largest 

carbon fiber hydrogen tank as shown in Table 19. This is a logical selection because 

the largest hydrogen tank, the largest possible hydrogen volume can be carried on 

UAV flight. Due the total mass constraint, the optimization process doesn’t select the 

chemical hydride hydrogen supply option. In addition, the gear ratio obtained from 

the optimization is one because any value greater than one reduces the rotational 

speed of the motor. As a result, more fuel cell power is required. Hence, more 

hydrogen will be consumed and less endurance is reached.     

Hydrogen consumption is always a function of the generated fuel cell current. 

Thus, the lower the fuel cell current, the lower the hydrogen consumption and a 

higher endurance is achieved. The resulted fuel cell current value is the lowest 

possible value in both cases. Motor index chosen for both cases is the same due its 

lower Kv compared to other motors indices. A motor with low Kv produces lower 

rotational speed than a high Kv motor at the same voltage. In order to compensate for 

that, a propeller with bigger diameter relatively is required. Hence, the resulted 

propeller indices for both scenarios are relatively high especially in the first scenario 

where higher thrust is required. The maximum endurance obtained is for the first 

scenario because the selected angle of attack corresponds to the maximum 𝐶𝐿
2/3

𝐶𝐷
  while 

the maximum endurance obtained is in the second scenario as the angle of attack used 

corresponds to the maximum ratio of  𝐶𝐿

𝐶𝐷
 . 
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Table 26: MDO Results for Steady Level Flight 

Design Variable Max Endurance Max Range Units 

Airfoil index 3 3 Unit Less 

Motor index 6 6 Unit less 

Propeller index 8 6 Unit less 

Hydrogen tank  index 8 8 Unit less 

Gear ratio 1 1 Unit less 

Fuel cell current 3.66 3.46 A 

Propeller speed 299.44 333.45 Rad/s 

Time 475.3 455.2 min 

  

Other performance parameters are listed in Table 27. Power produced in the 

second scenario is higher than the first one. This is because the rotational speed in the 

second scenario is higher. As a result, the hydrogen flow rate in the second scenario is 

higher as well. Finally, the coefficients of lift and drag for the first scenario are higher 

than the second scenario. This is due to the fact that maximum angle of attack that 

produces the longest flight endurance is higher than the maximum angle of attack that 

produces the maximum flight range.   
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Table 27: Performance Parameters Resulted from GA MDO Analysis 

 

 

 

Design Variable Max 

Endurance 

Max Range Unit 

Motor mass 0.492 0.492 kg 

Motor no load current 1.3 1.3 A 

Motor no load voltage 8.4 8.4 V 

Motor voltage constant 200 200 RPM/V 

Propeller diameter 16.5 16 in 

Propeller pitch 14 12 in 

Propeller coefficient of thrust 0.0685 0.0510 - 

Propeller advance ratio 0.669 0.739 - 

Hydrogen tank diameter 0.13 0.13 m 

Hydrogen tank mass 1.55 1.55 kg 

Propeller coefficient of power 0.0541 0.0432 - 

Cruise velocity 13 16.3 m/s 

Thrust required 5.23 4.55 N 

Propeller torque 0.276 0.25 N.m 

Aircraft total mass 7.06 7.06 kg 

Coefficient of lift 1.08 0.713 - 

Coefficient of drag 0.0568 0.0325 - 

Angle of attack  0.192 0.122 Rad 

Hydrogen content 20.17 20.17 mole 

Hydrogen flow rate 2.546 2.66 mole/hr 

Propeller efficiency 84.7% 87% - 

Motor efficiency 87.5% 88% - 

Fuel cell voltage 27.48 27.35 V 

Motor voltage 14.25 16.32 V 

Motor current 5.77 2.23 A 

Power 79.74 83.34 W 
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Chapter 6. Case Studies on the Implementation of Optimization 
  

 This chapter presents detailed analysis of different aircraft flight missions 

using the developed optimization scheme developed in Chapter 5. Aircraft climb rate 

with steady flight mission is achieved. Then, hybridization case studies are conducted 

to check the effectiveness of using a battery-fuel cell hybrid system through an energy 

management system.  An integrated simulation model is then developed to run the 

system. This simulation includes the hybrid propulsion system and aircraft 

performance using the results obtained from MDO implementation. 

6.1.  Flight Mission 
 The proposed aircraft flight mission is shown in Figure 55. Two mission 

flights are proposed - climb and endurance missions. As the two mission flights are 

different, the system must be optimized independently. Since the endurance takes the 

most of the entire flight mission time, optimization for all components design 

variables at steady level flight is verified. Then, two methodologies are tested to 

counter for the climb rate effect on endurance. The first methodology includes the 

flight climb rate as a constrained design variable. The second method is achieved by 

solving the MDA for the flight climb rate’s design structure matrix with the 

components design variables obtained from the steady level flight optimization 

results.  

 Hybridization studies for both flights missions are also performed. First, the 

effect of using a battery during the steady level flight mission is tested through the 

development of an energy management scheme involving battery discharge current, 

battery charge current, battery state of charge and fuel cell current. Battery 

contributing analysis then is added to the multi-disciplinary design optimization 

scheme developed in Chapter 5. Then, the effect of adding the battery on the climb 

rate mission is investigated by assuming a battery that depletes continuously its power 

during the lab test. Final results will be used to run the aircraft simulation model 

developed in MATLAB.  

 For the Simulink model, the integration of power supply that includes the 

battery and fuel cell is formed. The integration of the power demand that includes the 

motor and propeller are then formed. Power supply and power demands are integrated 
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using energy management scheme. Then, the propulsion system is then integrated 

with the aircraft performance to perform the full simulation model for the entire flight 

missions.  

 

Figure 55: Flight Mission 

6.2.  Flight Climb Mission Integration in Optimization  
 This section involves the inclusion of the climb rate in the optimization routine 

using two different techniques as indicated previously. The first one is achieved by 

considering the climb rate as a design variable. While in the second technique, the 

optimization is achieved by obtaining the climb rate independently. Discussion of 

results for both techniques are presented in Section 6.2.3. Detailed analyses are 

obtained for three different flight altitudes in order to study the effect of the altitude 

on the total aircraft endurance as shown above in Figure 55.  

6.2.1. Design for the climb rate as a design variable.  

In this section, the climb rate is treated as a design variable ranged from 70 

m/min to 150 m/min as shown in Table 28. The optimization scheme is implemented 

at three different altitudes to determine the effect of altitude change on the entire 

flight endurance. Considering the assumption of no change of fuel cell current in both 

flight missions, the rate of climb contributing analyses are shown in Figure 56. The 

R/C index specifies an initial value for a predefined altitude in which the rate of climb 

values are then used to determine the climb endurance using Equation (90). Hydrogen 

flow rate is then obtained from the fuel cell current as calculated before using 
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Equation (25). Then, the hydrogen consumed at climb is calculated using Equation 

(91). The remaining hydrogen is then obtained by subtracting the hydrogen consumed 

at climb flight mission from the storage tank hydrogen content. The hydrogen 

consumed value is the actual value utilized to estimate the flight endurance at steady 

level flight mission. The total flight endurance is found by adding the estimated climb 

endurance time and the steady level flight endurance.  

𝐸𝑐𝑙𝑖𝑚𝑏 =  
𝐴𝑙𝑡𝑖𝑡𝑢𝑑𝑒

𝑟𝑎𝑡𝑒 𝑜𝑓 𝑐𝑙𝑖𝑚𝑏
 

(90) 

𝑛𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 =  𝐸𝑐𝑙𝑖𝑚𝑏 × �̇� (91) 

 

Table 28: Rate of Climb Index 

Design Variable Value Unit 

Rate of climb 70-150 m/min 

Altitude 100, 400, 1000 m 

 

Climb 
Endurance

Endurance

H2 remained

H2 consumption 
at climb

R/C index

H2 flow rate

FC current

H2 Mass

 

Figure 56: Climb Rate Contributing Analysis 
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6.2.2. Development of an independent MDA.  

The main objective of the independent MDA design is to consider the climb 

rate design parameters as independent design variables. The climb flight mission is 

recommended to be treated as an independent MDA due to the independency of fuel 

cell voltage and current from the steady level flight. The developed MDA is similar to 

that in Chapter 4 but with some modifications for the climb rate mission. Initially, the 

MDA design inputs are the climb rate angle, fuel cell voltage, fuel cell current and 

propeller speed. The developed MDA structure and its schematic diagram are shown 

in Figure 57. 

For predefined components’ indices and an angle of attack, the MDA analysis 

uses the predefined values to calculate the coefficients of lift and drag. Using the 

initial guess value of the climb rate angle, the climb rate cruising velocity is 

calculated using Equation (70). The obtained velocity is directed to the propeller 

model to calculate the available thrust using Equation (72). 

Propeller contributing analyses are used to estimate the advance ratio value 

using the initial guessed value of the propeller speed and the obtained cruising 

velocity. Then, the propeller coefficients of thrust and power are obtained using the 

same approach used in Chapter 5. Using the calculated Ct value, the thrust required is 

calculated using Equation (50) along with propeller torque from Equation (52). 

Motor speed controller losses are neglected due to their very small values. 

Hence, the power delivered from the fuel cell is almost the same as the motor power. 

With this assumption, three different equations with three unknown parameters are 

then solved simultaneously. These three equations are the motor speed, motor current 

and motor voltage as given in Equations (38), (41) and (92), respectively. 

 𝑉𝑡. 𝐼𝑚 = 𝑉𝐹𝐶 . 𝐼𝐹𝐶  (92) 

 Using the gear ratio value obtained previously from the optimization scheme, 

power delivered to the propeller is calculated along with the new value of the motor 

speed. Then, power and efficiencies for both propeller and motor are estimated using 

Equations (46) and (54) respectively. The new power value is subsequently used to 

calculate the new fuel cell current given the same assumption of the power delivered 

by the fuel cell is the same as the motor power. The initial guess value for the fuel cell 
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current is used to determine the new fuel cell voltage using the same technique used 

in the developed MDA in Chapter 4.  

Solver

FC current

Compatibility 
Equations

Motor Speed 

Efficiencies

CL , CD

Cruise 
Velocity

Advance 
Ratio, J

CT , CP

Propeller 
Interference
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Thrsut
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FC Voltage

Power
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Climb 
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Figure 57: MDA for Climb Rate Mission Flight 
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  The available thrust and the desired thrust values are used to determine the 

climb rate using Equation (71). The rate of climb is subsequently used to obtain the 

climb flight endurance for a predefined altitude. Using the new value of fuel cell 

current determined previously, the hydrogen flow rate at climb is calculated using 

Equation (27). The hydrogen required for the climb mission is predicted using 

Equation (32) and the remaining hydrogen is obtained using the same method 

described in the previous section. Finally, the total flight endurance is determined as 

well. It’s worth to mention that a very important parameter to be considered in the 

MDA analysis is the propeller tip Mach number which due to its considerable effect 

on the UAV flight performance.   

 Design parameters’ values mentioned above are solved using the initial 

guessed values. To determine the optimum solution for different design variable, the 

MDA is solved using “fsolve” MATLAB toolbox based on initial guess values. 

Compatibility equations in this case are different from the steady state MDA due to 

the effect of the climb rate angle on the flight endurance. Based on prescribed 

tolerances of all design parameters, the compatibility equations for the climb rate 

MDA analysis are given as follows: 

𝐹1(𝑥) =
𝜔𝑛𝑒𝑤 − 𝜔𝑜𝑙𝑑

𝜔𝑜𝑙𝑑
 (93) 

𝐹2(𝑥) =
𝐼𝑓𝑐𝑛𝑒𝑤 −  𝐼𝑓𝑐𝑜𝑙𝑑

𝐼𝑓𝑐𝑜𝑙𝑑
 

(94) 

   𝐹3(𝑥) =
𝑉𝑓𝑐𝑛𝑒𝑤− 𝑉𝑓𝑐𝑜𝑙𝑑

𝑉𝑓𝑐𝑜𝑙𝑑
 (95) 

𝐹4(𝑥) =
𝜃𝑐𝑙𝑖𝑚𝑏𝑛𝑒𝑤 − 𝜃𝑐𝑙𝑖𝑚𝑏𝑜𝑙𝑑

𝜃𝑐𝑙𝑖𝑚𝑏𝑜𝑙𝑑
 

(96) 

The compatibility equations are set to zero as follows (small tolerance values):  

𝐹1(𝑥) = 0 (97) 

𝐹2(𝑥) = 0 (98) 

𝐹3(𝑥) = 0 (99) 

𝐹4(𝑥) = 0 (100) 

In the independent MDA, The “fsolve” of the MATLAB tool box continues in 

searching and solving for the accurate design parameters iteratively until the 

compatibility equations criteria are met. The solver used here is a MATLAB function 
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(fsolve) that uses the trust region dogleg method for solving nonlinear systems. The 

main objective of the fsolve is to minimize the merit function which is needed to 

decide the accuracy of the current design variables are accurate within the prescribed 

tolerance. Propeller tip Mach number is also calculated to guarantee that the propeller 

performs in the feasible range that is less than 0.85. Detailed results of climb rate are 

presented in the next section. 

6.2.3. Results of climb rate analysis. 

 Results of the climb rate using dependent and independent MDA analyses are 

presented in Table 29. Climb rate for the independent MDA analysis showed better 

results as compared to the dependent analysis. This is mainly due to the fact that 

different performance parameters such as fuel cell current and voltage were treated 

independently for climb rate analysis. As a result, the inclusion of climb rate analysis 

in the design process tends to decrease the total endurance because of the excess 

hydrogen consumption during the climb rate mission flight.    

Table 29: Endurance Results for Climb Rate Studies 

 

As can be seen from Table 30, the majority of climb rate values are close to 

120 m/min because these values are estimated at optimum performance of the flight 

mission. In addition, the rate of climb value is found to be close to the upper limit 

value because the climb rate is inversely proportional to the hydrogen consumed as 

can indicated in Equation (90). Furthermore, the climb rate value doesn’t vary at 

different altitudes in the first suggested approach. Hydrogen consumed at climb rate 

flight mission is only a function of the altitude and rate of climb only. In this 

approach, the altitude value at each optimization process is fixed. As a result, the 

hydrogen consumed during the mission is only affected by the rate of climb value.  

 

Altitude (m) Endurance as R/C design 

variable (min) 

Endurance as R/C 

Independent (min) 

Steady level flight 475.3 475.3 

100 m Altitude 470.2 471.6 

400 m Altitude 463.12 466.1 

1000 m Altitude 430.4 451.8 
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Table 30: Climb Rate for Different Studies 

  

The iteration history of the optimization process at different altitudes is shown 

in Figures 58, 59, and 60. For all solution scenarios, the chosen design indices don’t 

change from those resulted from the steady level flight analysis. This is mainly due to 

the optimization routine searches for the maximum endurance that always occurs at 

steady level flight mission. At 100 m flight altitude, the change in endurance was 

found to be less than 5 minutes because the climb rate mission was small. As the 

climb rate flight mission increases, the flight endurance decreases because of the 

excessive hydrogen consumption at the climb mission as shown in Table 31. It is 

worth to mention that the climb rate angle doesn’t change at different flight altitudes 

because it depends on the climb rate and the relative velocity of the flight. The 

estimated value of climb rate angle from the optimization process is 9.1 degrees. 

Climb rate values for the selected three altitudes are found to be the same even the 

hydrogen consumptions are different.  This means that the climb rate is independent 

of the altitude.  

 In the second scenario, the climb rate design process involves the solution of 

the climb rate of the MDA at different altitudes. The results of design indices are used 

in the MDA analysis. Results of performance parameters of the flight mission at an 

altitude of 1000 meters are listed in Table 32. To compare the two scenarios, the 

hydrogen flow rate for climb rate flight mission is higher than steady level flight. This 

is because the power needed in the climb rate is higher than the power requirement at 

steady level flight. This is because the power needed in the climb rate is higher than 

the power requirement at steady level flight. As a result, the fuel cell current at climb 

rate is higher than the fuel cell current at steady level flights. Therefore, the amount of 

hydrogen consumed in the second scenario is lower than that consumed the first 

scenario. 

Altitude (m) Climb Rate as a design 

variable (m/min) 

Climb Rate Independent 

(m/min) 

100 m Altitude 121 114 

400 m Altitude 121 114 

1000 m Altitude 121 114 
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In addition, the total endurance value is longer in the second scenario and 

more hydrogen is left remaining compared to the first scenario for the steady level 

flight mission. The propeller rotational speed is also found to be more for the climb 

rate mission flight in order to overcome the increase in the required thrust due the 

contribution in the total UAV as can be seen from Equation (68).  

 

Figure 58: Evolution History for Climb Rate MDA at 100 Meter Altitude 

 

Figure 59: Evolution History for Climb Rate MDA at 400 Meter Altitude 
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Figure 60: Evolution History for Climb Rate MDA at 1000 Meter Altitude 

 

Table 31: Climb Rate Design Variables Results in Case Study #1 

Design Variable 100 m Altitude 400 m Altitude 1000 Altitude Unit 

Hydrogen consumed 0.075 0.21 0.462 mole 

Climb rate angle 0.157 0.157 0.157 rad 

 

Table 32: Climb Rate Performance Parameters Results for Case Study #2 at 1000 m 

Design Variable Value Unit 

Cruise velocity 18.3 m/s 

Thrust available 13.792 N 

Propeller speed 385.33 rad/s 

Propeller efficiency 81.3% - 

Fuel cell voltage 27.03 V 

Fuel cell current 3.814 A 

Hydrogen flow rate 2.93 mol/hr 

Hydrogen consumed 0.31 mole 

Climb angle 0.112 rad 

Thrust required 6.8213 N 

Motor efficiency 84.6% - 
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6.3. Hybridization Case Studies 
Hybridization issue has been discussed by different researchers due to the its 

improvement in the fuel cell power plant. Fuel cell/ battery combination is considered 

as the best hybrid combination due to the fact that fuel cells have higher energy 

density while batteries have higher power densities. As a result, in the case where 

high power demand is required, batteries can recover the supply of power. The 

implementation of hybridization depends on the flight mission and flight path. UAV 

flight missions have two parts - climb and steady level flight. Hybridization for both 

missions are investigated and analyzed in this section. 

Li-Po battery is proposed to be used as the supplementary power supply 

source to support the PEMFC power supply when there is a high power demand. 

Table 33 shows specifications of suggested Li-Po batteries with high power densities 

from Thunder Powers. Thunder provides Li-Po batteries that are made specifically for 

UAV use and compatible with Aeropack fuel cells. The main feature of Li-Po battery 

is its high power density and high discharge rate in which it can cover any power lack 

in a short time especially during UAV take-off and climbing.   

Table 33: Specifications of Suggested Li-Po Batteries 

Model Voltage Capacity Regular 

Discharge 

Max 

Discharge 

Weight 

Pro Lite V2 1350 mAh 11.1 1.35 Ah 27A 54A 80 g 

Pro Lite MS 2000 mAh 11.1 2.0 Ah 60 A 60A 122 g 

Pro Lite MS 8000 mAh 11.1 8.0 Ah 27A 54A 350 g 

Pro Lite V2 4000 mAh 11.1 4.0 Ah 27 A 54 A 230 g 

 

The battery will be chosen based on the power requirement. Hence, battery 

capacity should be specified at the battery minimum voltage using the following 

equation: 

𝐶𝑏𝑎𝑡 =  
𝑃𝑟𝑒𝑞

𝑠. 𝜂𝐵𝐷𝐶 . 𝑉𝑏𝑎𝑡𝑚𝑖𝑛
 

(101) 
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where  𝑃𝑟𝑒𝑞 is the required thrust power (W), s is the maximum discharge rate (0.5-

0.7) for Li/Po battery [8], 𝜂𝐵𝐷𝐶 is the bidirectional DC/DC converter efficiency (0.8-

0.9), 𝑉𝑏𝑎𝑡𝑚𝑖𝑛 is the minimum battery supplied voltage.  

The battery model is implemented using the built in battery component in SPS 

toolbox. The resulted parameters from Equation (34) are then used to solve for the 

discharge voltage equation as follows: 

𝑉𝑜𝑑𝑖𝑠 =  12.04 − 0.0104
8

8 − 𝑖𝑡
. (𝑖𝑡) −  0.932𝑒−7.63.𝑖𝑡  

(102) 

6.3.1. Hybridization in steady level flight mission.  

The main objective of the steady level flight is to maximize the aircraft 

endurance. As a battery index is added to the optimization routine, the design 

structure matrix must be modified to include the battery and energy management 

contributing analyses.  

 Figure 61 illustrates the modifications for the DSM developed in Chapter 4. 

From the battery index, battery state of charge, charging and discharging voltages and 

currents are obtained. The battery initial state of charge (SOC) value obtained using 

Equation (37) is fed into the fuzzy logic controller contribution analysis developed in 

Section 3.4.3. In addition, the obtained motor power using the same method as in the 

MDA design is directed to the fuzzy logic controller. Based on the fuzzy logic 

controller membership function, the fuel cell power is then obtained using Equation 

(89). From the new fuel cell voltage obtained from the polarization curve Equation 

(90), the fuel cell current is obtained by dividing the fuel cell power by the fuel cell 

voltage. Then, the fuel cell current is used to determine the hydrogen flow rate which 

is used to obtain the endurance as explained earlier in Chapter 4. The fuzzy logic CA 

specifies the battery power state, either charging or discharging. Hence, the battery 

current is also calculated by dividing the battery power by the battery voltage 

obtained from battery index CA. Fuzzy logic controller contributing analysis plays a 

major role in the hybridization-optimization routine because of its responsibility in  

determining the battery state whether it is charging or discharging. As a result, the 

fuel cell current and hydrogen consumption is specified and the flight endurance is 

calculated.  
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 The optimization routine developed in Chapter 5 is used as a baseline for the 

optimization routine developed for hybridization. The MDA developed stands as the 

fitness evaluation function for the genetic algorithm. A new index is added to the 

design variables which is the battery index. Battery index includes battery internal 

resistance, battery capacity, discharge current, discharge voltage, charge current, 

charge voltage and continuous discharge coulombs. For the optimization constrains, 

the battery state of charge is constrained between the range of 20%-90% based on the 

manufacture recommendations. In addition, the initial and final states of charge are 

constrained to remain the same to better study the effect of hybridization. Therefore, 

the SOC change over the flight mission is zero. Finally, the battery current is 

constrained to perform within its specified range, that is; 𝐼𝑏𝑚𝑖𝑛 <  𝐼𝑏 <  𝐼𝑏𝑚𝑎𝑥. 

Modifications of problem formulation required for hybrid propulsion system are 

summarized in Tables 34 and 35. The schematic diagram of the developed 

optimization routine schematic is presented in Figure 62.   

Battery Index

SOC

Motor 
Voltage

Motor Power

Fuzzy Logic 
Contr.

Power Sum

Batt. current

FC current

FC 
Polarization

  

Figure 61: DSM for Hybrid Propulsion System 
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Table 34: Hybrid MDO Problem Formulation 

Design Variable Symbol Unit 

Battery internal resistance 0.024 ohm 

Battery capacity 4 A.h 

Discharge current 27 A 

Discharge voltage 11.1 V 

Max charge current 6 A 
 

Table 35: Hybrid MDO Constraints Modifications 

Constraint Value Unit 

SOC  0.2-0.9 - 

SOC SOCi = SOCf - 

Discharge current 𝐼𝑏𝑚𝑖𝑛 <  𝐼𝑏 <  𝐼𝑏𝑚𝑎𝑥 A 

 

Design Variables

Airfoil Index
[α, Cl, Cd, t/c]

H2 Index
[DTank , mH2tank, nH2]

Propeller Index
[Diameter, Pitch, ω ]

Motor Index
[I0, V0, Kv, Rm]
Gear Ratio (Gr)

Battery Index
[Cbatt, Rbatt] 

MDA

Endurance

Optimization Routine

Optimization Scheme:
Genetic Algorithm

Objective Function:
Maximize Endurance

Constraints

7 < mtot < 8.5 kg

Ifc < 13 A
Mtip < 0.85

0 < ήprop < 0.9
0 < ήmotor < 0.95

0.1 < α < 0.25 Rad  

0.2 < SOC < 0.9
SOCi = SOCf

Ibmin < Ib < Ibmax

H2 CAs

Mass CAs

Aerodynamic 
CAs

Propeller 
CAs

Motor CAs

FC CAs

Aircraft 
Performance 

CAs

Solver/
Feedback Loops

Battery CAs

EMS CAs

 

Figure 62: Developed MDO for Hybrid Propulsion System 
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6.3.2. Hybridization in climb mission followed by steady level mission.   

It is essential to include the hybridization for the climb rate since power 

demands for climb rate is higher than steady level flight mission. Therefore, the climb 

rate MDA developed in Section 6.2.2 is considered as the baseline MDA. 

Modifications to the MDA to include battery CAs and energy management system 

CAs in its DSM were done. In addition, new compatibility equations are added to 

account for the battery current. The developed hybrid MDA for climb rate mission is 

shown in Figure 63. Five new CAs are added including battery index CA, fuzzy logic 

controller CA, power sum CA, SOC CA and battery current and capacitance CA.    

In addition to the compatibility Equations (93), (94), (95), and (96) defined 

earlier in Section 6.2.2, new compatibility equations are added to count for the battery 

current and battery state of charge as follows: 

𝐹(𝑥)5 =  
𝐼𝑏𝑎𝑡𝑡𝑛𝑒𝑤 − 𝐼𝑏𝑎𝑡𝑡𝑜𝑙𝑑

𝐼𝑏𝑎𝑡𝑡𝑜𝑙𝑑
 

(103) 

𝐹(𝑥)6 = 𝑆𝑂𝐶𝑖 (104) 

𝐹(𝑥)7 = 𝑆𝑂𝐶𝑓 (105) 

MATLAB “fsolve” function is also used to determine the solution in which 

the function continue to solve iteratively for the design parameters the following 

criteria are satisfied: 

𝐹(𝑥)5 = 0 (106) 

𝐹(𝑥)6 = 𝐹(𝑥)7 (107) 

For the battery state of charge, the function solves iteratively until the final 

SOC value is obtained within a prescribed tolerance. This means that the state of 

charge change over the flight mission is equal to zero.  

 Another option of hybridization is to set the battery to be used for the climb 

rate flight mission while the fuel cell is used for the steady level flight mission only. 

This option is recommended because the climb rate mission requires a high power 

density while the steady level flight mission requires a high energy density. In this 

case, the battery power is consumed during climb mission without any need to 

recharge the battery in the steady level flight mission. As a result, the fuel cell CAs 
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are totally phased out from the climb rate MDA as shown in Figure 64. The battery 

recharge can then take place once the aircraft returns back from its mission on ground. 

Solver

FC current

Compatibility 
Equations

Motor Speed 
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CL , CD
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R/C

H2 flow rate 
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Thrust 
Available

θclimb new
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Power Sum

Batt. current

SOC

SOC new

 

Figure 63: Hybrid MDA Developed for Climb Rate Flight Mission 
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Figure 64: Hybrid MDA for Climb Rate for Battery that Depletes its Power 

6.3.3. Hybridization results. 

 The integrated hybridization analysis for steady level flight and steady climb 

rate mission flight is implemented using genetic algorithm optimization routine. 

Battery mass was counted for in the analysis and the battery initial state of charge was 

set to 0.5.  
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 In the first scenario where steady level flight mission is applied, the energy 

management system does not integrate the battery even though when the battery index 

is varied from zero to four. Figures 65 and 66 present simulation results for the steady 

level flight mission up to 500 seconds. The power requirement at steady level flight 

mission is low and could be covered totally by the fuel cell over the entire flight 

mission. Using the battery during the steady level flight mission is inefficient because 

the fuel cell would increase its output current to recharge the battery to its initial state 

of charge. As a result, the optimization routine index resulted for the battery is zero. 

The same results are obtained in the second scenario where steady climb rate flight 

mission is applied as shown in Figures 67 and 68.  

 In the third scenario, the battery initial state of charge and final state of charge 

are unconstrained. This means that the battery is allowed to deplete its power over the 

flight mission path. This in turn allows the propulsion system to take advantage of the 

battery power. Table 36 lists the third scenario analysis results where the climb rate 

altitude is set to 1000 m. The battery depletes its power to reach the required altitude. 

The climb rate value is found to be 150 m/min which is considered to be the upper 

limit for the climb rate value.   

 

Figure 65: Power Simulation at Steady Level Mission Using Hybrid Propulsion 
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Figure 66: SOC Simulation for Steady Level Mission Using Hybrid Propulsion 

 

Figure 67: Power Simulation for Steady Climb Mission Using Hybrid Propulsion 

 

Figure 68: SOC Simulation for Steady Climb Mission Using Hybrid Propulsion 
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Table 36: Performance Parameters Results Using a Battery with Power Depleting 

 

  

Design Variable Value Unit 

Cruise velocity 19 m/s 

Thrust available 16.9 N 

Propeller speed 397.5 rad/s 

Propeller efficiency 0.8672 - 

Battery voltage 11.1 V 

Battery current 9.1 A 

Climb rate 150 m/min 

Climb angle 0.13 rad 

Motor efficiency 0.88 - 
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Chapter 7. UAV Simulation  
 

This chapter discusses the simulation of the complete UAV including its 

propulsion system for all flight missions developed before.  

 A simulation model for the UAV is developed using MATLAB Sim Power 

Systems toolbox to validate results obtained from Chapter 6. The simulation model 

integrates all aircraft components in a real time model routine. In addition, the model 

allows for all the flight missions to be tested in a real time framework. This includes 

variables like battery charge, high power demand states and aircraft cruise. In 

addition, a hardware in the loop simulation test is developed to validate the results 

obtained from Chapter 5. 

7.1. Fuel Cell Simulation Model and Battery Simulation Model 
The model used here is adapted from MATLAB/ SIMULINK Sim Power 

Systems (SPS) toolbox as shown in Figure 69. The model depends on Nernst 

equation. The fuel cell model available in SPS neglects the reactant flowing inside the 

electrode. Consequentially, the Nernst equation can be used to determine the 

thermodynamic voltage generated from the electro-chemical reactions as follows: 

𝐸𝑛 = 1.229 + (𝑇 − 298).
−44.43

2𝐹
+

𝑅𝑇

2𝐹
𝑙𝑛 (𝑃𝐻2

𝑃𝑂2

1
2 ) 

(108) 

where 𝑃𝐻2
 and 𝑃𝑂2

 are the hydrogen and oxygen partial pressures (atm), T is the 

operating temperature (K), F and R are Faraday constant (A.s/mol) and ideal gas 

constant (J/mol K). The partial pressures are determined in terms of the utilizations of 

reactants as follows [95]: 

𝑃𝐻2
= (1 − 𝑈 𝑓𝐻2

)𝑥%𝑃𝑓𝑢𝑒𝑙 (109) 

𝑃𝑂2
= (1 − 𝑈 𝑓𝑂2

)𝑦%𝑃𝑎𝑖𝑟 (110) 

where 𝑈 𝑓𝐻2
 and 𝑈 𝑓𝑂2

are the hydrogen and oxygen utilizations,  𝑃𝑓𝑢𝑒𝑙 and 𝑃𝑎𝑖𝑟  are 

the pressures of fuel and air (atm), x and y are the percentages of hydrogen and 

oxygen in the fuel and air (%). The reactant utilizations are expressed in terms of inlet 

flow rates and cell current as follows: 

𝑈 𝑓𝐻2
=

60000𝑅𝑇𝑖𝑓𝑐

2𝐹𝑃𝑓𝑢𝑒𝑙𝑉𝑓𝑢𝑒𝑙𝑥%
 

(111) 
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𝑈 𝑓𝑂2
=

60000𝑅𝑇𝑖𝑓𝑐

4𝐹𝑃𝑎𝑖𝑟𝑉𝑎𝑖𝑟𝑦%
 

(112) 

where 𝑉𝑓𝑢𝑒𝑙 and 𝑉𝑎𝑖𝑟 are the fuel and air flow rates (l/min), 𝑖𝑓𝑐 is the cell current (A). 

 

Figure 69: Sim Power System Toolbox Fuel Cell Model 

 The cell open circuit voltage is proportional to the thermodynamic voltage and 

it is given by the following equation: 

𝐸𝑜𝑐 = 𝐾𝑐. 𝐸𝑛 (113) 

where Kc is the voltage constant. Considering the losses due to reaction kinetics 

(activation losses) and species transport (resistive and diffusion losses), the cell output 

voltage is given by: 

𝑉 = 𝐸𝑜𝑐 − 𝑉𝑎𝑐𝑡 − 𝑉𝑟 (114) 

𝑉𝑎𝑐𝑡 = 𝐴𝑙𝑛 (
𝑖𝑓𝑐

𝑖0
) .

1

𝑠 𝑇𝑑 3 + 1⁄
 

(115) 

𝑉𝑟 = 𝜏𝑜ℎ𝑚. 𝑖𝑓𝑐 (116) 
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where A is the Tafel slope (V), i0 is the exchange current (A), rohm is the cell resistance 

(ohm), Td is the cell settling time to a current step.  It is assumed that cell voltage 

exhibits a delay approximately equals to 3 times the time constant during a sudden 

change in cell current. The fuel cell stack output voltage is derived by knowing the 

number of cells as can be seen in the following equation: 

𝑉𝑓𝑐 = 𝑁. 𝑉 (117) 

PEMFC parameters are obtained from Table 18. The developed model is 

shown in Figure 70. Parameters used and resulted polarization curve from simulation 

are shown in Figure 71. Hydrogen flow rate and air flow rate are determined based on 

the feeded fuel cell current using Equations (111), (112), and (27). In addition, the 

power required by the DC fan motor is determind using Equation (29). 

 

Figure 70: Fuel Cell System Model in Simulink 

The battery model is implemented using the built in battery component model 

in SPS toolbox. Input parameters and resulted discharge curves are illustrated in 

Figure 72 for the Pro Lite MS 8000 mAh. The resulted parameters are used to solve 

for Equation (34) as follows: 

𝑉𝑜𝑑𝑖𝑠 =  12.04 − 0.0104
8

8 − 𝑖𝑡
. (𝑖𝑡) −  0.932𝑒−7.63.𝑖𝑡  

(118) 
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Figure 71: Fuel Cell Model: a) Input Parameters. b) Polarization Curve 

 

Figure 72: Battery Model Discharge Curves for Pro Lite MS 8000 mAh 
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7.2. DC/DC Converters Simulation Model 
As mentioned before, two DC/DC converters are used; a unidirectional boost 

mode DC/DC converter and a bidirectional DC/DC converter. The UDC converter is 

connected to the fuel cell to regulate its voltage while the BDC is connected to the 

battery to control the charging and discharging state of the battery. The DC bus 

voltage and current at all states are determined. Then the energy management system 

decides the FC and battery current and voltage status taking into consideration the 

battery SOC. 

Figure 73 illustrates the UDC converter connected to the Aeropack PEMFC 

and works as a boost converter.  The converter consists of one low voltage capacitor 

in the fuel cell side and a high voltage capacitor for the DC bus voltage side. Also, a 

high frequency power switching device which is the MOSFET is used to control the 

generated PWM signals to boost the fuel cell voltage. The diode is used to prevent 

current flow in opposite direction. 

 

Figure 73: Unidirectional DC/DC Boost Mode Converter Model 

For the bidirectional DC/DC converter, the Simulink model built in Sim 

Power Systems tool box is shown in Figure 74. This converter is of type buck/ boost 

converter in which power can flow in both directions. In the boost mode, the power 

flows from the battery to the motor. While in the buck mode, the power flows from 

the fuel cell to the battery to recharge it. The converter model consists of two 

MOSFET as a switching device; one for the buck mode and the other for the boost 

mode. In addition, two capacitors are implemented - low voltage capacitor in the 

battery side and high voltage capacitor in the DC bus voltage side.    
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Figure 74: Bidirectional Buck/Boost Mode DC/DC Converter Model 

Two control modes are activated - voltage control and current control. If the 

motor output current is greater than the DC bus current, the UDC is operated in the 

voltage control mode and the BDC is operated in the current control mode. While if 

the motor output current is lower than the DC bus current, the UDC is operated in the 

current control mode and the BDC is switched to the voltage control mode. Based on 

the difference between the reference DC bus voltage and the motor output voltage, 

and the difference between the reference DC bus current and motor output current, the 

duty ratio of the generated PWM signals is varied. 

Figure 75 shows the UDC circuit diagram. VFC is the fuel cell voltage and 

LUDC is the inductance. CUDC LV is the capacitance of the low side capacitor and 

CUDCHV is the high side capacitor. Q1 is the MOSFET switching device and RL is the 

load resister. Diode D1 task is to prevent the reverse current flow from the DC bus to 

the fuel cell system. The design of different UDC components is beyond this research 

scope. However, the design process is added to Appendix A.1. Table 37 shows the 

UDC design technical specifications and Table 38 shows the resulted parameters for 

the UDC components.   
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Figure 75: UDC Circuit Diagram [96] 

 

Table 37: UDC Design Technical Specifictions 

Parameter Value Unit 

Maximum power 250 W 

Maximum input voltage 25 V 

Minimum output voltage 21 V 

Regulated voltage output 33 V 

Switching frequency 20 kHz 

Percentage of current ripple 1% - 
 

Table 38: UDC Converter Parameters 

Parameter Value Unit 
Dtmax 0.36 - 
Dtmin 0.24 - 
TmaxON 18 µs 
LUDC @VFCmax 3.8 mH 
Ilmax 5 A 
CDCmin 137 µF 

 

In the buck mode of the BDC, the flow of the current and voltage are reversed 

through the BDC towards the battery to charge it. The low voltage side of the BDC 

current is the same as the battery charge reference current. 

In the boost mode of the BDC, the battery supplies power and hence the BDC 

output voltage increases based on the energy management system requirements 

according to the load current sharing requirements. That is when the BDC high 
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voltage side is greater than UDC fixed output voltage, the fuel cell system current is 

gradually reached to zero. While in the case where the BDC high voltage side is equal 

to the UDC fixed output voltage, the UDC current is increased and the BDC current is 

lowered. 

The boost mode design process is similar to the UDC converter. BDC design 

specifications are illustrated in Table 39 and the resulted BDC parameters are listed in 

Table 40. The derivation process is presented in Appendix A.2. 

Table 39: BDC Design Specifications 

Mode Parameter Value Unit 
 
Boost mode 

LV side minimum input 
voltage  

11.1 V 

LV side maximum input 
voltage  

13.3 V 

HV side minimum input 
voltage  

26 V 

HV side maximum output 
voltage  

38 V 

Buck mode LV side output voltage 14.5 V 
HV side input voltage 33 V 

Switching frequency 20 kHz 
 

Table 40: BDC Parameters 

Parameter Value Unit 

Inductor 3.94 mH 

DC bus capacitor 234 µF 

LV side capacitor 43 µF 

 

7.3. Power Supply Unit Simulation Model 
Power supply unit includes the fuel cell as the main power source and the 

battery as the supplementary power source. The developed model in Sim Power 

Systems Toolbox for the power supply unit is shown in Figure 76. The 200 W 

Aeropack Fuel cell model includes airflow rate regulator and hydrogen flow rate 

regulator. These two regulators use the fuel cell feedback current in their operation. 

The fuel cell model is connected to the unidirectional DC/DC converter while the Pro 
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Lite V2 Li-Po battery model is connected to the bi-directional DC/DC converter. The 

fuel cell and battery are connected to a load which is the brushless DC motor.  

 

Figure 76: Power Supply Simulation Model 

7.4. BLDC Motor Simulation Model 
Brushless DC motor subsystems integration model is illustrated in Figure 77. 

This model is built using Sim Power Systems toolbox in MATLAB/ Simulink. The 

input parameters are obtained from manufacturer datasheet and Table 24. The model 

computes the needed parameters based on a mathematical formulation that is behind 

this research scope.  

The speed controller block and current regulator block are illustrated in Figure 

78 and Figure 79. Speed controller has an integrated PI controller to control the actual 

speed of the motor. The produced referenced torque signal by the speed controller is 

passed to the current controller based on the torque and motor speed relationship 

described in Section 4.4. The current regulator generates the required PWM pulses 

based on three inputs: the reference torque signal of the speed controller, the hall 

sensors feedback and the phase currents feedback. Further, the 3 phase inverter 

receives the gate signals generated by the current controller and generate the required 

AC voltage to the BLDC. In addition, based on the gate signals, the PWM signals 

change their duty ratios to control the current flow of each phase. Hence, control the 
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speed of the motor. Inverter block is illustrated in Figure 80 and it consists mainly of 

six MOSFET switches that are connected to the motor phases. 

 

Figure 77: Integrated BLDC Motor Subsystems Model in Simulink 

 

Figure 78: Speed Controller Simulation Model 

 

Figure 79: Current Controller Simulation Model 
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Figure 80: Three Phase Inverter Simulation Model 

7.5. Power Management Unit Simulation Model 

Power management simulation model represents the connection method 

between the power supply unit and the power demand unit. In order to better design 

the management decisions, flight states are defined first. Since hybrid system resulted 

in using the battery to deplete its power during the climb rate state and the fuel cell in 

the steady flight state, battery state of charge serves as the main parameter for 

determining the power management decision. Three different states are defined. First, 

on ground battery charge state in which Aeropack fuel cell is used to recharge the 

battery to its maximum SOC. Second state is the climb rate mission in which the Li-

Po battery is used for supplying the power required. Finally, steady flight mission in 

which the fuel cell is used for supplying the power required without charging the 

battery. After the flight missions are completed, on ground battery charge state is 

activated to return the SOC to its maximum value as defined in first state. Table 41 

summarizes the defined states in terms of load power, battery state of charge and 

flight mission. Since the aircraft is hand-launchable UAV, takeoff state is neglected. 

Dynamic responses due to start up state is beyond the scope of this research.   

 



136 
 

 

Table 41: Power Management States Definition 

State Flight Mission SOC Power Supply 

Low power demand On Ground Average Fuel Cell 

High power demand Climb Rate High Battery Mainly 

Average power demand Level Flight Low Fuel Cell 

 

  Defined states are implemented using the state machine control strategy 

developed in Chapter 3. The state transition sequences use switching stages between 

battery and fuel cell based on the management decision. After the fuel cell system 

reaches steady state output voltage and unidirectional converter voltage is boosted, 

fuel cell starts to charge the battery until battery SOC is higher than 0.9. This state 

represents t1 to t2. At t2, high power demand state is activated and the battery 

discharges its power via the bidirectional converter up to t3 in which the battery SOC 

reaches 0.2. At that time, the UAV reaches to the desired altitude and the power 

switches to the fuel cell power supply up to t4. DC bus voltages are obtained 

previously from the developed DC bus voltages states for the UDC and BDC 

converters. Figure 81 illustrates the DC voltage at each state, during low power load 

state, fuel cell output voltage is equal to the low DC bus voltage. During the high 

power demand, battery voltage is equal to the high DC bus voltage and during the 

average power load, fuel cell voltage is equal to the average DC bus voltage. Figure 

82 compares the SOC status at different states. 

 

Figure 81: DC Bus Voltage at Different States 
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Figure 82: SOC at Different States 

Table 42 summarizes the operational states based on each flight mission. The 

state machine default states are buck off, battery boost off and fuel cell boost off. 

When the battery SOC is between the range of 0.2-0.9, the fuel cell state changes to 

boost on and the battery buck state changes to on to charge the battery to its maximum 

state of charge. When the battery SOC exceeds 0.9, fuel cell state is changed to boost 

off and battery buck state changes to off while battery boost state changes to on. The 

battery starts to discharge its power until the battery state of charge is below 0.2 or the 

aircraft reaches to its desired altitude. In this case, fuel cell state changes to boost on, 

battery buck state remains off and battery boost state changes to off until the aircraft 

completes its flight mission and ends the simulation.  

Table 42: Switching Mechanism for Each Flight Mission 

Mission Fuel Cell Boost Battery Boost Battery Buck 

On Ground On Average Off On 

Climb  On Low On Off 

Level Flight On High Off Off 

 

7.6. Aircraft Simulation Model  
  Aircraft aerodynamic and performance models are derived mainly from 

equations of motion for the aircraft discussed in Chapter 4. The simulation model 

involves the two mission flights - climb and level flight. A predefined angle of attack 

is used to obtain the coefficient of lift and drag. Since the climb includes a climb rate 

angle, a step function is defined in which the climb angle given value is used for the 

climb rate mission and then the angle steps down to zero as the aircraft transitions to 
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the steady level flight mission. Cruise velocity is obtained for both missions and used 

to obtain thrust using the forces acting on the x axis in Equation (81). The cruise 

velocity with the climb angle is used to obtain the climb rate and the altitude. The 

aircraft aerodynamic model is simplified due the fact that neither acceleration nor 

turning is happening during both flight missions. This resulted in a simple model 

where moments acting are neglected and forces acting on the aircraft body are set to 

zero.      

The propulsion system simulation model is integrated with the aircraft 

aerodynamic and performance simulation model for the complete aircraft simulation 

model. The cruise velocity is fed into the propeller model to obtain thrust generated as 

shown in Figure 83. Some components such as the fuel cell, battery and motor were 

modeled using the Sim Power Systems toolbox while other components such as the 

propeller and aircraft body were modeled using their CAs developed in previous 

sections.     

 

Figure 83: Complete Aircraft Simulation Model 
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7.7. Simulation Results  
Fuel cell model validation test results are represented in Figure 88. The test 

was run under lab conditions (𝑇𝑎𝑖𝑟 = 25 ℃, 𝑃𝑎𝑖𝑟 =  1 𝑏𝑎𝑟 and 35% relative humidity) 

in which the fuel cell was connected to a BLDC motor via a DC electrical bus and run 

for 150 s at its nominal voltage. The results showed a good agreement with the 

simulation model with error margin of ±2% and when the fuel cell was run in its 

nominal region, the error percentage was less than 1%. 

 

Figure 84: Fuel Cell Simulation Model Validation 

Battery model validation test results are shown in Figure 85. The test was 

conducted under the same laboratory conditions as in the fuel cell model validation 

test. The lithium polymer battery was connected to a simple load of 30 ohm 

resistance. Battery discharged current and voltage had a transient response for the first 

30 s. Then it converged to steady state conditions. Error calculation showed a very 

good agreement between the simulation model results and test results. The error 

percentage ranged between 0.01% and -0.4%.    
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Figure 85: Battery Simulation Model Validation 

The full simulation was evaluated for the three aircraft missions; on ground 

mission, climb rate flight mission and steady level flight mission. Initially, battery 

state of charge was set to 0.855 not to take long time for the fuel cell to charge it 

which might cause delays in the simulation time. The total simulation time was 1000 s 

as there is no change in the system behavior over time after this time period. Running 

the simulation for more than 1000 s caused a delay in the total simulation time. The 

simulation did not count for the fuel cell dynamic response as it is beyond the scope 

of this study. To do so, the fuel cell is kept working during the climb rate mission 

flight at its lowest possible current. The amount of hydrogen consumed was set equal 

to 1 mole because the simulation time set was less than 20 minute. The simulation 

was divided into two stages due to simulation difficulties caused by the state machine 

control parameters which caused simulation errors and delays.  

The first simulation part included the on ground mission in which the fuel cell 

took 300 s to recharge the battery to its maximum state of charge as shown in Figure 

86. The amount of hydrogen consumed during this mission is shown in Figure 87.  
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Figure 86: SOC Simulation for on Ground Mission 

  

Figure 87: Hydrogen Consumption Simulation for on Ground Mission 

The second simulation part included the climb rate mission flight and steady 

level flight mission. Figure 88 shows the altitude change over time. The graph slope 

represents the climb rate value. The aircraft took 400s to reach to the required altitude. 

Hydrogen consumption is shown in Figure 89 in which the graph slope represents the 

hydrogen flow rate. The graph shows a different slope for each flight mission because 

of the difference in the hydrogen flow rates at each flight mission. The slope during 

the climb rate flight mission is lower than the slope during steady level flight mission 

because the hydrogen flow rate during steady level flight was higher than during the 

climb rate flight mission.  
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Battery state of charge simulation is shown in Figure 90. The battery state of 

charge decreased to 0.63 during the climb rate flight mission. The boost mode for the 

battery was then switched off.  

 

Figure 88: Altitude Simulation Results 

 

Figure 89: Hydrogen Consumption Simulation Results 
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Figure 90: SOC Simulation Results 

Electric motor rotational speed simulation results are shown in Figure 91. 

Propeller rotational speed suffered a variation of around 2.5 rad/s during climb flight 

mission. This is mainly due altitude change. In the case of steady level flight mission, 

the propeller speed showed more stable results due to steady state level flight 

conditions. Thrust required simulation results are shown in Figure 92 in which it can 

be noted that thrust required followed the general behavior of the propeller rotational 

speed. Thrust required is a function of two main variables, rotational speed and cruise 

velocity. Cruise velocity is fixed at each flight mission. As a result, propeller 

rotational speed is the only varying value as can be seen from Equation (50).   

 

Figure 91: Rotational Speed Simulation Model Results 
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Figure 92: Thrust Simulation Model Results 

7.8. Hardware in the Loop Simulation for Long Endurance Mission 
 The development of hardware in the Loop simulation (HiL) from design 

requirements to test validation is presented in this section to validate previous 

obtained results from Chapter 5. Design of fuel cell powered vehicles especially 

unmanned aerial vehicles is considered very expensive due to validation tests that 

require flight tests to compare theoretical results and improve the aircraft performance 

characteristics. Unfortunately, many flight tests resulted in the damage of the aircraft 

including the fuel cell system which is considered very expensive component 

compared to other aircraft parts and components. Most of the validation efforts for 

fuel cell UAVs are being done through flight testing [97, 98, 99, and 100]. The 

novelty of hardware in the loop (HiL) is that it provides tests to components of 

interests rather than building a complete UAV full system. In the HiL simulation, 

parts of the aircraft hardware are replaced with software that can simulate the 

communication, kinetics and kinematics of the replaced systems. HiL testing is 

commonly used in aviation and automotive industry for the development of controls 

software [101, 102].  

 HiL can be used in the design, calibration, simulation and evaluation tasks for 

the development of the aircraft performance analysis. It can provide many dynamic 
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operating conditions to the aircraft without building aircraft prototypes for each 

condition or costly hardware. HiL can be provided with transitional hard stops or fail-

safes to avoid system failure or components damage. In addition, HiL provides 

detailed measurements for the hardware components. This is due to the fact that data 

acquisition components that are not needed for flight can be used for system 

validation. Furthermore, components that are simulated through software can be sized 

easily without the need to do tests with new sizes. Testing conditions can also be more 

controlled, allowing for better validation and total system modeling.  

 This section presents the development of the HiL simulation to study the 

performance of the UAV during steady level flight mission. The test focuses on the 

steady level flight mission because most of the flight time occurs during this flight 

mission. To maximize the endurance, it is needed to validate the results for this 

specific flight mission. Software components, hardware components and interface 

components are developed in next sections. Sample experimental results from HiL are 

presented with description of test procedures. Discussion of results includes 

comparison of results obtained from chapter 5 and those obtained from HiL.     

7.8.1. HiL problem formulation.  

The design of HiL simulation requires a tradeoff between the hardware 

components and software components. Components that need to be analyzed in detail 

can exist as a hardware while components with accurate or scalable models can be 

used in software. Interface components forms as the connection between different 

components. Since the aerodynamic and static performance of airframe is well 

understood, it will be modeled in the software. For the fuel cell, motor and propeller, 

actual hardware will be used.    

 HiL simulation consists of three components: hardware simulation, software 

simulation and interface components. The proposed design is shown in Figure 93. The 

hardware simulation includes the fuel cell, compressed hydrogen, electric motor and 

propeller. The software simulation includes the aircraft aerodynamics, performance 

and flight mission in addition to the propeller model. Interface components regulate 

and monitor the hardware components and feed the inputs to the software simulation. 

 The electric motor is connected to the fuel cell stack via a DC electrical bus. 

Based on the command received by the motor, the shaft rotates with a specific 
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rotational speed and prop the propeller to generate thrust. The propeller is mounted on 

a load cell to calculate the generated thrust. The obtained propeller thrust is fed into 

the aircraft performance model to calculate the actual velocity. The generated thrust 

and actual airspeed velocity are fed into the propeller model. The propeller model 

calculates the coefficient of thrust and the corresponding thrust required. Thrust 

required is fed into the aerodynamic model to calculate the required airspeed velocity.  

Both the required and the actual air velocities are fed to the autopilot simulator. Based 

on the difference between the actual and required velocities, the autopilot generates a 

throttle command to the speed controller of the electric motor. The simulation process 

stops when the required velocity and actual velocity difference value is as close as 

possible to zero.  

Aircraft Sim

Propeller Model

Aerodynamic 
Model

Autopilot Sim.

Pressure Regulators

PEMFC

Controller

DC Motor

Propeller

TFC

TFC

IFC

PH2

No2

NH2

DC Electrical 
Connection ω 

Thrust 
Generated

Vair actual

Thrust Required

Vair required

tPWM

RS323

GUI Interface

Speed Controller

Load Cell

DAS

 

Figure 93: Schematic of HiL Flow Chart 
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 The fuel cell system controller regulates the hydrogen pressure supplied to the 

fuel cell as well as the stack temperature. The temperature is regulated by controlling 

the cooling fans’ rotational speeds while the fuel cell current is controlled by 

controlling the hydrogen flow rate. The hydrogen flow rate is controlled by 

controlling the pressure regulators.  

As discussed previously, propeller modeling for small scale UAVs is 

considered very complex. As a result, the highest uncertainty related to small scale 

aircraft design comes from propeller modeling. The HiL simulation test allows for the 

propeller model to keep simulating until the generated thrust and required thrust are 

the same. 

7.8.2. Simulation software.  

The simulation software consists mainly of the aircraft aerodynamics model 

and propeller simulation model. These models were developed earlier in previous 

chapters. For a predefined angle of attack by the autopilot simulator, the total 

coefficient of lift and drag can be obtained from Equations (86) and (87). The 

generated thrust is fed into the aircraft performance simulation to calculate the actual 

air speed by re-arranging Equation (60): 

𝑣𝑎𝑐𝑡𝑢𝑎𝑙 = (
2𝑇𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑

𝜌𝑆𝐶𝐷
)0.5 

(119) 

The calculated speed is fed to the propeller model along with the motor 

rotational speed. The propeller advance ratio is obtained using Equation (53). The 

propeller coefficient of thrust is obtained from the following equation: 

𝐶𝑇 =  −0.028𝐽2 − 0.067𝐽 + 0.091 (120) 

Rearranging Equation (50) to solve for the required thrust as follows: 

𝑇𝑅 = 𝐶𝑇𝜌(𝜔
2𝜋⁄ )

2
𝑑𝑝

4 (121) 

The required thrust is fed into the aerodynamic model to calculate for the 

required velocity:   

𝑣𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 = (
2𝑇𝑅

𝜌𝑆𝐶𝐷
)0.5 

(122) 

The required air speed and the actual air speed are fed into the autopilot 

simulator to get the difference: 
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𝜀𝑒𝑟𝑟𝑜𝑟 = 𝑣𝑎𝑐𝑡𝑢𝑎𝑙 − 𝑣𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 (123) 

Based on the value resulted from Equation (122), the autopilot simulator 

generates a throttle command to the motor speed controller as a PWM signal to 

change the motor output rotational speed.   

7.8.3. Simulation interface components.  

 Interface components connect the hardware components and software 

components models. First is the fuel cell micro-controller. It controls the axial fans 

rotational speeds to supply the required amount of air to the fuel cell by controlling 

the fuel cell temperature. It guarantees that the fuel cell temperature operates within 

the allowed range of temperature degrees to avoid membrane dehydration. In 

addition, it controls the hydrogen flow rate by regulating the hydrogen pressure.  

Second is the load cell which measures the generated thrust up to 100 N and 

sends the data to the aircraft simulation model. The rotational speed of the motor shaft 

is measured by an analog tachometer. Third is the shaft which is coupled to an 

absorber via a flexible coupling. The flexible coupling is a DC electrical generator 

whose output is current controlled by an electronic DC load. Fourth is the signal 

generator which consists of RS-323 cable and a PIC microcontroller as an input and it 

generates a pulse-width modulated signal to drive the inputs of the electric motor 

controller. 

Phoenix ICE HV 85 from Castle Creation is used as a speed controller. It has 

the feature of limited data logging capability. The PEM fuel cell is connected directly 

to GUI interface program developed specially for Horizon Aeropack fuel cell using 

RS-232 cable with specifications: 19200, 8 bit, parity-none, 1 stop bit. All data is 

saved in a log file to make them avilable for analysis. Parameters such as hydrogen 

consumption, fuel cell output power and temperature are monitered through the GUI 

program. Table 43 summarizes the interface components used for the HiL simulation 

test. 

7.8.4. Simulation hardware.  

 The simulation hardware components are the fuel cell system, motor and 

propeller. The fuel cell used is the Aeropack PEM fuel cell introduced earlier in 

Chapter 5. Hydrogen is supplied from compressed hydrogen tank with high purity. A 

two-step down pressure regulators are used to lower the hydrogen pressure from 5 bar 
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to around 0.3 bar. The air is supplied using 2 axial fans introduced earlier in chapter 5. 

The fuel cell is self-cooled and self-humidified.  

 The electric motor that will be used is a brushless DC motor supplied by 

Hacker motors with kv 232 RPM/volt. The propeller used is 16×11 inches 

manufactured by APC propellers. . The chosen propeller and motor were available in 

the lab and has the closest performance characteristics to those resulted from the 

optimization scheme.      

Table 43: Instrument Used in the Experimental Setup 

Instrument Type Measured Quantity Unit 
Load cell ELFF-T2M-100N 

from Measurement 
Specialties 

Thrust N 

Pressure 
transducer 

MPXV7002 
 

Dynamic pressure kPa 

Electronic speed 
controller datalog 

Phoenix ICE HV 85 Rotational speed RPM 

Power supply 
Ammeter 

DT9205A Current A 

Power supply 
Voltameter 

DT9205A Voltage V 

Thermocouple ES545892 Temperature Celsius 
RS-232 cable 19200, 8 bit, parity-

none, 1 stop bit 
Hydrogen flow Rate, 
output power 

L/min 
W 

    

7.8.5. HiL simulation results. 

 The HiL simulation test bench is illustrated in Figure 94. The test was run for 

250 seconds under laboratory conditions at a constant temperature of 25 C, 35% 

relative humidity and ambient air pressure. The simulation was run under steady level 

flight conditions assuming an altitude of 100 m.  

The performance of the fuel cell is shown in Figures 95, 96 and 97 as a fuel 

cell current, voltage and hydrogen flow rate respectively. At the beginning, the fuel 

cell current value was lower than 3 A. As the simulation process started, the fuel cell 

current value converged to 3.51 A. Fuel cell current depends on the hydrogen flow 

rate and the hydrogen flow rate depends on the pressure difference at the pressure 

regulators, the fuel cell current- hydrogen flow rate governing equation is: 
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𝐼𝑓𝑐 =  
 2𝑈𝐻2𝐹𝑁𝐻2

̇

𝑆𝐻2𝑁
 

(124) 

where UH2 is the hydrogen utilization factor, 𝑁 is hydrogen content and 𝑆𝐻2 is the 

cathode stoichiometric. 

 

Figure 94: HiL Simulation Test 

Fuel cell current is the only varying value among other variables defined in 

Equation (124).  As a result, the fuel cell output current follows the general behavior 

of the hydrogen flow rate which is proportionally related. This can be seen clearly in 

Figure 95. After 50 s, the hydrogen pressure was regulated to the required value of 0.3 

bar. As a result, hydrogen flow rate value was fixed as shown in Figure 97. Hence, 

fuel cell output current converged to steady level flight conditions. Fuel cell output 

voltage decreased from 28.5 V to 27.5 V as the current increased from 2.9 A to 3.53 

A. The voltage and current values followed the polarization curve trend introduced 

earlier in Chapter 5.  
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Figure 95: Fuel Cell Current for HiL Simulation Test 

 

Figure 96: Fuel Cell Output Voltage for HiL Simulation Test 
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Figure 97: Hydrogen Flow Rate for HiL Simulation Test 

Motor output rotational speed is shown in Figure 98. The value increased from 

3085 RPM to 3105 RPM as the simulation process reached to the steady level flight 

condition which corresponds 325 Rad/s. Thrust generated is shown in Figure 99. 

Thrust generated measurement showed a significant fluctuations valued between -2 to 

8 N. This is due the vibration of the mounting plate in the longitudinal direction in 

which the motion in this direction was not constrained. Thrust measurement always 

suffer from such fluctuations because of the effect of airstream produced by the 

propeller. The mean value was calculated equals to 4.583 N. Fluctuations of thrust 

generated affected the calculation of the actual airspeed as can be seen in Figure 100. 

However, the change in airspeed due change in thrust generated was less than 1.5 m/s 

which considered acceptable. Table 44 summarizes the HiL simulation test results. 

Further discussions and a comparison of the results will be discussed in the next 

section.     
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Figure 98: Motor Rotational Speed for HiL Simulation Test 

 

Figure 99: Generated Thrust for HiL Simulation Test 
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Figure 100: Actual Airspeed for HiL Simulation Test 

 

Table 44: Variables Resulted from Experimental Setup 

Variable Result Unit 

T 4.583 N 

q 0.3585 kPa 

𝝎 325.218 Rad/s 

Tt 297 Kelvin 

IFC 3.51 A 

VFC 27.55 V 

𝑵𝑯𝟐
̇  2.73 mol/hr 

PFC 96.7 W 

v 17.89 m/s 

Ct 0.0522 - 

J 1.1608 - 
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7.9. Concluding Remarks 
The proposed aircraft used in the analysis was developed by an AUS team. 

Zulkefle in [78] worked on the improvement of the propulsion system behavior by 

using a PEMFC in the propulsion system optimization scheme. The maximum 

endurance obtained was 129 minute using a 1.1 L hydrogen tank that corresponds to 

hydrogen tank index number 2 with 15 MPa compressed hydrogen. The analysis 

considered a steady level flight mission.  

 The maximum endurance obtained from the optimization scheme in Chapter 5 

was 475 minutes using a 2.5 L hydrogen tank that corresponds to a hydrogen tank 

index number 8 with 20 MPa compressed hydrogen. The amount of hydrogen used in 

the analysis is 3.33 times the hydrogen used in Zulkefle analysis. Assuming that the 

same amount of compressed hydrogen used in Zulkefle analysis, the maximum 

endurance that could be obtained is 430 minutes. This represents more than 10% 

increase in the endurance obtained in this thesis analysis considering 475 minutes 

maximum endurance.  

 The UAV propulsion system design using the classical approach depends on 

selecting the propeller-motor combination based on their combined efficiency as 

shown in Figure 101. The classical approach design resulted in selecting APC 

propeller of 20 by 13 inch for the Hacker motor A60 24S, the one resulted from 

optimization. After specifying the operational point, the fuel cell current and voltage 

is obtained. The calculated endurance for this set of propeller-motor combination is 

383 minutes. This represents a total of 19.4% difference from the endurance resulted 

from the developed optimization routine in Chapter 5.   

Table 45 compares results obtained from optimization and those obtained from 

HiL simulation tests. All obtained results are considered acceptable with error range 

less 10%. The lowest error was in the thrust required while the maximum was in the 

propeller advance ratio, J.  This was due to the fact that cruise velocity contributes to 

the advance ratio with a factor of 2. That is the double. The propeller advance ratio 

result did not affect the resulted propeller coefficient of thrust because of the 

propeller-fuselage interference model.  Propeller models that use a slow factor 

demonstrated to be a very good choice when designing a small UAV. In addition, fuel 
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cell model that depends on the polarization curve had also shown a good agreement 

with the experimental results.  

 

Figure 101: Classical Approach Methodology 

 

Table 45: Comparison of Optimization Results and HiL Simulation Test Results 

Parameter Optimization Experiment ∆% 

Fuel cell current (A) 3.46 3.51 1.425 

Propeller speed (Rad/s) 333.45 325.28 2.5 

Propeller coefficient of 

thrust, Ct  

0.0510 0.0522 2.3 

Propeller advance ratio, J 0.739 0.813 9.1 

Cruise velocity (m/s) 16.3 17.89 8.88 

Thrust required (N) 4.55 4.583 0.72 

Hydrogen flow rate 

(mole/hr) 

2.66 2.73 2.56 

Fuel cell voltage (V) 27.35 27.55 0.726 

Output power (W) 83.34 86.991 4.38 
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Figure 102 presents the power distribution and losses across the propulsion 

system during the steady level flight mission. Power input to the propulsion system is 

a hydrogen flow with low heat value of 119.56 MJ/kg. The hydrogen is utilized at a 

factor of 88%. The remaining 12% is not reacted with due to hydrogen purge at the 

anode. The fuel cell output power is 96.7 W. This represents an efficiency of around 

47.5% while the other 52.5% is considered as losses due to fuel cell irreversibility. 

Part of the fuel cell output DC electrical power is used as a feedback to the fuel cell 

microcontrollers and to the fuel cell balance of plant to drive the small DC motor 

responsible for driving the fans to supply air to the fuel cell.  The other part of the fuel 

cell DC electrical output power is fed to the DC electric motor. The motor receives a 

net DC electrical power of 86.991 W. The motor transfers the DC electrical power 

into a rotational mechanical power equals to 83.36 W. This represents a total loss of 

almost 5.5 W due to the speed controller losses and electric motor internal losses. The 

final propulsive power produced by the propeller is 74.365 W with 9.195 W propeller 

losses. 

Finally, the HiL simulation test resulted in an actual airspeed of 17.89 m/s 

instead of 16.3 m/s which resulted from the optimization scheme. As a result, a cruise 

velocity of 17.89 m/s is recommended.      

Referring back to Figure 1 from Chapter 1, the PUMA fuel cell aircraft 

achieved the maximum endurance for small scale fuel cell powered UAV. The take-

off mass ratio to endurance was 20 min/kg. The maximum obtained result from the 

optimization scheme was 475 min. This represents a ratio of 59 min/kg which is 

almost three times PUMA’s ratio. 
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Figure 102: Propulsion System Losses During Steady Level Flight 
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Chapter 8. Conclusions and Future Work 
 

 This chapter presents an intensive summary of the research and provides the 

final conclusions along with suggested future work and recommendations. 

8.1. Summary and Conclusion 
 This work aimed to design an optimization scheme to determine the maximum 

possible UAV flight endurance using available commercial propulsion system 

components and implement the MDO for two case studies. Three levels of modeling 

are proposed, namely components level modeling, subsystem level modeling and 

integrated system level modeling.  

Components level modeling is achieved by using different propulsion systems 

in which related components are modeled based on their real physical relations. In 

addition, the wing and tail models were introduced.  

Subsystem level modeling includes three main subsystems. Fuel cell 

subsystem modeling involves the integration of hydrogen flow rate, oxygen flow rate 

and fuel cell output voltage and current. As the UAV uses two power sources, an 

energy management scheme is developed to synchronize the power flow of the fuel 

cell and the battery. Aircraft performance and aerodynamics are also modeled based 

on a proposed conceptual aircraft. Different models are tested and verified either by a 

real time Simulink model or by HiL simulation tests. Fuel cell system models are also 

analyzed via simulation and then verified by experimental work in which the resulted 

polarization curve is obtained. Based on the design requirements, a set of components 

indices from available commercial propulsion systems components are used in the 

MDA design.   

In addition, the three subsystems are then integrated together to form the 

system level modeling. Different models are used to develop different contributing 

analyses for different design variables. The CAs are then used to build the design 

structure matrix. The structure matrix is then used to develop the multidisciplinary 

analyses in which contributing analyses are structured in a diagonal element to 

exchange data.  Afterwards, the nonlinear equation solver “fsolve” is used to solve for 

the system variables. The solver uses feedback loops with compatibility equations to 

solve the problem iteratively. The multidisciplinary analysis is also used to develop a 
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flexible framework optimization scheme that can be solved iteratively to determine 

the endurance as being the objective function. Fuel cell parameters are used as 

optimization constraints. In addition, total aircraft weight was constrained to a 

specific value in order to ensure that all UAV components are within in the allowed 

aircraft weight range for the chosen baseline UAV.  

In optimization, the process is implemented first on the steady level flight 

mission. The implementation of the developed optimization scheme includes two case 

studies. The first case study involves the climb rate analysis. This is achieved by 

adding a climbing mission flight in which the fuel cell is used as the only power 

source. Two proposed methodologies are used for the analysis. The first one considers 

the climb rate as a design variable in which the optimization routine is implemented. 

This methodology does not produce any good results because the hydrogen flow rate 

and fuel cell current are evaluated based on the steady level flight mission. To solve 

this problem, the climb rate was solved independently by adjusting the developed 

MDA for climb rate flight mission.  

In the second case study, the implementation of hybrid propulsion system that 

uses the fuel cell as the main power source is suggested while the battery is used as 

the supplement power source. The developed MDA is then adopted to include the 

battery index and energy management scheme contributing analyses. A fuzzy logic 

controller is used in the optimization study. The battery minimum charge current and 

maximum discharge current are added to the optimization constraints. In addition, the 

battery state of charge is kept within the recommended range. The study includes both 

climb rate flight and steady level flight missions. Results showed that it is not 

effective to use hybrid propulsion systems for the steady level flight mission because 

the power load is considered to be low and can be covered by the fuel cell. In the case 

of high power demands such as high climb rate, however, the battery use added a 

significant effect on the total aircraft endurance. Optimization results conclude that in 

order to increase the flight endurance, it is recommended to use a battery that depletes 

its power for the climb rate flight mission and the fuel cell for the steady level flight 

mission and battery charge can be done on the ground.  

To verify the simulation results, a real time simulation model for the entire 

UAV is developed using Simulink. Propulsion system components models are also 
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developed using the Sim Power System Toolbox in MATLAB. Energy management 

system is included in the design of a bidirectional and unidirectional DC/DC 

converters in order to organize the power flow of each power source. The converters 

uses buck/boost modes based on the energy management decision. The decision is 

obtained based on the state machine control strategy model. Aerodynamic model and 

aircraft performance model are developed based on their contributing analyses. Three 

flight missions are tested. On ground mission in which the fuel cell charged the 

battery, climb rate flight mission in which battery discharged its power until the UAV 

reached its designed altitude and then the fuel cell is then used in the steady level 

flight mission.  

Hardware in the loop simulation test is developed to verify the long endurance 

optimization results. The hardware components include the fuel cell system, electric 

motor and propeller. The software simulation integrates the aerodynamic model, 

propeller model and aircraft performance model. The simulation test allows the 

propeller model to simulate the propeller coefficient of thrust until the thrust 

generated from the propeller and thrust required from the propeller model have almost 

the same values. Results showed a good agreement with the recommendation of 

changing the cruise velocity to 17.89 m/s instead of 16.3 m/s.  

The optimization scheme results define a number of general trends that can 

help improve the UAV performance characteristics. It was found that wing airfoils 

with profiles having high lift to drag ratios resulted in higher aircraft endurance. As a 

result, the main criteria for the selection of wing airfoil should focus on the lift to drag 

ratio rather than drag polar or lift coefficient. In addition, the combination of 

propellers with larger diameters and motors with lower voltage constants resulted in 

higher overall system efficiency than other types of combinations. Fuel cell model 

that depends on simple polarization curve test showed to have a good agreement with 

experimental results. Simple propeller models that depend on propeller momentum 

theory or vortex theory resulted in high system uncertainty. To reduce the uncertainty 

in propeller modeling, the propeller-fuselage interference was taken into consideration 

which resulted in much more accurate results by reducing the uncertainty from 30% 

to less than 4%.  
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Thesis results concluded that using batteries that depletes their power for 

climb rate mission and fuel cell for steady level flight mission increased the overall 

UAV endurance. A total increase of more than 19.4% in flight endurance was 

achieved through the suggested optimization scheme compared to using the classical 

approach design methods. While a total increase of more than 10% in flight endurance 

was achieved compared to previous optimization work done on the proposed UAV. 

Finally, the current optimization models and results can be used as a complementary 

tool by designers to achieve long endurance for UAV flight missions.   

8.2. Future Work 
The components selection can be extended to include more batteries as this 

might improve the climb rate mission, more hydrogen supply and storage models, 

more motors and propellers that meet the design requirements and more fuel cells as 

well.  

For components level modeling validation, a simple battery open circuit test 

can be done to obtain an improved battery model. In addition, a simple thrust test can 

be done to verify the motor-propeller simulation model. For wing/ tail simulation, 

better software to obtain aerodynamic simulation could be used for the aircraft 

aerodynamic analysis such as CFD and Finite Element Analysis software.  

For sublevel system modeling, implementation of the full design of fuel cell 

subsystems and BOP may give better results rather than using ready off the shelf fuel 

cell systems. This can improve the selection criteria of the fuel cell stack. Finally, the 

hydrogen tank model can be used for the design of exact results obtained from MDO 

instead of using readymade commercial hydrogen tanks.   

For system level modeling, the optimization scheme can include more 

aerodynamic design variables such as the wing and tail surface area. In addition, a 

comparison of more optimization methods can be done. Wind tunnel experiments can 

be done to verify the simulation model of the entire aircraft. Finally, HiL simulation 

tests can be expanded to include the climb rate flight mission.  
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Appendixes 
  

A. DC/DC Converters Design 
In this section, Unidirectional and bidirectional DC/DC converters design 

procedures are shown and are adapted from [96]. 

7.2.1 A.1 Unidirectional DC/DC converter design. 

Figure 103 justifies the current flow status in the UDC circuit when Q1 is on 

in which it can be seen that the inductor current increases linearly and the DC bus 

capacitor releases energy. When Q1 is off, the energy stored in the inductor is 

released while the current flow through diode D1 as shown in Figure 104. 

 

Figure 103: UDC Current Flow During Q1 Switch ON 

 

Figure 104: UDC Current Flow During Q1 Switch Off  

 The maximum duty ratio Dmax is obtained from the following equation: 

Dtmax = 1 −
VFCmin

VDCbus
 

(125) 
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Dtmax = 0.36 (126) 

 While the minimum duty ratio Dmin is obtained as: 

Dtmin = 1 −
VFCmax

VDCbus
 

(127) 

Dtmin = 0.24 (128) 

 As a result, the duty ratio of the UDC ranges between 0.24>DtQ1<0.36 

 The converter conduction time is obtained from equation given the fact that 

the switching frequency is 20 kHz: 

Tmax
on =  Dtmax

1

f
 

(129) 

Tmax
on = 18 μs (130) 

 The ripple current is assumed to be 1% and the mean current is IFCmean= 5 A, 

as a result, the peak to peak variation of the inductor current is calculated as: 

∆IL = 2(0.01)Imean = 0.1 (131) 

 And, 

LUDC =  
VFCminTmax

on

∆IL
 

(132) 

LUDC = 3.78 mH (133) 

 For the capacitance designs, it’s assumed that the voltage variation is 2% from 

the DC bus voltage which is 33 V, as a result: 

CDCmin = 137 μF (134) 

7.2.2 A.2 Bidirectional DC/DC converter design. 

For the BDC design, there are three different possibilities for the energy and 

current flow. Figure 105 shows the energy flow during the boost mode in which it 

flows from LV side to HV side. As a result, Q3 works as active switch while Q2 

works as passive switch. During the buck mode, there exists two possibilities for 

energy flow, either Q2 on state or Q2 off state. During Q2 on, energy is accumulated 

in the inductor and current flows from HV side to LV side as shown in Figure 106. 

While during Q2 off state, the power flow is shown in Figure 107. 
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Figure 105: BDC Current Flow During Boost Mode 

 

 

Figure 106: BDC During Q2 ON State 
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Figure 107: BDC During Q2 Off State 

 During boost mode, when the battery voltage is maximum and HV output 

voltage is 38 V, The duty ratio of Q2 is obtained as: 

Dt = 1 −
Vbatmax

VDCbus
 

(135) 

Dt = 0.65 (136) 

 Similarly, at different states of Q2, Dt is obtained in Table 46 in which it can 

be concluded that the maximum current conduction time is 35.5μs. At a current ripple 

of 2%, the DC bus capacitance will equal to 234μF. And the minimum inductance 

required is 3.94 mH. These values were obtained from the same analysis of the UDC 

above. 

 During the buck mode, The BDC LV side voltage output is regulated at 14.5 V 

and the HV side input is 33 V, the duty ratio will range between 0.34<DT<0.40. The 

minimum inductance required is obtained from: 

LBDC =  
VLV(1 − Dtmin)

∆ibat. f
 

(137) 

LBDC = 24.4 mH (138) 

 Finally, the LV capacitance is obtained from: 
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CLV =
Vbat(1 − Dtmin)

8f 2LBDC∆Vbat
 

(139) 

CLV = 43 μF   (140) 

Table 46: Values of Dt with Accordance to Different Q2 States 

Status Current Conduction 

Time 

𝐃𝐭 Value 

HV side is max & battery voltage is max 32.5 μs 0.65 

HV side is max & battery voltage is min 35.5 μs 0.71 

HV side is min & battery voltage is max 24.5 μs 0.49 

HV side is min & battery voltage is min 28.5 μs 0.57 
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