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ABSTRACT 
To address the sustainability challenges for air transport, electrified aviation 

delivers promising benefits to the whole air transportation system. Focusing on 

reducing environmental impact and raising competitiveness, this thesis presents 

a research regarding the Distributed Series Hybrid-electric Propulsion System for 

aero vehicles, which involves study fields of system configuration design, 

component sizing and energy management strategies.  

Based on the state-of-art of hybrid-electric aircraft and hybrid-electric propulsion 

systems, the study firstly improved the conventional series hybrid configuration 

by adopting distributed propulsion technology and more electric aircraft concept. 

These improvements can compensate for the drawbacks caused by the 

conventional series hybrid layout, so that the new designed propulsion system 

has the potential to reduce system weight and increase fuel economy. 

After that, a comprehensive sizing method was particularly designed for the 

proposed system. The engine, as the primary power source, was firstly selected 

via the battery parametrisation criteria. Then, other components were selected 

according to a proposed sizing flowchart by using the genetic algorithm. System 

performance can also be demonstrated during the sizing process. 

Finally, three different control methods had been applied to manage energy flows. 

The first supervisory controller is a deterministic rule-based controller, which was 

designed based on human experiences and can reduce 12% fuel consumption. 

The second is a battery-friendly fuzzy controller. It was particularly designed to 

improve the battery operating environment and can simultaneously achieve a 5% 

improvement on fuel economy compared to the rule-based. The third controller 

applied model predictive control algorithm, which can further improve the fuel 

efficiency by 4% and reveal the relationship between the fuel consumption and 

emissions.  

 

Keywords: Hybrid-electric Aircraft, Hybrid-electric Propulsion System, Series 

Hybrid System, Sizing, Fuzzy Controller, MPC Controller, Energy Management
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1 INTRODUCTION 
 

 

In recent years, public concern about the environment has risen markedly in 

UeVSRQVe WR cleaU eYideQce abRXW Whe iPSacW Rf hXPaQkiQd¶V acWiYiWieV. The UK 

Committee on Climate Change has recommended that the UK urgently embrace 

a low carbon future, leading the government to commit to net-zero greenhouse 

gas emissions by 2050 [1]. The aviation industry is responsible for around 12 

percent of all transportation-caused carbon dioxide (CO2) emissions, plus nitrous 

oxides (NOX) emissions and condensation trails further exacerbate the impact of 

aviation on global warming [2]. AW Whe 2019 PaUiV AiU ShRZ, VeYeQ Rf Whe ZRUld¶V 

largest aerospace companies recommitted to neutral carbon growth in aviation 

from 2020 [3, 4], along with the 2050 ACARE environmental goals [5, 6, 7]. 

Concretely, AIRBUS is working on some strategic programmes, focusing on the 

next-generation propulsion systems, complex aircraft systems and advanced 

aircraft structures. NASA is persistence making an effort on reducing aircraft fuel 

burn and emissions in the last decade abiding by their N+3 goals [8, 9].  

Reducing emissions is a significant challenge for traditional aviation, especially 

due to that the root cause of the emission problem, the combustion engine, is 

hard to be replaced or achieve much better energy efficiency with present 

technologies. The next generation of aircraft, which is sustainable aviation, is 

awaited to reduce environmental impact with raising competitiveness. This is a 

pivotal moment for the aerospace industry, and a new era is underway enabled 

by low-emission propulsion. 



 

2 

1.1 Hybrid Aircraft 

To realize sustainable aviation, different intelligent technologies spurred in the 

last decade for reducing aircraft emissions and improving fuel efficiency. Since 

aiUcUafW¶V ePiVVions mainly come from fuel burn, or more precisely, the amount of 

emissions is proportional to the fuel consumption, electric propulsion might be the 

most effective technique WR addUeVV Whe aYiaWiRQ¶V VXVWaiQabiliW\ [10]. Therefore, 

with different electrification degrees, hybrid-electric aircraft and pure-electric 

aircraft are proposed. 

Hybrid-electric aircraft refers to the aircraft applying a Hybrid-Electric Propulsion 

System (HEPS) as the main propulsion system. It possesses characteristics of 

both pure-electric aircraft and combustion-engine aircraft. As a result, it is more 

powerful than pure-electric aircraft, and more efficient than traditional aircraft. 

Therefore, although hybrid-electric aircraft cannot realize the net-zero emission 

target, it is still a prospective technology which provides a possibility to reduce 

aircraft fuel consumption and improve emission simultaneously. 

The concept of hybrid-electric aircraft was initially proposed as a compromise 

option to pure-electric aircraft. For the propulsion point of view, the pure-electric 

power system has many advantages, for example, it is very high-efficient and 

does not have emission or noise issues caused by the chemical reaction of fuel 

burning. However, the energy density of electrical storage devices, especially the 

battery pack, is very low and hard to be promoted in the foreseeable future [11]. 

The long refuelling-time also restricts electric pRZeU V\VWePV¶ SeUfRUPaQce fRU the 

high-power workload. Thus, the hybrid-electric power system applies a 

combustion engine as an auxiliary power source to compensate for the power 

short. Unlike pure-electric aircraft being affected by the limited storage capacity 

of the battery pack, hybrid-electric aircraft is longer-endurance and can handle 

high-power workload. In other words, this evolutionary combination would result 

in a potential win-win situation. 



 

3 

1.1.1 Powertrain Configuration 

Hybrid-electric aircraft comes in many types. Based on system layouts, they can 

be categorized into series, parallel and series-parallel.  

a) Series Configuration 

Series configuration refers to a structure whose all components are arranged in 

series. As shown as Figure 1, a typical series hybrid system has three propulsion 

devices (an engine, a generator and an electric motor), one energy storage unit 

(a battery pack), a converter and few mechanical linkages. In a series hybrid, the 

engine firstly produces mechanical energy by burning the fuel, then the generator 

converts that into electricity. Depended on the current mission demand and 

battery State-Of-Charge (SOC), the generated electrical energy can either be 

transferred to the electric motor, or be stored in the battery pack. Finally, the 

electric motor converts electricity into mechanical energy to drive the propeller. 

Please note only the electric motor can provide energy to the propeller in the 

series hybrid. The motor is mechanically connected to the propeller, so that the 

motor should operate according to propulsion demands.  

 

Figure 1 Series configuration. 

There is one special characteristic of the series configuration, i.e. the engine is 

completely decoupled from the propeller. Namely, the engine does not need to 

operate along with mission demands, only the motor needs to follow the given 

operating instruction. Therefore, to some extent, the engine, generator and 

battery pack form an on-board power plant for the motor and propeller. As a result, 
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the major difficulty of the series hybrid-electric power system is the cooperation 

between the engine (and generator) and the battery pack.  

There are many energy transformations happened inside the series hybrid-

electric propulsion system, e.g. from thermal energy to mechanical energy etc. 

All energy conversions are illustrated in Figure 2. According to this figure, there 

are two repeated energy transformations. The first one is the charging and 

discharging process of the battery pack, which repeats the conversion between 

chemical energy and electrical energy many times. The second excess part refers 

to the transformation caused by the generator and motor. The generator converts 

the mechanical energy to electricity, and the motor performs reverse process. 

Apparently, the first repeated conversion cannot be avoided if the system 

selected a battery pack as the storage plant, but the second can be removed by 

a properly adjusted configuration.  

 

Figure 2 Energy transformations of the series hybrid-electric power system. 

Some series hybrid-electric system performances could be predicted. At first, the 

fuel efficiency could be significantly increased due to the engine is decoupled to 

the propeller. Secondly, electricity connections and no need for clutch ease the 

installation. The series hybrid-electric system has few requirements for space. 

Furthermore, envisioning the future, if the energy density of any electrical energy 

storage devices reaches a very high value, the engine and generator can be 

disassembled and replaced. Therefore, the series hybrid has a great re-

configurability.  

As for drawbacks, the series hybrid-electric system may not perform as efficient 

as other hybrids. It applies a generator to generates electricity, and then converts 
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that back to mechanical energy. In oWheU ZRUdV, Whe eQgiQe¶V RXWSXW, i.e. 

mechanical energy, has to be converted twice and cannot be transmitted to the 

propeller directly. Power losses during energy conversions. Therefore, the series 

hybrid suffers from poor system efficiency.  

Overall, characteristics of the series hybrid are: 

x Engine is decoupled from the propeller, high fuel efficiency; 

x No clutch, no complex transmission, structure simple and easy to install; 

x Repeated energy conversions, low system efficiency.  

 

b) Parallel Configuration 

Parallel configuration is a structure whose engine output can be directly 

transferred to the propeller. In parallel configuration, seeing Figure 3, the engine 

and motor are both connected to the propeller, so that they can transmit energy 

either simultaneously or individually. Therefore, the parallel configuration 

overcomes one of drawbacks of the series hybrid, i.e. the energy loss problem is 

alleviated to some extent. 

 

Figure 3 Parallel configuration. 

Energy transformations inside the parallel hybrid-electric propulsion system are 

shown as Figure 4. The parallel configuration not only allows the engine to drive 

the motor and propeller simultaneously, but also permits the engine and motor to 

drive the propeller at same time. In a parallel hybrid system, the engine, motor 
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and batteries composite a power plant only for the propeller, that the generator in 

the series configuration is replaced by the motor. This replacement is feasible 

due to the electric motor could be used in reverse as a generator, and moreover, 

the weight of total system can be reduced by removing the generator. Another 

benefit of the parallel configuration is that, compared with the series configuration, 

a smaller electric motor is powerful enough to accomplish a same mission [11]. 

In parallel hybrids, the engine does not need to be rated to the highest power 

demand. 

 

Figure 4 Energy transformations of the parallel hybrid-electric system. 

Using less components increases the difficulty of the coordination amongst 

propulsion devices. The first specific performance is that every parallel hybrid 

system needs a customized mechanical coupling and transmission system to 

connect the engine, motor and propeller. The coupling and transmission system 

are compulsorily required, and always be costly and makes installation difficult. 

Secondly, due to the requested rotational speed of the engine is not always in its 

optimal speed range, the engine cannot operate at its most efficient point at most 

of the mission time. Therefore, the fuel efficiency of the parallel hybrid system 

might not be as good as that of the series.   

Overall, characteristics of the parallel hybrid are: 

x Engine is coupled to the propeller, low fuel efficiency; 

x Needs mechanical couplings and transmissions, complex structures; 

x Less energy loss, high system efficiency.  
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c) Series-parallel Configuration 

The third type, series-parallel hybrid, possesses the most advanced structure by 

combining series and parallel configurations [12]. Shown as Figure 5, in a series-

parallel hybrid system, both the engine and motor can provide energy for 

propulsion. The engine, generator and motor are connected by mechanical 

transmissions, e.g. a planetary gear, which may allow the engine and motor to 

operate in its most efficient region in order to improve the fuel efficiency. In 

general, the series-parallel hybrid always requires a complicated transmission 

system to coordinate the rotational speed of each component. It increases the 

difficulty of the system implementation and makes installation more difficult. 

Overall, the series-parallel configuration not only needs three propulsion devices 

(an engine, a generator and a motor) and one battery pack, but also requires 

complex mechanical transmissions. Therefore, it must be heavier than previous 

configurations. 

 

Figure 5 Series-parallel configuration. 

Additionally, according to energy transformations shown by Figure 6, the series-

parallel hybrid configuration still suffers from energy loss problems. Namely, it 

can be predicted that the system efficiency might be relatively low. Moreover, 

because the series-parallel configuration is complex, the system always requires 

a high-computational controller. Therefore, the series-parallel hybrid is mostly 

theoretical in literatures. 
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Figure 6 Energy transformations of the series-parallel hybrid-electric system. 

Overall, characteristics of the series-parallel hybrid are: 

x Engine is de-coupled to the propeller, high fuel efficiency; 

x Needs mechanical coupling and transmission, structure complex; 

x Repeated energy transformations, low system efficiency;  

x Requires a complicate controller. 

1.1.2 State-of-Art 

Although different configurations lead to different performances, it is for sure that 

the HEPS provides an opportunity to aircraft to improve fuel efficiency and reduce 

emissions. As a result, various HEPSs have emerged as a promising research 

area in aerospace engineering [13]. 

The research of hybrid-electric aircraft started in the 21st century and grown 

rapidly in the past two decades. At present, there are some on-going projects 

regarding hybrid-electric aircraft leaded by NASA, AIRBUS, Boeing and some 

other institutions, which have obtained some achievements. According to the 

aXWhRU¶V kQRZledge, bRWh VeUieV aQd SaUallel cRQfigXUaWiRQV haYe beeQ 

successfully applied on aircraft. Small-scale aircraft mostly adopts the parallel 

configuration, while the research in large-scale aircraft tends to focus on the 

series configuration instead.  

Attempts started with small-scale aircraft. Hybrid-electric Unmanned Aerial 

Vehicles (UAV) emerged in the last decade. The Air Force Institute of Technology 
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(AFIT) started relative research from 2006, which completed a conceptual design 

and found that the clutch-start parallel configuration is the most practically 

realizable structure [14, 15]. The designed parallel hybrid-electric power system 

was formed by using a 1.3-HP (0.97kW) Honda G35 engine and a 1.6-HP 

(1.2kW) Fuji motor, and a flight test was performed smoothly [16, 17]. Later on, 

based on the AFIT¶V research, Queensland University developed another parallel 

hybrid-electric propulsion system using a 2kW piston engine and a 0.6kW 

brushless electric motor. According to the ground test result, it increased 6% fuel 

efficiency and significantly improved the aircraft performance [18, 19]. Some 

other relevant studies have been completed as well. In paper [20], Friedrich and 

Robertson presented a scaling approach for the combustion engine for a 20kg 

UAV, Zhich XVed Whe eQgiQe¶V ideal RSeUaWiQg liQe aV Whe baViV to select the 

engine. Sliwinski et al. [13], developed a retrofit design method for hybrid-electric 

aircraft by using the predicted flight range and endurance. It resulted in that for 

small-scale aircraft, promoting the mitigation of NOX and CO2 while providing 

adequate aircraft performance is a trade-off problem.  

Some commercial hybrid-electric UAVs have been released by various 

companies. The first fuel-electric UAV is µHYBRiX.20¶, developed from the 

company Quaternium. It incorporates an advanced technology with a fuel range-

extender that can provide more than two-hour operational flight with maximum 

payload [21]. Another company, Skyfront, developed a series of hybrid-electric 

drones with their proprietary fuel-injected G2K hybrid gasoline-electric propulsion 

systems. Their µPerimeter 8¶ UAV features an impressive 5.5kg payload capacity 

with one hour of endurance and a no-payload endurance of over 5 hours [22]. 

The Harris Aerial company also released a gas-electric hybrid drone, the µCarrier 

H4 Hybrid¶. It is a heavy-lift hybrid unmanned aircraft which has a maximum 

payload capacity of 15kg and allows for up to 2.5 hours of flight with 3kg payload 

[23]. The µQL1200¶ drone, produced from Walkera, adopts a gasoline-electric 

power system to realize a 90-minute flight with a range of 43.2km. By using the 

designed hybrid-electric power system, the UAV achieved 3 times that of original 

flight-time and 2 times that of payload [24]. Compared with them, the ALTI 

company released a world's leading endurance Vertical Take-Off and Landing 
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(VTOL) unmanned air vehicle µALTI REACH¶, whose endurance is up to 20 hours 

by using a 70cc twin cylinder fuel-injected combustion engine, a 500W on-board 

generator and four powerful motors [25]. 

 

Figure 7 1) the Skyfront Perimeter8 UAV [22], 2) the ALTI REACH UAV [25]. 

The research of mid-scale demonstrators attracts much attention from 2005s. 

The µDA36 E-SWaU¶ iV Whe fiUVW h\bUid-electric aircraft realized by a collaboration 

between Diamond Aircraft, European Aeronautic Defence and Space Company, 

and Siemens AG [26]. It applied a 70kW Siemens electric motor and a 30kW 

rotary engine as propulsors for the series HEPS, and its debut flight was 

successfully launched in June 2011 [27]. This aircraft can be considered as a 

milestone which proved the feasibility of replacing the traditional combustion 

power system with the hybrid-electric propulsion system. Its successor version, 

µDA36 E-VWaU2¶, XVed Whe VaPe VeUieV h\bUid-electric technology, but it is lighter 

100kg, and showed a better performance and driveability. Another project 

µHYPSTAIR¶ unveiled a most powerful series hybrid powertrain in 2016. The 

200kW propulsor developed in the project can deliver the power equivalent to a 

typical general aviation piston engine [28].  

AiUcUafW µAlaWXV¶ aQd µEcREagle¶ aUe h\bUid-electric aircraft using parallel hybrid 

configurations. The aircraft µAlaWXV¶ iV a SURRf-of-concept parallel hybrid electric 

conversion of a single-seat, ultralight Alatus-M motor glider developed by the 

University of Cambridge in 2010 [29]. It applied a 2.8kW internal combustion 

engine and a 12kW motor for the parallel HEPS. The two-VeaW aiUcUafW µEcREagle¶, 

designed by Embry-Riddle Aeronautical University, utilized a 74.5kW internal 

combustion engine and a super-efficient 29.8kW gas motor to power the propeller, 
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and has been successfully tested in 2011 [30]. This propulsion system was 

designed based on the previous research accomplished by Flight Design, who 

developed a parallel HEPS by using a 115-HP (86kW) internal combustion engine 

and a 40-HP (30kW) electric motor [31]. However, none of them has the capability 

of on-bRaUd baWWeU\ UechaUgiQg. The aiUcUafW µSOUL¶ iV Whe fiUVW eYeU WR be able WR 

recharge batteries during the flight. This plane was retrofitted from a light aircraft 

by combining an 8kW engine and a 12kW electric motor, and a flight test was 

commenced in 2014 [20]. Additionally, besides the hybrid-electric technology, 

other hybrid propulsion technologies are also implemented on midscale aircraft. 

For example, the fuel cell-electric hybrid aircraft ± µAQWaUeV DLR-H2¶ aQd µE-PlaQe¶ 

(using series configurations), and the solar-elecWUic h\bUid aiUcUafW µSRlaU IPSXlVe¶ 

(using series configuration).  

As for largescale aircraft, due to the fossil fuel has a high power-density, the 

hybrid-electric propulsion technology was rarely discussed or considered by 

airliners at the beginning [20]. However, the achievements on midscale hybrid-

electric aircraft admitted the scaling potential of the hybrid-electric propulsion 

system from the midscale to the largescale sector. In addition, along with the 

prosperity of hybrid-electric ground vehicles and the urgency of sustainable 

aviation, the proposal of large hybrid-electric aircraft appeared. The µNXG-50¶ 

hybrid-electric aircraft is one of the first conceptual designs developed by the 

Georgia Institute of Technology. The design won the 2012-2013 Federal Aviation 

Administration Design Competition in the electric/hybrid-electric aircraft category, 

which has a potential with an expected reduction of 15% energy consumption 

[32]. Delft University of Technology also designed few large-scale hybrid-electric 

conceptual aircraft [33], and one of designs can achieve a 28% fuel reduction and 

a 14% reduction in global aircraft weight. As for practical projects, based on few 

attempts and simulations, NASA took the lead of constructing hybrid-electric 

aircraft, such as Whe µSTARC-ABL¶ project [34], and Whe µN3-X Turbo-electric 

Distributed Propulsion¶ (TeDP) project [35]. The µN3-X TeDP¶ project designed a 

series HEPS which hybridized a turboshaft engine with the distributed electric 

powertrain. The European aircraft manufacturer, AIRBUS, is teaming up with the 

German industrial conglomerate SIEMENS to develop hybrid planes as well. 
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Their on-going project, called µE-Fan X¶, planned to use the parallel HEPS 

technology to construct a 100-passenger aircraft, as their first step in the long-

term goal of developing the hybrid-electric regional airliner. Two other projects 

µSUGAR Volt¶ and µSUGAR Freeze¶, fXQded b\ BReiQg aQd NASA, ZeUe aiming 

to design subsonic hybrid-electric aircraft [36]. The aiUcUafW µSUGAR Volt¶ adopted 

a parallel hybrid system and met NASA goals on fuel burn according to their 2014 

report. The µSUGAR Freeze¶ utilized the turboelectric hybrid technology that runs 

on liquid neutral gas for the propulsion [37]. Later, AIRBUS started a joint project 

DEAP [38, 39] in 2016, collaborated with Rolls-Royce and Cranfield University. 

Moreover, ESAero is continuous researching HEPS based on their previous 

µSCEPTOR¶ project [40], the latest project µSBIR¶ applied a gas generator and a 

superconducting motor to improve the aircraft performance [41]. It is noteworthy 

that many largescale aircraft projects usually apply turboelectric hybrid power 

systems. The turboelectric hybrid technique is a type of series HEPSs, it uses 

one or multiple turboshaft engines to generate electricity for electric motors and 

internal electrical grids. This is a highly-rewarded concept and technology [42], 

which increases the electrification degree so that can achieve a higher efficiency, 

less noise and become more environmentally friendly.  

Overall, hybrid-electric aircraft is on the rise. For small and midsize aircraft, the 

relative research started with series hybrid technologies but mainly adopts the 

parallel hybrid-electric propulsion system at present, while largescale aircraft is 

more likely to use series hybrid configuration instead. 

1.2 Research Gap 

According to literatures, relevant research regarding hybrid-electric propulsion 

systems has obtained lots of achievements. However, most of prior research are 

designed for automobiles, only few of them are proposed for aircraft. Therefore, 

an aircraft-favoured hybrid-electric power system is urgently required. Concretely, 

to develop a good power system for aircraft, aircraft specifications, flight missions 

and hybrid-electric power system features should be all incorporated into the 

design process. The huge difference between the maximum and minimum power 
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requirements should also be considered, although it increases the difficulty of the 

design.  

Commonly, there are two design targets for realizing sustainable aviation. Firstly, 

the degree of electrification should be further increased in order to obtain a higher 

fuel efficiency. On the other hand, considering the development of the battery 

technology, it is important to ensure that the designed propulsion system will still 

be competitive even if the battery power density has been significantly improved. 

In addition, the designed configuration should be simple and easy to install. 

Since aircraft has a stricter safety standard, the requirement of each component 

of hybrid-electric aircraft may differ from that of automobiles. At first, the sizing 

process is an exclusive customization problem and needs to be specifically 

designed for the proposed system. Previous engineering applications always 

applied an iterative sizing procedure to select components, i.e. it firstly selects 

some devices as candidates and then validates the chosen result through a 

simple simulation, which is time consuming and inefficient. Therefore, an 

intelligent and thoughtful sizing method, which not only can select components 

for the hybrid-electric aircraft, but also can predict system performance 

simultaneously, is on demand. 

The next contribution is the design of supervisory controllers. The supervisory 

controller is the primary part of the research. It can realize fuel and emission 

reduction, and reveal the relationship between different control objectives. 

Therefore, three different real-time controllers are planned for this study. 

1) A deWeUPiQiVWic µSRZeU fRllRZeU¶ UXle-based controller. This controller is 

intended as a criterion for this study. 

2) A battery longevity fuzzy controller. The battery pack is an essential part of 

the hybrid-electric power system, but it is easily damaged caused by outside 

operating environment. Thus, it is necessary to monitor and improve the 

operating circumstance of the battery pack in order to extend its lifetime. Due 

to the fuzzy control algorithm is adaptive and easy to be tuned, the battery 

longevity technology can be combined into the fuzzy logic control method to 

construct a new supervisory controller.   
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3) An intelligent real-time controller. Although many studies claimed that hybrid-

electric propulsion system can reduce fuel consumption and emissions 

simultaneously, there is rare research studied emission performance. The 

relationship between these two research goals has not been clearly illustrated 

as well. Therefore, based on two given maps, the third controller is required 

to discuss the performance on the fuel economy and emission reduction.  

1.3 Aims and Objectives 

This study is aiming to design a high-efficient and low-emission hybrid-electric 

propulsion system for aero vehicles. As traditional hybrid-electric propulsion 

technologies, i.e. series or parallel HEPS, have respective drawbacks limiting 

their performance, a novel configuration is proposed in this study. After the 

determination of configuration, each component is intelligently selected by a well-

developed sizing frame and the Genetic Algorithm (GA). Then, several 

supervisory controllers are designed for the power management problem of the 

proposed system. Except looking forward to better fuel efficiency, a highly 

adaptable configuration and lower emission rates are also expected. Therefore, 

this research involves four fields: system design, component selection, system 

modelling, and supervisory control.  

1) System design: this study proposes a distributed series hybrid-electric 

configuration for aero vehicles. Firstly, it selected the series configuration as 

the basis due to its special advantages compared with other hybrids. After 

that, to further iPSURYe Whe cRQYeQWiRQal VeUieV HEPS¶V SeUfRUPaQce, bRWh 

distributed propulsion technology and More Electric Aircraft (MEA) concept 

are integrated to construct a new configuration. The new structure has a 

potential to perform better with little compromises in other features. 

2) Component selection: According to the designed configuration, an indirect 

engine sizing method and a genetic algorithm based sizing method are 

invented to find the most suitable components for the system. The engine is 

firstly determined based on baWWeUieV¶ SaUaPeWUi]aWiRQ cUiWeUia, WheQ RWheU 

components are selected by genetic algorithms. The GA-based sizing method 

divides the system into two parts. The first part applies a multi-objective 
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genetic algorithm to reduce the system weight and increase the fuel efficiency, 

while the second part uses a general GA algorithm to select motors.  

3) Modelling: Different dynamic modelling methods have been applied for each 

cRPSRQeQW accRUdiQg WR diffeUeQW VXbV\VWeP¶V WiPeVcaleV chaUacWeUiVWicV. 

Main subsystems involve an internal combustion engine, electric motors, an 

electric generator, a battery pack and DC/DC converters. 

4) Supervisory control: The supervisory controller of this study is responsible 

for intelligently managing different power flows in order to complete missions 

with the minimum fuel consumption and less emissions. To achieve these 

objectives, both the sophisticated rule-based control method and the 

optimization-based control algorithm have been applied to the system to 

ensure efficiencies are not out-weighted by higher weight or cost. Concretely, 

a deterministic rule-based controller, a fuzzy-based battery longevity 

controller and a MPC-based controller have been designed, and applied to 

the system to perform a standard flight mission profile respectively. All 

algorithms are validated by MATLAB simulations, and the performance is 

analyzed via comparisons. 

1.4 Contributions 

This research presents a study about a novel hybrid-electric propulsion system 

for aero vehicles. The study firstly designs a Distributed Series Hybrid-Electric 

Propulsion System (DSHEPS) based on the conventional series hybrid structure. 

Then, according to mission requirements, the whole system is sized by 

cRPSRQeQW¶V SaUaPeWUi]aWiRQV by using the genetic algorithm. After that, various 

control algorithms are applied for the power management issue. The first 

controller is an adaptive power follower deterministic rule-based controller, which 

uses given thresholds of the battery SOC as references to adjust the engine. The 

second controller is proposed for improving the battery working environment in 

RUdeU WR e[WeQd Whe baWWeU\¶V life. This controller is designed based on Mamdani 

and Sugeno fuzzy logic inference strategies, and uses batteUieV¶ SaUaPeWeUV aV 

the control input. The third is the Model Predictive Controller (MPC) based 

controller. It first formulates the power management problem into a nonlinear 
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optimization problem, and then uses the Dynamic Programming (DP) algorithm 

to find the result. All of three controllers are simulated by the SIMULINK models. 

The dynamic models of each component are developed based on experiential 

data. The main contributions of the study can be summarized as: 

1) An innovative hybrid-electric configuration for aero vehicle. Because the 

power demands of different flight stages vary greatly, the conventional series 

hybrid configuration was improved for better adapting to flight missions. The 

new structure reduces the limitations of the series hybrid while retaining its 

advantages.  

2) An indirect engine sizing method via battery SOC parametrization criteria. 

Five candidate engines were considered with different starting conditions for 

the electrical system, and the simulation result shows that by using the state-

of-charge properties, it is possible to select an appropriate sizing of engine 

pack while carrying a suitable electric propulsion pack. By applying the rule-

based control strategy, the system is able to reduce fuel consumption up to 

12%. 

3) A genetic algorithm based sizing framework. The proposed sizing framework 

divided the system into two parts. The first is the power source part, including 

an engine, a generator and a battery pack. This is a multi-objective 

optimization problem that solved by the Non-dominated Sorting Genetic 

Algorithm-II (NSGA-II). The second part consists of system loads, which is a 

single-objective problem so that a general genetic algorithm was applied to 

solve the problem. An extra archive was added into the NSGA-II to increase 

the selecting speed. 

4) Due to the strict requirement of flight safety and the vulnerability of the battery 

pack, a Mamdani & Sugeno fuzzy battery longevity controller is designed for 

the DSHEPS. The controller firstly applied a Mamdani fuzzy inference system 

to evaluate the battery operating environment, and utilized the Sugeno fuzzy 

logic algorithm to obtain the control instructions for the engine. The controller 

fXll\ cRQVideUed baWWeUieV¶ operating variables and adjusted the working 

condition to a battery-friendly environment. According to simulation results, it 
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achieved a 5% improvement on the fuel economy compared with that of the 

deterministic rule-based controller. 

5) For optimizing the fuel efficiency and emission rate, an MPC-based intelligent 

controller is proposed as well. The controller is a real-time controller, which 

succeeded in reducing both fuel consumption and emissions. The conflict 

between the fuel economy and emission rate was stressed within this 

approach. According to simulation results, the MPC-based controller can 

improve 5% fuel consumption, but 6% worse in emission performance than 

the rule-based controller due to these two objectives cannot be obtained at 

same time. 

1.5 Thesis Layout 

Overall, this research completed the design, sizing, modelling and energy 

management of a hybrid-electric propulsion system for the aero vehicle. In order 

to achieve a high-efficient and low-emission hybrid-electric power system, the 

study could be divided into three sub-objectives. The first goal is to improve the 

original series system configuration, i.e. design a system with the potential of 

obtaining higher fuel efficiency and lower emissions. The second target is to 

establish a comprehensive sizing frame particularly for the designed hybrid-

electric propulsion system. The last objective is to design a supervisory controller 

to manage different energy flows. The entire thesis structure is illustrated in 

Figure 8. The content of each chapter: 

Chapter 1 introduces the background of hybrid-electric aircraft and the ambition 

of the sustainable aviation. It presents various configurations and introduces the 

state-of-art of hybrid-electric aircraft and relative projects. The research gap, 

research aim and contribution of this research are also concluded. 

Chapter 2 reviews the previous research about the hybrid-electric propulsion 

system, including the research field of system design, system sizing, modelling 

and different energy management methods.  

Chapter 3 illustrates the novel distributed series hybrid-electric power system 

configuration. The design process, and the pros and cons of the system will be 
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analyzed respectively. The modelling methods of all subsystems, including the 

engine, electric motor and battery pack are also demonstrated. 

 
Figure 8 Thesis structure. 

Chapter 4 presents a design process for the challenging problem of sizing the 

engine pack for the designed hybrid-electric power system. The indirect sizing 

approach via properties on the electrical part of the system is be illustrated in this 

chapter, which selects the engine based on battery criteria. 

Chapter 5 introduces the genetic algorithm-based sizing method proposed for 

the designed hybrid-electric propulsion system. Based on the special 

configuration and characteristics, a two-step sizing method is proposed and 

illustrated in this section. By using the genetic algorithm, suitable components are 

selected and the system can achieve a 12% fuel consumption reduction. 

Chapter 6 proposes two rule-based controllers. The first is an adaptive power 

follower rule-based controller, which controls the engine based on the battery 
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SOC. The second controller is a Mamdani & Sugeno Fuzzy Logic (MSFL) 

cRQWURlleU, Zhich iV deVigQed fRU iPSURYiQg baWWeUieV¶ RSeUaWiQg eQYiURQPeQW aQd 

extending the battery life. Simulation results and characteristics of each controller 

are presented and analyzed in this chapter. It finds that the MSFL controller can 

achieve a better fuel efficiency than the rule-based controller. 

Chapter 7 introduces a nonlinear MPC-based power management strategy to 

simultaneously improve the fuel economy and emissions. By using the designed 

controller, an optimal operating trajectory of the engine could be determined. 

Compared to the results obtained by the deterministic rule-based controller and 

MSFL controller, the MPC-based controller shows the best performance on the 

fuel consumption, and is able to reduce NOX emissions simultaneously. 

Chapter 8 summarizes the whole research and concludes the study. 

Recommended future work is also presented. 

* Please note that Chapter 4 and Chapter 5 contain two published papers 

respectively. Chapter 4 is the paper ³IQdiUecW EQgiQe Si]iQg Yia DiVWUibXWed H\bUid-

Electric Unmanned Aerial Vehicle State-Of-Charge-Based Parametrisation 

CUiWeUia´, Zhich haV beeQ SXbliVhed iQ Whe IMechE journal. The second paper is 

³DeVigQ Rf a DiVWUibXWed H\bUid-Electric Propulsion System for a Light Aircraft 

baVed RQ GeQeWic AlgRUiWhP´, Zhich iV a cRQfeUeQce SaSeU WhaW SXbliVhed aW Whe 

AIAA propulsion and energy 2019 forum. 
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2 LITERATURE REVIEW 
 

 

This chapter contains a literature review regarding hybrid-electric propulsion 

systems. The chapter structure is shown in Figure 9, it includes the information 

of system design, present sizing methodologies, subsystems and representative 

energy management technologies.  In this chapter, each main component will be 

introduced respectively, and the advantages and disadvantages of each energy 

management approach will also be analysed.  

 

Figure 9 Chapter 2 structure. 

2.1 System Design 

The intuition of the hybrid-electric propulsion system is to develop a greener and 

more fuel-efficient powertrain by combining existing propulsion components. For 

a given vehicle, in addition to the external structure optimization, increasing 

system efficiency and fuel economy is a way to reduce the fuel consumption and 

emissions. At present, there are numerous proposed hybrid-electric propulsion 

systems. Series, parallel, series-parallel hybrid configurations all have been 

studied and some promising achievements have been obtained.  

For hybrid-electric power systems, the configuration is one essential factor 

affecting system performance. Based on literatures, each kind of configuration 
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has its own unique characteristics, so that the system structure should be 

carefully designed based on design objectives and emphasises. Paper [43] 

compared series and parallel hybrid configurations, and found that the parallel 

architecture can provide a higher range than the series without considering 

distant future advancements. However, as mentioned in the previous chapter, the 

series hybrid structure decouples the engine and propeller, in which possesses 

the potential to achieve the highest fuel-economy compared to other 

configurations.  

Figure 10 illustrates a general design process of a hybrid-electric propulsion 

system. It starts with design motivations, following by the determinations of the 

system configuration, components and control strategies, and finally verifies the 

performance.  

 

Figure 10 System design process. 

Apparently, better fuel efficiency and lower emissions are motivations for 

constructing hybrid-electric aircraft. The powertrain layout is available in multiple 

choices. Previous research regarding hybrid-electric aircraft applies similar 

hybrid-electric propulsion systems to hybrid-electric automobiles. In other words, 

the propulsion systems of hybrid-electric cars are generally applicable for aircraft 

so that some research adopted same power systems. However, there are many 

obvious differences between the driving pattern of automobiles and aircraft. For 

example, there is no stopping during the flight, and the fluctuations of aircraft 

power requirements are bigger but smoother than that of cars. More importantly, 

aircraft requires a high-level safety and stability. Therefore, a customized hybrid-

electric propulsion system, which is particularly designed for aircraft, is on-

demand.  
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2.1.1 Sizing Method 

After determining the system configuration, the sizing problem should be 

introduced in the sequence. For hybrid-electric vehicles, sizing refers to the 

component selection, i.e. the process for determining the specifications of each 

corresponding equipment, including its capacity, mass, volume and other 

parameters. 

Sizing is a complex and challenging procedure, various choices and 

combinations can lead to different results. Therefore, all system components 

should be comprehensively selected. At present, the simplest sizing method is 

choosing devices by their power-to-weight ratio (or other specifications) [44, 45]. 

It is one of the most popular sizing methods for engineering applications. 

Simulation-based optimal sizing approaches are developed as well. Paper [46] 

presented a simulation-based method to size the external battery pack, and 

stated that the Ni-MH battery technology can provide the most suitable expansion 

possibility for that design. After that, Schoemann et al. proposed a complete 

parallel hybrid-electric aircraft design process, which is a quasi-static and back-

facing process and can minimize the system mass [47].   

Intelligent methodologies have been applied for the sizing problem subsequently. 

Paper [48, 49] used the Divide Rectangle (DIRECT) and the complex algorithm 

WR RSWiPi]e cRPSRQeQW¶V caSaciW\ of a parallel hybrid-electric vehicle. Galdi et al. 

developed a genetic algorithm-based sizing methodology that minimized 

emissions and the fuel consumption simultaneously by using a weighted cost 

function [50]. These single-objective optimization methods can obtain the optimal 

sizing result based on the designed cost function, but they cannot simultaneously 

show the system performance. As a result, extra simulations have to be carried 

out to examine the sizing result. Therefore, in recent years, some Multi-Objective 

Optimization (MOO) algorithms are studied for the sizing optimization problem. 

Murgovski et al. [51] proposed a novel convex optimization-based method for 

optimizing the battery pack capacity and energy management for a plug-in hybrid 

powertrain. Abdelkader et al. [52] minimized electricity cost and power loss within 

its sizing process by using a MOO genetic algorithm for a hybrid power supply 
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system. Meanwhile, Xie [53] realized a fuel consumption minimization during a 

retrofitting of a midscale aircraft, which achieved a fuel-burn reduction of up to 

17.6%.  

In general, similar to the configuration design, the component selection method 

should be specifically designed according to research targets. Requirements for 

subsystems of the series and parallel hybrid-electric systems vary widely. Thus, 

based on the given system configuration and mission demands, an exclusive 

sizing method is required in this study.  

2.2 Subsystems 

The basic configuration of a series hybrid-electric propulsion system is illustrated 

in Figure 11, which consists of an engine, a generator, a motor and a battery 

pack. This section will introduce each main component, including their categories, 

characteristics and modelling methods. 

 

Figure 11 Basic series hybrid-electric configuration. 

2.2.1 Internal Combustion Engine 

The Internal Combustion Engine (ICE) is a prime propulsion component and has 

been widely used worldwide. It generates energy by burning the fuel, i.e. 

transforming chemical energy into mechanical energy. According to different 

combustion types, classifications of ICEs are shown in Figure 12 [54]. 
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Figure 12 Internal combustion engine classifications [54]. 

Although there are many types of internal combustion engines, fuel combustion 

processes occurring in combustion chambers have many similarities. Directly 

speaking, the fuel burns in the chamber and generates thermal energy, which 

could be revealed by the thermal expansion, and then the expansion activity is 

transformed into other mechanical movements, such as rotation or other kinetic 

energy.  

 

Figure 13 Otto Cycle [12]. 
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For a typical Spark-Ignition (SI) engine, i.e. the petrol engine, the combustion 

process can be presented through an ideal thermodynamic process ² the Otto 

cycle. An ideal Otto cycle is illustrated by the pressure-volume contour shown in 

Figure 13 [12]. According to the displayed cycle, the SI engine firstly absorbs a 

mixture of fuel and air, then compresses and ignites the mixture, i.e. converts 

chemical energy to thermal energy. After the combustion process, the working 

fluid expands, resulting in a volume increase, which symbolizes that thermal 

energy has been transformed into kinetic energy. After that, the engine ejects the 

combustion products and replaces them with a new charge of fuel and air. Thus, 

the Otto cycle can clearly display the operating process of the engine, and based 

on that, several modelling methods have been proposed.  

x Modelling Methods 

There are numerous methods of internal combustion engines modelling, for 

example, Willans line method, 0-Degree thermodynamic modelling method, and 

spark ignition engine modelling method. For this study, although some detailed 

modelling approaches with high complexity are able to perform ICEs¶ dynamic 

performance accurately, they may lack practicality and being inefficient for real 

applications and simulations. Therefore, few selected candidates of modelling 

methods are shown below. 

1) Willans Line Method 

The Willans line method, also known as the fuel rate extrapolation method, is a 

primary approach based on the linear relationship between the brake mean 

effective pressure and fuel consumption [55]. It is a quasi-static modelling 

method. Figure 14 shows an example [56] of the fuel consumption rate 𝑚𝑓̇   

(vertical axis) with respect to braking power 𝑃ୠra୩ୣ  (horizontal axis). The fuel 

consumption rate is extrapolated on the negative axis of the braking power, and 

the intercept of the negative axis is taken as the friction power 𝑃𝑓𝑟𝑖 of the engine. 

The friction power 𝑃𝑓𝑟𝑖  depends on the engine speed and displaced volume. 

According to the figure, in most range, the relationship between 𝑚𝑓̇  and 𝑃𝑏𝑟𝑎𝑘𝑒 is 

linear so that it could be presented as: 
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𝑃𝑏𝑟𝑎𝑘𝑒 = 𝜂𝑊 ∙ 𝑉𝑙ℎ𝑣 ∙ 𝑚𝑓̇ − 𝑃𝑓𝑟𝑖 (2-1) 

In the above equation, 𝑉𝑙ℎ𝑣  is the lower heating value, 𝜂𝑊  is the indicated 

efficiency which can be obtained by: 

𝜂𝑊 =
𝑃𝑏𝑟𝑎𝑘𝑒
𝑃𝑓𝑢𝑒𝑙

=
𝑃𝑏𝑟𝑎𝑘𝑒
𝑃𝑐𝑜𝑚𝑏

∙
𝑃𝑐𝑜𝑚𝑏
𝑃𝑓𝑢𝑒𝑙

= 𝜂𝑡ℎ ∙ 𝜂𝑐𝑜𝑚𝑏 
(2-2) 

where 𝜂𝑡ℎ is the thermal efficiency, and 𝜂𝑐𝑜𝑚𝑏 is the combustion efficiency. As a 

result, the fuel consumption rate is determined by above equations. 

 

Figure 14 Willans line method [56]. 

In general, the Willans line modelling method is a simple approach that cannot 

show the influences of external conditions (pressure and temperature), nor can it 

describe the effects of engine speed and torque on the thermal efficiency. In 

addition, since for petrol engines, the air-fuel proportion is constant and the 

amount of intake air-fuel mixture varies with the required torque and power, the 

Willans line model is more suitable for Compression Ignition (CI) engines, i.e. 

diesel engines, rather than SI engines.  

2) 0-Degree Thermodynamic Model 

The 0-Degree (0-D) thermodynamic model is another modelling method for ICEs. 

It firstly calculates the pressure, temperature and mass inside the combustion 

chamber and determines the engine SRZeU RXWSXW baVed RQ Whe eQgiQe VhafW¶V 
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crank angle degree [57]. Then, assuming that the pressure and temperature are 

homogeneous in each cylinder, it uses three differential equations to describe the 

ICE operation process in every second. Three equations are the first law of 

thermodynamics for an open system, the perfect gas law, and the mass 

conservation equation respectively. The 0-D thermodynamic model can illustrate 

a precise fuel combustion procedure, including the volume changes, temperature 

changes, fuel consumption, emissions and other detailed information. However, 

it is too complicated for this study.  

3) Spark Ignition Engine Model 

The spark ignition engine model is a semi-empirical modelling method based on 

the engine two-zone model. Two zones contain burnt gases and fresh gases 

respectively. Under assumptions: 1) the mixture and pressure are homogeneous 

in each zone; 2) flame front propagation, the physical model of the spark ignition 

engine can be established by seven equations (the first law of thermodynamic, 

the perfect gas law, the mass conservation law, volume equation and other three 

equations). By solving these seven equations, all combustion parameters at each 

moment are able to be determined. Therefore, like the 0-D thermodynamic 

modelling method, the spark ignition engine model is also capable to simulate a 

detailed combustion process. However, it requires engine design variables and 

intrinsic parameters to determine an accurate model, which increases the 

difficulty of applications in engineering projects. 

4) Mean Value Model 

Mean Value Model (MVM) [58] is a widely used low-frequency engine modelling 

approach. Under the assumption that all processes and effects are spread 

throughout the engine cycle [59], the MVM method simplifies the engine 

combustion process and uses static look-up tables to describe the discrete cycles 

and sophisticated thermodynamics of the engine [60]. The model firstly calculates 

the engine instantaneous torque and fuel consumption based on the throttle 

command and operating speed, and uses rotational dynamics to represent 

transient response [61]. As a result, the MVM is able to show engine rotational 

dynamic performance, and predict fuel injection and pollutions. Therefore, the 
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MVM method is particularly suitable for problems which emphasize on engine 

performance (engine torque and speed), such as the engine speed control 

problem or fuel analysis problem [62, 63]. 

The MVM method can be further simplified by neglecting the inlet manifold 

dynamics and flow rate dynamics [60]. For example, it can use the first-order or 

second-order transfer function to characterize the torque response [64, 65], and 

utilizes a fuel-power function, which is derived from the steady-state experimental 

data, to determine the fuel consumption rate [66]. The simplified MVM modelling 

method possesses a less-complexity, but can still preserve a certain level of 

dynamics. However, this method cannot reflect the influence of the engine 

throttle, which is a common input of the engine control. Therefore, the study [60] 

developed another simplified MVM which can provide an insight into the inherent 

relationship between the throttle command and the torque output. It can provide 

just adequate information for the energy management problem of the hybrid-

electric propulsion system. 

2.2.2 Electric Motor & Generator 

The Electric Motor (EM) is an electromagnetic device that converts electrical 

energy into mechanical energy according to the law of electromagnetic induction. 

A generator is mechanically identical to the electric motor, but operates in the 

reverse direction, converting mechanical energy into electrical energy [67]. The 

generator and motor have much in common. Thus, in some specific applications, 

motors are also used as generators to convert mechanical energy into electric 

power. General-purpose motors with standard dimensions and characteristics 

provide mechanical power for industrial use. They have various capacities and 

types. Based on the power source type and structural features, motors can be 

classified as shown in Figure 15.  



 

30 

 

Figure 15 Electric motor classifications. 

x Modelling Methods 

There are several well-developed motor modelling methods. The quasi-static 

modelling approach, such as using efficiency maps to model the motor, is mostly 

used but cannot describe dynamic performance [60]. In this study, the Permanent 

Magnet Synchronous Motor/Generator (PMSM/PMSG) is selected as the 

propulsor of the system. For PMSMs (or PMSGs), the smooth air gap model, the 

position-independent model, the electrical conduction loss model and the linear 

magnetics model are all able to reflect motor behaviours. But amongst them, the 

𝑑 − 𝑞 model is one good choice. 

The 𝑑 − 𝑞 model is the most popular modelling method for PMSM [68, 69]. Unlike 

other approaches, the 𝑑 − 𝑞 model simplifies the system dynamic by forcing all 

changing inductances to be constant, and calculates the rotor angular velocity, 

URWRU aQgle aQd VWaWRU cXUUeQW baVed RQ Whe WUaQViWiRQ beWZeeQ Whe VWaWRU¶V 𝑎𝑏𝑐 

fUaPe aQd Whe URWRU¶V 𝑑 − 𝑞 frame. The energy loss can be achieved based on the 

motor steady-state behaviours. 

2.2.3 Battery 

The battery pack is another key element in the hybrid-electric propulsion system. 

It is a storage device which converts chemical energy into electricity and vice 

versa. At present, Lithium (Li) battery, including Lithium-ion (Li-ion) battery and 

Lithium-polymer (Li-Po) battery, is the most popular type of secondary batteries. 
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Compared with other batteries, Li batteries show great advantages ± small size, 

light weight and high capacity. They have better dynamic properties, which can 

be charged faster, last longer, and can be formed into thin packages. Therefore, 

although Li-batteries are sensitive to environments, the strict size requirement 

makes them become the most applicable electrical storage unit for hybrid-electric 

power systems. Few advantages and limitations are summarized in Table 1 [70]. 

Table 1 Advantages and limitations of Lithium batteries [70]. 

Advantage 

1) High specific energy and high load capabilities with power cells; 

2) Long cycle and extend shelf-life; 

3) High capacity, low internal resistance, good coulombic efficiency; 

4) Simple charge algorithm, reasonably short charge times; 

5) Low self-discharge; Maintenance-free. 

Limitations 

1) Requires protection circuit to prevent thermal runaway if stressed; 

2) Sensitive to temperature; 

3) Performance decreases at high or freezing temperature; 

4) Transportation regulations required when shipping in large 

quantities; 

5) Needs cell balancing, requires individual cells to be balanced. 

There are not too many differences between the Li-ion and Li-Po battery. By using 

the same internal chemistry techniques, they have similar properties. The only 

difference between them is that Li-Po battery has a polymer cathode and a solid 

electrolyte, while Li-ion has a carbon cathode and a liquid electrolyte. In addition, 

Li-Po uses a microporous electrolyte rather than the traditional porous separator. 

Therefore, Li-Po is more advanced with less internal resistance and higher level 

of safety, but the price of Li-Po is higher than that of Li-ion battery.  

x Charge and Discharge Characteristics 

For lithium batteries, the charging process has two stages. The first stage is a 

constant-current charging process. If the battery voltage is lower than 4.2V per 

cell, the battery will be charged by a constant current. The second stage is the 

constant voltage charging stage. When the battery cell voltage reaches 4.2V, due 

to higher voltage may damage the lithium battery, the battery voltage will be fixed 
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at 4.2V, and the charging current will gradually decrease. After that, when the 

current drops to a certain value, the charging circuit will cut off, which indicates 

that the charging is completed [71]. Figure 16 [71] is an example of charge stages 

of lithium battery, the voltage curve and current curve are both illustrated. The 

charging process is a delicate procedure, extreme cold and high heat may reduce 

charge acceptance, so that the battery must be charged under a moderate 

temperature. 

 

Figure 16 Charge stages of the lithium battery [71]. 

Lithium battery is capable of high loads, it can continuously deliver high power 

until the battery is exhausted. Figure 17 [71] shows an example of a voltage 

discharge curve of the Li battery with the graphite anode and the early coke 

version respectively. The voltage drops until to 2.5V during the discharging 

process. Please note that each battery pack has a factor indicating the continuous 

discharge rate, called the C rate. This parameter is a measurement at which Li 

battery is discharged relative to its maximum capacity.  

In general, a battery prefers moderate current at a constant discharge rather than 

a pulsed or momentary high load. In addition, according to literature, researchers 

have found that heat can shorten the baWWeU\¶V life (especially above 35°C), and 

repetitive full discharges may also stress the battery [70, 71]. Concretely, there 

are many discharging parameters affecting the battery longevity, such as 
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temperature, current, depth of discharge, etc. A moderate current discharge and 

a cool environment are conducive to the health and life of the battery. 

 

Figure 17 Voltage discharge curve of the lithium battery [71]. 

x Modelling Methods 

The main objective for the baWWeU\ PRdelliQg iV WR deWeUPiQe baWWeUieV¶ 

charge/discharge characteristics and its SOC. For hybrid-electric power systems, 

iW iV cUXcial WR haYe aQ accXUaWe baWWeU\ PRdel WR SUedicW baWWeUieV¶ UePaiQiQg 

energy in order to coordinate different power sources. At present, there are three 

types of battery modelling methods: experimental, electrochemical and electric 

circuit-based. The experimental modelling method refers to using polynomial 

fittings or look-up tables to determine battery characteristics. All relative data is 

obtained by experiments. The second electrochemical method builds the model 

by describing the energy conversion process inside cells. This modelling 

approach has a very high complexity, so that it is good at the design level but not 

good for real-time prediction applications [72]. As for the electric circuit-based 

model, it employs an electric circuit to present the battery performance. This 

method can precisely present battery charge-discharge characteristics. The first-

order Resistor Capacitor (RC) network [73], second-order RC network [74] or 

even third-order RC circuits [75] all have been developed for modelling the 

battery. 
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Shepherd model [76] is one of the experimental-based modelling methods. In 

contrast to the electric circuit-based model, the Shepherd model uses equations 

to describe the charge/discharge process. The relationship amongst the battery 

capacity, SOC, time, current density and other certain factors are expressed. The 

original Shepherd modelling method may cause an algebraic loop problem in the 

closed-loop simulation of modular models [72], but by replacing polarisation 

resistance with the polarisation voltage, the problem has been solved [77, 78]. 

Therefore, the Shepherd model can provide sufficient battery information for the 

energy management problem, only relying on a minimum of experimental data. 

2.3 Energy Management 

In addition to the configuration design and component selection, the energy 

management problem is the last research core regarding hybrid-electric 

propulsion systems. The energy management problem refers to the coordination 

problem among different power sources. Therefore, unlike conventional aircraft, 

the control structure of the hybrid-electric aircraft is a two-level controller, shown 

as Figure 18, in which the supervisory controller is responsible for power splitting 

and the low-level controller regulates each subsystem. In other words, the 

supervisory controller ensures the rationality and efficiency of the entire system, 

while the low-level controller guarantees the stable operation of each component. 

  

Figure 18 General control structure of the hybrid-electric propulsion system. 

For series hybrid-electric propulsion systems, more precisely, the core issue 

inside the supervisory controller is how to distribute power flow between the 

engine and battery pack. The most ideal condition is that the system can 

accomplish the task by consuming the minimum fuel and producing the minimum 



 

35 

emissions. Overall, control strategies are essential for the performance of the 

hybrid-electric power system.  

Different rules may trigger different system characteristics. How to design the 

supervisory controller is the most interesting topic in the research of hybrid-

electric aircraft. Currently, there are two general trends to investigate the overall 

powertrain efficiency: Rule-Based (RB) control and optimization-based control 

[79]. A more detailed classification is listed in Figure 19. 

 

Figure 19 Energy management strategies for hybrid-electric propulsion systems. 

2.3.1 Rule-based Control Strategies 

Rule-based control strategies, or Heuristic control strategies, refer to the use of 

a series of logical statements to describe control instructions. These logical 

statements can be heuristics, intuition, human expertise, etc. [79]. Commonly, 

rule-based control methods only rely on the current states, while the priori or 

future knowledge of the mission is not considered. Therefore, rule-based 

controllers become the most applicable and adaptable methods, especially 

suitable for real-time implementations. 

So far, different RB cRQWURl UXleV haYe beeQ SURSRVed baVed RQ Whe µlRad-leYelliQg¶ 

theory. The load-levelling strategy is to shift the engine operating point to the 

most optimal point as much as possible during the mission. Thus, the engine 

Brake-Specific Fuel Consumption (BSFC) map, the engine emission map, the 
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motor efficiency map and battery efficiency map are the basis for the RB control 

strategies. Based on the applied algorithm, RB strategies can be further classified 

into deterministic rule-based controllers and fuzzy rule-based controllers. 

x Deterministic Rule-Based Control Strategy 

The information of some representative deterministic rule-based control 

strategies is summarized in Table 2. The earliest and simplest deterministic rule-

based control strategy is Thermostat [80, 81], by which the engine can be 

switched on/off according to battery SOC values. Power Follower (PF) is a latter-

proposed rule mentioned in many literatures [82, 83, 84]. It uses two trigger 

parameters - the power requirement and SOC, to regulate the engine. This is the 

most popular heuristic control strategy and applicable to all hybrid systems [79]. 

However, no consideration is given to the emission performance in rules of the 

power follower controller.  

Then, the Adaptive Power Follower (APF) control strategy was developed, which 

is an improved rule that can reduce both energy usage and emissions 

simultaneously [85]. It uses a normalized cost function to compute the impact of 

all candidate operating points, and then selects the point with the minimum impact 

value as the final result. This method can take into account both the engine 

emission and the amount of the consumed fuel, and moreover, other variables 

can also be added into the cost function according to different mission targets. 

By simulating five different cycles, the APF controller proposed in paper [85] 

achieved a 22.7% reduction of NOx but the energy consumption increased 1.4%. 

The fuel rate has been increased to reduce emissions, that is to say the energy 

management problem is a trade-off issue, and the design of weighting factors is 

important for the controller.  
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Table 2 Deterministic rule-based control strategies. 

Methods Description 

Thermostat 

 

PF 

 

APF 
Multiple trigger parameters. 

(Including SOC, power demand, emission, etc.) 

State Machine 

Four states: 
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The last control method, State Machine-based controller, was invented based on 

the state machine logic structure. State machine can guide the vehicle through 

its various operating modes and dynamic control strategies to specify the vehicle 

demands to each subsystems controller [86]. Generally, state machine is suitable 

for discrete inputs or abrupt inputs, while the hybrid-electric system is a 

continuous dynamic system. Therefore, the state machine-based controller is not 

very effective for the power management problem. 

x Fuzzy Rule-Based Control Strategies 

Fuzzy Logic (FL) control strategy is another heuristic method to solve the power 

management problem. It is a linguistic rule-based control approach and capable 

to translate expert knowledge and experience into corresponding rules [87]. 

Compared with other strategies, the fuzzy logic inference system uses 

membership functions and fuzzy rules to determine the output of the control. It 

applies a fuzzification on inputs, so that the FL controller can use membership 

degrees to infer the output rather than using precise values. As a result, the fuzzy 

logic controller can tolerate modelling errors, inaccurate measurements, 

component changes and other uncertainties, which enhances the degree of 

control freedom [79]. Additionally, fuzzy rules can be easily tuned, so that it is 

adaptive to different control purposes and can be formulated into suboptimal 

power splitting problems [88].  

The fuzzy controller is good at the multi-domain, nonlinear and time-varying plant, 

which is exactly the type of the energy management problem. Therefore, the 

fuzzy rule-based control strategy is an effective control method and has been 

widely used in supervisory controllers. Early research followed the basic process 

of the fuzzy logic strategy, that firstly fuzzified inputs into membership degrees, 

then calculated outputs by given rules, and finally used the de-fuzzification to 

convert outputs into proportional control signals [89]. Paper [90, 91]  presented a 

fuzzy controller which can improve all component operating efficiencies. The 

controller XVed Whe iQfRUPaWiRQ Rf dUiYeU¶V SRZeU cRPPaQd, baWWeU\ SOC aQd 

motor speed to determine the split ratio between different power plants and 

achieved a 6.8% and a 9.6% fuel reduction in an urban cycle and a highway cycle 
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respectively. Similarly, Baumann et al. [92] also applied the fuzzy logic theory to 

improve the system performance, which successfully achieved a 23%-35% 

improvement of the whole system efficiency. Lee and Sul [93] applied the fuzzy 

strategy aiming to reduce emissions. It used the acceleration pedal stroke and 

motor rotational speed to determine the best ratio of the torque command, and 

finally realized a 20% of NOx emission reduction compared to a diesel engine 

vehicle in the dynamometer test. Another fuzzy controller, mentioned in paper 

[94], was proposed for improving fuel consumption and reducing pollutant 

emissions simultaneously. The simulation result showed that the system 

achieved a 20% and 5.7% fuel efficiency improvement on real and modal driving 

cycles respectively. The overall amount of emissions was also reduced by using 

the designed controller. 

Fuzzy controllers have good adaptability. It can not only be easily adapted to 

different environments, but also be tuned by other optimization algorithms. In 

other words, conventional fuzzy controllers can be further enhanced if we 

integrate control parameters with optimization methods, current operating 

conditions (i.e. adaptive fuzzy controllers) and predictive upcoming scenarios (i.e. 

predictive fuzzy controllers). Membership Function (MF) shape and distribution 

slightly affect the performance [87]. Wang et al. [95] presented an optimized fuzzy 

controller for a hybrid-electric vehicle, whose membership functions were 

optimized by the genetic algorithm. The result proved that the optimized controller 

can realize a further improvement on the fuel economy, and the controller with a 

genetic-fuzzy logic was robust and easy to be implemented in real time. 

Additionally, on the basis of the work [62, 93], Langari and Won [96] proposed a 

driving situation identifier ± Intelligent Energy Management Agent to improve the 

operation performance. It can recognize driving conditions and driver behaviors, 

including driving environments, driving styles and driving cycles, in order to 

further improve the system efficiency. Paper [97] and [98] also demonstrated a 

driving pattern recognition-based adaptive energy management approach, that 

can identify the real-time driving pattern by classifying the typical driving cycle. 

Zhang and Xiong [98] used the inferred driving pattern and predicted upcoming 

driving environment to generate control signals. The fuzzy logic-based driving 
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block identification module firstly classified the driving condition into three types, 

and based on the driving classification, the controller can apply three different 

control strategies on the system. Three strategies were developed for each 

driving condition respectively and optimized by the dynamic programming 

algorithm. The proposed controller improved the fuel efficiency by 1.5% 

compared with the original controller.  

Furthermore, a prediction of upcoming can be integrated and adapted into fuzzy 

controllers. Hajimiri and Salmasi [99] proposed a predictive fuzzy controller based 

on the predicted future state of the vehicle, which obtained a better system 

performance on fuel consumption and emissions. The state of battery healthy has 

also been taken into the control rules, but the result showed that more fuel 

consumption and more emissions are the price to pay for the sake of the battery 

life.  Moreover, an optimized predictive fuzzy controller has been proposed in the 

paper [100]. It initially predicted the traffic condition, and then determined the 

control strategy by an optimized fuzzy logic inference system, whose membership 

function is tuned by the genetic algorithm. The result showed that the proposed 

controller has successfully reduced power loss and increased fuel efficiency by 

about 20%.  

Compared with the conventional fuzzy logic controller, the adaptive and 

predictive controllers are capable to achieve better fuel economy or emission 

reductions. However, adaptive and predictive controllers request higher level of 

abstractions that increase the computational burden [101]. In other words, these 

advanced control rules sacrifice the low-complexity and ease-implementation to 

obtain a better performance. Overall, the fuzzy controller is suitable for the energy 

management problem and can effectively obtain good results. But due to it is 

based on human expertise, the optimality of solutions cannot be always 

guaranteed. 

2.3.2 Optimization-based Control Strategies 

According to the literature, rule-based controllers can reduce fuel rate and 

emissions, but their capabilities are limited due to they are designed relying on 

human experiences. Thus, contending optimization-based controllers have been 
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developed for hybrid-electric propulsion systems. Supported by theoretical basis 

and according to given cost functions, these controllers are able to find the most 

optimal solution for systems. Furthermore, based on whether the control strategy 

involves future information, i.e. whether it can be applied in real-time, 

optimization-based control methods can fall into two classifications: causal (real-

time) optimization and no-causal (global) optimization. Recent bibliometric 

reveals that optimization-based controllers grasp more attention in research with 

a percentage of 56.7% compared to rule-based approaches 32.9% [102]. 

x Non-Causal (Global) Control Strategies 

Generally, a controller whose instant response depends on future values of inputs 

is called as a non-caXVal cRQWURlleU. FRU WhiV VWXd\, Whe µQRQ-caXVal¶ UefeUV WR Whe 

optimization problem along with the complete mission profile. Moreover, since the 

non-causal control strategy requires future mission requirements, this kind of 

cRQWURlleU iV alVR kQRZQ aV µglRbal RSWiPi]aWiRQ-baVed¶, fRU Zhich Whe eQWiUe 

PiVViRQ iQfRUPaWiRQ iV WakeQ aV Whe µglRbal iQfRUPaWiRQ¶.  

As the non-causal optimization-based controller contains future samples, so that, 

to some extends, it is difficult to implement non-causal controllers in practical 

cases. In other words, unless the upcoming mission information is prior-known, 

the non-causal control algorithm is hard to be realized for actual applications. On 

the other hand, the non-causal optimization control method augments the 

computational load due to the calculation scale has been extended. This feature 

increases the optimality of the result, but limits the applicability for real-time 

utilizations. Therefore, non-causal controllers are always applied offline to assist 

or evaluate other control algorithms [102]. 

Linear Programming (LP) is a typical non-causal controller, which was firstly 

applied to hybrid-electric systems in the 1990s [103]. Many research endeavours 

applying LP to improve fuel economies [104, 105, 106]. The linear programming 

algorithm firstly simplifies the nonlinear hybrid-electric powertrain into a less-

complex linearized model, then finds the near optimum result through several 

solvers. In paper [107], the original convex power management problem was 

converted into a discrete-time linear problem by neglecting power bus voltage 
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ripples and engine transients, and the controller successfully achieved an 8% fuel 

consumption reduction for a series hybrid-electric propulsion system. However, 

since some of hybrid-electric propulsion systems are too complex to be 

linearized, the performance obtained by linear programming is restricted [89]. 

Dynamic Programming (DP) is another most-studied non-causal control methods 

for the power management of hybrid-electric power systems. The technique is 

baVed RQ BellPaQ¶V PUiQciSle Rf OSWiPaliW\ [108], which solves the underlying 

problem sequentially by backwards calculating the optimal control of each state 

at every step [109]. Therefore, DP algorithm is good at multistage problems, and 

can guarantee the global optimality of the solution [110]. At present, numerous 

studies managed power flows by using DP to calculate the power splitting ratio 

between the combustion engine and the battery pack and have achieved good 

results [111, 112]. Few research utilized DP indirectly, for example [113, 114], 

that extracted the optimal solution of subsystems, such as the gear-shifting ratio, 

to assist the energy management. In general, dynamic programming is an 

effective method, but it requests future information and high computation loads. 

Thus, some research aiming to reduce the DP computational burden of the 

energy management problem have been proposed, and results revealed that the 

solution optimality might be sacrificed for lower computation [115, 116]. 

Therefore, broadly speaking, the dynamic programming optimization-based 

controller is able to determine an exclusively optimal solution for the problem, but 

is hard to solve practical real-time problems. Later, in order to further improve the 

adaptability of DP, the Stochastic Dynamic Programming (SDP) method was 

invented and applied to hybrid-electric vehicles [117]. Instead of being optimized 

over an entire mission, the split ratio was optimized over a family of random 

driving cycles, which reduced the amount of calculation and outperformed the 

conventional DP controller. More interestingly, the SDP optimization is not a real-

time solution by nature, but the control values can be used for real-time 

implementations [118]. 

Inspired by the evolutionary mechanism, the metaheuristic control method ± 

Genetic Algorithm (GA) has also been applied for the energy management 
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problem in some research. The algorithm initially postulates a set of 

chromosomes as the initial population, then evaluates the performance of each 

individual through a fitness function. After that, it selects individuals and creates 

a sequence of new population along with genetic operators ² crossover and 

mutation, and repeats abovementioned procedures until one of the stopping 

criteria is met. Genetic algorithm is a common optimization approach and can 

handle different operational constraints. Paper [119] and [120, 121] proved the 

suitability of GA to hybrid-electric vehicles.  

Convex optimization is another non-causal control method. Due to it has low 

computational complexity, convex optimization can optimize multiple issues at 

the same time. The algorithm was firstly applied by Murgovski [122, 51] and Elbert 

[123], to solve the sizing and power management problem of hybrid-electric 

vehicles. Then, Murgovski [124] further investigated the sizing optimization by 

adding a variable of the battery lifetime into the sizing process, and obtained a 

different optimal result from the former result. Later, Xie [60] extended that work 

to hybrid-electric aircraft. It firstly converted the energy management problem into 

a convex question, and then implemented two techniques ± change of variables 

and equality relaxation, to convexify the concave constraints. The study testified 

that the convex optimization method is robust to the disturbance in power 

demand, and it can obtain optimal results under both charge-depleting and 

charge-sustaining environments. Therefore, in general, the convex optimization-

based control strategy is able to solve both sizing and power splitting problems, 

and it can take less time than DP even in the presence of active constraints.  

Many other non-causal control strategies, such as particle swarm optimization 

[125], game theory [126, 127], DIRECT [128] and Space Exploration Unimodal 

Region Elimination [129], have been implemented for the supervisory controller 

of hybrid-electric vehicles as well. They are different from each other, but they all 

can deliver a global optimal solution for the system. 

x Causal (Real-time) Control Strategies 

Generally, a controller whose output only depends on present and past inputs is 

called as a causal controller. Since they do not need future information, causal 
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control methods are also called as real-time control strategies, and they are 

practically realizable for most of applications. So far, numerous causal 

technologies have been introduced into hybrid-electric power systems and 

obtained good performance, a brief review is given in the sequel. 

PRQWU\agiQ¶V Ma[iPXP PUiQciSle (PMP) iV a claVVic causal control strategy, which 

is able to solve real-time constrained optimization problems under reasonable 

assumptions. There are two advantages of PMP controllers. The first is that it can 

convert a non-causal optimization problem into a corresponding Hamiltonian 

minimization, which simplifies the problem and enables that to be solvable in real-

time [130]. Secondly, it can provide an analytical solution to the power 

management problem [131, 132]. Paper [133] demonstrated the global optimality 

of the PMP principle from a mathematical viewpoint under reasonable 

assumptions. PMP method provides a theoretical feasibility for real-time 

applications, however, the large computational cost still limits its practicality. 

Thus, the study described in the paper [134], used quadratic programming to 

reduce the computational cost.  

For hybrid-electric systems, the most representative causal control method is the 

Equivalent Cost Minimization Strategy (ECMS). Pisu and Rizzoni [83] proved the 

capability of ECMS to yield a near optimal solution at lower computational loads. 

Paganelli et al. [135] applied ECMS to convert the on-board electric energy 

depletion into an equivalent fuel consumption by using equivalent factors, and 

predicted the future cost that can compensate for the consumed energy. There 

are two challenges in ECMS: 1) the estimation of the equivalent factor, 2) 

transient dynamics of power sources [89]. Literature found that equivalent factors 

affect the performance of the controller, so that some studies applied Hamilton-

Jacobi-Bellman equation [136, 137], genetic algorithm [138] or other optimization 

technologies to find the most optimal equivalence factor to improve the result. 

There is one limitation amongst ECMS controllers that they cannot sustain the 

battery SOC due to that equivalence factors need to be evaluated off-line. To 

eliminate this drawback, adaptive-ECMS and predictive-ECMS control strategies 

were both developed. The adaptive ECMS can adjust the original factor based 
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on a penalty function of the current SOC value [139], while the predictive ECMS 

is based on the predicted future system behaviors [140].  

Robust control and extremum seeking are two other real-time optimization 

methods. Robust control can handle systems with uncertain parameters, 

unknown models, disturbance inputs, inaccurate measurements and high-

nonlinear dynamics. They can maintain high stability and robustness, but may 

cause heavy computational burdens and fail to obtain near-optimal solutions [83]. 

Extremum seeking is a model-free optimization control strategy. It uses the 

periodic excitation input to stimulate the system plant, then probes the gradient 

and seeks the minimum value at the zero-gradient locations [141]. Bi]RQ¶V ZRUk 

[142] realized a 1% ± 2.1% improvement of the energy efficiency by using the 

extremum seeking algorithm. 

Model Predictive Control (MPC) is one popular intelligent optimal control strategy 

suitable for real-time applications. Basically, the MPC algorithm is a feedback law 

based on prediction, optimization and receding horizon implementation. Future 

control inputs and future plant responses are predicted and optimized at regular 

time intervals with respect to a performance index. The first element of the 

calculated optimal control sequence will input into the system. With a sound 

theoretical basis, if a reasonably accurate dynamic system model is available, the 

MPC strategy can solve large scale control problem with multi-variables. MPC 

can also handle constraints of control inputs and states no matter the plant model 

is linear or nonlinear. Numerous relevant researches focused on improving fuel 

efficiency. Based on the MPC methodology, paper [143] proposed three optimal 

controllers for a parallel hybrid-electric power system. The simulation result 

showed that the controller obtained 1% ² 3% improvement on fuel consumption, 

and it also proved that the fuel rate can be further reduced by more information. 

In paper [144], Balaji designed a linear MPC controller to reduce fuel 

consumption. Compared with the result of dynamic programming, the execution 

time was shortened by 94-98%, but the fuel consumption is 17% ²30% worse 

than that of DP. Furthermore, the paper [145] and [146] proposed two MPC-

based control strategies ± linear and nonlinear MPC controllers for a power-split 
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hybrid-electric power system. Since the nonlinear MPC controller obtained a 

better fuel efficiency than the linear one, the study proved that the short-horizon 

MPC algorithm is applicable for solving the real-time fuel minimization problem 

online in a nonlinear framework. Instead of emphasizing on fuel consumption, 

Cairano [147, 148]  proposed a linear MPC-based controller to maximize the 

pointwise powertrain efficiency for a series hybrid-electric vehicle. Through 

experimental testing in city and highway cycles, engine operating points were 

concentrated in a small high-efficient area, and increased fuel economy by 5.7% 

and 4.6% compared with results of the load-following and load-leveling 

deterministic controllers respectively. After that, Cairano [149] developed a driver 

behavior predictive controller based on the stochastic MPC algorithm. The new 

controller can further improve engine efficiency by re-configuring for 

accommodating changes in driver behavior. As for the latest research, dual-loop 

nonlinear MPC frameworks have been established for hybrid-electric vehicles 

[150, 151]. Presented in paper [150], the controller firstly solved a low-sampling 

rate MPC problem to determine the long-term battery SOC variation for the entire 

predictive driving cycle, and then fed the SOC variation to the inner MPC loop in 

order to control the plug-in hybrid electric vehicle. Paper [151] presented another 

two-level MPC controller to split energy flows. The high-level controller calculated 

the travel time and battery energy, while the low-level determine the engine 

operating parameters based on the result from the high-level controller. The result 

showed that the proposed controller can reduce 8% ± 39% fuel consumption and 

improve driving comfort simultaneously.  

2.3.3 Summary 

Non-causal optimization-based control strategies require future mission 

information to achieve a more optimized solution. However, also for this reason, 

non-causal methods request a large amount of calculation and are hardly to be 

applied for practical problems. Therefore, non-causal controllers are always 

utilized offline, and work as a benchmark to assist or assess other control 

algorithms. Causal control algorithms generate control instructions for the next 

step only based on current and past information that are universally applicable 
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for real-time implementations. However, causal optimization-based algorithms 

cannot guarantee the optimality of the result, and they may not able to meet 

system constrains if the controller is not designed properly. 

Overall, different control strategies are suitable for different control goals. The 

control method should be selected based on objectives and circumstances. If the 

information of the entire task is available, non-causal optimization-based 

controllers may outperform other controllers. However, in practice, the future 

information is always not prior-known, so that real-time controllers are more 

promising for practical uses. 

2.4 Conclusion 

This section mainly contains a literature review of hybrid-electric power systems. 

It consists of three parts: system design, subsystems and control strategies. 

Firstly, it discussed the design process, where different configurations and 

common sizing methods are discussed. Then, it introduced subsystems and 

listed their feasible modelling methods. After that, it gave a review about control 

strategies applying to the energy management problem. Both rule-based and 

optimization-based methods have been discussed and some representative 

control algorithms are introduced in detail.  
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3 SYSTEM DESIGN AND MODELLING 
 

 

A good hybrid-electric propulsion system consists of a well-designed 

configuration, appropriate components and an intelligent power management 

strategy. This chapter will present the design process and the modelling method 

for each component of the distributed series hybrid-electric propulsion system. 

The configuration of the proposed system will be firstly demonstrated, which is 

the first objective of this thesis as shown in Figure 20, followed by a feature 

analysis for the predicted system characteristics. After that, modelling methods 

of the engine, motor/generator and battery pack will be introduced individually.  

 

Figure 20 Chapter 3 structure. 

3.1 System Design 

As an indispensable means of transportation, aircraft brings many benefits to 

human life. With its continuous development, the raising awareness of negative 

aviation impacts inspired the research into sustainable aviation, thereby reducing 

aircraft fuel consumption and pollutant emissions. Commonly, hybrid aircraft has 

an opportunity to improve both above goals by applying multiple sources of 

energy. Therefore, this project proposed a new type of aircraft power system ±

Distributed Series Hybrid-Electric Propulsion System (DSHEPS).  



 

50 

For hybrid-electric propulsion systems, different configurations perform different 

characteristics. As the first proposed configuration, the structure of the series 

hybrid is the simplest compared to other hybrids. In addition, the series hybrid 

processes a most attractive advantage which effectively decouples the engine 

from the propulsion output. This characteristic allows the engine to keep 

operating in the high-efficient area no matter how much power is currently 

required. In other words, the series hybrid-electric propulsion system has the 

potential to obtain high fuel efficiency and being highly electrified. Therefore, the 

novel hybrid-electric propulsion system was designed based on the conventional 

series hybrid configuration. 

Conventional series configurations have two main drawbacks: 1) energy loss; 2) 

heavy mass. Energy loss is caused by repeated energy conversions, and the 

system weight is burdened by an additional generator (please find the detailed 

explanation in chapter one). Therefore, two novel techniques are integrated into 

the original structure to improve its performance.  

The first intelligent concept is the distributed propulsion technology, which uses 

multiple small motors and propellers to propel the aircraft. This propulsion layout 

can improve the aerodynamic property of wings and reduce the weight of the 

system [152]. Many small propellers distributed span-wise along the wing blow 

the wing during take-off and landing, which can effectively reduce the dynamic 

pressure over the wing and increase the lift. Moreover, this characteristic can 

reduce the wing area, and the smaller wing can further reduce cruise drag. 

Overall, the distributed propulsion technique benefits the system performance 

and reduces aircraft weight, which can compensate shortcomings of the series 

configuration. 

The second modification is learned from the More Electric Aircraft concept [153, 

154], which adds other electric loads into the main propulsion system. This 

integration simplifies the system and reduces the number of equipment on the 

aircraft, so that the usage rate of each component could be increased. To further 

improve the system efficiency, the electric taxiing proposal can also be adopted 



 

51 

into the new propulsion system. As a result, an example of flight stages of the 

designed hybrid-electric aircraft is shown in Figure 21. 

 

Figure 21 Flight stages of hybrid-electric aircraft. 

Combining those two improvements can result in a rough system configuration, 

as illustrated in Figure 22. The left part consists of two power sources (the engine 

and the battery pack) and other electric loads of the aero vehicle. The right part 

of the system are motors and propulsors, whose number can be different values. 

This study initially applied six small motors and six propellers, but the number 

could be modified in the future. Based on the dynamic property of each 

component and the design proposal, a detailed system flowchart can be obtained 

which is shown in Figure 23.  

 

Figure 22 Distributed series hybrid-electric propulsion system. 
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Figure 23 Schematic diagram of the designed distributed series hybrid-electric propulsion system. 
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Figure 24 System layout. 

The system can be divided into three parts. The first module is the power source 

module, which mainly provides energy to the other two parts. The module is 

composed of an engine, a generator, a battery pack and a converter. The engine 

produces energy by burning the fuel and the generator converts that energy into 

electricity. The engine and the generator are mechanically locked together, which 

can be considered as a power plant converting fuel into electrical energy. The 

battery pack is the storage unit of Module A. Because the battery pack can 

response quickly, the battery pack is a buffer between the engine-generator set 

and system loads. Hybrid-electric propulsion systems are usually equipped with 

a small engine, i.e. the maximum capacity is lower than the maximum power 

demand. Thus, when the power requirement is larger than the engine capacity, 

the battery pack discharges and supplies electricity to system loads in order to 

compensate for the shortfall. Vice versa, if the power requirement is lower than 

the engine-generator output, the excess electrical energy will charge the battery. 

Overall, the input of module A is fossil fuel and stored electrical energy, and the 

output is electricity. The primary supervisory controller in this part is used to 

coordinate the engine-generator and the battery pack.  
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The second part of the system is other electric loads. This module reveals the 

MEA technology, which integrates other electric loads into the entire system. 

Electric loads commonly refer to aircraft avionics, including communications, 

navigations, the display and other hundreds of functional systems. If the main 

propulsion system can power all electronic systems of aircraft, it is not necessary 

to allocate another electric system on aircraft. Therefore, it is worthy to combine 

the propulsion system with avionics together so that the number of system 

components and the total aircraft weight could be both reduced.   Furthermore, 

the battery can also provide energy to support an electric taxiing. In which, if the 

remaining energy of the battery pack is capable to realize an electric taxiing after 

aircraft landing, the engine can be shut down earlier and applied an electric motor 

to drive the aircraft. This tentative plan is able to further reduce aircraft fuel 

consumption and increase system efficiency.  

The third part is the propulsion load, which is responsible for propelling the 

aircraft. The module currently adopts a symmetrical structure assembling by six 

motors and six propellers. According to aerodynamic properties proposed in the 

literature, two motors at wingtips are different from other motors. Please note that 

both motors and propellers should be carefully selected, since their size can 

affect the aircraft aerodynamic properties. There are six converters in the diagram 

that corresponds to each motor respectively. These converters are always 

required in practice regardless if voltages are same or different. In addition, there 

are two integral parts in this module: the fault diagnosis and the pilot drive system. 

The fault diagnosis system monitors the operation of each motor and propeller. 

The pilot drive system is used for assigning instructions to each propeller to 

complete the mission. If one motor or propeller fails, the pilot drive function can 

re-calculate the mission and re-issue the command. Therefore, the proposed 

distributed series hybrid-electric propulsion system possesses re-configurability 

and higher flexibility to handle emergency situations. Please note that these two 

functional parts are crucial to the system, but they are not looked as part of this 

thesis work. Related work is recommended for future research. 
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In the long term, the designed system is still competitive compared with others. 

Firstly, the electrification degree of this configuration is relatively higher than other 

hybrids, so that the system is easy to install, and all components can be sparsely 

allocated. Secondly, since there is no complex mechanical transmission, the 

DSHEPS is ease-maintenance, that both the battery pack and the engine-

generator set can be easily replaced. The next advantage of the system is its high 

flexibility. At present, the power-to-weight ratio of the battery is quite low. Thus, 

the engine is the main power source, while the battery pack acts as an auxiliary 

component and a buffer of the system. Assuming the battery technology can be 

significantly improved in the future, the emphasis can be shifted. If the battery is 

high powerful, the engine will operate as an auxiliary device and exist as the 

emergency power source in case of battery-failure conditions. Overall, the 

designed hybrid-electric power system has strong competitiveness and potential 

to achieve higher efficiency and lower emissions. 

3.2 Modelling 

The performance of the designed system is simulated by using MATLAB Simulink 

and Simscape system-based software packages. The modelling method of each 

main component are demonstrated in the sequence. 

3.2.1 Internal Combustion Engine 

The engine dynamic is displayed by a simplified mean value model [155]. The 

simplified MVM method is an experimental data-based modelling method, which 

cannot illustrate manifold dynamics but reserves the dynamic between the engine 

speed and throttle demand. In the simplified MVM, the engine torque can be 

obtained by: 

𝑇𝑒,𝑟𝑒𝑓 = 𝑓(𝛿𝑒, 𝜔𝑒, 𝑒𝑎𝑖𝑟ሻ + 𝑇𝑒,𝑖𝑑𝑙𝑒 (3-1) 

Where, 𝑇𝑒,𝑟𝑒𝑓 UefeUV WR Whe UeTXeVWed eQgiQe WRUTXe, 𝑇𝑒,𝑖𝑑𝑙𝑒 iV Whe idle WRUTXe fURP 

idle VSeed cRQWURlleU, Whe WeUP 𝑓(𝛿𝑒,𝜔𝑒, 𝑒𝑎𝑖𝑟ሻ  iV aQ fXQcWiRQ Zhich iPSlieV Whe 

UelaWiRQVhiS beWZeeQ Whe WhURWWle cRPPaQd 𝛿𝑒 , Whe aQgXlaU YelRciW\ 𝜔𝑒  aQd Whe 
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cRefficieQW 𝑒𝑎𝑖𝑟 . 𝑒𝑎𝑖𝑟  iV aQ alWiWXde-UelaWed cRefficieQW WR cRPSeQVaWe Whe eQgiQe 

lRVV caXVed b\ Whe YaUiaWiRQ Rf aiU deQViW\. 

𝑇̇𝑒(𝑡ሻ = −
1
𝜏𝑒
𝑇𝑒(𝑡ሻ +

1
𝜏𝑒
𝑇𝑒,𝑟𝑒𝑓(𝑡 − 𝛿𝑒,𝑝𝑟𝑐) (3-2) 

The equation (3-2) shows the relationship between the requested torque 𝑇𝑒,𝑟𝑒𝑓 

and the induced torque 𝑇𝑒(𝑡ሻ. The WiPe cRQVWaQW 𝜏𝑒 iV Whe WiPe fRU iQWake fXel/aiU 

Pi[WXUe, aQd 𝛿𝑒,𝑝𝑟𝑐 VWaQdV fRU Whe WiPe SeUiRd fRU RQe eQgiQe SURceVV. 

The URWaWiRQal d\QaPic Rf Whe eQgiQe caQ be gRYeUQed b\ (3-3), where 𝐽𝑒 iV Whe 

iQeUWia Rf Whe eQgiQe aQd 𝑇𝑒,𝑙𝑜𝑎𝑑 iV Whe WRUTXe Rf Whe lRad. IQ VeUieV h\bUidV, dXe WR 

Whe eQgiQe aQd Whe geQeUaWRU cRXSled WRgeWheU, Whe lRad WRUTXe Rf Whe eQgiQe 

eTXalV WR Whe WRUTXe Rf Whe geQeUaWRU. BeVideV, Whe UeVWUicWiRQ Rf Whe eQgiQe VSeed 

VhRXld alVR be iPSRVed RQ Whe RXWSXW Rf URWaWiRQal d\QaPicV PRdXle. 

𝑑𝜔𝑒
𝑑𝑡 = (𝑇𝑒 − 𝑇𝑒,𝑙𝑜𝑎𝑑ሻ 𝐽𝑒⁄  (3-3) 

3.2.2 Electric Motor & Generator 

Under three assumptions, the Permanent Magnet Synchronous Motor                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             

could be modeled by the 𝑑 − 𝑞  model [69]. The 𝑑 − 𝑞  model uses some 

differential equations and coordinate transformations to reveal the recursive 

mathematical logic of the PMPM operating process. For PMSMs, the stator uses 

three-phase current to stimulate magnet (𝑎𝑏𝑐 frame), while the rotor uses a Direct 

Current (DC) current to do that (𝑑 − 𝑞 frame). Therefore, the ′𝑎𝑏𝑐′ − 0 − ′𝑑 − 𝑞′ 

transformation is important in the modelling. 

At first, the dynamic behavior of the motor can be described by (3-4) and (3-5) 

based on the 𝑑 − 𝑞 frame, where the subscript 𝑑 and 𝑞 refer to the 𝑑 − and 

−𝑞 axis respectively. 

𝑉𝑑 = 𝑅𝑠 ∙ 𝑖𝑑 + 𝐿𝑑 ∙
𝑑𝑖𝑑
𝑑𝑡 − 𝜔𝑟 ∙ 𝐿𝑞𝑖𝑞 (3-4) 

𝑉𝑞 = 𝑅𝑠 ∙ 𝑖𝑞 + 𝐿𝑞 ∙
𝑑𝑖𝑞
𝑑𝑡

+ 𝜔𝑟(𝐿𝑞𝑖𝑞 + 𝜆𝑎𝑓) (3-5) 
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In above equations, 𝑉 presents the stator voltage, 𝑖 is the stator current and 𝑅 

refers to the resistance. The parameter 𝐿 presents the stator inductances, 𝜔𝑟 is 

the angular speed of the stator electromagnetic field, and 𝜆𝑎𝑓 refers to the magnet 

mutual flux linkage. These two formulas could be rewritten to: 

𝑖𝑑 = ∫(
𝑉𝑑 − 𝑅𝑠 ∙ 𝑖𝑑 + 𝜔𝑟 ∙ 𝐿𝑞𝑖𝑞

𝐿𝑑
)𝑑𝑡 (3-6) 

𝑖𝑞 = ∫ቆ
𝑉𝑞 − 𝑅𝑠 ∙ 𝑖𝑞 − 𝜔𝑟 ∙ (𝐿𝑞𝑖𝑞 + 𝜆𝑎𝑓ሻ

𝐿𝑑
ቇ𝑑𝑡 (3-7) 

The rotational dynamic of the motor is shown by (3-8): 

𝑇𝑚 = 𝑇𝑚,𝑙𝑜𝑎𝑑 + 𝑇𝑚,𝑙𝑜𝑠𝑠 + 𝐽𝑚
𝑑𝜔𝑚
𝑑𝑡  (3-8) 

where, 𝑇𝑚,𝑙𝑜𝑎𝑑 is the load torque requested by the propeller, 𝑇𝑚,𝑙𝑜𝑠𝑠 refers to the 

motor torque loss,  𝐽𝑚 is the moment of inertia and 𝜔𝑚 represents the speed of 

motor. The motor torque loss 𝑇𝑚,𝑙𝑜𝑠𝑠 , including friction loss and damping, is 

approximated by the efficiency map supplied by manufacturers [60]. There is an 

important relationship between the motor speed and the stator electromagnetic 

field speed as illustrated by Equation 3-9, where the parameter 𝑃𝑝𝑜𝑙𝑒  is the 

number of pole pairs. 

𝜔𝑟 = 𝜔𝑚 ∙ 𝑃𝑝𝑜𝑙𝑒 (3-9) 

Motor torque 𝑇𝑚 is given by: 

𝑇𝑚 =
3
2
𝑃𝑝𝑜𝑙𝑒ሾ𝜆𝑎𝑓𝑖𝑞 + (𝐿𝑑 − 𝐿𝑞ሻ𝑖𝑑𝑖𝑞ሿ (3-10) 

Based on the equation (3-8) and (3-9), the angular velocity of the motor 𝜔𝑚, and 

the angle 𝜃 between the stator phase A and the rotor could be obtained: 

𝜔𝑚 = ∫(
𝑇𝑚 − 𝑇𝑚,𝑙𝑜𝑎𝑑 − 𝑇𝑚,𝑙𝑜𝑠𝑠

𝐽𝑚
) 𝑑𝑡 (3-11) 

𝜃 = ∫𝜔𝑟𝑑𝑡 = 𝑃𝑝𝑜𝑙𝑒 ∙ 𝜃𝑚 = 𝑃𝑝𝑜𝑙𝑒 ∙ ∫𝜔𝑚𝑑𝑡 (3-12) 
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The angle 𝜃 is an important parameter in the ′𝑎𝑏𝑐′ − 0 − ′𝑑 − 𝑞′ transformation, 

based on that, the voltage and current of each phase could be transformed into 

𝑑 − 𝑞 frame or vice versa. The transformation is shown as below. 

[
𝑖𝑎
𝑖𝑏
𝑖𝑐
] =

[
 
 
 
 

𝑐𝑜𝑠𝜃 − sin 𝜃

𝑐𝑜𝑠 (𝜃 −
2
3 𝜋) − sin (𝜃 −

2
3 𝜋)

cos(𝜃 +
2
3𝜋ሻ −sin(𝜃 +

2
3 𝜋ሻ ]

 
 
 
 
∙ [
𝑖𝑑
𝑖𝑞] 

(3-13) 

𝑉𝑑 =
2
3 ሾcos 𝜃 ∙ 𝑉𝑎 + cos (𝜃 −

2
3 𝜋) ∙ 𝑉𝑏 + cos(𝜃 +

2
3 𝜋ሻ ∙ 𝑉𝑐ሿ 

(3-14) 

𝑉𝑞 = −
2
3 ሾsin𝜃 ∙ 𝑉𝑎 + sin (𝜃 −

2
3𝜋) ∙ 𝑉𝑏 + sin(𝜃 +

2
3 𝜋ሻ ∙ 𝑉𝑐ሿ 

(3-15) 

Based on above equations, the motor dynamic in each second could be 

determined. Since the electric motor is able to be used as a generator, the 

modelling approach of the generator is same as that of the motor, the only 

difference is that 𝑇𝑚,𝑙𝑜𝑎𝑑 is a negative value. 

3.2.3 Battery 

In this study, the battery model should be able to represent the charge/discharge 

curve of lithium batteries, especially the variation amongst the battery current, 

voltage and SOC. The modelling method, which was firstly proposed by 

Shepherd in 1965 [76] and then improved by Tremblay [77, 78], is applied for 

modelling the battery pack in this study. This battery modelling method neglects 

the RC circuit dynamics but can display the relationship between the battery 

open-circuit voltage and current. 

The Shepherd model is a fitting process based on experimental data.  Under four 

assumptions: 1) The anode and/or cathode have porous active materials; 2) The 

electrolyte resistance is constant through discharge; 3) The cell is discharged at 

a constant current; 4) The polarization is a linear function of the active material 

current density [76], the discharge performance of the battery pack could be 

predicted by the battery current: 
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𝐸 = 𝐸0 − 𝐾 ∙
𝑄

𝑄 − ∫ 𝑖𝑑𝑡
∙ 𝑖 − 𝐾 ∙

𝑄
𝑄 − ∫ 𝑖𝑑𝑡

∙ 𝑖∗ + 𝐴𝑏𝑒−𝐵𝑏𝑄
−1∙∫ 𝑖𝑑𝑡 (3-16) 

and, the battery SOC is: 

𝑆𝑂𝐶 =
𝑄 − ∫ 𝑖𝑑𝑡

𝑄  (3-17) 

In the equation (3-16), 𝐸 is the open-circuit voltage of the battery, 𝐸0 is the battery 

constant voltage, and 𝐾 is the polarization coefficient. In addition, 𝑄 refers to the 

total capacity of the battery pack. As a result, the term (𝑄 − ∫ 𝑖𝑑𝑡ሻ calculates the 

instant battery capacity, where 𝑖  is the battery current and ∫ 𝑖𝑑𝑡  presents the 

actual discharged energy. The starred parameter 𝑖∗ refers to the filtered current 

obtained by a low pass filter. It can not only solve the algebraic loop problem, but 

also reproduce a slow dynamic behavior of battery voltage for a step response 

[77]. The last term 𝐴𝑏𝑒−𝐵𝑏𝑄
−1∙∫ 𝑖𝑑𝑡 gives an estimation of the initial potential drop, 

in which the parameter 𝐴𝑏  is the exponential voltage coefficient and 𝐵𝑏  is the 

exponential capacity coefficient. Both two parameters are empirical constants 

obtained from the discharge curve [76]. 

There is a difference between the discharging and charging process that the 

polarization resistance 𝐾  will increase along with the charged energy ∫ 𝑖𝑑𝑡 

decreases. As a result, the charging performance could be described by: 

𝐸 = 𝐸0 − 𝐾 ∙
𝑄

𝑄 − ∫ 𝑖𝑑𝑡
∙ 𝑖 − 𝐾 ∙

𝑄
∫ 𝑖𝑑𝑡

∙ 𝑖∗ + 𝐴𝑏𝑒−𝐵𝑏𝑄
−1∙∫ 𝑖𝑑𝑡 (3-18) 

However, if the battery pack is fully charged, the current will decrease to zero and 

the term 𝑄
∫ 𝑖𝑑𝑡

 will become infinite. It is not practical and may cause a 

computational issue. Therefore, based on the shifting of the contribution of the 

polarisation resistance, the characteristic function of the battery charging could 

be updated to: 

𝐸 = 𝐸0 − 𝐾 ∙
𝑄

𝑄 − ∫ 𝑖𝑑𝑡
∙ 𝑖 − 𝐾 ∙

𝑄
(∫ 𝑖𝑑𝑡ሻ−0.1𝑄

∙ 𝑖∗ + 𝐴𝑏𝑒−𝐵𝑏𝑄
−1∙∫ 𝑖𝑑𝑡 (3-19) 
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Then, the closed-circuit voltage is able to be determined by the current and the 

internal resistance 𝑅𝑏. 

𝑉𝑏 = 𝐸 − 𝑖 ∙ 𝑅𝑏 (3-20) 

3.3 Conclusion 

This section presented the design process of the proposed distributed series hybrid 

electric propulsion system, as well as modelling methods of the engine, electric 

motor/generator and Li batteries. It started with the system design process, where 

emphasizing two improvements of the new proposed system. The detailed system 

flowchart and characteristic analysis are illustrated. Thereafter, this chapter 

presented different modelling methods for each main equipment. The dynamic 

characteristics of the internal combustion engine were achieved by a simplified MVM 

model, which mainly revealed the relationship between the engine throttle and engine 

torque. The electric motor/generator was modelled by the 𝑑 − 𝑞 model. Based on the 

recursive mathematic logic, the model can show the electromagnetic dynamics. 

As for Li-batteries, the Shepherd model is applied to describe the 

charge/discharge characteristics. All models can respond quickly and be 

constructed by MATLAB.



 

61 

 

 

 

4 ENGINE SIZING 
 

 

Since the configuration has been determined, each component could be selected 

sequentially based on mission requirements and standards. This chapter will mainly 

talk about the sizing method for the engine, which is the first target in the second 

objective. 

  

Figure 25 Chapter 4 structure. 

 

Indirect Engine Sizing via Distributed Hybrid-Electric UAV State-of-
Charge Based Parametrisation Criteria 

Abstract 

This paper presents a design process for the challenging problem of sizing the engine 

pack for a distributed series hybrid electric propulsion system of unmanned aircraft 

vehicle. Sizing the propulsion system for hybrid electric UAVs is a demanding problem 

because of the two different categories of propulsion, (the engine and the motor), and 

the electrical system characteristics. Furthermore, what adds to the difficulty is that the 

internal combustion engine does not directly drive the propellers, but it is connected 

to an electrical generator and therefore provides electrical power to the electric motors 

and propellers. Hence there is a clear distinction from the traditional engine solutions 

which are mechanically coupled to the propeller. This paper addresses this specific 

distinction and proposes an indirect solution based on properties on the electrical part 
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of the system. In particular, a novel parametric characterisation engine sizing 

approach is presented using the battery pack SOC during a realistic UAV flight 

scenario. Five candidate engine options were considered with different starting 

conditions for the electrical system. The results show that by using the SOC properties 

it is possible to select an appropriate size of engine pack while carrying a suitable 

electrical propulsion pack. However, the solutions are not unique and are appropriate 

for given design criteria clearly indicated in the paper. 

4.1 Introduction  

In the past couple of decades, the largest growth in commercial air transport have a 

big impact and changed the world in numerous ways, primarily by increasing the speed 

of travel, aiding growth in the international business, and making the world more 

connected. However, a conventional aircraft consumes a large amount of fuel during 

each flight and simultaneously emits greenhouse gases, noise, heat, and particulates. 

To prevent the exacerbation of aircraft negative impact on energy supply and 

environment, a higher fuel-efficiency and more environmental-friendly propulsion 

system is required. In general, there are three ways to improve aircraft performance: 

(a) optimization of the existing aircraft propulsion systems; (b) development of new 

propulsion components, and (c) a combination of existing propulsion subsystems into 

hybrid powertrains. Based on the third method, this paper presents a novel Distributed 

Series Hybrid Electric Propulsion System for an UAV.  

At present, NASA, Airbus, Boeing, and many other companies are investing in hybrid-

electric aircraft research to improve aviation performance. The most successfully 

tested hybrid-electric aircraft are UAVs and small-scale aircraft. Due to the fuel having 

higheU SRZeU deQViW\ WhaQ baWWeUieV¶, Whe fXel V\VWeP cRQWaiQV PRUe eQeUg\ WhaQ aQ 

electric system for the same mass. Therefore, hybrid electric UAVs always can survive 

a longer flight. Hybrid UAVs emerged from 2010s, and to date, the one with the longest 

endurance is µALTI Transition¶, which offers up to 12 hours flight carrying no payload. 

University of Colorado Boulder [1], Queensland University of Technology [2], and U.S. 

Airforce Research Laboratory [3] all have researched this area. The other ongoing 

small hybrid aircraft project is µAIRSTART¶, project in the UK, which is aiming to 

develop a parallel hybrid propulsion system to support routine small UAV operations 

beyond visual line of sight [4]. 
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In terms of the hybrid-electric midscale demonstrators, several aircraft have been 

successfully tested. The µAlatus¶ motor-glider, designed by Cambridge University, 

firstly realized a parallel hybrid electric power system. It utilises a 2.8kW internal 

combustion four-stroke leaf blower unit paralleled with a 12kW electric motor, and the 

first truncated flight took place in 2010. Embry-Riddle Aeronautical University, in 

aVVRciaWiRQ ZiWh GRRgle, deVigQed aQRWheU h\bUid SlaQe µEcR-Eagle¶. IW alVR XVeV a 

parallel hybrid technology and was successfully tested in 2011 [5]. The first midscale 

series hybrid-electric aircraft is the µDA36 E-Star¶ and its successor version, developed 

by Diamond Aircraft, EADS, and Siemens AG in 2013 [6]. The series system of µDA36 

E-Star¶ can provide 80kW power during take-off and 65kW continuous power during 

cUXiViQg. LaWeU, CaPbUidge UQiYeUViW\ deYelRSed aQRWheU h\bUid aiUcUafW µSOUL¶, Zhich 

firstly realized the capability of on-board battery charging. It applies a parallel hybrid 

electric propulsion system and was successfully tested in 2014 [7].  

Research in large-scale aircraft has increased over the recent years. The new series 

of aircraft from NASA is particularly designed using hybrid-electric propulsion systems. 

For example, the µN3-X¶ Hybrid Wing Body Turboelectric Plane [8] and the µSTARC-

ABL¶ Turboelectric Plane [9] utilise gas-turbine/electric hybrid propulsion systems; the 

µSCEPTOR X-57¶ plane uses an engine/electric hybrid power system [10]; and the 

Subsonic Ultra Green Aircraft applies a liquefied natural gas fuel cell/electric hybrid 

propulsion system [11]. Meanwhile, Airbus, Rolls-Royce, and Siemens are working 

together to test the feasibility of a hybrid electric propulsion system in a relatively large 

aircraft, called µE-Fan X¶ Plane, and the test flight is currently planned in 2020 [12].  

As hybrid-electric aircraft is becoming increasingly more popular, new attempts to 

develop different hybrid aircraft are expected to increase. Therefore, the method for 

reasonable designing and sizing of hybrid electric propulsion system is also essential. 

Many optimal sizing works have been conducted in the literature. Most studies focus 

on single objective optimization, e.g. the paper [13] optimized the capacity of different 

components of a hybrid system using the loss of power supply probability and the 

µlevelized¶ cRVW Rf eQeUg\. A VPall QXPbeU Rf VWXdieV fRcXV RQ multi-objective 

optimization, which is able to optimize both system performance and other criteria [7, 

14]. The paper [15] presents a method to optimize plant parameters and minimize the 

total fuel consumption simultaneously. However, none of the previous research 

diVcXVVed Whe UelaWiRQVhiS Rf baWWeU\¶V SeUfRUPaQce aQd SaUaPeWeU Vi]iQg. IQ WhiV 
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paper, we present a novel parametric engine sizing approach to size the engine pack 

for a hybrid-electric UAV. From simulation results, i.e. batteries pack SOC, the 

characteristics of five systems with different sized engines are obtained and analysed.  

Therefore, based on a set flight scenario, a reasonable engine size region can be 

determined. The proposed sizing approach provides a new cognition of series hybrid-

electric systems, especially focusing towards the relationship and synergy between 

fuel and electricity.  

4.2 System Design 

Within a simplified system design progress, as shown in Figure 26, the DSHEPS is 

designed. The system is basically derived from a conventional series HEPS 

configuration, integrated with the distributed propulsion concept and the more electric 

aircraft concept, the resulting system has improved fuel economics and emits fewer 

emissions.  

 
Figure 26 System design sequence. 

In general, hybrid systems are categorized into series, parallel and complex hybrid. In 

particular, the series hybrid system has similar properties to a pure electric system, 

thus resulting in emission reduction. Furthermore, an additional important advantage 

of the series configuration is the decoupling between demand and supply. Engines 

can continuously operate at the most optimal operating point regardless of power 

requirement, which provides an enormous improvement on fuel efficiency. In addition, 

due to the high degree of electrification, mechanical linkages are not necessary so 

that all system components can be positioned at different locations within the UAV 

which increases subsystem level flexibility as shown in Figure 27.   
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Figure 27 Series hybrid configuration and internal energy transformations. 

However, series HEPSs have two persistent drawbacks: over-weight and 

inevitable energy loss. Normally this is because of the extra generator, battery 

and the large EM. Increasing the overall aircraft weight will consequently cost 

more fuel to complete the same mission. This is a challenge which needs solving. 

The other drawback is the energy conversion loss due to the multiple energy 

transformations, i.e. kinetic energy to electrical energy, electrical energy to 

chemical energy. Although the engine can operate at the high-efficiency area, it 

cannot be guaranteed that the series hybrid systems will have an increased 

efficiency. Therefore, in order to resolve these challenges, the distributed 

propulsion concept and the MEA concept are integrated.  
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Figure 28 Distributed series hybrid-electric propulsion system. 

 

Figure 29 System layout. 

The designed complete DSHEPS is shown in Figure 28 and Figure 29. For easier 

analysis, we divided the system into three parts: power source, propulsion load 

aQd RWheU lRadV. The µSRZeU VRXUce¶ cRQViVWV Rf aQ eQgiQe, a geQeUaWRU, a 

converter, and batteries. All devices provide electricity to the loads or/and stores 

elecWUiciW\ iQ Whe baWWeUieV. The VecRQd SaUW µSURSXlViRQ lRad¶ iQclXdeV cRQYeUWeUV, 
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motors, and propellers.  Motors are arranged symmetrically and connected to a 

corresponding propeller. Here, converters are not necessary if the rated voltage 

of motors are same as it of the main electric net (in this paper, the simulation 

QeglecWV cRQYeUWeUV). The µRWheU lRadV¶ UeSUeVeQWV Whe aX[iliaU\ elecWUic lRadV 

including an electric taxiing system, avionics systems etc. 

AccRUdiQg WR Whe µSURSXlViRQ lRad¶ blRck VhRZQ iQ Figure 28, the designed system 

has six small motors instead of using a single motor. Applying multi small electric 

propulsion has many benefits. Firstly, it provides a robust propulsive control and 

enhances flight safety. Moreover, as engines are normally sized as large as twice 

the power demand for redundancy reasons. For example, a Boeing 737, 757, 767 

and 777 can take off with one of two engines out. The distributed propulsion 

architecture reduces the excess weight from the extra engine since one extra 

small motor provides equal flight safety as one extra big engine in conventional 

aircraft. Additionally, the distributed propulsion concept increases the dynamic 

pressure over the wing and reduces aerodynamic drag [16-19], so that it can 

reduce the wing area, lighten the aircraft structure, and reduce power demand. 

Similarly, inspired by the MEA concept [20-22], some improvements are made 

into the system. The most important improvement is the expanded electric 

network. Here, the engine not only provides propulsion power but also transports 

electric energy to all existing electric loads (flight control actuation, fuel pumping, 

etc.). This integration removes unnecessary electronic equipment, reduces 

system weight, eases the maintenance and improves system efficiency. The 

second improvement is the adoption of the electric taxiing concept. The electric 

taxiing system is more efficient and safer. Also, the engine can be turned off 

eaUlieU, Zhich caQ UedXce eQgiQe¶V RSeUaWiQg WiPe aQd UedXce fXel cRQVXPSWiRQ. 

4.3 SOC-based Criteria for Aircraft Engine Sizing  

As the system isolates the engine from the demand, the engine sizing becomes 

less challenging. To reassure safety, there are three engine requirements in this 

paper:   

1. The engine can continuously provide power on a low fuel consumption rate.  
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2. Batteries can fill the gap between total power requirement and engine output. 

3. Motors can provide enough torque and speed to propellers. 

Table 3 UAV parameters [23]. 

Drag coefficient, 𝐶𝐷 0.067 Wing area, 𝐴𝑊 3.76 m2 

Lift coefficient, 𝐶𝐿  0.614 Air density, 𝜌 1.11 kg/m3 

Indicated airspeed, 𝑣 50 m/s Lift to drag ratio  9.16 

Maximum take-off mass, 𝑚  150 kg Cruising altitude 1000 m 

The properties of the example UAV are shown in Table 3 [23]. Based on this 

information, the power demand for cruising could be determined by the following 

equations. The aerodynamic drag 𝐷𝑎 is depended on the drag coefficient 𝐶𝐷, the 

surface area over the air flows 𝐴𝑊, the density of the air 𝜌, and the square of the 

velocity 𝑣2. Because the cruising altitude is approximately 1000m, the required 

power for cruising is about 𝑃𝑐𝑟𝑢𝑖𝑠𝑒 = 17𝑘𝑊. Assuming the motor efficiency is 96% 

and the batteries efficiency is 98%, the required power for engine 𝑃𝑟𝑒𝑞 could be 

determined. It is worth mentioning that, electronic system efficiencies have been 

used to calculate the power demand of the Module A (power source). This 

method ensures that the system would generate enough energy to complete the 

task or even produce surplus energy. Otherwise, there is a possibility that system 

cannot accomplish the mission, so that the battery pack may deplete quickly and 

cannot get charged in time. 

𝐷𝑎 =
1
2𝐶𝐷𝐴𝑊𝜌𝑣

2     (𝑁ሻ (4-1) 

𝑃𝑐𝑟𝑢𝑖𝑠𝑒 = 𝐷𝑎𝑣 =
1
2𝐶𝐷𝐴𝑊𝜌𝑣

3     (𝑁ሻ (4-2) 

𝑃𝑟𝑒𝑞 =
17 𝐾𝑤

96%∗ 96% ∗ 98% = 18.8 𝑘𝑊 (4-3) 

Therefore, the flight scenario and the engine power requirement are determined, 

as shown in Figure 27. Please note that the assumption of a constant thrust level 

leads to slight inaccuracies in the determination of the required energy. 
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Figure 30 Power requirements of flight scenario and each engine¶V poZer. 

To find an appropriate engine and observe the parametric variation, several 

engines have been simulated. These engines are selected based on a 

hybridization factor. The hybridization factor is a parameter mirroring the 

relationship between the sizes of the different power sources [24]. The first 

hybridization factor 𝐻𝐹 was introduced by Lukic and Emadi [25]: 

𝐻𝐹 =
(𝑃𝑚_𝑚𝑎𝑥 − 𝑃𝑒_𝑚𝑎𝑥)

𝑃𝑚_𝑚𝑎𝑥
 (4-4) 

𝑃𝑚_𝑚𝑎𝑥 and 𝑃𝑒_𝑚𝑎𝑥 are the maximum power of motor and engine. The original 

hybridization factor 𝐻𝐹 shows the importance of the engine or the motor as part 

of the whole system. However, since the engine is always operating at its most 

efficient point, 𝐻𝐹 is difficult to clearly describe the proportion of electric energy 

and kinetic energy. Therefore, two other factors 𝐻𝐹𝑜𝑝𝑡 and 𝐸𝐹 are developed for 

this paper, as shown in equation (4-5) and (4-6). 𝑃𝑒_𝑜𝑝𝑡 is the engine output power 

at the most efficient area, and  𝑃𝑟𝑒𝑞_𝑎𝑣  is the average power of the mission 
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requirement. Engines are selected from 0.6𝐸𝐹  to 1.4𝐸𝐹 , and the detailed 

information is represented in Table 4. 

𝐻𝐹𝑜𝑝𝑡 =
(𝑃𝑚_𝑚𝑎𝑥 − 𝑃𝑒_𝑜𝑝𝑡)

𝑃𝑚_𝑚𝑎𝑥
 (4-5) 

𝐸𝐹 =
𝑃𝑒_𝑜𝑝𝑡
𝑃𝑟𝑒𝑞_𝑎𝑣

 (4-6)  

Table 4 Specifications of engines, motors, and batteries. 

Engine type Max power Lowest-fuel-rate 
power 

𝐻𝐹𝑜𝑝𝑡  𝐸𝐹 

RT300LCR 20kW @6500RPM 11kW @5000RPM 0.78 0.60 

RT300XE 21kW @6500RPM 15kW @5250RPM 0.75 0.85 

RT600JET-A1 38kW @6500RPM 19kW @4500RPM 0.62 1.05 

RT600LCR 40kW @6500RPM 21kW @4750RPM 0.60 1.15 

RT600XE 52kW @6500RPM 25kW @4750RPM 0.50 1.40 

Motor type Max continuous power Max power Efficiencies 

EMRAX228 42kW 100kW 96% 

Batteries Capacity Nominal voltage Efficiencies 

Li-Po batteries 13Ah 296V 98% 

4.4 Simulation Result and Discussion 

A key part of the design process is to explore the parametric variations prior to 

building a prototype UAV, thus reducing the design and development costs. 

Therefore, three simulations are processed for each selected engine with 

different initial SOC: 𝑆𝑂𝐶𝐴(𝑡 = 0ሻ = 50% , 𝑆𝑂𝐶𝐵(𝑡 = 0ሻ = 75%  and 𝑆𝑂𝐶𝐶(𝑡 =

0ሻ = 100%. Engines has three fundamental operating modes: (a) the electric 

mode, (b) the ideal mode, and (c) the maximum power mode. Mode conversions 

are triggered by the SOC.  In this paper, the high threshold is set as 80% and the 

low threshold is set at 20%. Namely, when the SOC is beyond 80%, the system 
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will switch into the electric mode; while if the SOC is below 20%, the system will 

switch into the maximum power mode. Moreover, this system incorporates a gap 

which results in obtaining an extra 10% SOC during the charging process. If the 

batteries were in the charging mode, the system will be switched back to the ideal 

mode at 90% SOC instead of 80%. This setting has dual purposes, which not 

only guarantees the power output, but also protects batteries. 

 
Figure 31 Batteries SOC curves. 
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Figure 31 shows the SOC curve of each simulation. When simulations start with 

a full 𝑆𝑂𝐶𝑐, all simulations began from the electrical mode. Gradually, when the 

SOC drops below 80%, the differences of various engines began to show up by 

the altered discharging rate. Amongst them, RT600XE is the most powerful 

engine and firstly recharged back to 80% SOC. Since its ideal power output is 

about 1.4 times of the average power demand, the SOC stays in 80%-90% area 

for most of the flight. RT600LCR engine recovers to 80% SOC as well but at a 

slower rate than RT600XE. RT600JET outputs just the right power as demanded 

at its ideal operating point. The SOC stays stable during the cruise mode. 

RT300XE and RT300LCR cannot provide enough power even for the average 

power demand for the specific UAV parameters. Their SOC dropped below 20% 

and jumped to maximum power mode. The fuel consumption rate during the 

maximum power mode is not as good as the ideal mode, but they are powerful to 

generate electricity and guaranteed that batteries are not fully depleted. 

With an initial 75% 𝑆𝑂𝐶𝐵 and 50% 𝑆𝑂𝐶𝐴, small engines can easily drop below 

20% and trigger the maximum power operating mode. The SOC for RT300LCR 

was nearly 0 in its third simulation, which shows that although it was in maximum 

power mode, it cannot stop SOC decrease during a high-powerful requirement. 

In addition, it can be seen that RT600JET, RT600LCR and RT600XE have three 

similar SOC curve. For these three engines, no matter how much is the initial 

SOC, batteries have a similar performance. An alternative hybridization 

factor 𝐻𝐹𝑟𝑒𝑎𝑙𝑡𝑖𝑚𝑒 is introduced to estimate the ratio of power which comes which 

relates to batteries power 𝑃𝑏 and motor output 𝑃𝑚. 

𝐻𝐹𝑟𝑒𝑎𝑙𝑡𝑖𝑚𝑒 = 1 −
𝑃𝑏
𝑃𝑚

 (4-7) 

While the system is running, the 𝐻𝐹𝑟𝑒𝑎𝑙𝑡𝑖𝑚𝑒 iV calcXlaWed WR VhRZ Whe µµdegUee Rf 

elecWUificaWiRQ¶¶ aQd Whe iPSRUWaQce Rf elecWUiciW\ b\ VecRQd. TheVe UeVXlWV aUe 

summarized in Figure 32 and Table 5. 
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Table 5 Simulation results. 

  

  

50% SOCA 

(t=0) 

75% SOCB 

(t=0) 

100% SOCC 

(t=0) 

RT600XE 

Electric Mode 1305 s 1462 s 1648 s 

Ideal Mode 2595 s 2438 s 2252 s 

Max Power Mode 0 0 0 

Average 𝑯𝑭𝒓𝒆𝒂𝒍𝒕𝒊𝒎𝒆  73% 77% 69% 

RT600LCR 

Electric Mode 631 s 851 s 1081 s 

Ideal Mode 3269 s 3049 s 2819 s 

Max Power Mode 0 0 0 

Average 𝑯𝑭𝒓𝒆𝒂𝒍𝒕𝒊𝒎𝒆  85% 84% 77% 

RT600JET 

Electric Mode 124 s 382 s 642 s 

Ideal Mode 3776 s 3518 s 3258 s 

Max Power Mode 0 0 0 

Average 𝑯𝑭𝒓𝒆𝒂𝒍𝒕𝒊𝒎𝒆  85% 84% 80% 

RT300XE 

Electric Mode 0 116 s 386 s 

Ideal Mode 1407 s 1840 s 1789 s 

Max Power Mode 2493 s 1944 s 1725 s 

Average 𝑯𝑭𝒓𝒆𝒂𝒍𝒕𝒊𝒎𝒆  84% 80% 77% 

RT300LCR 

Electric Mode 0 0 386 s 

Ideal Mode 1078 s 1449 s 1215 s 

Max Power Mode 2822 s 2451 s 2299 s 

Average 𝑯𝑭𝒓𝒆𝒂𝒍𝒕𝒊𝒎𝒆  80% 77% 73% 

From the figure, it can be seen that RT600JET is operating at ideal conditions 

and its final SOC is the same as RT600LCR and RT600XE. RT600JET avoids 

the frequent mode conversions and can achieve a high SOC at the end of the 
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mission. Therefore, if the vehicle is not specially designed for an electric mode, it 

is not necessary to have a big engine. 

 
Figure 32 Operating modes missions. 

In this thesis, electronic system efficiencies are assumed to be constant values 

that less than 98 percent. The energy losses of these electronic systems would 

affect system performance and increase the difficulty of control. As mentioned in 

this chapter before, the engine operating mode is adjusted mainly based on the 

battery SOC and current mission power requirements. Thus, the energy loss 

occurring in the battery pack leads to an increase in power demand of the engine, 

i.e. requiring the engine to generate more energy to meet mission demands and 

satisfy the battery SOC criteria. If the power demand of the engine is not 

increased appropriately, the battery pack will be discharged quickly that damages 

the battery and fails the mission. Regarding the generator/motor, low efficiency 

refers to that it generates less electricity or consumes more electrical energy than 

expected. Namely, if electronic system efficiencies have not been well considered, 

there will always be insufficient energy supply to the battery pack and motors. As 

a result, the battery pack would be discharged faster so that increases the 
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possibility of mission fails. However, the above conditions can be avoided by 

appropriate methods. In this study, due to efficiencies have been considered 

during the calculation of mission power demands, it guarantees that the system 

will generate enough energy by default. 

 
Figure 33 Length of time remaining under 40% SOC. 

Figure 33 illustrates the length of time remaining under 40% SOC during each 

simulation. The value of the criterion (40%) is set up based on requirements of 

system performance and aircraft safety. Considering electronic system 

efficiencies and the huge difference amongst power demands at different flight 

stages, the criterion was increased by 20% from the original common low SOC 

threshold 20%. Please note that the criterion may have other values for some 

reasons. According to the figure, it can be observed that SOC of RT600XE and 

RT600LCR have not been to a value under 40%. The SOC of RT600JET was 

once under 40% SOC when 𝑆𝑂𝐶𝐴(𝑡 = 0ሻ = 50%.  But from Figure 31, it can be 

determined that the SOC is around 40% and the lowest SOC value is about 38%. 

It has not dropped to the low boundary of 20% SOC. For the other two small 

engines, although the initial SOC is different, the length of time remaining under 

40% SOC is similar. Because 𝑆𝑂𝐶𝐵 and 𝑆𝑂𝐶𝐶  tests have a charging procession 
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at the beginning of the flight, they performed similarly. However, due to the 

difference of the result of 𝑆𝑂𝐶𝐴 and 𝑆𝑂𝐶𝐵  is small, it can be deduced that the initial 

SOC has less influence for a system operating, engine size indeed influences the 

system performance. The HEPS requires an engine which can provide slightly 

higher energy than the average power demand at its lowest fuel consumption rate 

point. 

4.5 Conclusion 

The UAV simulations were repeated for three cases:  𝑆𝑂𝐶𝐴, 𝑆𝑂𝐶𝐵, 𝑆𝑂𝐶𝐶  with initial 

battery pack state-of-charge 𝑆𝑂𝐶𝐴(𝑡 = 0ሻ = 50% , 𝑆𝑂𝐶𝐵(𝑡 = 0ሻ = 75%  and 

𝑆𝑂𝐶𝐶(𝑡 = 0ሻ = 100% respectively for the defined UAV mission flying scenario. 

For each one of the three state-of-charge five combustion power sizes 

(RT600XE, RT600LCR, RT600JET, RT300LCR, RT300XE) were simulated to 

explore if the SOC will enter the range of less than 40% which is considered the 

acceptance criterion. 

From all the results presented the five different power pack options performed 

well however two did not meet the minimum SOC criterion: LT300LCR and 

RT300XE. Clearly using the proposed approach, the design team can select for 

different flight scenarios and range of engine packs (five in this case) the best 

option for a range of initial pre-flight battery pack SOC. The design sizing 

approach is effective because it links the combustion engine power pack 

operation and choice of size with the battery pack and also the power pack initial 

conditions. 

The next step of research is to optimize the entire propulsion system design by 

using genetic algorithms. Each subsystem would be selected according to the 

total system weight and the estimated fuel consumption. Furthermore, a trade-off 

study of fuel efficiency and emissions will be conducted, and an intelligent 

controller with configurability will also be designed.   
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5 SYSTEM SIZING 
 

 

In the previous chapters, the system configuration and the engine capacity have 

been determined. This chapter will mainly discuss about the sizing method for 

other components, which is the second target in the second objective. Please 

note that due to the data of candidate components is limited, this chapter selected 

a larger aero vehicle as the research objective and adjusted the value of the 

mission power demand proportionally. Specifically, according to the collected 

engine and motor information, the mission requirement in this chapter was scaled 

up in order to better demonstrate the designed sizing algorithm. The sizing 

method proposed in this chapter is universal and applicable to all similar problems, 

so that proportionally increasing mission demand would not affect research. 

 

Figure 34 Chapter 5 structure. 

 

Design of a Distributed Hybrid Electric Propulsion System for a 
Light Aircraft based on Genetic Algorithm 

Abstract 

Hybrid-electric aircraft is a new attempt for the sustainable aviation, which are 

environmentally friendly and highly efficient. This paper proposed an intelligent 
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sizing method for a novel hybrid-electric propulsion system for light aircraft. The 

sizing problem consists of two parts. The power source part applied a non-

dominated sorting genetic algorithm to choose components and simultaneously 

minimized the system total weight and fuel consumption. The second part of the 

system used a conventional genetic algorithm to minimize the system weight and 

guarantee that selected motors can generate enough power for propulsion. By 

applying a simple deterministic energy management strategy, it is proved that the 

hybrid-electric system using selected components can achieve a 12% 

improvement in the fuel consumption reduction. 

5.1 Introduction 

Nowadays, the depletion of fossil fuels and anthropogenic climate change are 

two crises urged to be mitigated. As one of the root causes, the air transportation 

industry is reasonable to expect a technology revolution to reduce both fuel 

consumption and pollutant emissions. In 2011, ACARE deYelRSed Whe µFlighWSaWh 

2050 GRalV¶ aiPiQg WR cRQWiQXRXVl\ UedXce Whe eQYiURQPeQWal iPSacW aQd eQeUg\ 

shortage problem in the face of continuing expansion in aviation demand [1]. 

Later, ICAO published a more detailed report on aircraft noise and emissions, 

which agreed on a comprehensive set of environmental aircraft design standards. 

At present, energy conservation and environmental protection are two key points 

of the aviation industry.  

Up to now, some alternative fuels and low-carbon propulsion technologies have 

been invented, such as the pure-electric aircraft. Although using electricity is a 

promising solution, the pure-electric propulsion system cannot complete long-

duration or high-powerful missions due to the limited storage capacity of the 

battery pack. Therefore, the hybrid-electric propulsion technique becomes a 

feasible and expected option for the next-generation aircraft. The research of 

hybrid-electric aircraft grows rapidly over the past two decades. Based on the 

type of hybrid propulsion systems, hybrid-electric aircraft is commonly 

categorized into three types: series, parallel and complex. Series hybrid owns the 

simplest configuration and is firstly successfully tested on the aircraft DA36 E-

star. Parallel hybrid is invented later, but has a compacted structure and higher 
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fuel efficiency than series. Some hybrid-electric aircraft projects are summarized 

in Table 6 [2-11].  

Table 6 Hybrid-electric aircraft projects [2-11]. 

Aircraft Producer Pax Information 
DA36 E-star DA/EADS/Siemens 1 Series: wankel ICE,70kW EM 
DA36 E-star 2 DA/EADS/Siemens 2 Series: 30kW ICE, 65kW EM 
Alatus Cambridge University 1 Parallel: 2.8kW ICE, 12kW EM 
SOUL Cambridge University 1 Parallel: 7.5-8kW ICE, 12kW EM 

Eco-Eagle Embry-Riddle 
Aeronautical Uni 2 Parallel: 74.5kW ICE, 29.8kW EM 

AIRSTART Airbus/ Cranfield Uni - Parallel: 24kW ICE, 42kW EM 

DEAP  Airbus/Rolls-Royce/ 
Cranfield Uni 100 Turboelectric 

E-fan X Airbus/ Siemens 146 Turboelectric: turbofans, 2MW EM 
Quad-Fan BHL 180 Turboelectric 
SUGAR Boeing 154 Turboelectric 
BW-11 Cranfield University 800 Turboelectric 
Eco-150 ESAero 150 Turboelectric 
STRAC-ABL NASA 154 Partial Turboelectric 
N3-X TeDP NASA 300 Turboelectric 

Since different hybrid systems have different features, various choices and 

combinations will direct to different performance, so that the entire design process 

is a complex and challenging procedure. Therefore, the hybrid-electric propulsion 

system should be specified designed for each aircraft. Regarding the selection of 

hybrid types, paper [12] compared the series and parallel hybrid, and found that, 

without considering distant future advancements, the parallel architecture can 

provide greater range performance than the series hybrid. As for component 

sizing, the simplest and popular method is selecting devices by their power-to-

weight ratio and other characteristics [13,14], but some other intelligent sizing 

methods [15-17] have been proposed as well. For example, by using a multi-

objective optimization algorithm, paper [16] minimized electricity cost and power 

loss during its sizing process for a wind/photovoltaic hybrid power supply system. 

Paper [17] minimized the fuel consumption and achieved a fuel-burn reduction of 

up to 17.6% by retrofitting of a midscale aircraft. 

This paper mainly discusses a design process of an innovative hybrid-electric 

propulsion system, including the research field of the hybrid configuration and 
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components sizing. The paper starts with an introduction of the hybrid-electric 

aircraft, followed by a general description of the design process of the new 

propulsion system. In the third section, methods to improve a conventional series 

hybrid system are presented, and by combining two new techniques, the final 

system structure is determined. In the section four, requirements for each 

component are put forward. The optimization model, i.e. objective functions and 

constraints are demonstrated afterward. Section five mainly introduces 

candidates of each component, in where a comparison of internal combustion 

engines has been conducted to find the suitable engine type. After that, the sizing 

algorithm applied is introduced. As the problem is divided into two parts, two 

different types of genetic algorithms are used for each part respectively. Finally, 

the performance of the new system is validated at the end of the paper. 

5.2 System Design 

The test object of this study is a two-engine light aircraft, Tecnam P2006T [18], 

whose specifications are shown in Table 7. The estimated parameters, which are 

shown in the right column of the table, are calculated based on the plane 

performance. 

Table 7 Tecnam P2006T specifications [18]. 

Parameters Estimated Parameters 
Maximum cruise speed (km/h) 278 Wing area (m2) 15 
Stall speed (km/h) 102 Lift coefficient 0.342 
Cruise altitude (m) 4267 Drag coefficient 0.023 
Take-off distance (m) 394 Endurance (h) 4.25 
Landing distance (m) 349 Wing loading (kg/m2) 80 
Rate of climb (m/s) 5.3   
Range (km) 1239   
Max take-off weight (kg) 1230   
Empty weight (kg) 819   
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Table 8 Different hybrid configurations and their characteristics. 

Type Configuration Characteristics 

Series 

 

 
x All components are arranged in series; 
x Decouple engine from propeller; 
x Simple structure, no clutch or gearing; 
x Energy loss; 
x Heavy system. 

Parallel 

 

 
x Both engine and motor can propel; 
x Compacted and lighter structure; 
x Less energy loss; 
x Need gear; 
x Need mechanical linkages; 
x Maintenance difficult. 

Complex 

 

 
x Various configurations; 
x High efficiency; 
x Complicate management strategy; 
x Heavier computation; 
x Complex structure; 
x Maintenance difficult. 
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The first step for designing a hybrid-electric propulsion system is to define the 

configuration. As a reference, three hybrid configurations and their characteristics 

are shown in Table 8. Amongst them, the series hybrid configuration decouples 

the engine from the power demand, which provides an opportunity to allow the 

engine continuously operating in high-efficient or less-emission area. Parallel 

hybrid systems are higher efficient than series, due to the engine can straight 

propel the propeller without any energy transformations. The complex hybrid has 

various types and features. Due to the complex hybrid system mechanically links 

the engine to the propeller, the complex hybrid will be temporarily categorized 

into parallel in the rest of this paper.  

Hybridization factor, HF, is a factor developed to examine hybrid-electric 

propulsion systems [19]. Showing by the equation (5-1), for both series and 

parallel hybrids, the denominator is the maximum power demand. Therefore, the 

engine capacity, 𝑃𝑒_𝑚𝑎𝑥, becomes the only parameter to decide HF. A comparison 

can be conducted for a series and parallel system with a same HF. For example, 

assuming 𝐻𝐹 = 0.5, the engine and motor capacity for these two systems are 

shown in (5-2) and (5-3) respectively. When the instant mission power 

requirement is 0.5𝑃𝑟𝑒𝑞_𝑚𝑎𝑥 and the battery pack is depleted, the series hybrid-

electric power system cannot work as efficient as the parallel. Parallel systems 

use engine to drive a propeller, while series systems firstly transform engine 

output to electricity and then use motor to drive the propeller. Since energy loss 

is unavoidable during energy conversions and the extra device, generator, 

heavies the entire system, the parallel hybrid system seems to be more efficient 

than other hybrids. However, when the power demand is still 0.5𝑃𝑟𝑒𝑞_𝑚𝑎𝑥 but the 

battery pack is not depleted, the performance may be different. The series hybrid-

electric power system can arrange the engine to stably operate at its highest-

efficient point, while the parallel hybrid has to regulate engine rotation speed 

according to mission demands since that is mechanically linked to the propeller. 

As a result, it is hard to define which category is better. 
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𝐻𝐹 =

{
 
 

 
 (𝑃𝑚_𝑚𝑎𝑥 − 𝑃𝑒_𝑚𝑎𝑥)

𝑃𝑚_𝑚𝑎𝑥
                 𝑠𝑒𝑟𝑖𝑒𝑠           

𝑃𝑚_𝑚𝑎𝑥
𝑃𝑚_𝑚𝑎𝑥 + 𝑃𝑒_𝑚𝑎𝑥

      𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙/𝑐𝑜𝑚𝑝𝑙𝑒𝑥
 (5-1) 

            Series:          𝑃𝑒_𝑚𝑎𝑥 = 1
2
𝑃𝑟𝑒𝑞_𝑚𝑎𝑥,   𝑃𝑚_𝑚𝑎𝑥 = 𝑃𝑟𝑒𝑞_𝑚𝑎𝑥 (5-2) 

            Parallel:       𝑃𝑒_𝑚𝑎𝑥 =
1
2
𝑃𝑟𝑒𝑞_𝑚𝑎𝑥, 𝑃𝑚_𝑚𝑎𝑥 =

1
2
𝑃𝑟𝑒𝑞_𝑚𝑎𝑥 (5-3) 

This study selected the series hybrid configuration as a baseline since it has a 

unique decoupled structure. However, as mentioned before, series systems have 

drawbacks. To offset them, the technique of a common-core multi-fans (CMF) 

distributed propulsion system and more electric aircraft are integrated into the 

system configuration. Distributed propulsion refers to using multiple small 

propellers to blow the wing. Paper [20] proves that a distributed propulsion 

system has a better lift property for aircraft. The other technique MEA means an 

aircraft system transforms the engine output to electricity firstly and then use the 

generated electricity to power ailerons etc. The MEA concept removes redundant 

battery packs and increases the usage rate of each propulsion component. As a 

result, the configuration can be determined which is shown in Figure 35. 

 

Figure 35 DSHEPS configuration. 

The designed system is a distributed series hybrid-electric propulsion system with 

many advantages. At first, it is a series structure which allows the engine to run 
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isolated. The decoupled configuration not only benefits the engine performance 

but also increases the electrification degree of the whole propulsion system. 

Secondly, it can improve lift property by blowing more wind above the wing [21]. 

Furthermore, it can reduce engine size. Aircraft engines are always over-sized. 

For example, engines of a twin-engines aircraft must be sized as twice thrust as 

required in case of an engine-failure scenario. However, by applying multi-

propulsors, other propulsors can generate more power to compensate the power 

short when one propulsor failure so that it is not necessary to over-size engines 

or other propulsors under this configuration.  

For easily understanding, the system can be divided into three parts: power 

sources, other loads and propulsion loads. The first part is the power source of 

the entire system, which includes an engine, a generator, and a battery pack. The 

second part consists of outside electrical loads, such as an electric taxiing 

system. Electric taxiing refers to an aircraft uses a motor to directly drive wheels 

during taxiing stage instead of using propellers [22]. This new taxiing method is 

more efficient and allows the aircraft to switch off the engine earlier if the battery 

pack can provide enough energy for the taxiing. The third part contains all 

propulsors, mainly for energy output. It is a symmetric structure, i.e. all motors 

are placed symmetrically. Please note that motors will always need converters in 

practice regardless if voltages are different or otherwise. 

5.3 Requirements of Sizing Problem 

A typical flight mission consists of taxiing, taking-off, climbing, cruising, 

descending and landing flight stages. Amongst all stages, taking-off costs as 

twice much as cruise required which indicates the maximum power requirement 

of the mission. While the cruising, occupying most of the mission time, is the 

lowest power demand during the flight. Assuming cruising is steady without any 

acceleration in any direction, the minimum power requirement can be determined 

by the vertical and longitudinal equations. As a result, basic power requirements 

for the system are able to be defined. Following this method, a table of the sizing 

flowchart has been developed which is shown as Figure 36.  
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Figure 36 System sizing process.
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Similarly, since the designed system is a decoupled configuration, the sizing 

process can be divided into two parts as well (power source and power loads). 

x Power Source 

Power source part includes an engine, a generator and a battery pack. In this 

part, the performance of the battery pack, i.e. whether charging or discharging, is 

decided by the engine operational condition. Namely, the battery pack operates 

passively, and its output should equal to the difference between the mission 

requirement and engine output. Therefore, the engine pack is the most important 

component of this part. To find a suitable engine, the author has proposed a new 

engine sizing method via state-of-charge based parametrization criteria. It found 

that the engine whose optimal output is around 1.2 times of the average value of 

power requirement 1.2𝑃𝑐𝑟𝑢𝑖𝑠𝑒, can lead to a better battery performance [23], which 

is expressed by the equation (5-6).  

Because that the selected engine is not capable to generate enough power for 

high-powerful flight stages, such as take-off or climbing, the battery pack should 

provide the short of the required energy. Namely, the capacity of the battery pack 

must be larger than the difference between the highest power requirement and 

engine capacity, as seen in (5-9). In addition, if the battery pack has enough 

energy for electric taxiing, the engine can be switched off soon after a successful 

landing, which reduces the engine¶V operation time and decreases the amount of 

consumed fuel. Therefore, another criterion of the battery pack can be defined, 

i.e. (5-8), in which the remaining energy of the battery pack after landing, should 

be more than the electric taxiing demand. The last design consideration for the 

battery pack is an emergency scenario. In case of engine failure, the battery pack 

should be capable to support a 5-10 min flight for a forced landing. The equation 

(5-10) presents that requirement. As for the generator and engine, since they are 

tied tightly and work together, Whe geQeUaWRU¶V Pa[iPXP caSaciW\ VhRXld be abRYe 

the engine output, as shown as (5-7).    

In summary, the objective functions of part A are: 

𝑚𝑖𝑛 𝐽1 = 𝑊𝑠𝑢𝑚 (5-4) 
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    𝑚𝑖𝑛 𝐽2 = ∫ 𝑚𝑓̇
𝑡
0  (5-5) 

While the constraints are: 

        𝑜𝑝𝑡 𝑃𝑒 ≥ 1.2𝑃𝑐𝑟𝑢𝑖𝑠𝑒 (5-6) 

        𝑚𝑎𝑥𝑃𝑔 ≥ 𝑚𝑎𝑥𝑃𝑒 (5-7) 

        𝐸𝑒𝑡𝑎𝑥𝑖𝑖𝑛𝑔 ≤ 𝑚𝑎𝑥𝐸𝑏  (5-8) 

        (𝑃𝑡𝑎𝑘𝑒𝑜𝑓𝑓 − 𝑜𝑝𝑡𝑃𝑒 ∙ 𝜂𝑔 − 𝑃𝑜𝑡ℎ𝑒𝑟ሻ ∙ (𝑡𝑡𝑎𝑘𝑒𝑜𝑓𝑓 + 𝑡𝑐𝑙𝑖𝑚𝑏ሻ < 𝑚𝑎𝑥𝐸𝑏  (5-9) 

        𝐸𝑚 = ∫ 𝑃𝑑𝑡𝑡
0 ≈ 𝑃𝑡 ≤  1

2
(𝑃𝑐𝑟𝑢𝑖𝑠𝑒 + 𝑃𝑙𝑎𝑛𝑑𝑖𝑛𝑔 + 2𝑃𝑜𝑡ℎ𝑒𝑟) ∙ 𝑡 ≤ 𝑚𝑎𝑥𝐸𝑏  (5-10) 

x Propulsion Load 

Part B consists of motors and converters. The number of motors 𝑁𝑚 should be 

an even number due to it is a symmetric configuration. However, the number of 

motors is not a fixed number. From the open-domain literature, the precise 

relationship between the number of motors and aircraft aerodynamic properties 

has not been clarified, so that it is difficult to say that using how many motors 

could benefit the aircraft performance. Unless the designed system conducts a 

wind tunnel test, it cannot straight say which kind of configuration is better than 

others. Therefore, this study invents a positive factor 𝐴𝑎𝑒𝑟𝑜  to indicate that 

distributed propulsion system outperforms than the conventional one. The factor 

is a constant number rating the distribution level. According to Figure 36, the 

objective function of part B can be written as to minimize the sum of the system 

weight and the designed factor. Due to the uncertainty of the factor𝐴𝑎𝑒𝑟𝑜 , its 

maximum value has been scaled to half of the maximum weight.  

     𝑚𝑖𝑛 𝐽3 = 𝑊𝑠𝑢𝑚 + 𝐴𝑎𝑒𝑟𝑜  (5-11) 

       𝑚𝑎𝑥 (𝑠𝑢𝑚𝑃𝑚ሻ＝∑ 𝑚𝑎𝑥 𝑃𝑚𝑛
𝑁𝑚
1 ≥ 𝑃𝑡𝑎𝑘𝑒𝑜𝑓𝑓 (5-12) 
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x Aircraft Performance 

Although the DSHEPS is a brand-new design, performance criteria of original 

aircraft cannot be sacrificed. In other words, the study should guarantee that the 

aircraft applying the designed system has the same or better properties, i.e. 

     𝑅𝑜𝑐′ ≈ 𝑃𝑐𝑙𝑖𝑚𝑏−𝑃𝑐𝑟𝑢𝑖𝑠𝑒
𝑚∙𝑔

≥ 𝑅𝑜𝑐 (5-13) 

       𝑑𝑡𝑎𝑘𝑒𝑜𝑓𝑓′ ≈
𝑚 ∙ 𝑉𝑙𝑖𝑓𝑡𝑜𝑓𝑓

2

2(𝑇𝑎𝑣𝑔−𝐷𝑎𝑣𝑔ሻ
≤ 𝑑𝑡𝑎𝑘𝑒𝑜𝑓𝑓 (5-14) 

5.4 System Components 

Assuming cruise is steady and no acceleration, the power requirement for a 

common flight can be determined and calculations can be found in paper [17, 22]. 

Figure 37 shows the power demand for a typical flight. The power requirement 

for the cruise is 𝑃𝑐𝑟𝑢𝑖𝑠𝑒 = 60𝑘𝑊 and the flight endurance is 60 min. 

 

Figure 37 Mission requirement. 
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5.4.1 Engine 

Common aero engines are internal combustion engines and gas turbines. ICEs 

can generate energy up to 2000kW, and gas turbines typically produce 100-400 

MW. From the ideal propulsive efficiencies map in the book [23], when the Mach 

number is less than 0.3 (367km/h), the efficiency of ICE is higher than other 

SURSXlVRUV¶. TheUefRUe, ICEV aUe PRUe fUeTXeQWl\ aSSlied iQ VPall, lRZ-speed 

aircraft, especially for less than 400kW power demand. 

About 80 different engines are selected as candidates, that all data is collected 

online shown by the designed figure [24-32]. Figure 38 displays the relationship 

between weight and capacity. There are six categories of engines, including 1-4 

cylinder piston engines, rotary engines and turboshaft engines. From the figure, 

it can be found that the rotary engine has the best power-to-weight ratios, while 

the turboshaft engine shows great performance in the high powerful area. As for 

engineV¶ volume and price, engines from three companies are elected. From 

Figure 39, the volume linearly increases with the increasing capacity, but the price 

(Lycoming engines) shows an exponential growth.  

 

Figure 38 Weight-capacity figure of combustion engines. 
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Figure 39 Volume-capacity figure of combustion engines. 

5.4.2 Battery 

The type, capacity, and normal voltage are essential variables for a battery pack. 

At present, common rechargeable batteries are Lead-acid, Nickel-Cadmium (Ni-

Cd), Nickel-Metal Hydride (Ni-MH), Lithium-ion and Lithium-Po batteries. Their 

energy densities are shown in Table 9 [33]. Amongst them, Li batteries (Li-ion 

and Li-Po) are superior since they have higher energy-to-weight ratios and 

excellent performance. From literatures, Li batteries can charge faster, last longer 

and be packed in a thinner package. Li-ion and Li-Po utilize the same chemical 

reaction with different cathode and electrolyte to store the electrical energy. 

Compared with Li-ion, Li-Po is regarded as a more advanced tech which 

possesses slightly higher energy and thinner volume. Therefore, this study chose 

Li-Po batteries as the electrical energy storage device. Due to the voltage and 

capacity vary proportionally by adding or reducing the number of cells, the battery 
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Sack¶V ZeighW cRXld be eVWiPaWed b\ Whe eQeUg\-to-weight density and cell 

number. Therefore, the number of cells is the variable we need to determine. 

Table 9 Batteries energy density [33]. 

 Lead-acid Ni-Cd Ni-MH Li-ion Li-Po 

Energy density (Wh/kg) 33-42 30 100 100-265 100-265 

5.4.3 Motor and Generator 

Through the interaction between the magnetic field and current-carrying 

conductors, motors transform electric energy into mechanical energy, generators 

vice versa. Different classifications of motors are summarized in Figure 40. The 

permanent magnet synchronous motor and brushless direct current motor 

(BLDC) are two popular motors due to their output have less fluctuation. Based 

on the power-to-weight table of electric motors/electromotive generators in [34], 

some high power-to-weight density PMSMs and BLDCs are candidates. 

 

Figure 40 Electric motor categories. 
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5.5 Sizing Algorithm 

x Part A 

From the previous section, it can be known that there are two objectives of Part 

A: reduce weight and improve efficiency. In other words, the question in the Part 

A is a multi-objective optimization problem. Therefore, the fast non-dominated 

sorting algorithm-II (NSGA-II) [35] has been applied here to find a better 

component combination. The NSGA-II is a heuristic method based on Pareto 

ranking and crowding distance approaches.  It firstly calculates objective values 

and sorts population according to the non-domination. The offspring population 

is mainly generated by high-ranking individuals with mutation and crossover 

behaviours. The pseudocode of NSGA-II is shown in Table 10. 

Table 10 Pseudocode of NSGA-II. 

Algorithm Pseudocode for Part A 

Input: information of component candidates; 

Initialization: randomly generate population P, and extract information; 

Constraints handling: delete infeasible individuals and replaced by feasible 
ones; 

for i = I : NP  (or while not Termination Condition) 

     Select parent population; 

     Find the matched engine and generator based on overlap maps; 

     Crossover + Mutation Æ offspring Q, let R = P∪Q 

     Constraints handling; 

     Evaluate the objective value: total weight and total fuel consumption for a 
typical flight scenario; 

     Non-dominated sorting and calculating crowding distance; 

     Tournament Selection Æ next generation P; 

end 
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For the problem in Part A, an extra archive is added into the algorithm to find the 

best-matched engine and generator. This archive contains the information of the 

brake-specific fuel consumption map and efficiency map of each engine and 

generator. From these maps, the feasible and high-efficient operating area of 

each candidate could be roughly obtained. Therefore, if the best operating area 

of an engine and a generator is same, a group compositing by these two devices 

will have a very high efficiency that is good for the designed system. To better 

show the matching index, a new parameter 𝑂𝑒  has been introduced. It is an 

overlap rate of the engine¶V and generator¶V high-efficient operating area. 

Assuming each high-efficient operating area is a circular whose centre is 𝐶𝑒, 𝐶𝑔 

with radius 𝑅𝑒, 𝑅𝑔 respectively, the overlap rate could be estimated by: 

𝑂𝑒 =
𝑅𝑒 + 𝑅𝑔
|𝐶𝑒 − 𝐶𝑔|

 (5-15) 

Additionally, gears can change the Revolutions Per Minute (RPM) and torque. If 

there is a suitable gear connecting the engine and generator, the overlap rate 

may increase but the system will be heavier caused by the extra component. 

Therefore, depended on the variation of the overlap rate, the designed sizing will 

decide if a gearbox should be added into the system or not.  

As a result, there are five genes in one chrome: the index of engine candidates, 

the index of generator candidates, the cell number of the battery pack, and engine 

operating point (RPM and torque) respectively. All cRPSRQeQWV¶ Vpecifications, 

such as the maximum power, weight, high-efficient operating area are imported 

according to the component index in each chrome. During the process, the 

generated population should satisfy all constraints, i.e. from (5-6) to (5-10), while 

infeasible chromes would be replaced by feasible ones. In this problem, the 

tournament method is used to select parent population, and 𝑂𝑒 is calculated and 

recorded during the sorting process.  

x Part B 

The question of Part B is a single-objective problem so that it can use a 

conventional genetic algorithm to select the system component. The objective 
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function and constraint are shown in Section four. The flowchart of the applied 

genetic algorithm is shown in Figure 41. 

 

Figure 41 Flowchart of the sizing process. 

x Summary 

Part A and Part B are parallel problems. Two problems run separately and 

consequently deliver solutions to the final calculation. The result of Part A is a 

Pareto front, which is a series of non-dominated solutions with lower weight and 

low fuel consumption rate. Part B has only one objective, thus the result of Part 

B is a single solution. Combined results of Part A and Part B, a series of feasible 

solutions are determined.  
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𝐹𝐶𝑅 =
𝐵𝑆𝐹𝐶 @ 𝑜𝑝𝑟𝑎𝑡𝑖𝑛𝑔  𝑝𝑜𝑖𝑛𝑡

𝐵𝑆𝐹𝐶 @ 𝑡ℎ𝑒 𝑚𝑜𝑠𝑡 − 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑝𝑜𝑖𝑛𝑡 
(5-16) 

𝐹𝑢𝑒𝑙𝑡𝑜𝑡𝑎𝑙 = ∫ 𝐹𝐶𝑅
𝑡

0
 (5-17) 

𝑑𝑡𝑎𝑘𝑒𝑜𝑓𝑓′ ≈
𝑚 ∙  𝑉𝑙𝑖𝑓𝑡𝑜𝑓𝑓2

2(𝑇𝑎𝑣𝑔 − 𝐷𝑎𝑣𝑔ሻ
≤ 𝑑𝑡𝑎𝑘𝑒𝑜𝑓𝑓 (5-18) 

𝑅𝑜𝑐 ≈
𝑃𝑐𝑙𝑖𝑚𝑏 − 𝑃𝑐𝑟𝑢𝑖𝑠𝑒

𝑚 ∙ 𝑔  (5-19) 

To examine the calculated solutions, some of the aircraft performances are 

estimated. The first and most important parameter is the total fuel consumption. 

Since engine candidates are from different companies, to achieve a fair 

comparison, it is more reasonable to use a Fuel Consumption Rate (FCR) for the 

comparison rather than using the total fuel consumption amount. The FCR 

mentioned here is the ratio of the brake-specific fuel consumption at the operating 

point to that at the most efficient operating point, shown as the equation (5-16). 

As a result of using this parameter, the total fuel consumption amount is the 

integrated FCR. The second important characteristic is the aircraft rate of climb. 

Here, the power requirement of the cruise mode is used to present the power 

overcoming drag. The last performance parameter is the take-off distance. 

Neglecting the rolling resistance and fraction, the take-off distance could be 

estimated by (5-14). Therefore, the comparison between the prototype and 

DSHPES aircraft is shown in the table. 

From the table, it can be found that, firstly, the maximum propulsion power of the 

DSHEPS is much higher than that of the original propulsion system. Almost twice 

power could be generated by using the new hybrid-electric power system. As for 

each subsystem, the new engine capacity is a little smaller, but a high powerful 

generator and electric motors have been applied in the DSHEPS. Extra 

components guarantee sufficient power output to propel the aircraft but increase 

system weight. Thus, despite the high power-to-weight ratio of these subsystems, 
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the total weight of the new system is still heavier than the original one. Generally, 

it is difficult to obtain a lightweight HEPS using existing technologies.  

Table 11 Comparison of conventional system and hybrid-electric system. 

  P2006T [17] DSHEPS 

Max Propulsion Power 147kw 284 kw 
System Power Engine max power 147kw 135kw 
 Generator power 0 75kw 
 Motor power 0 284kw 
 Battery capacity 0 7.5kwh 
Weight Engine weight 130kg 42kg 
 Generator weight 0 20kg 
 Motor weight 0 66kg 
 Battery weight 10kg 28kg 
 Total weight 140kg 156kg 
Performance Rate of climb 5.3 m/s 5.9 m/s 
 Average FCR 4.1 3.6 

However, the new system has better flight performance. According to the 

estimation results, the hybrid-electric system is able to increase the rate of climb 

and improve fuel efficiency. By using the variable 𝐹𝐶𝑅, the total fuel consumption 

could be increased by 12% with a simple rule-based controller. However, both of 

the 𝑅𝑜𝑐  and 𝐹𝐶𝑅  are calculated based on the original aircraft model. The 

advantage of distributed propulsion has not been reflected. Thus, the aircraft 

performance is potential to be further improved in practical applications. 

Therefore, it can be proved that the hybrid-electric propulsion technique is able 

to actually improve some performances of the aircraft.  

5.6 Conclusion 

This paper mainly proposed the sizing process about a distributed hybrid-electric 

aircraft. At first, based on an analysis of common hybrid propulsion technologies, 

it introduced a new hybrid-electric configuration improved by adopting the 

distributed propulsion and MEA concept. Then, with the proposed system 

configuration and mission power demand, the requirements for each component 

were determined, and a sizing flowchart was invented. Because of the system 

properties, different genetic algorithms have been applied to select different 
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components, and as a result, the new propulsion system can reduce fuel 

consumption by at least 12%. 
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6 RULE-BASED CONTROLLERS 
 

 

Chapter 4 and 5 completed the system sizing that selected suitable components 

for the designed system. This chapter will introduce two rule-based controllers for 

the power management problem, which is the first two targets in the third 

objective. 

 

Figure 42 Chapter 6 structure. 

 

Mamdani & Sugeno Fuzzy Battery Longevity for Distributed 
Series Hybrid Electric Aircraft 

Abstract 

During the energy revolution in transportation, the hybrid-electric propulsion 

system becomes a reasonable choice for the next generation of aircraft. Except 

for the system configuration and the selection of components, the control strategy 

is an essential part affecting the system performance. This paper proposed a 

battery longevity controller based on fuzzy logic strategies. The controller is 

particularly designed for hybrid aircraft due to the battery pack is sensible to 
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environment and may put the aircraft in danger scenarios without any warning. 

The controller firstly applies a Mamdani fuzzy inference system to evaluate the 

operating environment of the battery pack. Then, based on the evaluation result 

and the predicted future power requirement, a Sugeno fuzzy inference system is 

designed to obtain a control signal for the engine and generator. For better 

showing the performance, a deterministic rule-based controller is also developed 

to accomplish a comparison with the fuzzy controller. The result shows that the 

Mamdani & Sugeno fuzzy battery longevity controller performs better than the 

deterministic rule-based controller which can improve both the battery operating 

environment and fuel consumption. 

6.1 Introduction 

Hybrid aircraft is one of growing industries in recent years. Since the cooperation 

of two or more energy sources provides an opportunity of lowering system fuel 

consumption and emissions, the hybrid-electric technology has been successfully 

applied on light-aircraft and is attempting to be utilized on large commercial 

aircraft right now. 

 

Figure 43 Classifications of rule-based control strategies. 
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Normally, a good hybrid-electric propulsion system refers to a system which can 

amplify the advantage and weaken the disadvantage of each component. This 

target is always realized by using an appropriate controller which can intelligently 

manage energy from different sources. Along with the popularity of the hybrid-

electric vehicle market, various intelligent controllers have been developed. 

There are two categories of control strategies: rule-based (heuristic) control 

strategies and optimization-based control strategies [1-2]. Rule-based control 

strategies are a set of criteria defined based on heuristics, intuition and human 

experiences, which are simple and especially effective in the real-time control of 

hybrid systems [1]. The Deterministic Rule-Based (DRB) and fuzzy rule-based 

controllers are two classifications of rule-based control strategies. 

In general, deterministic rule-based controllers heuristically split power demand 

to various power sources based on certain parameterizations and human 

experiences. The simplest control method is the thermostat strategy which refers 

to turning on/off the engine based on the remaining battery state-of-charge [3]. 

Improved on that, the power follower control strategy has been proposed, which 

adds the variable of power requirement into the control strategy so that the engine 

can adjust working status according to target performance. The state machine 

controller has also been developed in some research, but the result is not as 

desirable as others [4]. Although different controllers have minor differences, the 

ceQWUal WhePe Rf all deWeUPiQiVWic cRQWURl VWUaWegieV iV µlRad leYeliQg¶.  

The fuzzy rule-based control strategy is one other representative type of 

controllers which presents human inference processes. It translates expert 

knowledge and experience into corresponding rules [5]. For hybrid-electric 

aircraft, fuzzy controllers are very popular due to the hybrid-electric propulsion 

system is a nonlinear and time-varying plant. Paper [6,7] presented a fuzzy logic 

controller which is able to improve efficiencies of all components of the system. 

The VWXd\ XVed Whe iQfRUPaWiRQ Rf dUiYeU¶s power command, battery SOC and 

motor speed to determine the split ratio between two power plants, and achieved 

a 6.8% fuel reduction in an urban cycle and a 9.6% fuel reduction in a highway 

cycle. The paper [8] developed a fuzzy controller to reduce emissions. It used the 
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information of the acceleration pedal stroke and the rotational speed to find the 

best ratio of torque command, and finally realized a 20% of NOx emission 

reduction compared to a diesel engine vehicle. Paper [9] proposed a fuzzy 

controller for both improving fuel consumption and reducing pollutant emissions. 

Simulation results showed that the system achieved 20% and 5.7% fuel efficiency 

improvements on real and modal driving cycles respectively, and reduced overall 

amount of emissions. Similarly, paper [10] developed another fuzzy control 

strategy to improve each cRPSRQeQWV¶ efficieQc\ and it achieved a 23%-35% 

improvement of the system efficiency. 

Fuzzy controllers have good adaptability. It not only can be easily tuned or 

adapted to different environments, but also can be integrated with other 

optimization approaches. Therefore, conventional fuzzy controllers will be further 

enhanced if control parameters are adaptive to optimization methods or current 

operating conditions, for example the driving environment, the driving style and 

the driving cycle. The paper [11] presented an optimized fuzzy controller, whose 

membership function is optimized by the genetic algorithm, to effectively improve 

the fuel economy of the hybrid electric vehicle. Additionally, on the basis of a 

torque distribution and a charge sustenance compensation strategy, paper [12,13] 

proposed a fuzzy logic-based driving situation identifier to obtain an enhanced 

operation. Similarly, the paper [14] used a Mamdani fuzzy logic inference to 

identify the driving pattern, and generated control signals based on the inferred 

driving pattern and the predicted upcoming driving environment. Due to it used 

the future information of the mission, it is a predictive fuzzy controller which is 

very popular in hybrid automobiles. The research in [15] has also proposed a 

predictive fuzzy controller, but it used the predicted future state of the vehicle to 

get a better system performance on the fuel consumption and emissions. 

Furthermore, an optimized predictive fuzzy controller has been proposed [16]. It 

initially predicted the traffic condition, and then determined the control result by 

using a fuzzy logic inference whose membership function have been tuned by the 

genetic algorithm. The simulation result showed that this new controller has 

successfully reduced the power loss and increased the fuel convertor efficiency 

by around 20%. 
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However, the objectives in most of researches are automobiles, only few hybrid-

electric aircraft have been mentioned. Basically, there is no big difference 

between the hybrid-electric propulsion system of automobiles and other vehicles 

except they have different missions. However, due to the strict requirement of 

flight safety and the vulnerability of the battery pack, a distinguishing feature of 

the hybrid-electric aircraft is found, i.e. the system should monitor the condition 

of the battery pack all the time to avoid accidental damages and energy drops 

caused by unnoticed capacity fade. In other words, for hybrid-electric aircraft, the 

baWWeU\¶V cRQdiWiRQ iV beWWeU WR be Zell-considered and introduced into the control 

strategy. As a result, to obtain a superior hybrid electric propulsion system of 

aircraft, a battery longevity power management strategy is essential. 

This paper presents a predictive fuzzy controller for an innovative distributed 

series hybrid-electric propulsion system for aircraft. The developed controller not 

only provides a healthy operating environment to the battery pack, but also 

improves the system fuel economy simultaneously. The paper starts with a review 

about present rule-based controllers for hybrid power systems, followed by a 

detailed description of the designed hybrid-electric propulsion system. In the third 

section, modelling methods and characteristics of each component are discussed, 

involving the battery ageing phenomena and an evaluation method of the battery 

operating condition. After that, a deterministic rule-based controller is introduced 

as the baseline of this study. The next section presents the designed fuzzy-based 

battery longevity controller. Each variable and membership functions are 

illustrated in detailed, and control rules are also demonstrated. Simulation results 

are presented in the last section, where the performance of the engine and the 

battery pack are analyzed respectively.  

6.2 System Design 

Based on the conventional series hybrid configuration, this paper proposes a 

novel Distributed Series Hybrid Electric Propulsion System for aircraft. This new 

VWUXcWXUe iPSURYeV SURSXlVRUV¶ efficieQc\ dXe WR iW adRSWV the distributed 

propulsion concept and integrates other electric loads into the main propulsion 

system. The complete system structure is shown in Figure 44.  
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There are three parts constituting the system. The first part contains two power 

sources, i.e. an engine and a battery pack, which are linked by a generator and 

a converter. The second part refers to the energy output. There are 6 aligned 

electric motors utilized to drive propellers. Applying multiple electric motors not 

only improves the aerodynamic properties of aircraft, but also mitigates the 

engine over-sized problem. Please note that the number of electric motors is 

initially designed as 6 to present a distributed propulsion configuration, and the 

number could be modified later for getting a better aerodynamic property.  The 

WhiUd SaUW Rf Whe V\VWeP iV Whe µRWheU elecWUical lRadV¶ SaUW, ZheUe aQ elecWUic Wa[iiQg 

system has been integrated in due to it has higher efficiency compared with the 

common propeller-driving taxiing [17]. Overall, the designed hybrid propulsion 

system is similar to an electric grid. The first part of the system indicates the 

energy source and the other two parts are electrical loads for different purposes. 

This configuration effectively streamlines the system structure and increases the 

utilization efficiency of each component. A more detailed description of the 

system could be found in paper [18].  

 

Figure 44 Distributed series hybrid-electric power system. 

Apart from the special configuration, the selection of components is also crucial 

to the system performance. For example, using a bigger engine will increase the 

charging rate of the battery pack, which is good for SOC sustaining strategy, but 
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leads to a difficulty of protecting the battery pack from being overcharged and 

makes the system heavier. Therefore, each component should be carefully 

selected. The author has proposed an intelligent sizing method for the designed 

system based on the genetic algorithm, by which the system fuel efficiency and 

total mass could be both optimized [18,19]. 

6.3 Components and Modelling Methods 

The simulation of this work is obtained by developing a detailed model using 

MATLAB Simulink and Simscape system-based software packages. Each 

component is composed of mathematical formulas to show performances. 

6.3.1 Engine  

The engine is the prime component of the hybrid propulsion system which can 

stably generate energy by burning fuels. According to Figure 44, the system 

decouples the power demand (electric motors and other loads) and the energy 

source (the engine and the battery pack) via the special configuration, so that the 

engine can operate isolatedly without considering current power requirement. 

Therefore, for the DSHEPS, the engine size is better to be determined via battery 

SOC parametrization criteria rather than the real-time power demand. In paper 

[18], it found that the engine with the capacity of 1.2 times of the average value 

of the mission power requirement can bring a better performance to the battery 

pack. Therefore, a rotary engine, ROTRON RT600LCR, is selected for this study. 

The specifications of RT600LCR iV VXPPaUi]ed iQ Whe Table 12 [20]. 

Table 12 RT600LCR Specifications [20]. 

Max Power 58HP @7500 RPM 

Max Continuous Power 54HP @7500 RPM 

Max Torque 43.55 lbs/ft @6500 RPM 

Block Weight 21.2kg 

There are plenty of modeling approach for the engine. One of the simplest 

modelling approaches is using performance maps to build the engine model 
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[21,22], such as the Willans line modelling method. The Willans modelling method 

uses a linear relationship of the brake mean effective pressure and the fuel 

consumption rate to reflect the engine performance [23]. This method is effective 

bXW caQQRW VhRZ eQgiQe¶V d\QaPic behaYiRXUV ViQce Whe SeUfRUPaQce PaS iV lack 

of dynamic response. Other modelling methods, for example, the spark ignition 

engine modelling method, the compression ignition engine modelling method and 

the mean value modelling method are precise and can accurately VhRZ eQgiQeV¶ 

dynamic behaviors. In general, different modelling approaches suit to different 

problems. The modelling method should be selected depended on the purpose 

of the simulation. Therefore, in this study, a simplified mean value model [24] is 

applied. Based on the performance map, the mean value model reveals the 

relationship between the throttle with power, torque and brake specific fuel 

consumption respectively. 

 

Figure 45 Engine BSFC map [25]. 
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The engine Brake-Specific Fuel Consumption (BSFC) map is shown in Figure 45 

[25]. BSFC is a commonly-used measurement of the fuel efficiency of the engine. 

It is the rate of fuel consumption divided by the power produced. Seen from the 

figure, the most efficient BSFC is about 330g/kwh with the engine speeds 

between 4300-4800RPM corresponding to 17-23kW power output. The second 

level of the engine high-efficient operating area is defined as the region where 

the BSFC is lower than 360g/kwh. It is a strip area with the speeds from 4100-

7500RPM, and the highest power output is about 43kW shown by the contour 

line in the upper right corner. In general, if the engine can keep running in the 

restricted high-efficient area, the fuel economy of the whole system will be 

significantly improved. Specified to this problem, starting from a stationary state, 

the engine should operate in the most efficient area for most of the mission time. 

When the system requires higher power, the engine operating point should move 

to the high powerful area for a short period time to charge the battery pack until 

it has enough energy for the remaining mission. After that, the engine operating 

point could move back to the most-efficient point at an appropriate time. Overall, 

the problem for the engine of the hybrid system is to find a best timing for shifting 

the engine operating point. 

6.3.2 Motor and Generator 

The electric motor is another primary component in hybrid systems. It converts 

electrical energy into mechanical energy which realized electrical propulsion of 

aircraft. In addition, due to the designed hybrid-electric system generates energy 

by an engine and the engine outputs mechanical energy, it requires a generator 

to do a reverse energy transmission. The motor and generator have much in 

common, thus the motor is also used as a generator to convert mechanical 

energy into electricity. In this paper, a high power-to-weight ratio PMSM, 

EMRAX228 motor, is selected as the motor aQd geQeUaWRU. The PRWRU¶V efficieQc\ 

map is shown in the Figure 46 [26].  According to this figure, the contours of motor 

efficiencies are concentric circles, and most efficient area, with an efficiency of 

96%, is at about the centre of all its operating range.   
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There are several modelling approaches for PMSMs. For example, simplifying 

the motor to a low-order transfer function or using a look-up table to represent its 

performance. This study uses a 𝑑 − 𝑞 model to composite the PMSM [27,28]. The 

model applies Whe WUaQVfRUPaWiRQ beWZeeQ Whe VWaWRU¶V 𝑎𝑏𝑐 fUaPe aQd Whe URWRU¶V 

𝑑 − 𝑞 frame to calculate the rotor angular velocity, rotor angle and stator current 

of each phase to obtain three phase circuit.  

 

Figure 46 Electric motor efficiency map [26]. 

6.3.3 Battery 

The battery pack is the substantial energy supplement for the hybrid-electric 

propulsion systems. It transfers or stores the energy based on the system 

demands, and responds rapidly without warm-up or start-up time. The capacity 

of the battery could be defined by the maximum difference between the power 

demand and the engine output, and the voltage is primarily designed as 

296V.Compared with other batteries, the Lithium-ion (Li-ion) battery is 

outstanding due to its high power-to-weight ratio, no memory effect, longer 
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lifespan and lower self-discharge rate. Therefore, this work selected Li-ion as the 

storage component and uses the Shepherd model to predict the SOC at each 

moment [29]. The Shepherd modelling method summarized an empirical 

equation for Li-iRQ baWWeUieV¶ chaUgiQg/diVchaUgiQg cXUYeV baVed RQ a hXge 

amount of experimental data. 

For achieving a better system performance, a long-term reliable and high energy-

efficient battery is desired. In general, the Li-ion battery pack is sensible to the 

operation environment and improper operations. In addition, the efficiency of the 

baWWeU\ Sack, iQclXdiQg Whe µelecWUical efficieQc\¶ aQd µcRlXPbic efficieQc\¶, all 

decrease over the lifetime of the battery, and the cell failure rate increases with 

the increased charging/discharging cycles. All above phenomena are caused by 

the battery ageing, also called as battery degradation, which is a major drawback 

RQ Whe baWWeU\¶V Ueal XVage. The baWWeU\ ageiQg mainly reflects as increasing 

internal resistance and capacity fading, it occurs during Whe baWWeU\ Sack¶V ZhRle 

life, no matter it is used or not. As a result, at present, the lifespan of the battery 

is around 15 years until the battery lost 20% of its initial capacity, i.e. the end-of-

life of the battery is normally defined as the battery remains 80% of its capacity 

[30]. 

The battery degradation significantly affects the performance of the hybrid-

electric propulsion system. Firstly, the lifespan of the battery pack influences the 

service life of the whole system. Although the battery pack could be easily 

replaced, the cost and adaption of a new battery pack is not less. Moreover, the 

abandoned battery pack pollutes the soil and is hard to be resolved. Secondly, 

the battery ageing affects the power management strategies, especially for the 

charging-sustaining control strategy. For example, a drop in useable capacity will 

represent a larger SOC variation in charge-sustaining operation for a given 

mission, i.e. a battery pack will show a larger SOC variation to complete a same 

task. In addition, the capacity loss reduces available flight range and decreases 

acceleration ability. Therefore, considering the capacity fading, the lowest SOC 

threshold should increase and all limitations regarding to the SOC are needed to 

be re-designed. However, estimating and modelling the battery ageing is a 
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challenging problem in the state-of-art. Battery ageing is hard to identify and 

quantify due to the diversity and the complexity of the phenomena [31]. Therefore, 

a battery longevity controller is proposed which is aiming to improve the battery 

operating environment and extend the battery lifespan. 

x Evaluation of BaWWerieV¶ Operating Condition 

The battery degradation strongly depends on operating conditions and 

environment, relative variables such as time, working temperature, Depth of 

Discharge (DoD), discharge rate and charging stress [32-34]. The battery ageing 

is a completed progress. There are many prediction models have been developed 

for Li-batteries, such as the empirical equation (6-1) and (6-2) proposed by Wang 

et al. [34] and Bloom et al. [35]. In (6-1) and (6-2), 𝑄𝑙𝑜𝑠𝑠 represents the percentage 

of capacity loss, 𝐵𝑑  is the pre-exponential factor, 𝐸𝑎  refers to the activation 

energy, 𝜌𝑔𝑎𝑠  is the gas constant, 𝑇  means the absolute temperature, 𝑧 is the 

power law factor, 𝑡 is time and 𝐴ℎ is the Ah-throughput [34,35]. The value of the 

processed capacity is calculated by the number of cycles 𝑁𝑐𝑦𝑐𝑙𝑒, 𝐷𝑜𝐷 and the full 

battery capacity 𝐶𝑓𝑢𝑙𝑙.  All factors are obtained from experimental data, and values 

are different for different batteries. However, the result shows a similar trend by 

a same variation of these parameters. Therefore, summarized from previous 

research, a high-quality charging pattern of lithium-ion battery could be obtained, 

and key bullets are shown as below.  

𝑄𝑙𝑜𝑠𝑠 = 𝐵𝑑 ∙ 𝑒𝑥𝑝 ቆ
−𝐸𝑎
𝜌𝑔𝑎𝑠𝑇

ቇ 𝑡𝑧  𝑜𝑟  𝐵𝑑 ∙ 𝑒𝑥𝑝ቆ
−𝐸𝑎
𝜌𝑔𝑎𝑠𝑇

ቇ (𝐴ℎሻ𝑧 (6-1) 

𝐴ℎ = 𝑁𝑐𝑦𝑐𝑙𝑒 ∙ 𝐷𝑜𝐷 ∙ 𝐶𝑓𝑢𝑙𝑙 (6-2) 

1) The capacity loss accumulates over time, i.e. the fading percentage increases 

respect to time.  

2) Li-batteries perform poorly at extreme working temperature. The best 

operating temperature is between 15-35℃ [32]. 

3) The capacity degrades faster with high current. Namely, the fast 

charging/discharging, i.e. high charge/discharge rate, shortens the useful life 

of the battery pack.  
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4) Although the effect is minor compared with the first three parameters, long-

term at high-DoD condition accelerates the capacity fade. 

Therefore, to retard battery degradation, the hybrid-electric system requires a 

decision-making block to guarantee a healthy operating environment for the 

battery pack but also be capable to minimize the fuel consumption and emission. 

This paper proposed a battery-friendly controller which can intelligently manage 

power flow and extend the lifespan of the battery pack simultaneously. Due to the 

lack of the information of a precise battery ageing progress, a fuzzy logic 

controller seems to be one suitable control strategies. The controller firstly 

evaluates the battery operating environment, and then gives command to the 

engine and generator based on the evaluation result and predicted mission power 

requirement. 

6.4 Deterministic Rule-Based Controller  

 

Figure 47 Flowchart of the DRB controller. 
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Before introducing the fuzzy controller, a basic deterministic rule-based controller 

is presented acting as a baseline for the new designed battery-friendly controller. 

The DRB controller here is a power follower controller, and the flowchart is shown 

in the Figure 47. 

 

Figure 48 Engine and generator efficiency map. 

In order to define appropriate operating modes, the engine efficiency map and 

motor efficiency map are put together to find good operating points, shown as 

Figure 48. Please note that because the system applies a gear box, the abscissa 

of the engine map is reduced to half and the ordinate of that is stretched to twice. 

From the figure, three feasible operating points are selected as main operating 

points which are (1500RPM, 10Nm), (4600RPM, 45Nm) and (7200RPM, 50Nm) 

corresponding to three operating modes respectively: 

1) Max charge mode: highest power output with high efficiency, the operating 

point is (7200RPM, 50Nm); 
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2) Regular charge mode: moderate power output with best fuel efficiency, the 

operating point is (4600RPM, 45Nm); 

3) Idle mode: low power output, the engine nearly to be idle, the operating point 

is (1500RPM, 10Nm). 

Above three operating modes are designed for different specific scenarios. The 

max charge mode is a high powerful operating mode. The engine runs at the 

point (7200RPM, 50Nm) producing 37kW power output. Therefore, the engine 

will be switched to the max charge mode only when the battery SOC is below the 

given safety threshold. The next operating mode is the regular charge mode, 

whose engine operating point is at (4600RPM, 45Nm). This operating point is in 

the most efficient area, i.e. it refers to the ideal engine operating condition. Since 

the regular operating mode has the best fuel economy, the system will improve 

its fuel performance if the engine stays in this mode as long as possible. 

Therefore, except when the battery pack has an extreme SOC, the system could 

remain the second operating mode for most of the time. The third operating mode 

refers to the idle condition. Due to switching off the engine during the flight is not 

feasible and low-efficient, and the engine re-starting costs time, it is better to keep 

engine running during the whole flight. The engine can only be switched off after 

aircraft successfully landed. Therefore, the third mode is designed. The engine 

operating point is at (1500RPM, 10Nm), which is nearly idle with a low power 

output. 

Based on the proposed operating modes, the rules of the controller can be 

determined. The controller firstly distinguishes the current engine operating 

mode. If the engine is at the max charge mode, the operating condition will be 

adjusted to the regular charge mode when the SOC is above 50%. Otherwise, 

the engine will stay at the max charge mode to charge the battery until it reaches 

the given limitation. Similarly, if current mode is the regular charge mode, the 

engine will change the operating mode based on two given SOC limitation 40% 

and 90% respectively. The engine will turn into the idle mode if the SOC reaches 

90% and will turn into the max charge mode when the SOC is below 40%.  

Otherwise, if the engine is not in either the max charge mode or the regular mode, 
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thresholds of the SOC are 80% and 40%. The controller is a basic rule-based 

controller and each threshold is determined by author¶V experience.  

6.5 Mamdani & Sugeno Fuzzy Logic Controller 

To further enhance the performance of the system, this paper proposed a new 

fuzzy control strategy: Mamdani & Sugeno Fuzzy Logic (MSFL) controller, which 

can properly manage power flow and extend battery life. Namely, the controller 

monitors the current and SOC, and based on that, it can intelligently decide when 

the battery pack should be charged or discharged. Here, the fuzzy control 

strategy is selected due to the operating condition of the battery pack is easily 

assessed by expert knowledge and experience. In order to incorporate those 

well-defined rules within the UAV control architecture, it is critical to execute a 

transformation from a linguistic based rule-base command into a mathematical 

expression [36-37]. Considered all above conditions, the system requires two 

fuzzy inference systems to process the system, as shown in the Figure 49.  

 

Figure 49 Fuzzy logic control structure. 

6.5.1 Part 1 - Mamdani Fuzzy Logic Controller 

The first inference system is designed to evaluate the operating environment of 

the battery pack. Due to that the real capacity fade is an extremely complicate 

progress, i.e. the percentage of the capacity fade is very hard to precisely defined, 

the assessPeQW Rf Whe baWWeUieV¶ RSeUaWiQg eQYiURQPeQW caQQRW be eYalXaWed b\ 

a mathematical model. However, as mentioned in the last section, there are three 

main variables (working temperature, DoD and charge/discharge rate) affecting 

the health of the operating condition of the battery pack. Therefore, this study 

proposed a simple method that uses a fuzzy inference system to infer the 

operating condition.  
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Figure 50 Membership functions for battery assessment system. 

This inference process is obtained by using a Mamdani type fuzzy controller. The 

Mamdani fuzzy system is good at transforming human expertise to the control 

rules, which can perfectly convert the battery characteristics to evaluation 

standards. Based on literatures, it can be found that the best operating 
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temperature is around 15 − 35℃, the suitable interval of DoD is between 40%−

60% , and charge/discharge with lower current benefits the battery health. 

Therefore, different membership functions are assigned to inputs and outputs 

respectively based on the battery operating properties, seen as Figure 50. The 

most µVXiWable¶ operating temperature range and the µmoderate¶ DoD range are 

clear. Regarding the current, it is obvious that a small current is beneficial to the 

operation of the system. Therefore, based on the maximum estimated current 

value and considering the occasional huge current oscillations, Whe µPRdeUaWe¶ 

region is set to 2-6A. In addition, in order to ease optimization, Gaussian and 

generalized Bell-shaped membership functions are selected to depict fuzzy sets. 

Their normal equations are written as (6-3) and (6-4). In these functions, 𝑐 refers 

to the locating centre of each curve, 𝜎 determines the width of the Gaussian curve, 

𝑎 is the width of the bell-shaped curve, and 𝑏 is a positive integer influencing the 

slop of the curve. 

𝐺𝑎𝑢𝑠𝑠𝑀𝐹(𝑥, 𝜎, 𝑐ሻ = 𝑒𝑥𝑝 (−
(𝑥 − 𝑐ሻ2

2𝜎2 ሻ (6-3) 

𝐺𝑏𝑒𝑙𝑙𝑀𝐹(𝑥, 𝑎, 𝑏, 𝑐ሻ =
1

1 + ቚ𝑥 − 𝑐𝑎 ቚ
2𝑏 (6-4) 

The output, battery operating condition, is described as an assigned output 

UaQgiQg fURP 0 WR 1, ZheUe ³0´ cRUUeVSRQdiQg WR Whe SRRUeVW cRQdiWiRQ aQd ³1´ 

corresponding to the best operating condition. The fuzzy rules are listed as below: 

x If the DoD is in the moderate area, i.e. 40%-60%, the fuzzy rules are: 

Table 13 Rules for 40-60% DoD. 

 Low Suitable High 

Small Fair Good Good 

Medium Fair Good Fair 

Large Poor Fair Poor 

 

Current 
Temperature 
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x If the DoD is not in the moderate area, the fuzzy rules are: 

Table 14 Rules for 0-40%& 60-100% DoD. 

 Low Suitable High 

Small Fair Good Fair 

Medium Poor Good Poor 

Large Poor Fair Poor 

 

From above two tables, there is no difference between outputs under certain 

ciUcXPVWaQceV. WheQ Whe WePSeUaWXUe iV µVXiWable¶, Whe RSeUaWiQg cRQdiWiRQ iV 

aVVeVVed aV ³GRRd´ QR PaWWeU hRZ DRD iV. While the temperature is not in that 

range, some of outputs goes down to a lower level. This is because that the 

influence of DoD is minor compared to other two variables. Overall, the best 

operating condition for battery is that the battery pack is charged or discharged 

with a low current under a suitable outside temperature. The poorest condition is 

that charging/discharging the battery pack when it is deep discharged in an 

extremely high/cold environment.  

6.5.2 Part 2 ± Sugeno Fuzzy Logic Controller 

The second fuzzy inference system is designed to generate a control signal for 

Whe eQWiUe V\VWeP, i.e. Whe RPM aQd WRUTXe Rf PaUW A PRZeU SRXUce. EQgiQe¶V 

optimal operating area is a given region between two high-efficient operating 

points shown in Figure 48. Due to the ideal engine output is restricted, the 

inference system for the system control signal is possible to achieve by a Sugeno 

type fuzzy inference [38,39]. 

Current 
Temperature 
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Figure 51 Membership functions for main controller. 

Sugeno fuzzy logic system uses an analytical consequent equation as output, so 

that it can achieve a more accurate and efficient control instruction than using 

Mamdani fuzzy [40]. There are four input variables in this fuzzy controller, which 

can be of the form as 𝑥 = [𝑃𝑓, 𝐶𝑏, 𝑆𝑂𝐶, 𝑅𝑃𝑀]′. Here, 𝑃𝑓 refers to the future power 

demand, 𝐶𝑏 is the indicator of the battery operating environment, 𝑆𝑂𝐶 means the 

state of charge of the battery pack and 𝑅𝑃𝑀 refers to current RPM of the engine. 

Figure 51 gives membership functions for the future power demand, battery 
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operating condition and battery SOC. The membership function of 𝑅𝑃𝑀 is not 

illustrated since it does not affect rules. 

 

Figure 52 Power requirement for a typical flight 

Different membership functions are designed for each variable. At first, the value 

of the variable 𝑃𝑓 can be estimated by the mission power demand which is shown 

as Figure 52. The largest value of 𝑃𝑓 should be equal to or less than the maximum 

value of required power, while the lowest value should be zero. This study uses 

an average value as the future power demand, see equation (6-5). It is the 

average value of the power requirement 𝑃𝑟𝑒𝑞 in future 2min, 3min, 4min and 5min. 

There are three membership functions of the future power demand, which is 

shown in the Figure 51, representing mission accomplishment, cruising flight 

stage and take-off flight stage respectively. 

𝑃𝑓(𝑡ሻ =  

𝑃𝑟𝑒𝑞(𝑡 + 2𝑚𝑖𝑛ሻ + 𝑃𝑟𝑒𝑞(𝑡 + 3𝑚𝑖𝑛ሻ + 𝑃𝑟𝑒𝑞(𝑡 + 4𝑚𝑖𝑛ሻ + 𝑃𝑟𝑒𝑞(𝑡 + 5𝑚𝑖𝑛ሻ
4  

(6-5) 
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The second input variable is the battery operating condition. It is the result 

acquired from the first fuzzy controller whose range is [0 1], and it has been 

uniformly divided to three Gaussian membership functions. The third input is 

battery SOC in the range of [0 100]. There are four set crisps: very low, low, 

PediXP aQd high. The fiUVW µYeU\ lRZ¶ PePbeUVhiS fXQcWiRQ iQdicaWeV Whe VafeW\ 

threshold of the entire system 𝐸𝑠𝑎𝑓𝑒𝑡𝑦 and energy value 𝐸𝑒𝑡𝑎𝑥𝑖𝑖𝑛𝑔 that the energy 

electric taxiing required, i.e. equation (6-6). The safety threshold is 25% SOC in 

this study. Apart from the first, the rest of SOC are split into three membership 

fXQcWiRQV. The µPiddle¶ fXQcWiRQ RccXSieV Whe SOC UaQge fURP 50% WR 80%, aQd 

Whe µhigh¶ SOC UefeUV WR 90% SOC.  

𝑉𝑒𝑟𝑦 𝑙𝑜𝑤 = 𝑚𝑎𝑥{𝐸𝑠𝑎𝑓𝑒𝑡𝑦 , 𝐸𝑒𝑡𝑎𝑥𝑖𝑖𝑛𝑔} (6-6) 

Regarding the fuzzy rules, the 𝑘𝑡ℎ rule level 𝑦𝑘 of a Sugeno fuzzy system could 

be normally presented as a sum of decision variables with coefficients. 

𝑦𝑘 = 𝑎𝑘1𝑥1 + 𝑎𝑘2𝑥2 +⋯+ 𝑎𝑘𝑗𝑥𝑗 + 𝑏𝑘 (6-7) 

Or a more general description is given by the following matrix: 

𝑨 = ቎
𝑎11 𝑎12 … 𝑎1𝑗
𝑎21
⋮

𝑎22
⋮
… 𝑎2𝑗

⋮
𝑎𝑛1 𝑎𝑛2 … 𝑎𝑛𝑗

቏, 𝑩 = [

𝑏1
𝑏2
⋮
𝑏𝑛

], 𝒀 = 𝑨 ∙ 𝑿 + 𝑩 with 𝑿 = [

𝑥1
𝑥2
⋮
𝑥𝑗

] (6-8) 

In the above equations, 𝑛 is the number of rules and 𝑗 is the number of input 

variables. For this research question, to guarantee the engine can continuously 

ZRUk iQ Whe efficieQW aUea, Whe eQgiQe¶V RSeUaWiQg cRQdiWiRQ iV e[SecWed WR be 

restricted to a low fuel consumption rate area, i.e. 4600-7000RPM. Therefore, 

three different expected control signals are proposed: 

𝐼𝑁𝐶𝑅𝐸𝐴𝑆𝐸: 𝑦 = 𝑅𝑃𝑀(𝑡 + 1ሻ = 7000 (6-9) 

𝑆𝑇𝐸𝐴𝐷𝑌:  𝑦 = 𝑅𝑃𝑀(𝑡 + 1ሻ = 𝑅𝑃𝑀(𝑡ሻ (6-10) 

𝐷𝐸𝐶𝑅𝐸𝐴𝑆𝐸:  𝑦 = 𝑅𝑃𝑀(𝑡 + 1ሻ = 4600 (6-11) 
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These three equations refer to three output membership functions of this Sugeno 

iQfeUeQce V\VWeP. The µiQcUeaViQg¶ cRPPaQd aiPV WR bRRVW eQgiQe RPM aQd 

torque, which may increase the charging current or reduce the discharging 

cXUUeQW. The µdecUeaViQg¶ cRPPaQd UefeUV WR aQ RSSRViWe cRQdiWiRQ, Zhich 

reduces the engine output to decrease the charging current or increase current 

dXUiQg diVchaUgiQg. The WhiUd VeQWeQce µVWead\¶ PeaQV WhaW Whe eQgiQe RSeUaWiQg 

condition remains the same. Therefore, matrix 𝑨,𝑩, 𝑿 is 

𝑨 = [

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 1 1 0 1 0 0 0 1 1 1 1 0 1 0 0

]

𝑇

  

𝑩 =
ሾ7000,4600  4600,0,0,4600,0,4600,4600,7000,0,0,0,0,4600,0,4600,4600ሿ𝑇  

𝑿 = [𝑃𝑓, 𝐶𝑏, 𝑆𝑂𝐶, 𝑅𝑃𝑀]
𝑇  

(6-12) 

The rules relating to the antecedent and consequent parts are shown as below.  

As for the torque of the engine, it is determined by a defined relationship 

regarding engine RPM, which is illustrated by the red line in Figure 48. This line 

is a smooth operation line linking two star-points. Ideally, the engine could 

operate at star points most of the time since they have the best fuel consumption 

rate. While at other times, the engine operates around the red line or be idling. 

Following the design of system input, output and rules, the next step is the 

defuzzification. The defuzzification result of the Sugeno fuzzy inference system 

is a weighted mathematical average shown by the equation (6-15). 

𝑦∗ =
∑ 𝛭𝑘
𝑛
1 ∙ 𝑦𝑘
∑ 𝛭𝑘
𝑛
1

 
(6-13) 
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Table 15 Fuzzy rules. 

 IF THEN 

𝑅𝑢𝑙𝑒 1 𝑆𝑂𝐶 𝑖𝑠 𝑉𝑒𝑟𝑦 𝐿𝑜𝑤 𝐴𝑁𝐷 𝑃 𝑖𝑠 {
𝐿𝑜𝑤

𝑀𝑒𝑑𝑖𝑢𝑚
𝐻𝑖𝑔ℎ

 𝐴𝑁𝐷 𝐶𝑑 𝑖𝑠 {
𝐺𝑜𝑜𝑑
𝑁𝑜𝑟𝑚𝑎𝑙
𝐵𝑎𝑑

 𝑦1 = 𝐼𝑁𝐶𝑅𝐸𝐴𝑆𝐸 

𝑅𝑢𝑙𝑒 2 𝑆𝑂𝐶 𝑖𝑠 𝐻𝑖𝑔ℎ 𝐴𝑁𝐷 𝑃 𝑖𝑠 {
𝐿𝑜𝑤

𝑀𝑒𝑑𝑖𝑢𝑚
𝐻𝑖𝑔ℎ

 𝐴𝑁𝐷 𝐶𝑑 𝑖𝑠 {
𝐺𝑜𝑜𝑑
𝑁𝑜𝑒𝑚𝑎𝑙
𝐵𝑎𝑑

 𝑦2 = 𝐷𝐸𝐶𝑅𝐸𝐴𝑆𝐸 

𝑅𝑢𝑙𝑒 3 𝑆𝑂𝐶 𝑖𝑠 𝑀𝑒𝑑𝑖𝑢𝑚 𝐴𝑁𝐷 𝑃 𝑖𝑠 𝐿𝑜𝑤 𝐴𝑁𝐷 𝐶𝑑 𝑖𝑠 {
𝐺𝑜𝑜𝑑
𝑁𝑜𝑒𝑚𝑎𝑙
𝐵𝑎𝑑

  𝑦3 = 𝐷𝐸𝐶𝑅𝐸𝐴𝑆𝐸 

𝑅𝑢𝑙𝑒 4 𝑆𝑂𝐶 𝑖𝑠 𝑀𝑒𝑑𝑖𝑢𝑚 𝐴𝑁𝐷 𝑃 𝑖𝑠 𝐻𝑖𝑔ℎ 𝐴𝑁𝐷 𝐶𝑑 𝑖𝑠 𝐺𝑜𝑜𝑑  𝑦4 = 𝑆𝑇𝐸𝐴𝐷𝑌 

𝑅𝑢𝑙𝑒 5 𝑆𝑂𝐶 𝑖𝑠 𝑀𝑒𝑑𝑖𝑢𝑚 𝐴𝑁𝐷 𝑃 𝑖𝑠 𝐻𝑖𝑔ℎ 𝐴𝑁𝐷 𝐶𝑑 𝑖𝑠 𝑁𝑜𝑟𝑚𝑎𝑙  𝑦5 = 𝑆𝑇𝐸𝐴𝐷𝑌 

𝑅𝑢𝑙𝑒 6 𝑆𝑂𝐶 𝑖𝑠 𝑀𝑒𝑑𝑖𝑢𝑚 𝐴𝑁𝐷 𝑃 𝑖𝑠 𝐻𝑖𝑔ℎ 𝐴𝑁𝐷 𝐶𝑑 𝑖𝑠 𝐵𝑎𝑑  𝑦6 = 𝐷𝐸𝐶𝑅𝐸𝐴𝑆𝐸 

𝑅𝑢𝑙𝑒 7 𝑆𝑂𝐶 𝑖𝑠 𝑀𝑒𝑑𝑖𝑢𝑚 𝐴𝑁𝐷 𝑃 𝑖𝑠 𝑀𝑒𝑑𝑖𝑢𝑚 𝐴𝑁𝐷 𝐶𝑑 𝑖𝑠 𝐺𝑜𝑜𝑑  𝑦7 = 𝑆𝑇𝐸𝐴𝐷𝑌 

𝑅𝑢𝑙𝑒 8 𝑆𝑂𝐶 𝑖𝑠 𝑀𝑒𝑑𝑖𝑢𝑚 𝐴𝑁𝐷 𝑃 𝑖𝑠 𝑀𝑒𝑑𝑖𝑢𝑚 𝐴𝑁𝐷 𝐶𝑑 𝑖𝑠 𝑁𝑜𝑟𝑚𝑎𝑙  𝑦8 = 𝐷𝐸𝐶𝑅𝐸𝐴𝑆𝐸 

𝑅𝑢𝑙𝑒 9 𝑆𝑂𝐶 𝑖𝑠 𝑀𝑒𝑑𝑖𝑢𝑚 𝐴𝑁𝐷 𝑃 𝑖𝑠 𝑀𝑒𝑑𝑖𝑢𝑚 𝐴𝑁𝐷 𝐶𝑑 𝑖𝑠 𝐵𝑎𝑑  𝑦9 = 𝐷𝐸𝐶𝑅𝐸𝐴𝑆𝐸 

𝑅𝑢𝑙𝑒 10 𝑆𝑂𝐶 𝑖𝑠 𝐿𝑜𝑤 𝐴𝑁𝐷 𝑃 𝑖𝑠 𝐻𝑖𝑔ℎ 𝐴𝑁𝐷 𝐶𝑑 𝑖𝑠 𝐺𝑜𝑜𝑑  𝑦10 = 𝐼𝑁𝐶𝑅𝐸𝐴𝑆𝐸 

𝑅𝑢𝑙𝑒 11 𝑆𝑂𝐶 𝑖𝑠 𝐿𝑜𝑤 𝐴𝑁𝐷 𝑃 𝑖𝑠 𝐻𝑖𝑔ℎ 𝐴𝑁𝐷 𝐶𝑑 𝑖𝑠 𝑁𝑜𝑟𝑚𝑎𝑙  𝑦11 = 𝑆𝑇𝐸𝐴𝐷𝑌 

𝑅𝑢𝑙𝑒 12 𝑆𝑂𝐶 𝑖𝑠 𝐿𝑜𝑤 𝐴𝑁𝐷 𝑃 𝑖𝑠 𝐻𝑖𝑔ℎ 𝐴𝑁𝐷 𝐶𝑑 𝑖𝑠 𝐵𝑎𝑑  𝑦12 = 𝑆𝑇𝐸𝐴𝐷𝑌 

𝑅𝑢𝑙𝑒 13 𝑆𝑂𝐶 𝑖𝑠 𝐿𝑜𝑤 𝐴𝑁𝐷 𝑃 𝑖𝑠 𝑀𝑒𝑑𝑖𝑢𝑚 𝐴𝑁𝐷 𝐶𝑑 𝑖𝑠 𝐺𝑜𝑜𝑑 𝑦13 = 𝑆𝑇𝐸𝐴𝐷𝑌 

𝑅𝑢𝑙𝑒 14 𝑆𝑂𝐶 𝑖𝑠 𝐿𝑜𝑤 𝐴𝑁𝐷 𝑃 𝑖𝑠 𝑀𝑒𝑑𝑖𝑢𝑚 𝐴𝑁𝐷 𝐶𝑑 𝑖𝑠 𝑁𝑜𝑟𝑚𝑎𝑙 𝑦14 = 𝑆𝑇𝐸𝐴𝐷𝑌 

𝑅𝑢𝑙𝑒 15 𝑆𝑂𝐶 𝑖𝑠 𝐿𝑜𝑤 𝐴𝑁𝐷 𝑃 𝑖𝑠 𝑀𝑒𝑑𝑖𝑢𝑚 𝐴𝑁𝐷 𝐶𝑑 𝑖𝑠 𝐵𝑎𝑑  𝑦15 = 𝐷𝐸𝐶𝑅𝐸𝐴𝑆𝐸  

𝑅𝑢𝑙𝑒 16 𝑆𝑂𝐶 𝑖𝑠 𝐿𝑜𝑤 𝐴𝑁𝐷 𝑃 𝑖𝑠 𝐿𝑜𝑤 𝐴𝑁𝐷 𝐶𝑑 𝑖𝑠 𝐺𝑜𝑜𝑑  𝑦16 = 𝑆𝑇𝐸𝐴𝐷𝑌  

𝑅𝑢𝑙𝑒 17 𝑆𝑂𝐶 𝑖𝑠 𝐿𝑜𝑤 𝐴𝑁𝐷 𝑃 𝑖𝑠 𝐿𝑜𝑤 𝐴𝑁𝐷 𝐶𝑑 𝑖𝑠 𝑁𝑜𝑟𝑚𝑎𝑙  𝑦17 = 𝐷𝐸𝐶𝑅𝐸𝐴𝑆𝐸  

𝑅𝑢𝑙𝑒 18 𝑆𝑂𝐶 𝑖𝑠 𝐿𝑜𝑤 𝐴𝑁𝐷 𝑃 𝑖𝑠 𝐿𝑜𝑤 𝐴𝑁𝐷 𝐶𝑑 𝑖𝑠 𝐵𝑎𝑑  𝑦18 = 𝐷𝐸𝐶𝑅𝐸𝐴𝑆𝐸  
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The rule strength 𝛭𝑘  is the multi-variable interaction between the output 

membership functions under different inputs. Various fuzzy operations, i.e. 

interactions, could be selected, such as multiplication and maximum value. Here 

the operation 𝑚𝑎𝑥 is selected as the fuzzy operation. Therefore, in this problem, 

the weight 𝛭𝑘 of the 𝑘𝑡ℎ rule is obtained as the example: 

𝑅𝑢𝑙𝑒 𝑘:  if x1 is in the fuzzy set µMFp¶ and x2 is in the fuzzy set µMFq¶ and x3 is in 
the fuzzy set µMFr¶ Æ the Kth rule.  

IF              (𝑥1 𝑖𝑠 𝑀𝐹𝑝) AND (𝑥2 𝑖𝑠 𝑀𝐹𝑞) AND ( 𝑥3 𝑖𝑠 𝑀𝐹𝑟ሻ 

THEN       𝜇1(𝑘ሻ = 𝑒𝑥𝑝 ቆ−
ቀ𝑥1−𝑐𝑀𝐹𝑝ቁ

2

2𝜎𝑀𝐹𝑝
2 ቇ  

                  𝜇2(𝑘ሻ = 𝑒𝑥𝑝 ቆ−
ቀ𝑥2−𝑐𝑀𝐹𝑞ቁ

2

2𝜎𝑀𝐹𝑞
2 ቇ   

                  𝜇3(𝑘ሻ =
1

1+|
𝑥3−𝑐𝑀𝐹𝑟
𝑎𝑀𝐹𝑟

|
2𝑏𝑀𝐹𝑟

 

                  𝛭𝑘 = 𝑚𝑎𝑥ሼ𝜇1(𝑘ሻ, 𝜇2(𝑘ሻ, 𝜇3(𝑘ሻሽ  

                         = 𝑚𝑎𝑥 ቐ𝑒𝑥 𝑝 ቆ− (𝑥1(𝑘ሻ−𝑐𝑝)
2

2𝜎𝑝2
ቇ , 𝑒𝑥 𝑝 ቆ− (𝑥1(𝑘ሻ−𝑐𝑝)

2

2𝜎𝑝2
ቇ , 1

1+ቚ𝑥3(𝑘ሻ−𝑐𝑟𝑎𝑟
ቚ
2𝑏𝑟ቑ 

                  𝑦𝑘 = 𝑎𝑘1𝑥1 + 𝑎𝑘2𝑥2 + 𝑎𝑘3𝑥3 + 𝑏𝑘 

 

For a set of inputs, traversing all the rules to get 𝛭𝑘 𝑎𝑛𝑑 𝑦𝑘,  

the final output is: 

𝑦∗ =
 ∑ 𝑚𝑎𝑥ሼ𝜇1(𝑘ሻ, 𝜇2(𝑘ሻ, 𝜇3(𝑘ሻሽ𝑛
1 ∙ 𝑦𝑘
∑ 𝑚𝑎𝑥ሼ𝜇1(𝑘ሻ, 𝜇2(𝑘ሻ, 𝜇3(𝑘ሻሽ𝑛
1

 

 

(6-14) 

The IF statement illustrates that each input variable is in which membership 

function (or fuzzy set) and will lead to the 𝑘𝑡ℎ rule (or result), that equals to that 

³if x1 is 𝑀𝐹𝑝, x2 is 𝑀𝐹𝑞 and x3 is 𝑀𝐹𝑟, then 𝑘𝑡ℎ UXle´. FRU WhiV UXle, Whe degUee of 

membership function for each input 𝜇1(𝑘ሻ, 𝜇2(𝑘ሻ, 𝜇3(𝑘ሻ is obtained by different 

membership curves. It is similar as Mamdani fuzzy inference process. After that, 



 

132 

the rule strength 𝛭𝑘 is the maximum value of all degrees of membership function. 

In other words, the rule weight 𝛭𝑘 is derived from rule antecedents, while the rule 

output level  𝑦𝑘 is a linear consequent of input values calculated by a defined 

function and given constant coefficients. After traversing all the rules, i.e. 

calculating the rule strength and output level for each rule for a given set of inputs, 

the output could be obtained by the equation (6-14). 

Normally, membership sets of both inputs and outputs offer a Boolean approach 

hence linear transition are more challenging between different rules. This would 

lead to an inference that no two or more rules can be selected at the same time. 

In our case crossovers are an advantage because there can be regions over the 

universe of discourse whereby two or more rules can activate at the same time 

instance.  

6.6 Simulation Result and Discussion 

Figure 52 shows the simulated mission task. Due to the fuzzy controller 

considered the operating environment of the battery pack, the engine and 

generator had a different performance compared to other controllers. Therefore, 

the DRB controller has been applied for the same mission as a baseline. The 

results are shown below. 

 

Figure 53 Simulation result of the engine. 
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The first figure illustrates RPM and torque of the engine. It is the performance of 

the generator as well since they are mechanically linked. From the figure, it can 

be seen that the trigger time of increasing engine RPM is similar due to the 

required power increases. After that, the fuzzy controller adjusts RPM to a lower 

value due to the mission requirement becomes less. For cruising flight stage, both 

of controllers control the engine to operate at its most-efficient point, i.e. the point 

(4600, 45). At the end of simulation, the results obtained by the rule-based 

controller has two big fluctuations while the performance of the fuzzy controller 

keep stable shortly and then reduces to an idle condition 

 

Figure 54 Simulation result of the battery pack. 

To check the battery performance, another Figure 54 has been plotted. This 

figure shows the remaining SOC changes and the absolute value of the battery 

current with time. From the left figure, the fuzzy controller has a smoother result 

at the first fluctuation, while the performance of the rule-based controller has an 

extra concave. Then, the battery pack was charged by the same rate by two 

cRQWURlleUV, Zhile Whe fX]]\ V\VWeP¶V SOC iV a liWWle lRZeU WhaQ Whe RWheU. IQ Whe 

last period of the simulation, the power requirement decreased so that it makes 

SOC reached 90%. The DRB controller adjusted the engine to the idle mode 

while the SOC of the fuzzy system reaches to 100%. As for the right figure, 

currents have huge fluctuations due to the mission and SOC changes. Compared 

with the DRB result, it can be found that the fuzzy system has a smaller current 
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with fewer oscillations. Therefore, the fuzzy controller indeed improved the 

battery operating environment. 

The last figure illustrates the fuel consumption rate of each controller. The result 

of the fuzzy controller is smooth without small undulations. The total fuel 

consumptions are 718g and 764g for fuzzy and rule-based controller respectively. 

Therefore, the fuzzy controller improved 6% of fuel efficiency. 

 

Figure 55 Simulation result of the fuel rate. 

To better assess the system result, a performance function is proposed. Four 

relevant variables are scaled and added together as shown in the equation (6-15). 

𝑆 are scaled factors of each parameter, which are 𝑆𝑅𝑃𝑀 = 6600, 𝑆𝑆𝑂𝐶 = 30, 𝑆𝑆𝐹𝐶 =

500 and 𝑆𝑐𝑢𝑟𝑟𝑒𝑛𝑡 = 760  in this work. Please note that these scale numbers 

significantly affect the indication value of the total performance. They are 

designed by designers and could be modified. The first term of the equation, 𝑅𝑃𝑀
̇

𝑆𝑅𝑃𝑀
, 

indicates the rate of change of the RPM. A smooth change with low rate is better 

than a violent shock. The second term shows the SOC of the battery. It calculates 

the distance from the current SOC to the suitable range, i.e. 40%-60%. The next 

variable is the fuel consumption rate. As the lowest SFC of the engine, all SFCs 

minus 280g/kw/s to make it easier to being scaled. The last parameter is the 
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current of the battery pack. Since smaller c-rate is desired, the smaller current 

the better. As a result, the smaller the value of 𝐽𝑝 refers to a better performance. 

The total performance value is shown in the Figure 56.  

𝐽𝑝 =
𝑅𝑃𝑀̇
𝑆𝑅𝑃𝑀

+
𝑚𝑖𝑛ሼ|𝑆𝑂𝐶 − 40|, |𝑆𝑂𝐶 − 60|ሽ

𝑆𝑆𝑂𝐶
+
(𝑆𝐹𝐶 − 280ሻ

𝑆𝑆𝐹𝐶
+
|𝐶𝑢𝑟𝑟𝑒𝑛𝑡 − 20|

𝑆𝑐𝑢𝑟𝑟𝑒𝑛𝑡
 (6-15) 

From the figure, it can be seen that the largest value of performance indication is 

about 2.5 while the smallest is zero. Smaller value refers to better performance. 

FiUVWl\, aW Whe begiQQiQg Rf Whe PiVViRQ, Whe MSFL¶V SeUfRUPaQce UePaiQed VWable 

for the first flight stage, i.e. taxiing, while the DRB showed some fluctuations due 

to the unstable engine output. Afterwards, the mission came to the high-powerful 

take-off stage, both RPM and torque of the engine increased so that there is a 

SiWch YibUaWiRQ RccXUUiQg aW 300V VhRZed iQ bRWh cRQWURlleUV¶ UeVXlWV. TheQ, 

interestingly, due to the mission consumed more electricity, the SOC and current 

size decreased so that the operating condition of battery was improved, which 

reduced the value of the total performance indication. Normally, ignoring several 

sharp tips, the performances are similar from 300 to 900s by two controllers. As 

for the cruise stage, the MSFL controller achieved the best performance in the 

whole mission, i.e. from 800 to 1900s. While in the same period, the DRB 

controller also performed great but the performance indication value oscillated 

frequently due to the engine torque was not stable. In addition, due to the battery 

pack was always charged during the cruise, the SOC and current size increased 

along with the plane flying, but the SFC still stayed at a low value due to the 

engine operating condition remained. The performances showed the same 

characteristics in the middle of the flight until the 3000s. There is one significant 

jump in the performance indicators of the DRB controller, which is caused by the 

engine was regulated into idle mode when the state-of-charge reached 90%. This 

movement affected both engine and battery, thus the 𝐽𝑝 value oscillated 

significantly twice at the end of the simulation. From the figure, it can be found 

that switching the engine to idle mode when the SOC is over 90% is good for the 

whole system, which can reduce current and SOC to improve the battery 

operating environment. Overall, the MSFL controller achieved a stable and more 
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efficient performance than the DRB controller, but it is necessary to change 

engine operating mode when the SOC beyond 90%. 

 

Figure 56 Simulation result of the total performance. 

6.7 Conclusion 

This paper has presented a novel battery-friendly fuzzy controller for a UAV 

distributed series hybrid-electric propulsion system. It firstly reviewed some of the 

current hybrid propulsion systems and the existing control strategies. Then, the 

designed distributed series hybrid system with its configuration is proposed. 

Based on the system structure, a basic analysis of important subsystems is 

conducted, where the modelling method for each device is introduced. Because 

the UAV battery pack is vulnerable to the outside environment the idea of a 

battery-friendly controller is generated. Since the battery ageing is a very complex 

process which is not easy to be described by simple equations, an expert-

intelligent based system is suitable for this problem. Therefore, two fuzzy 

inference systems are designed to describe the battery operating condition and 

generate suitable control signals to drive the entire system. Lastly, a generic 
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mission has been simulated for the designed system with a deterministic 

controller. The performance and the difference between the two simulations are 

also compared and discussed. The proposed method has shown that the battery-

friendly controller has achieved a 6% fuel consumption reduction while also 

having a smoother SOC and current performance. Therefore, the fuzzy controller 

improved both the battery operating profile and fuel consumption. 

6.8 Reference 

[1]  F.R.SalPaVi, ³CRQWURl SWUaWegieV fRU Hybrid Electric Vehicles: Evolution, 

ClaVVificaWiRQ, CRPSaUiVRQ, aQd FXWXUe TUeQdV,´ IEEE Transactions on 

vehicular technology, vol. 56, no. 5, September 2007.  

[2]  S. G. WiUaViQgha aQd A. EPadi, ³ClaVVificaWiRQ aQd ReYieZ Rf CRQWURl 

Strategies for Plug-IQ H\bUid ElecWUic VehicleV,´ IEEE Transactions on 

vehicular technology, vol. 60, no. 1, January 2011.  

[3]  C. G. HRchgUaf, M. J. R\aQ aQd H. L. WiegPaQ, ³EQgiQe CRQWURl SWUaWeg\ 

for a Series Hybrid Electric Vehicle Incorporating Load-Leveling and 

ComputeU CRQWURlled EQeUg\ MaQagePeQW,´ SAE Technical Paper 960230, 

1996.  

[4]  A. M. PhilliSV, M. JaQkRYic aQd K. E. Baile\, ³Vehicle V\VWeP cRQWURlleU 

deVigQ fRU a h\bUid elecWUic Yehicle,´ iQ IEEE International Conference on 

Control Applications, Anchorage, AK, USA, 2000.  

[5]  S. H. Mahyiddin, M. R. Mohamed, Z. Mustaffa, A. C. Khor, M. H. Sulaiman, 

H. AhPad aQd S. A. RahPaQ, ³FX]]\ lRgic eQeUg\ PaQagePeQW V\VWeP Rf 

VeUieV h\bUid elecWUic Yehicle,´ iQ 4th IET Clean Energy and Technology 

Conference, Kuala Lumpur, 2016.  

[6]  N. SchRXWeQ, M. SalPaQ aQd N. KheiU, ³FX]]\ LRgic CRQWURl fRU PaUallel 

H\bUid VehicleV,´ IEEE Transactions on control systems technology, vol. 10, 

no. 3, May 2002.  



 

138 

[7]  N. J. SchRXWeQ, M. A. SalPaQ aQd N. A. KheiU, ³EQeUg\ PaQagePeQW 

VWUaWegieV fRU SaUallel h\bUid YehicleV XViQg fX]]\ lRgic,´ Control Engineering 

Practice, vol. 11, no. 2, pp. 171-177, 2003.  

[8]  H-D. Lee and S.-K. SXl, ³FX]]\-logic-based torque control strategy for 

parallel-W\Se h\bUid elecWUic Yehicle,´ IEEE Transactions on Industrial 

Electronics, vol. 45, no. 4, pp. 625-632, August 1998.  

[9]  M. Montazeri-Gh and M. Mahmoodi-k, ³DeYelRSPeQW a QeZ SRZeU 

PaQagePeQW VWUaWeg\ fRU SRZeU VSliW h\bUid elecWUic YehicleV,´ 

Transportation Research Part D: Transport and Environment, vol. 37, 2015.  

[10]  B. M. Baumann, G. Washington, B. C. Glenn and G. Ri]]RQi, ³MechaWURQic 

deVigQ aQd cRQWURl Rf h\bUid elecWUic YehicleV,´ IEEE/ASME Transactions on 

Mechatronics, vol. 5, no. 1, pp. 58-72, March 2000.  

[11]  Y. WaQg, Y. ZhaQg, J. WX aQd N. CheQ, ³EQeUg\ PaQagePeQW V\VWeP 

based on fuzzy control approach for h\bUid elecWUic Yehicle,´ Chinese Control 

and Decision Conference, pp. 3382-3386, 2009.  

[12]  R. Langari and J.-S. WRQ, ³IQWelligeQW eQeUg\ PaQagePeQW ageQW fRU a 

parallel hybrid vehicle-part I: system architecture and design of the driving 

situation idenWificaWiRQ SURceVV,´ IEEE Transactions on Vehicular 

Technology, vol. 54, no. 3, pp. 925-934, May 2005.  

[13]  J-S. WRQ aQd R. LaQgaUi, ³IQWelligeQW eQeUg\ PaQagePeQW ageQW fRU a 

parallel hybrid vehicle-part II: torque distribution, charge sustenance 

strategieV, aQd SeUfRUPaQce UeVXlWV,´ IEEE Transactions on Vehicular 

Technology, vol. 54, no. 3, May 2005.  

[14]  S.ZhaQg aQd R.XiRQg, ³AdaSWiYe eQeUg\ PaQagePeQW Rf a SlXg-in hybrid 

electric vehicle based on driving pattern recognition and dynamic 

SURgUaPPiQg,´ Applied Energy, vol. 155, pp. 68-78, 2015.  



 

139 

[15]  M.H.HajiPiUi aQd F.R.SalPaVi, ³A FX]]\ EQeUg\ MaQagePeQW Strategy for 

Series Hybrid Electric Vehicle with Predictive Control and Durability 

E[WeQViRQ Rf Whe BaWWeU\,´ iQ IEEE Conference on Electric and Hybrid 

Vehicles, Pune, 2006.  

[16]  M.Montazeri-Gh and M.Mahmoodi-K, ³OSWiPi]ed SUedicWiYe eQeUg\ 

management of plug-iQ h\bUid elecWUic Yehicle baVed RQ WUaffic cRQdiWiRQ,´ 

Journal of Cleaner Production, vol. 139, pp. 935-948, July 2016.  

[17]  B. SaUliRglX aQd C. T. MRUUiV, ³MRUe ElecWUic AiUcUafW: ReYieZ, ChalleQgeV, 

and Opportunities for Commercial Transport AiUcUafW,´ IEEE Transactions on 

Transportation Electrification, vol. 1, no. 1, pp. 54-64, June 2015.  

[18]  S.WaQg, J.T.EcRQRPRX aQd A.TVRXUdRV, ³IQdiUecW EQgiQe Si]iQg Yia 

Distributed Hybrid-Electric UAV State-of-Charge Based Parametrisation 

CUiWeUia´.  

[19]  S.WaQg, J.T.EcRQRPRX aQd A.TVRXUdRV, ³DeVigQ Rf a DiVWUibXWed H\bUid 

ElecWUic PURSXlViRQ S\VWeP fRU a LighW AiUcUafW baVed RQ GeQeWic AlgRUiWhP,´ 

in AIAA Propulsion and Energy 2019 Forum, Indianapolis, 2019.  

[20]  Rotron TechQRlRg\, ³RRWURQ RT600LCR,´ [OQliQe]. AYailable: 

http://www.rotronuav.com/engines/rt-600. 

[21]  G.BaXPaQQ aQd L.Ri]]RQi, ³UQified PRdelliQg Rf h\bUid elecWUic Yehicle 

dUiYeWUaiQV,´ IEEE/ASME Transactions on Mechatronics, vol. 4, pp. 246-257.  

[22]  F.Cheli, F.L.Mapelli aQd R.MaQigUaVVR, ³FXll eQeUgeWic PRdel Rf a SlXg-in 

h\bUid elecWUic Yehicle,´ SPEEDAM - International Power Electronics, pp. 

733-738, 2008.  

[23]  J.B.Heywood, Internal Combustion Engine Fundamental, New York: 

McGraw-Hill, 1988.  



 

140 

[24]  Y.Xie, A.Savvaris aQd A.TVRXUdRV, ³MRdelliQg aQd CRQWURl Rf a H\bUid 

ElecWUic PURSXlViRQ S\VWeP fRU UQPaQQed AeUial VehicleV,´ IEEE, 2017.  

[25]  Y. Xie, A. SaYYaUiV, A. TVRXUdRV, J. La\cRck aQd A. FaUPeU, ³MRdelliQg aQd 

control of a hybrid electric propulsion system for uQPaQQed aeUial YehicleV,´ 

in IEEE Aerospace Conference, Big Sky, 2018.  

[26]  EMRAX , ³EMRAX 228,´ EMRAX INNOVATIVE E-MOTORS, [Online]. 

Available: https://emrax.com/products/emrax-228/. [Accessed 31 5 2019]. 

[27]  P.Krause, Analysis of electric machinery, McGraw Hill, 1986.  

[28]  P.Pilla\ aQd K.RaPX, ³MRdelliQg Rf SeUPaQeQW PagQeW PRWRU dUiYeV,´ iQ 

Robotics and IECON'87 Conferences. International Society for Optics and 

Photonics, 1987.  

[29]  C. SheSheUd, ³DeVigQ of Primary and Secondary Cells: II. An Equation 

DeVcUibiQg BaWWeU\ DiVchaUge,´ Journal of The Electrochemical Society, vol. 

112, no. 7, pp. 657-664, 1965.  

[30]  L. Ahmadi, M. Fowler, S. B. Young, R. A. Fraser, B. Gaffney and S. B. 

WalkeU, ³EQeUg\ efficiency of Li-ion battery packs re-used in stationary 

SRZeU aSSlicaWiRQV,´ Sustainable Energy Technologies and Assessments, 

vol. 8, 18 6 2014.  

[31]  A. BaUUe, B. DegXilheP, S. GURlleaX, M. GeUaUd, F. SXaUd aQd D. RiX, ³A 

review on lithium-ion battery ageing mechanisms and estimations for 

aXWRPRWiYe aSSlicaWiRQV,´ Journal of Power Sources, pp. 680-689, 2013.  

[32]  N. Omar, M. A. Monem, Y. Firous, J. Salminen, J. Smekens, O. Hegazy, H. 

Gaulous, G. Mulder, P. V. d. Bossche, T. Coosemans and J. V. Mierlo, 

³LiWhiXP iURQ ShRVShaWe baVed baWWeU\ - Assessment of the aging 

parameters and development of c\cle life PRdel,´ Applied Energy, pp. 1575-

1585, 2014.  



 

141 

[33]  Y. GaR, J. JiaQg, C. ZhaQg, W. ZhaQg, Z. Ma aQd Y. JiaQg, ³LiWhiXP-ion 

battery ageing mechanisms and life model under different charging 

VWUeVVeV,´ Journal of Power Sources, pp. 103-114, 2017.  

[34]  J. Wang, P. Liu, J. Hicks-Garner, E. Sherman, S. Soukiazian, M. Verbrugge, 

H. TaWaUia, J. MXVVeU aQd P. FiQaPRUe, ³C\cle-life model for graphite-

LiFePO4 cellV,´ Journal of Power Sources, pp. 3942-3948, 2011.  

[35]  I. Bloom, B. Cole, J. Sohn, S. Jones, E. Polzin, V. Battaglia, G. Henriksen, 

C. MRWlRch, R. RichaUdVRQ, T. UQkelhaeXVeU, D. IQgeUVRll aQd H. CaVe, ³AQ 

accelerated calendar and cycle life study of Li-iRQ cellV,´ Journal of Power 

Sources, vol. 101, no. 2, pp. 238-247, 2001.  

[36]  E. H. Mamdani, ³ASSlicaWiRQ Rf fX]]\ algRUiWhPV fRU cRQWURl Rf ViPSle 

d\QaPic SlaQW,´ YRl. 121, QR. 12, 1974.  

[37]  J. M. MeQdel, ³FX]]\ lRgic V\VWePV fRU eQgiQeeUiQg: a WXWRUial,´ YRl. 83, QR. 

3, 1995.  

[38]  T. Takagi aQd M. SXgeQR, ³FX]]\ ideQWificaWiRQ Rf V\VWePV and its 

aSSlicaWiRQV WR PRdeliQg aQd cRQWURl,´ IEEE Transactions on Systems, Man, 

and Cybernetics, Vols. SMC-15, no. 1, pp. 116-132, Jan-Feb 1985.  

[39]  M. SXgeQR aQd G. KaQg, ³SWUXcWXUe ideQWificaWiRQ Rf fX]]\ PRdel,´ Fuzzy 

Sets and Systems, vol. 28, no. 1, 1988.  

[40] R.BabXãka aQd H.B.VeUbUXggeQ, ³AQ RYeUYieZ Rf fX]]\ PRdeliQg fRU 

cRQWURl,´ Control Engineering Practice, vol. 4, no. 11, pp. 1593-1606, 1996. 





 

143 

 

 

 

7 OPTIMIZATION-BASED CONTROLLER 
 

 

So far, the design process, sizing methods and rule-based controllers of the 

hybrid-electric propulsion system are presented in previous chapters. This 

chapter will introduce an optimization-based controller for the designed system, 

i.e. MPC-based controller, which is the third target in the third objective. 

 

Figure 57 Chapter 7 structure. 

 

An MPC-based Power Management Strategy for a Distributed 
Series Hybrid Electric Propulsion System of UAVs 

Abstract 

Reducing fuel consumption and emissions are always popular research targets 

for aircraft.  At present, some hybrid-electric propulsion systems with different 

characteristics have been designed or even successfully applied for aircraft. On 

the basis of a distributed series hybrid electric propulsion system designed for a 

mid-scale unmanned aerial aircraft, this paper proposed a nonlinear Model 

Predictive Control based power management strategy to improve fuel economy 

and emissions. By using the MPC-based controller, an optimal operating 
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trajectory of the engine could be determined. Compared to the result of the 

power-follower deterministic controller and the battery longevity fuzzy controller, 

the MPC controller can achieve a good performance on the fuel consumption and 

NOX emissions. 

7.1  Introduction 

With the maturity of the hybrid-electric vehicle industry, the environmentally 

friendly and high-efficient hybrid electric propulsion system has been widely 

recognized. As one of the main transportations, aircraft urgently needs an 

upgrade for propulsion systems to protect the environment and energy supply. 

According to the flightpath 2050 goals, aircraft is expected a 75% reduction in 

CO2 emissions per passenger kilometer, a 90% reduction in NOX emissions and 

an emission-free taxiing in the future 30 years [1]. For above targets, the hybrid-

electric propulsion system might be one of the best replacements to the 

conventional combustion propulsion system. Compared to traditional aircraft, 

hybrid-electric aircraft has a potential to reduce fuel consumption and emissions 

due to its special configuration. Although there are plenty of types of hybrid 

systems, the core problem is how to manage two or more power flows properly.  

Plenty of control strategies have been applied to find an optimal engine operating 

trajectory. There are two main classifications: rule-based and optimization-based 

control strategies [2]. Rule-based control strategies are designed based on the 

WhePe Rf µlRad-leYelliQg¶. TheiU ViPSliciW\ aQd effecWiYeQeVV Pake WheP 

recommended for the real-time energy management applications, but their 

results might be suboptimal. Optimization-based controllers obtain results by 

minimizing defined cost functions, and have causal (real-time) and non-causal 

(global) two categories. The non-causal controller is not applicable for real-time 

control problems since it requires past, present and future information [2]. The 

causal controller only considers current system variables so that it is good at real-

time implementations. Typically, the real-time controller is necessary since it is 

not guaranteed that the future power requirement and other relative information 

could be obtained in advance. Therefore, a fast and robust causal optimization-

based control strategy is on-demand for hybrid aircraft to perform unknown tasks. 



 

145 

Model Predictive Control is one typical optimal control strategy which is suitable 

for real-time optimization problems. It is a feedback law based on prediction, 

optimization and receding horizon implementation. Future control inputs and 

future plant responses are predicted using a system model and optimized at 

regular time intervals with respect to a performance index. With a sound 

theoretical basis and an accurate dynamic system model, MPC can solve large 

scale control problem with multi-variables, and can also handle constraints of 

control inputs and states no matter the plant model is linear or nonlinear.  

The earliest application of the MPC algorithm for hybrid electric propulsion system 

is [3], which used that strategy to predict vehicle speed for a hybrid car in order 

to obtain a satisfactory control signal. Latter research shifted the focus to improve 

fuel economy. Based on the different level of navigation information, the paper 

[4] proposed three MPC optimal controllers for a parallel hybrid-electric system. 

The simulation results showed that it can achieve 1-3% improvement in fuel 

economy, and the fuel consumption can be further reduced with more 

information. In paper [5], Balaji developed a linear MPC to find the feasible 

solution for reducing fuel consumption based on a linearized system model. 

Compared with the dynamic programming solution, the execution time of the 

MPC algorithm improved 94-98%, but the fuel consumption was 17-30% worse 

WhaQ DP¶V. IQ SaSeU [6-7], Borhan applied both linear and nonlinear MPC 

methodologies to improve the fuel economy of a power-split hybrid electric 

system. The research found that the nonlinear controller can achieve a better fuel 

economy than linear MPC, and it also proved that the short-horizon MPC is 

applicable to solve a real-time fuel minimization problem online in a nonlinear 

framework. Rather than focusing on fuel consumption, Cairano [8-9] initially 

proposed a linear MPC controller on maximizing the pointwise powertrain 

efficiency for a series hybrid-electric vehicle. By experimentally testing in city and 

highway cycles, the engine operating points were concentrated in the small high-

efficient area which could be equivalent to 5.7% and 4.6% fuel economy 

improvements compared with the load-following and load-leveling deterministic 

controllers respectively. Furthermore, based on stochastic MPC, Cairano [10] 

also designed a driver behavior predictive controller. The new controller further 



 

146 

improved engine efficiency by accommodating changes in driver behavior. As for 

the latest research [11-12], two dual-loop nonlinear MPC frameworks have been 

established for hybrid electric vehicles. In paper [11], Johannes solved a low-

sampling rate MPC problem for the entire predictive driving cycle to determine 

the long-term battery SOC variation for a plug-in hybrid electric vehicle. While, 

the paper [12] presented another two-level MPC strategy to control velocity and 

split energy flow. The high-level controller computed the travel time and battery 

energy, and the low-level determined engine parameters based on high-level 

cRQWURlleU¶V results. The simulation results showed that the proposed controller 

increased 8-39% fuel efficiency and improved driving comfort simultaneously. 

This paper proposed an MPC-based power management method for the 

distributed series hybrid-electric aircraft. Hybrid-electric aircraft is different from 

other hybrid electric vehicles. The strict safety requirement and the huge 

difference in power requirement increase the difficulty of the energy coordination. 

The ideal controller is aiming to improve fuel consumption rate and emission rate 

simultaneously under a consideration of the battery longevity.  

The paper starts with a brief review for hybrid propulsion systems, followed by 

the introduction of the designed system and its linearized plant model. The third 

section will illustrate the MPC algorithm and formulate the energy management 

problem into the optimization problem. The simulation result and performance 

analysis will be illustrated in the fourth section, where a power follower 

deterministic controller and a battery longevity controller are set as benchmarks. 

Finally, the conclusion and the future works are summarized in section five.  

7.2 System Model 

7.2.1 System Configuration and Control Scheme 

By state-of-the-art, mainstream types of hybrid-electric aircraft is series or parallel 

hybrid configurations. The series configuration is more prevalent in the small-

scale hybrid-electric aircraft due to its high simplicity and easy to install, while the 

parallel hybrid system is more common in mid-scale aircraft. Generally, the 

characteristic and performance of each hybrid system are determined by its 
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structure, components and control strategies. However, no matter the 

configuration is, hybrid-electric systems showed better fuel economy with varying 

growth degrees in literature. Based on the original series hybrid configuration, the 

author proposed a novel system whose structure is shown in Figure 58. 

According to the figure, the system has three interconnected parts: power source, 

propulsion loads and other loads. The propulsion loads and other loads parts are 

the energy consumers, while the power source part is responsible for the energy 

generation. System specifications are given in Table 16, more design details 

could be found in the paper [13,14].  

 

Figure 58 Distributed series hybrid-electric propulsion system. 

For series hybrid-electric systems, the core question then refers to a coordination 

problem happened in the area of Part A, i.e. how much energy should be 

produced by the engine and the battery pack respectively in each second under 

a given mission. This problem is a constrained nonlinear dynamic optimization 

question. The most optimal result is finding a proper engine operating line which 

not only leads to a good performance on fuel consumption and emissions, but 

also can output enough power to complete the mission and guarantee the battery 

pack having enough remaining energy for emergency or other conditions 

simultaneously. 
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Table 16 System specifications. 

Component Specifications 
Engine Maximum power 135 kW 

Rotron RT600LCR Maximum torque 60 Nm 

Generator Maximum power 75 kW 

Emrax 228 Maximum torque 240 Nm 

Battery Capacity 7.5 kWh 

 Voltage 296V 

The entire control scheme of the designed system is illustrated in Figure 59. As 

the series hybrid decouples the power source and system loads, there are two 

parts of the supervisory controller. The power source supervisory controller is 

mainly to determine the instantaneous engine operating point, i.e. the engine 

rotation speed 𝜔𝑒 and torque 𝑇𝑒, and the propulsion loads controller regulates all 

PRWRUV b\ deWeUPiQiQg each PRWRU¶V VSeed 𝜔𝑚1 − 𝜔𝑚6  and torque 𝑇𝑚1 − 𝑇𝑚6 . 

Two controllers collaborate to give instructions to the low-level controller in order 

to allow all components to operate as commanded. This study only discusses the 

power source supervisory controller, as marked by the star in the figure. 

 

Figure 59 Control structure of the hybrid-electric propulsion system. 
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7.2.2 System Dynamic Model 

According to the configuration, there is one engine, one generator, one converter 

and one battery pack installed in the power source part, which satisfies the 

following energy equation (7-1). 

𝑃𝑒 ∙ 𝜂𝑔 + 𝑃𝑏 = 𝑃𝑝𝑟𝑜 + 𝑃𝑜𝑡ℎ𝑒𝑟 = 𝑃𝑟𝑒𝑞 (7-1) 

𝑃𝑝𝑟𝑜 =∑
𝑃𝑚𝑗

𝜂𝑚𝑗

6

𝑗=1
 (7-2) 

𝑃𝑒 and 𝑃𝑏 are power outputs of the engine and the battery pack respectively, 𝜂𝑔is 

the generator efficiency. Please note that due to the generator is tightly locked to 

the engine, the generator output is presented by the engine output 𝑃𝑒 instead. 

Moreover, for 𝑃𝑏, the positive value refers to a battery discharging and vice versa. 

The engine and the battery pack transfer energy to propulsion loads 𝑃𝑝𝑟𝑜 and 

other electric loads 𝑃𝑜𝑡ℎ𝑒𝑟 , where 𝑃𝑝𝑟𝑜 could be calculated by motor power 𝑃𝑚𝑗 

and its efficiency 𝜂𝑚𝑗 as equation (7-2), and the sum of them is the total power 

requirement 𝑃𝑟𝑒𝑞. The relationship is also illustrated by Figure 60. 

 

Figure 60 Energy flow of the hybrid-electric power system. 

SWUaighW WR RbWaiQ eQgiQe¶V SeUfRUPaQce, Whe engine dynamic characteristic can 

be neglected. The engine output 𝑃𝑒 is determined by its rotation speed 𝜔𝑒 and 

torque 𝑇𝑒 . The fuel consumption rate 𝑚𝑓̇  and emission rate 𝑚𝑁𝑂𝑥̇  could be 

looked-up from performance maps expressed by (7-4) and (7-5). 
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𝑃𝑒 = 𝜔𝑒 ∙ 𝑇𝑒  (7-3) 

𝑚𝑓̇ = 𝑓𝑓(𝜔𝑒, 𝑇𝑒ሻ (7-4) 

𝑚𝑁𝑂𝑥̇ = 𝑓𝑁𝑂𝑥(𝜔𝑒, 𝑇𝑒ሻ (7-5) 

The battery pack works as a buffer to smooth the energy transportation, which 

can provide energy to system loads and absorb extra energy from the engine. 

The instantaneous capacity of the battery pack 𝑄(𝑡ሻ is mainly presented by the 

parameter 𝑆𝑂𝐶, which is an indicator of its remaining energy showing as (7-6). 

The charge flow rate 𝑄̇ is the electric current 𝑖(𝑡ሻ which has a relationship to 

battery voltage 𝑉𝑏 and power output 𝑃𝑏 as (7-8). 

𝑆𝑂𝐶 =
𝑄(𝑡ሻ
𝑄𝑚𝑎𝑥

  (7-6) 

𝑄̇ = −𝑖(𝑡ሻ (7-7) 

𝑃𝑏 = 𝑉𝑏 ∙  𝑖(𝑡ሻ (7-8) 

Energy losses during system operations. However, the efficiency of the battery 

pack and the converter are assumed as 100% to simplify the calculation. In 

addition, the engine efficiency is not necessary for this study since here used an 

experimental look-up table to determine the performance which has already 

considered the energy loss. And for reality, the operating range of each 

component is limited [15], the system operating should satisfy all mechanical 

constrains of each component shown as below. 

0 ≤ 𝑆𝑂𝐶 ≤ 100% (7-9) 

𝑃𝑒_𝑚𝑖𝑛 ≤ 𝑃𝑒 ≤ 𝑃𝑒_𝑚𝑎𝑥 (7-10) 

𝜔𝑒_𝑚𝑖𝑛 ≤ 𝜔𝑒 ≤ 𝜔𝑒_𝑚𝑎𝑥 (7-11) 

𝑇𝑒_𝑚𝑖𝑛 ≤ 𝑇𝑒 ≤ 𝑇𝑒_𝑚𝑎𝑥 (7-12) 



 

151 

𝜔𝑔_𝑚𝑖𝑛 ≤ 𝜔𝑔 ≤ 𝜔𝑔_𝑚𝑎𝑥 (7-13) 

𝑇 𝑔_𝑚𝑖𝑛 ≤ 𝑇𝑔 ≤ 𝑇𝑔_𝑚𝑎𝑥 (7-14) 

7.3 Nonlinear MPC 

7.3.1 Standard Nonlinear MPC 

Based on above system characteristics, the power management problem can be 

easily incorporated into the offline nonlinear MPC optimization strategy. The MPC 

algorithm contains the process of prediction, optimization and receding horizon 

implementation. It first predicts the system output along a future time horizon, 

then calculates a future control sequence to minimize a performance index 

subjected to constraints, after that the first element of the control sequence is 

applied to the system, and the process is repeated at the next time interval by 

moving the prediction horizon one step forward [6]. Nonlinear MPC is more 

complex than the linear problem for real-time implementations, while the 

nonlinear controller may improve the result [7]. The general nonlinear MPC 

algorithm is expressed as the below general form [16]: 

min 𝐽(𝑘ሻ =∑ ቂ‖𝑦(𝑘 + 𝑖|𝑘ሻ‖𝑃𝑦
2 + ‖𝑢(𝑘 + 𝑖|𝑘ሻ‖𝑅𝑢

2 ቃ
𝑁−1

𝑖=0

 (7-15) 

Subject to the discrete system dynamics: 

𝒙(𝑘 + 1ሻ = 𝐴𝒙(𝑘ሻ + 𝐵𝑢𝒖(𝑘ሻ + 𝐵𝑣𝒗𝒓(𝑘ሻ 

𝒚(𝑘ሻ = 𝐶𝒙(𝑘ሻ + 𝐷𝒖(𝑘ሻ 
(7-16) 

And the linear constraints: 

𝒖 ≤ 𝒖(𝑘ሻ ≤ 𝒖 

𝒙 ≤ 𝒙(𝑘ሻ ≤ 𝒙 

𝒚 ≤ 𝒚(𝑘ሻ ≤ 𝒚 

(7-17) 
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where 𝐽 is a quadratic cost function of system input 𝒖(𝑘ሻ and output 𝒚(𝑘ሻ, while 

𝒗𝒓(𝑘ሻ is the measured input and 𝒙(𝑘ሻ is the vector of system state. In the cost 

function, 𝑁  is the prediction horizon, 𝑃𝑦 and 𝑅𝑢  refer to constant positive 

weighting matrices, and (𝑘 + 𝑖|𝑘ሻ indicates the parameter is at time 𝑘 + 𝑖 that are 

predicted at time 𝑘. The model state and input vectors are often stacked by: 

𝒖(𝑘ሻ = [

𝑢(𝑘|𝑘ሻ
𝑢(𝑘 + 1|𝑘ሻ

⋮
𝑢(𝑘 + 𝑁 − 1|𝑘ሻ

] , 𝒙(𝑘ሻ = [

𝑥(𝑘 + 1|𝑘ሻ
𝑥(𝑘 + 2|𝑘ሻ

⋮
𝑥(𝑘 + 𝑁|𝑘ሻ

] (7-18) 

with upper bounds 𝒖, 𝒙  and lower bounds 𝒖,𝒙.  The stability and disturbance 

rejection properties for this algorithm are discussed in the literature [17]. Based 

on the objective function and constraints derived above, the optimization of the 

finite horizon cost subject to constraints requires the solution of a quadratic 

optimization problem. 

7.3.2 Optimization Problem Formulation 

Based on the above system properties, the optimization problem can be 

executed.  At first, summarizing previous component information, the energy 

relationship hiding in the system is written by the equation (7-19). 

𝑃𝑏 = 𝑉𝑏 ∙ 𝑖 = −𝑉𝑏 ∙ 𝑆𝑂𝐶̇ ∙ 𝑄𝑚𝑎𝑥 

𝑃𝑒 = 𝜔𝑒 ∙ 𝑇𝑒 

𝑃𝑒 ∙ 𝜂𝑔 + 𝑃𝑏 = (𝜔𝑒 ∙ 𝑇𝑒 ሻ ∙ 𝜂𝑔 − 𝑉𝑏 ∙ 𝑆𝑂𝐶̇ ∙ 𝑄𝑚𝑎𝑥 = 𝑃𝑟𝑒𝑞 

(7-19) 

As the study is aiming to improve the fuel economy and pollutant emissions, the 

basic cost function could be writing as (7-20). Furthermore, considering improving 

the operating environment of the battery pack, lower current and moderate SOC 

are desired. Therefore, the cost function could be extended to a weighted sum of 

fuel consumption, exhaust emissions, battery current and SOC (shown by (7-21)).  

 min 𝐽1 = ∫ (𝓌𝑓‖𝑚𝑓̇ (𝑡ሻ‖
2 +𝓌𝑁𝑂𝑥‖𝑚𝑁𝑂𝑥̇ (𝑡ሻ‖

2ሻ𝑡
0 𝑑𝑡 (7-20) 
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 min 𝐽2 = ∫ (𝓌𝑓‖𝑚𝑓̇ (𝑡ሻ‖
2 +𝓌𝑁𝑂𝑥‖𝑚𝑁𝑂𝑥̇ (𝑡ሻ‖

2 +𝓌𝑖‖𝑖(𝑡ሻ‖2 +
𝑡
0

 𝓌𝑆𝑂𝐶‖𝑁𝑆𝑂𝐶(𝑡ሻ‖2ሻ𝑑𝑡 
(7-21) 

Variable 𝓌𝑓,𝓌𝑁𝑂𝑥,𝓌𝑖,𝓌𝑆𝑂𝐶 are weighting parameters for each objective, whose 

value could be regulated for different objectives. A new indicator 𝑁𝑆𝑂𝐶 is invented 

to describe weather the instant SOC is in the moderate range from 40% to 80%. 

𝑁𝑆𝑂𝐶(𝑡ሻ = 𝑚𝑎𝑥 ሼ|𝑆𝑂𝐶(𝑡ሻ − 40|, |𝑆𝑂𝐶(𝑡ሻ − 80|ሽ (7-22) 

Except for the performance indication which can be straight obtained by internal 

system parameters, such as 𝑖 and 𝑁𝑆𝑂𝐶, the instantaneous fuel consumption rate 

and emission rate are obtained by look-up tables according to current engine 

rotation speed 𝜔𝑒 and torque 𝑇𝑒. Therefore, before formulating the problem into 

the standard MPC algorithm, the engine brake specific fuel consumption map, 

illustrated by Figure 61, is firstly analysed.  

 

Figure 61 Engine BSFC map. 
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The figure shows the experimental fuel consumption performance of the engine 

RT600. In other literature, the fuel consumption can be calculated by using an 

average rate or some linear fitting equations. However, they may not show 

system fuel characteristics very detailed since the real fuel map is too 

complicated that cannot be perfect represented by fitting functions. Therefore, 

this study proposed a better demonstration method to present engine 

performance. The new method is achieved by restricting the engine operating 

area to a special operating line with the highest fuel efficiency in advance. Except 

for reducing the complicity of the fuel consumption performance, this method also 

confirms a relationship between engine speed and torque. Based on the 

calculated line, if one of three variables (engine speed, engine torque and engine 

power) is known, the other two variables will be then determined. This 

determination reduces the degree of freedom to one, while the degree of freedom 

of the original problem is two ± engine speed and torque. Namely, a feasible and 

high-efficient operating line of the engine is necessary for the supervisory 

controller. 

According to the figure, there are two high-efficient operating areas at (4600RPM, 

40Nm) and (7000RPM, 51Nm) respectively in the map which could be nominated 

as engine main operating points. Based on the hybrid operating modes and 

components sizing methods mentioned in paper [13-14], the engine operating 

point (4600RPM, 40Nm) could be set for the main operating point while the point 

(7000RPM, 51Nm) is specially designed for high-power requirements. In addition, 

based on the limited experimental engine BSFC map, a most-optimal operating 

line for the transition process between two points could be defined in advance. 

The desired line allows the engine transits from a lower speed to a higher speed 

with a high fuel economy. Calculated by a basic genetic algorithm, the transition 

line is obtained shown by an orange dotted line in Figure 61. However, this result 

is not applicable for real operations since the torque of the dotted line goes up 

firstly then fall to a lower value from 4600 RPM to 7000 RPM. Compromised for 

the engine performance, a final engine operating line is defined which is shown 

by the red line in the figure. The engine torque smoothly increases to 51Nm at 

around 6000RPM then keeps being stable until to the speed at 7000RPM. From 
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the complex fuel map, the final operating line cannot obtain the best fuel 

consumption rate at each speed, but it is still acceptable since the total fuel 

consumption of the red line is just 1.1% higher than that of the orange dotted line. 

𝑚𝑓̇ = 𝑓𝑓(𝜔𝑒, 𝑇𝑒 ሻ (7-23) 

𝑇𝑒 = 𝑓𝑙𝑖𝑛𝑒(𝜔𝑒ሻ (7-24) 

As for the engine emission, experimental performance result is lacked. Instead of 

using an accurate emission quantity which is hard to achieve, a simplified map is 

utilized in this study. The engine utilized in this paper is a Wankel engine, which 

is a spark ignition engine using aviation gasoline. The map shows the heavy 

pollutant area of NOx and CO2 respectively, which is shown in Figure 62 [18].   

 

Figure 62 Emission map of the SI engine [18]. 

The prediction horizon is another important parameter for MPC algorithm. In this 

thesis, the prediction horizon was initially set to a 60s interval. In order to calculate 

the engine torque by Dynamic Programming, the prediction horizon consisted of 

six 10-second small intervals.  During each part, the engine RPM and torque are 

considered constant.  Consequently, the prediction horizon included six engine 

operating points corresponding to the future 60 seconds. 
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So far, the problem can be formulated in the MPC algorithm. The engine power 

output 𝑃𝑒  is the system input. The batteU\ Sack¶V UePaiQiQg caSaciW\, aV aQ 

important clue in the coordination amongst energy sources, is the state variable 

of the system model. Then, for the first cost function (7-20), the discretized model 

of the system becomes to: 

Input, output and states: 

               𝑥 = 𝑆𝑂𝐶, 𝑢 = 𝑃𝑒 (𝑜𝑟 𝜔𝑒ሻ, 𝑣𝑟 = 𝑃𝑟𝑒, 𝑦 = 𝑃𝑒 (𝑜𝑟 𝜔𝑒ሻ 

(7-25) 

System dynamics: 

               𝒙(𝑘 + 1ሻ = 𝐴𝒙(𝑘ሻ + 𝐵𝑢𝒖(𝑘ሻ + 𝐵𝑣𝒗𝒓(𝑘ሻ 

               𝐴 = 1 ; 𝐵𝑢 =
− 𝜂𝑔

𝑉𝑏∙𝑄𝑚𝑎𝑥
; 𝐵𝑣 =

1
𝑉𝑏∙𝑄𝑚𝑎𝑥

; 

Outputs: 

               𝒚(𝑘ሻ = 𝐶𝒙(𝑘ሻ + 𝐷𝒖(𝑘ሻ 

               𝐶 = 0; 𝐷 = 1; 

Cost function: 

               min 𝐽 = ∫ (𝓌𝑓‖𝑚𝑓(𝑡ሻ̇ ‖
2
+𝓌𝑁𝑂𝑥‖𝑚𝑁𝑂𝑥(𝑡ሻ̇ ‖

2
ሻ𝑡

0 𝑑𝑡 

               [
𝑚𝑓̇
𝑚𝑁𝑂𝑥̇

] = ቈ
𝑓𝑓(𝒚(𝑘ሻሻ
𝑓𝑁𝑂𝑥(𝒚(𝑘ሻሻ

቉ ∙  𝒚(𝑘ሻ 

Mechanical constraints are listed by (7-9) to (7-14). As for the extended cost 

function, i.e. (7-21), battery current and remaining capacity are performance 

indications as well. Thus, the system would be: 

Input, output and states: 

               𝑥 = ቂ𝑆𝑂𝐶𝑖 ቃ , 𝑢 = 𝑃𝑒 (𝑜𝑟 𝜔𝑒ሻ, 𝑣𝑟 = 𝑃𝑟𝑒, 𝑦 = [
𝑃𝑒 (𝑜𝑟 𝜔𝑒ሻ
𝑆𝑂𝐶
𝑖

] (7-26) 

System dynamics: 
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               𝒙(𝑘 + 1ሻ = 𝐴𝒙(𝑘ሻ + 𝐵𝑢𝒖(𝑘ሻ + 𝐵𝑣𝒗𝒓(𝑘ሻ 

                𝐴 = ቂ10ቃ ;  𝐵𝑢 = ቎

− 𝜂𝑔
𝑉𝑏∙𝑄𝑚𝑎𝑥
− 𝜂𝑔
𝑉𝑏

቏ ;  𝐵𝑣 = ቎

1
𝑉𝑏∙𝑄𝑚𝑎𝑥

1
𝑉𝑏

቏ ; 

Outputs: 

               𝒚(𝑘ሻ = 𝐶𝒙(𝑘ሻ + 𝐷𝒖(𝑘ሻ 

               𝐶 = [
0 0
1 0
0 1

] ;𝐷 = [
1
0
0
] ; 

Cost function: 

        min 𝐽 = ∫ (𝓌𝑓‖𝑚𝑓(𝑡ሻ̇ ‖
2
+𝓌𝑁𝑂𝑥‖𝑚𝑁𝑂𝑥(𝑡ሻ̇ ‖

2
+𝓌𝑖‖𝑁𝑖(𝑡ሻ‖2

𝑡

0

+ 𝓌𝑆𝑂𝐶‖𝑁𝑆𝑂𝐶(𝑡ሻ‖2ሻ𝑑𝑡 

               [

𝑚𝑓̇
𝑚𝑁𝑂𝑥̇
𝑆𝑂𝐶
𝑖

] = [

𝑓𝑓(𝒚(𝑘ሻሻ
𝑓𝑁𝑂𝑥(𝒚(𝑘ሻሻ
0 0 1 0
0 0 0 1

] ∙  𝒚(𝑘ሻ 

This study will investigate both systems. The result of the first model will be 

compared with the results of the deterministic rule-based controller and the 

battery longevity fuzzy controller proposed in the paper [19], and then another 

comparison between systems using different cost functions will be performed. 

7.3.3 Minimum Optimization Algorithm 

In order to solve the above minimum optimization problem, many approaches 

have been applied in literature [20]. If only a limited prediction horizon is available, 

both Dynamic Programming (DP) method and Quadratic Programming (QP) 

method are popular with the MPC structure using a receding horizon. However, 

considering the optimization problem mentioned in the previous section is a 

discrete-time nonlinear dynamic system, DP is the suitable solver and has been 

applied in this study. 
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Dynamic programming was proposed by American mathematician Richard 

Bellman in the mid-1950s [21]. The method was initially designed for multi-level 

decision-making process optimization problems, i.e. the optimal control problems 

of discrete-time systems, and was extended for continuous-time systems later. 

Based on the theoretical basis²BellPaQ¶V RSWiPaliW\ SUiQciSle, DP bUeakV Whe 

decision problem into smaller sub-problems and establishes corresponding 

recursive optimization calculation formulas to obtain optimal control results. 

BellPaQ¶V eTXaWiRQ VhRZV Whe RSWiPal SURbleP Rf diVcUeWe-time systems by a 

recursive form by writing as: 

𝐽𝑘,𝑁[𝑥∗(𝑘 − 1ሻ, 𝑢∗(𝑘 − 1ሻ, 𝑢0,𝑁−1∗ ]

= max
𝑢(𝑘−1ሻ

{𝑗𝑘ሾ𝑥∗(𝑘 − 1ሻ, 𝑢(𝑘 − 1ሻሿ + 𝐽𝑘+1,𝑁[𝑥∗(𝑘ሻ, 𝑢𝑘,𝑁−1∗ ]}  

 « 𝑘 = 1, 2,… , 𝑁 

(7-27) 

Same as equations in previous sections, 𝑢(𝑘ሻ, 𝑥(𝑘ሻ are input and state at 𝑘𝑡ℎ 

sampling instant, and 𝑢0,𝑁:𝑢(0ሻ, 𝑢(1ሻ,… , 𝑢(𝑁ሻ, and the upper label ∗ means the 

optimal input or system state. As for performance cost function, 

𝐽𝑘+1,𝑁[𝑥(𝑘ሻ, 𝑢𝑘,𝑁−1] refers to the cost from 𝑘𝑡ℎ  to 𝑁𝑡ℎ  WiPe. BellPaQ¶V eTXaWiRQ 

provides a step-by-step basis formula showing the relationship between the cost 

function in one period to the next period. The energy management problem then 

can be split into an integrated stage cost and an approximated minimum cost 

function from the end of the prediction horizon to the end of the mission cycle. 

Combining the formulated MPC problem, the DP problem can be written as： 

Input, output and states: 

               𝑥 = 𝑃𝑠𝑢𝑚, 𝑢 = 𝑃𝑒  

(7-28) 
Cost function: 

                𝐽 = ∫ (𝓌𝑓‖𝑚𝑓(𝑡ሻ̇ ‖
2
+𝓌𝑁𝑂𝑥‖𝑚𝑁𝑂𝑥(𝑡ሻ̇ ‖

2
ሻ𝑡

0 𝑑𝑡 

               [
𝑚𝑓̇
𝑚𝑁𝑂𝑥̇

] = ቈ
𝑓𝑓(𝒚(𝑘ሻሻ
𝑓𝑁𝑂𝑥(𝒚(𝑘ሻሻ

቉ ∙  𝒖(𝑘ሻ 
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Constraints: 

               0 ≤ 𝑆𝑂𝐶 ≤ 100% 

               𝑃𝑒_𝑚𝑖𝑛 ≤ 𝑃𝑒 ≤ 𝑃𝑒_𝑚𝑎𝑥 

               𝜔𝑒_𝑚𝑖𝑛 ≤ 𝜔𝑒 ≤ 𝜔𝑒_𝑚𝑎𝑥 

In the above equations, 𝑃𝑠𝑢𝑚 is the sum of generated power in last 𝐾𝑡ℎ steps. 

Since this DP problem solves the most optimal input (engine power output, speed 

and torque) for the designed hybrid-electric propulsion system, the value of 

battery SOC should satisfied constraints. Meanwhile, please notice that the 

engine output cannot be zero due to that it is not wise to switch off the engine 

during the flight. 

7.4 Simulation Result 

A standard mission was used for this study. It includes a taxing, take-off, climbing, 

cruising, descending and landing flight stages, and the power requirement is 

shown as below. 

 

Figure 63 Power requirement. 
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7.4.1 Basis MPC 

At first, the problem illustrated in (7-25) is simulated by using DP method, whose 

results are shown below. Figure 64 shows the engine power output in every 

second. The violet line shows the simulation result achieved by a determinate 

rule-based controller, and the green line shows the result obtained by the 

Mamdani & Sugeno Fuzzy Logic controller mentioned in paper [19]. Compared 

with Whe RWheU WZR PeWhRdV, Whe MPC cRQWURlleU¶V UeVXlW iV VhRZiQg b\ Whe blXe 

line. From the figure, it can be seen that engine operating conditions were the 

same during the mission except the period from 300s-800s. The engine remained 

operating at the most optimal operating point (4600RPM, 40Nm), for taxiing and 

cruise flight stage. This is because the optimal engine output is just above the 

mission demand for cruising, where the engine can provide enough power for 

propulsion and remaining at high efficiency simultaneously.  

 

Figure 64 Simulation result of the engine. 

As for take-off and climbing stages, results showed significant differences. Firstly, 

as shown by the blue line, the engine operating point varied frequently between 

two points (4600RPM, 40Nm) and (7000RPM, 51Nm). This performance is not 



 

161 

gRRd fRU eQgiQe¶V real operation, but it can keep the battery SOC stays at a safety 

region. As shown in Figure 65, the minimal value of SOC is about 56% while the 

SOC of DRB and MSFL dropped to 20% at 350s. Namely, the MPC controller 

has a better predictive ability so that it can increase engine output immediately 

before a big drop of the SOC. 

The fuel consumption at each moment is shown in Figure 66. The curve illustrated 

in that figure has the same shape as that of engine power performance. 

Calculated the total value of consumed fuel during the whole mission, the MPC 

controller costed lower fuel than others. Although the engine operating condition 

violent oscillated, the result by the MPC controller consumed 4.46% lower than 

that by the DRB controller, while the MSFL controller improved 4.24% fuel 

economy than the DRB controller. 

 

Figure 65 Simulation result of the battery. 
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Figure 66 Simulation result of the engine fuel consumption. 

The emission is also considered in the design of the MPC controller. For checking 

the emission performance, a simplified NOx map has been used in this study, 

which is shown in Figure 67. Different ovals present different emission level. The 

darkest, i.e. the central oval, illustrated the area with lowest NOx emission output 

(level 1). While, the lighter colour represents the heavier emission. The green line 

shows the maximum torque according to different engine RPM. 

 

Figure 67 Engine map on NOx emission. 

S
FC

 (g
/k

W
/s

) 



 

163 

Figure 68 is the simulation result for NOx emission. From the figure, it can be 

seen that results obtained by three controllers have many similarities. The reason 

for this could be conducted. Since the designed hybrid electric propulsion system 

is a series hybrid configuration, namely the engine is decoupled to the motor, the 

engine can always operate along a same given operating line no matter what kind 

of controller is applied. Due to three controllers are designed based on the same 

engine operating line, the engine operating points are limited to the points on that 

given line. In other words, the performance of emission or other characteristics 

may have many similarities. The only difference amongst the results of three 

controllers is the timing of engine operating point¶V VhifWiQg.  

 

Figure 68 Simulation result of the emission NOx. 
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Figure 69 Simulation result of the total performance. 

According to the emission map, the amount of NOx is lower in the high-power 

output area. However, the brake specific fuel consumption map (Figure 61) 

shows that the fuel economy is not the best in the high-power area. Therefore, 

the power management for the hybrid propulsion system is a trade-off problem. 

Depended on the cost function, the system may perform differently. In this study, 

by using weighting values 𝓌𝑓 = 2,𝓌𝑁𝑂𝑥 = 1, emission amounts are shown by 

Figure 68. Amongst three controllers, the system generated minimal NOx by 

using the DRB controller. The result of the MSFL and the MPC controller are 

similar, which produced 5.71% and 5.33% more emissions than the DRB 

controller. 

TR beWWeU addUeVV cRQWURlleUV¶ SeUfRUPaQce, Whe cRVW function shown in (7-29), is 

applied to the results obtained by the DRB and MSFL controllers. Two factors 

𝑚𝑓(𝑡ሻ̇  and 𝑚𝑁𝑂𝑥(𝑡ሻ̇  are scaled respectively to simplify the comparison and the 

result is shown as Figure 69. From the result, the MPC controller has the best 
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performance, but the result of the MSFL controller is only 0.1% worse than the 

MPC, while the DRB controller is 1.6% worse than the MSFL controller.  

𝑚𝑖𝑛 𝐽1 = ∫ (2 ∗ ‖𝑚𝑓̇ (𝑡ሻ‖
2 + 1 ∗ ‖𝑚𝑁𝑂𝑥̇ (𝑡ሻ‖

2ሻ
𝑡

0
𝑑𝑡 (7-29) 

7.4.2 Effect of Cost Functions 

Different cost functions will lead to different performances. Therefore, the second 

cost function proposed in the third section has been applied to the system as well, 

and the simulation results are shown as below comparing with the results by 

using the first cost function. To make the contrast more obvious, a different 

prediction horizon has been used for these two simulations.  

 

Figure 70 Simulation result of the engine. 

AW fiUVW, WheUe iV a liWWle diffeUeQce iQ Whe eQgiQe¶V SeUfRUPaQce. AccRUdiQg WR Figure 

69, by using the second cost function (7-26), the engine generated less power 

than that by using the first function. Therefore, the battery SOC in the second 

system dropped deeply and fast from 300s-800s, and the minimal value of SOC 

is about 10%. 
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Figure 71 Simulation result of the battery. 

As for emissions, there are almost no differences between them. The total NOx 

emission amount in the first simulation is 1.45% less than the second result. 

 

Figure 72 Simulation result of the NOx emission. 

Figure 73 shows the value of the cost function 2 (equation (7-29)) with weight 

factors 𝓌𝑓 = 2,𝓌𝑁𝑂𝑥 = 1,𝓌𝑖 = 1,𝓌𝑆𝑂𝐶 = 1. The value varied from 1 to 3.5, and 

the lowest value is determined at 1000s. According to the figure, the value 
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obtained by the second simulation is lower than the other during the most period 

of missions. The VecRQd V\VWeP¶V cost is 1.26% better than the first.  

 

Figure 73 Simulation result of the total performance. 

7.5 Conclusion 

This paper proposed an MPC-based controller for the designed hybrid propulsion 

system. The study first analysed the power management problem and formulated 

it into the MPC method. There are two proposed cost functions, the first is only 

regarding fuel econRP\ aQd ePiVViRQ, Zhile Whe VecRQd cRQVideUV baWWeUieV¶ 

performance, i.e. SOC and current. As the problem is nonlinear, the dynamic 

programming algorithm is used for solving the minimal optimization problem. 

Based on a standard flight mission, some simulations are conducted. The 

simulation result calculated by using the first cost function was compared to the 

result of a deterministic rule-based controller and a fuzzy controller. The MPC 

controller can improve 4.46% fuel efficiency than the rule-based controller, and 

0.4% emission rate than the fuzzy controller. Meanwhile, the MPC controller with 

the second cost function has been applied to the system as well, and the result 

was compared with the MPC controller using the first cost function. Based on 

simulation results, it can be found that different weighting factors may affect 
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system performance. Therefore, a trade-off study regarding fuel consumption, 

emission, and battery performance will be the next research focus. 
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8 CONCLUSION 
 

 

Responding to the call for sustainable aviation, this research proposed a 

distributed series hybrid-electric propulsion system for aero vehicles to improve 

the fuel economy and reduce emissions. The study started from the configuration 

design, followed by the system sizing and supervisory control. Simulation results 

showed that the designed hybrid-electric propulsion system can effectively 

reduce fuel consumption and emissions at varying degrees. 

8.1 Conclusion 

The first objective of this research is to determine the configuration of the aircraft 

propulsion system. The conventional series hybrid is a good structure, since it is 

high-electrified and decouples the engine from the propeller. However, the series 

configuration needs a generator to convert the mechanical energy into electricity. 

This extra device increases the system weight and exacerbates the energy loss 

caused by repeated energy conversions. Therefore, two intelligent techniques 

have been adopted into the conventional series hybrid system. The first technique 

of distributed propulsion applies multiple small propulsors to propel the aircraft, 

which can increase the system efficiency and reduce the system weight. Another 

more electric aircraft concept expands the original propulsion system and 

includes the avionic system into the propulsion system. This integration not only 

improves the efficiency and usage rate of each component, but also can remove 

the unnecessary equipment so that reduce the number of devices. Overall, these 

two modifications provide a possibility to improve the property of the conventional 

series hybrid system, and based on that, the configuration of the distributed series 

hybrid-electric propulsion system was determined.  
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Based on the defined system configuration, the component selection can be 

proceeded. Most of engineering applications select components by their power-

to-weight ratio, which costs time and requires extra simulations to validate the 

selection result. Therefore, this research developed an intelligent sizing method. 

It firstly chose the engine based on the performance between the engine and 

battery pack, which found that the engine whose output at the most efficient point 

is about 1.2 times of the average value of the power requirement is the most 

suitable engine for the given mission. Then, other equipment was selected 

according to a proposed comprehensive sizing table by using genetic algorithm. 

The system divided the system into two parts, and applied the NSGA-II and 

traditional genetic algorithm to each part respectively. Moreover, the designed 

intelligent sizing method can illustrate the system performance simultaneously, 

that proved that a 12% improvement in fuel consumption can be expected by 

applying a rule-based controller with selected components. 

The last objective in this research is to design a real-time supervisory controller 

to coordinate different power flows inside the proposed hybrid-electric system. At 

present, various control algorithms are applicable for the power management 

problem. Amongst them, three control methods are selected in this study. The 

first controller is a deterministic rule-based controller. It is basically a power 

follower controller, which regulates the engine operating condition according to 

the power requirement and the battery SOC. The second controller was designed 

by the fuzzy logic algorithm. It is a battery longevity controller which can monitor 

and improve the battery operating environment. Simulation result showed that the 

MSFL can effectively improve the battery circumstance as well as increase the 

fuel efficiency. The third controller was developed to discuss the relationship 

between fuel and emissions. Based on a rough emission map and a detailed 

BSFC map, an MPC-based controller was proposed to manage two power 

sources. The result showed that two objectives, i.e. improving fuel efficiency and 

reducing emissions, cannot be achieved at same time. However, since three 

controllers can effectively limit the engine operating area into a restricted region 
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with high efficiency, all of controllers significantly increased the fuel efficiency with 

different emissions variations. Overall, the coordination among the emission 

reduction, fuel reduction and battery operating environment improvement is a 

trade-off problem. Different emphasis will lead to different performance. 

8.2 Future Works 

The thesis completed the design of the distributed series hybrid-electric 

propulsion system. The improved fuel economy performance was validated by 

the numerical simulation tests. The areas of future work are recommended: 

1. Analysis the relationship between the fuel consumption, emissions and 

battery operating environment: Based on the result of this study, it is clear that 

three goals of improving fuel efficiency, emissions and battery operating 

environment cannot be obtained at same time. Thus, the power management 

problem is a trade-off study, and the optimization result can be shifted by 

different emphasis. Namely, if the value of weighting factor on fuel increases, 

the reduction of the fuel consumption will be greater than the reduction of the 

other two objectives. Vice versa, if the value of weighting factor on emissions 

or other properties increases, the reduction of that characteristic will be 

greater than others. Therefore, a study amongst three control objectives 

should be processed. How to define the goals by detailed values, and how to 

balance them is a quite interesting topic.  

 

2. The layout and management of motors: As mentioned in the design process, 

multiple small motors are utilized in the system. However, to realize the 

designed system in practical applications, a study of the aerodynamic 

properties of the aircraft with distributed propulsion is required. The layout and 

capacity of each motor should be carefully selected and allocated based on 

the aerodynamic study. Furthermore, a power management strategy for 

motors is required as well. 

 

3. The establishment of the fault diagnose and re-configuration. The designed 

system has a potential to handle emergencies, such as motor failure. If one 
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motor stops work, other motors can increase output to compensate for the 

shortcoming. Therefore, a system which can diagnose the fault and re-

configure the mission is required for the system. The system should be able 

to solve different urgent conditions, re-assign commands to each component 

under different circumstance. 
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Indirect engine sizing via distributed
hybrid-electric unmanned aerial vehicle
state-of-charge-based parametrisation
criteria

S Wang1 , JT Economou2 and A Tsourdos1

Abstract
This paper presents a design process for the challenging problem of sizing the engine pack for a distributed series hybrid-
electric propulsion system of unmanned aircraft vehicle. Sizing the propulsion system for hybrid-electric unmanned aerial
vehicles is a demanding problem because of the two different categories of propulsion (the engine and the motor), and
the electrical system characteristics. Furthermore, what adds to the difficulty is that the internal combustion engine does
not directly drive the propellers, but it is connected to an electrical generator and therefore provides electrical power to
the electric motors and propellers. Hence there is a clear distinction from the traditional engine solutions which are
mechanically coupled to the propeller. This paper addresses this specific distinction and proposes an indirect solution
based on properties on the electrical part of the system. In particular, a novel parametric characterisation engine sizing
approach is presented using the battery pack state-of-charge during a realistic unmanned aerial vehicle flight scenario.
Five candidate engine options were considered with different starting conditions for the electrical system. The results
show that by using the state-of-charge properties it is possible to select an appropriate size of engine pack while carrying
a suitable electrical propulsion pack. However, the solutions are not unique and are appropriate for given design criteria
clearly indicated in the paper.

Keywords
Hybrid unmanned aerial vehicle, hybrid system design, series hybrid, distributed hybrid system
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Introduction

In the past couple of decades, the largest growth
in commercial air transport have a big impact and
changed the world in numerous ways, primarily by
increasing the speed of travel, aiding growth in the
international business, and making the world
more connected. However, a conventional aircraft
consumes a large amount of fuel during each flight
and simultaneously emits greenhouse gases, noise,
heat and particulates. To prevent the deterioration of
aircraft negative impact on energy supply and environ-
ment, a higher fuel-efficiency and more environmental-
friendly propulsion system is required. In general,
there are three ways to improve aircraft performance:
(a) optimisation of the existing aircraft propulsion
systems; (b) development of new propulsion compo-
nents and (c) a combination of existing propulsion sub-
systems into hybrid powertrains. Based on the third
method, this paper presents a novel distributed series
hybrid-electric propulsion system (DSHEPS) for an
unmanned aerial vehicle (UAV).

At present, NASA, Airbus, Boeing and many other
companies are investing in hybrid-electric aircraft
research to improve aviation performance. The most
successfully tested hybrid-electric aircraft are UAVs
and small-scale aircraft. Due to the fuel having
higher power density than batteries’, the fuel system
contains more energy than an electric system for the
same mass. Therefore, hybrid-electric UAVs always
can survive a longer flight. Hybrid UAVs emerged
from 2010s, and to date, the one with the longest
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endurance is ALTI Transition, which offers up to 12 h
flight carrying no payload. University of Colorado
Boulder,1 Queensland University of Technology2

and U.S. Airforce Research Laboratory3 all have
researched this area. The other ongoing small hybrid
aircraft project is AIRSTART, project in the UK,
which is aiming to develop a parallel hybrid propul-
sion system to support routine small UAV operations
beyond visual line of sight.4

In terms of the hybrid-electric midscale demonstra-
tors, several aircraft have been successfully tested.
Alatus motor-glider, designed by Cambridge
University, firstly realised a parallel hybrid-electric
power system. It utilises a 2.8 kW internal combustion
four-stroke leaf blower unit paralleled with a 12 kW
electric motor, and the first truncated flight took place
in 2010. Embry-Riddle Aeronautical University, in
association with Google, designed another hybrid
plane ‘Eco-Eagle.’ It also uses a parallel hybrid tech-
nology and was successfully tested in 2011.5 The first
midscale series hybrid aircraft are the DA36 E-Star
and its successor version, developed by Diamond
Aircraft (DA), EADS and Siemens AG in 2013.6

The series system of DA36 E-Star can provide
80 kW power during take-off and 65 kW continuous
power during cruising. Later, Cambridge University
developed another hybrid aircraft ‘SOUL,’ which
firstly realised the capability of on-board battery char-
ging. It applies a parallel hybrid-electric propulsion
system and was successfully tested in 2014.7

Research in large-scale aircraft has increased over
the recent years. The new series of aircraft from
NASA are particularly designed using hybrid-electric
propulsion systems. For example, the N3-X Hybrid
Wing Body Turboelectric Plane8 and the STARC-
ABL Turboelectric Plane9 utilise gas-turbine/electric
hybrid propulsion systems; the SCEPTOR X-57
plane uses an engine/electric hybrid power system;10

and the Subsonic Ultra Green Aircraft applies a lique-
fied natural gas fuel cell/electric hybrid propulsion
system.11 Meanwhile, Airbus, Rolls-Royce and
Siemens are working together to test the feasibility
of a hybrid-electric propulsion system in a relatively
large aircraft, called E-Fan X Plane, and the test flight
is currently planned in 2020.12

As hybrid-electric aircraft are becoming increas-
ingly more popular, new attempts to develop different
hybrid aircraft are expected to increase. Therefore, the
method for reasonable designing and sizing of hybrid-
electric propulsion system (HEPS) is also essential.
Many optimal sizing works have been conducted in
the literature. Most studies focus on single objective
optimisation, e.g. the paper13 optimised the capacity
of different components of a hybrid system using the
loss of power supply probability and the ‘levelised’
cost of energy. A small number of studies focuses
on multi-objective optimisation, which is able to opti-
mise both system performance and other criteria.7,14

The paper15 presents a method to optimise plant

parameters and minimise the total fuel consumption
simultaneously. However, none of the previous
research discussed the relationship of battery’s
performance and parameter sizing. In this paper, we
present a novel parametric engine sizing approach to
size the engine pack for a hybrid-electric UAV. From
simulation results, i.e. batteries pack SOC, the char-
acteristics of five systems with different sized engines
are obtained and analysed. Therefore, based on a set
flight scenario, a reasonable engine size region can be
determined. The proposed design sizing approach
provides a new cognition of series hybrid-electric sys-
tems, especially focusing towards the relationship and
synergy between fuel and electricity.

DSHEPS design process

Within a simplified system design progress, as shown
in Figure 1, the DSHEPS is designed. The system is
basically derived from a conventional series HEPS
configuration, integrated with the distributed propul-
sion (DP) concept and the more electric aircraft
(MEA) concept, the resulting system has improved
fuel economics and emits fewer emissions.

In general, hybrid systems are categorised into
series, parallel and complex hybrid. In particular,
the series hybrid system has similar properties as
that of a pure electric system, thus resulting in emis-
sion reduction. Furthermore, an additional important
advantage of the series configuration is the decoupling
between demand and supply. Engines can continu-
ously operate at the most optimal operating point
regardless of power requirement, which provides an
enormous improvement on fuel efficiency. In addition,
due to the high degree of electrification, mechanical
linkages are not necessary so that all system compo-
nents can be positioned at different locations within
the UAV, which increases subsystem level flexibility as
shown in Figure 2.

However, series HEPSs have two persistent draw-
backs: overweight and inevitable energy loss.
Normally, this is because of the extra generator, bat-
tery and large EM. Increasing the overall aircraft
weight will consequently cost more fuel to complete
the same mission. This is a challenge that needs sol-
ving. The other drawback is the energy conversion
loss due to the multiple energy transformations, i.e.
kinetic energy to electrical energy, electrical energy to
chemical energy. Although the engine can operate at
the high-efficiency area, it cannot be guaranteed that
the series hybrid systems will have an increased effi-
ciency. Therefore, in order to resolve these challenges,
the DP concept and the MEA concept are integrated.

The designed complete DSHEPS is shown in
Figures 3 and 4. For easier analysis, we divided the
system into three parts: power source, propulsion load
and other loads. The ‘power source’ consists of
an engine, a generator, a converter and batteries.
All devices provide electricity to the loads or/and
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stores electricity in the batteries. The second part
‘propulsion load’ includes converters, motors and
propellers. Motors are arranged symmetrically and
connected to a corresponding propeller. Here, con-
verters are not necessary if the rated voltage
of motors are the same as it of the main electric net
(in this paper, the simulation neglects converters).
The ‘other loads’ represents the auxiliary electric
loads including an electric taxiing system, avionics
systems, etc.

According to the ‘propulsion load’ block shown in
Figure 3, the designed system has six small motors
instead of using a single motor. Applying multi-
small-electric propulsion has many benefits. Firstly,
it provides a robust propulsive control and enhances
flight safety when an EM might stop operating safely.
Moreover, as engines are normally sized as large as
twice the power demand for redundancy reasons. For
example, a Boeing 737, 757, 767 and 777 can take off

with one of two engines out. The DP architecture
reduces the excess weight from the extra engine
since one extra small motor provides equal flight
safety as one extra big engine in conventional aircraft.
Additionally, DP concept increases the dynamic pres-
sure over the wing and reduces aerodynamic
drag,16–19 so that it can reduce the wing area, lighten
the aircraft structure and reduce power demand.

Similarly, inspired by the MEA concept,20–22 some
improvements are made into the system. The most
important improvement is the expanded electric net-
work. Here, the engine not only provides propulsion
power but also transports electric energy to all exist-
ing electric loads (flight control actuation, fuel pump-
ing, etc.). This integration removes unnecessary
electronic equipment, reduces system weight, eases
the maintenance and improves system efficiency. The
second improvement is the adoption of the electric
taxiing concept. The electric taxiing system is more
efficient and safe. Also, the engine can be turned off
earlier, which can reduce engine’s operating time and
reduce fuel consumption.

SOC-based criteria for aircraft engine
sizing

As the system isolates the engine from the demand,
the engine sizing becomes less challenging. To reas-
sure safety, there are three requirements in this paper:

1. The engine can continuously generate power on a
low fuel consumption rate.

2. Batteries can fill the gap between total power
requirement and engine output.

3. Motors can provide enough torque and speed to
propellers.

The properties of the example UAV are shown in
Table 1.23 Based on this information, the power
demand for cruising could be determined by the fol-
lowing equations. The aerodynamic drag D is
depended on the drag coefficient CD, the surface
area over the air flows A, the density of the air !
and the square of the velocity v2. Because the cruising
altitude is approximately 1000m, the required power
for cruising is about P ¼ 17 kW. Assuming the motor
efficiency is 98% and the batteries efficiency is 99%,

Figure 1. System design sequence.
HEPS: hybrid-electric propulsion system.

Figure 2. Series propulsion system configuration and internal
energy transformation.

Wang et al. 3



the required power for engine Preq could be
determined

D ¼ 1

2
CDA!v

2 ðNÞ ð1Þ

P ¼ Dv ¼ 1

2
CDA!v

3 ðNÞ ð2Þ

Preq ¼
17 kW

98% $ 98% $ 99%
% 18 kW ð3Þ

Therefore, the flight scenario and the engine power
requirement are both determined, as shown in

Figure 5. Please note that the assumption of a con-
stant thrust level leads to slight inaccuracies in the
determination of the required energy.

To find an appropriate engine and observe the para-
metric variation, several engines have been simulated.
These engines are selected based on a hybridisation

Figure 3. The complete distributed series hybrid electric propulsion system.

Figure 4. The complete distributed series hybrid propulsion system layout.

Table 1. Example UAV parameters.

Drag coefficient, CD 0.067 Wing area, A 3.76 m2

Lift coefficient, CL 0.614 Air density, ! 1.1 kg/m3

Indicated airspeed, v 50 m/s Lift to drag ratio 9.16

Maximum take-off
mass, m

150 kg Cruising altitude 1000 m
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factor. The hybridisation factor is a parameter mirror-
ing the relationship between the sizes of the different
power sources.24 The first hybridisation factorHF was
introduced by Lukic and Emadi25

HF ¼ PEM max & PE maxð Þ
PEM max

ð4Þ

PEM max and PE max are the maximum power of
motor and engine. The original hybridisation factor
HF shows the importance of the engine or the motor
as part of the whole system. However, since the engine
is always operating at its most efficient point, HF is
difficult to clearly describe the proportion of electric
energy and kinetic energy. Therefore, two other fac-
tors HFopt and EF are developed in this paper, as
shown in equations (5) and (6). PE opt is the engine

output power at the most efficient area, and Preq av is
the average power of the mission requirement.
Engines are selected from 0:6EF to 1:4EF, and the
detailed information is represented in Table 2.

HFopt ¼
PEM max & PE opt

! "

PEM max
ð5Þ

EF ¼ PE opt

Preq av
ð6Þ

Simulation results and discussion

A key part of the design process is to explore the
parametric variations prior to building a prototype

Figure 5. The power requirement of flight scenario and the ideal power of each engine.

Table 2. Specifications of engines, motors and batteries.

Engine type Max continuous power Lowest fuel-rate power HFopt EF

RT300LCR 20 kW at 6500 r/min 11 kW at 5000 r/min 0.89 0.60

RT300XE 21 kW at 6500 r/min 15 kW at 5250 r/min 0.85 0.85

RT600JET-A1 38 kW at 6500 r/min 19 kW at 4500 r/min 0.81 1.00

RT600LCR 40 kW at 6500 r/min 21 kW at 4750 r/min 0.79 1.15

RT600XE 52 kW at 6500 r/min 25 kW at 4750 r/min 0.75 1.40

Motor type Max continuous power Max power Efficiencies

EMRAX228 42 kW 100 kW 96%

Batteries Capacity Nominal voltage Efficiencies

Li-Po batteries 13 Ah 296 V 98%

Wang et al. 5



UAV, thus reducing the design and development
costs. Therefore, three simulations are processed
for each selected engine with different initial SOC:
SOCA t ¼ 0ð Þ ¼ 50%, SOCB t ¼ 0ð Þ ¼ 75% and
SOCC t ¼ 0ð Þ ¼ 100%. Engines have three fundamen-
tal operating modes: (a) the electric mode, (b) the
ideal mode and (c) the maximum power mode.
Mode conversions are triggered by the SOC. In this
paper, the high threshold is set as 80% and the low
threshold is set at 20%. Namely, when the SOC is
beyond 80%, the system will switch into the electric
mode, while if the SOC is below 20%, the system will
switch into the maximum power mode. Moreover,
this system incorporates a gap, which results in
obtaining an extra 10% SOC during the charging pro-
cess. If batteries were in the charging mode, the
system will be switched back to the ideal mode at
90% SOC instead of 80%. This setting has dual pur-
poses, which not only guarantees the power output,
but also protects batteries.

Figure 6 shows the SOC curve of each simulation.
When simulations start with a full SOCc, all simula-
tions began from the electrical mode. Gradually,
when the SOC drops below 80%, the differences of

various engines began to show up by the altered dis-
charging rate. Amongst them, RT600XE is the most
powerful engine and firstly recharged back to 80%
SOC. Since its ideal power output is about 1.4 times
of the average power demand, the SOC stays in
80%–90% area for most of the flight. RT600LCR
engine recovers to 80% SOC as well but at a slower
rate than RT600XE. RT600JET outputs just the right
power as demanded at its ideal operating point.
The SOC stays stable during the cruise mode.
RT300XE and RT300LCR cannot provide enough
power even for the average power demand for the
specific UAV parameters. Their SOC dropped below
20% and jumped to maximum power mode. The fuel
consumption rate during the maximum power mode is
not as good as the ideal mode, but they are powerful
to generate electricity and guaranteed that batteries
are not fully depleted.

With an initial 75% SOCB and 50% SOCA, small
engines can easily drop below 20% and trigger the
maximum power operating mode. The SOC for
RT300LCR was nearly 0 in its third simulation,
which shows that although it was in maximum
power mode, it cannot stop SOC decrease during a

Figure 6. Batteries SOC curves.
SOC: state-of-charge.
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high-powerful requirement. In addition, it can be seen
that RT600JET, RT600LCR and RT600XE have
three similar SOC curve. For these three engines, no
matter how much is the initial SOC, batteries have a
similar performance. An alternative hybridisation
factor HFrealtime is introduced to estimate the ratio
of power which comes which relates to batteries
power PB and motor output PEM.

HFrealtime ¼ 1& PB

PEM
ð7Þ

While the system is running, the HFrealtime is calcu-
lated to show the ‘degree of electrification’ and the
importance of electricity by second. These results are
summarised in Figure 7 and Table 3.

From these results, it can be seen that RT 600JET
is operating at ideal conditions and its final SOC is the
same as RT600LCR and RT600XE. RT600JET
avoids the frequent mode conversions and can achieve
a high SOC at the end of the mission. Therefore, if the
vehicle is not specially designed for an electric mode,
it is not necessary to have a big engine.

Figure 8 illustrates the length of time remaining
under 40% SOC during each simulation. From this
figure, it can be observed that SOC of RT600XE and
RT600LCR have not been to a value under 40%. The
SOC of RT600JET was once under 40% SOC when
SOCA t ¼ 0ð Þ ¼ 50%. But from Figure 6, it can be
determined that the SOC is around 40% and the
lowest SOC value is about 38%. It has not dropped
to the low boundary of 20% SOC. For the other two
small engines, although the initial SOC is different,

Figure 7. Operating modes during flight scenario.

Table 3. Simulation results.

50% SOCA

(t¼ 0)
75% SOCB

(t¼ 0)
100% SOCC

(t¼ 0)

RT600XE
Electric mode 1305 s 1462 s 1648 s

Ideal mode 2595 s 2438 s 2252 s

Max power mode 0 0 0

Average HFrealtime 73% 77% 69%

RT600LCR
Electric mode 631 s 851 s 1081 s

Ideal mode 3269 s 3049 s 2819 s

Max power mode 0 0 0

Average HFrealtime 85% 84% 77%

RT600JET
Electric mode 124 s 382 s 642 s

Ideal mode 3776 s 3518 s 3258 s

Max power mode 0 0 0

Average HFrealtime 85% 84% 80%

RT300XE
Electric mode 0 116 s 386 s

Ideal mode 1407 s 1840 s 1789 s

Max power mode 2493 s 1944 s 1725 s

Average HFrealtime 84% 80% 77%

RT300LCR
Electric mode 0 0 386 s

Ideal mode 1078 s 1449 s 1215 s

Max power mode 2822 s 2451 s 2299 s

Average HFrealtime 80% 77% 73%

Wang et al. 7



the length of time remaining under 40% SOC is simi-
lar. Because SOCB and SOCC tests have a charging
procession at the beginning of the flight, they per-
formed similarly. However, due to the difference of
the result of SOCA and SOCB being small, it can be
deduced that the initial SOC has lesser influence for a
system operating, and the engine size indeed influ-
ences the system performance. The HEPS requires
an engine, which can provide equal amount of
energy of the average value of power demand at its
lowest fuel consumption rate point.

Conclusions

The UAV simulations were repeated for three cases:
SOCA,SOCB,SOCC with initial battery pack state-of-
charge SOCA t ¼ 0ð Þ ¼ 50%, SOCB t ¼ 0ð Þ ¼ 75% and
SOCC t ¼ 0ð Þ ¼ 100% respectively for the defined
UAV mission flying scenario. For each one of the
three SOC five combustion power sizes (RT600XE,
RT600LCR, RT600JET, RT300LCR, RT300XE)
were simulated to explore if the SOC will enter the
range of less than 40%, which is considered as the
acceptance criterion.

From all the results presented, the five different
power pack options performed well; however, two
did not meet the minimum SOC criterion:
LT300LCR and RT300XE. Clearly, using the pro-
posed approach the design team can select for differ-
ent flight scenarios and range of engine packs (five in
this case) the best option for a range of initial pre-
flight battery pack SOC. The design sizing approach is
effective because it links the combustion engine power

pack operation and choice of size with the battery
pack and also the power pack initial conditions.

The next step of research is to optimise the entire
propulsion system design by using genetic algorithms.
Each subsystem would be selected according to the
total system weight and the estimated fuel consump-
tion. Furthermore, a trade-off study of fuel efficiency
and emissions will be conducted, and an intelligent
controller with configurability will also be designed.
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Appendix

Notation

A wing area (m2)
CD drag coefficient
CL lift coefficient
D aerodynamic drag (N)
EF engine factor
HF hybridisation factor
HFopt HF using PE opt

HFrealtime real-time hybridisation factor
m maximum take-off weight (kg)
P power (W)
Preq required power (W)
PEM max maximum power of the motor (W)
PE max maximum power of the engine (W)
PE opt engine power at its most efficient

point (W)
Preq av average value of power requirement (W)
PB battery output power (W)
PEM motor output power (W)
SOC state of charge

v aircraft airspeed (m/s)
! air density (kg/m3)
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