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A 1 kW series hybrid powertrain was developed at Oregon State University for use in 

unmanned aerial vehicles (UAVs). This powertrain was designed to give mission 

flexibility and increased flight time to fixed-wing vertical takeoff and landing UAVs 

and multirotor UAVs. The powertrain components, an internal combustion engine and 

a brushless DC motor acting as a generator, were optimized and characterized in a test 

facility also developed as part of this work. For the first time, a fuel-injected two-stroke 

engine was optimized for use in a UAV hybrid powertrain, and a thorough dataset was 

presented on the performance and characterization of a UAV hybrid powertrain 

generator. Shown in the results, these components were sufficient to provide 1 kW of 

DC power to be used for battery charging throughout flight. By generating power equal 

or greater than that being consumed for propulsion, multirotors can achieve 

significantly longer flight time while maintaining the control capable from the use of 

electric motors. This work attempts to fill apparent research gaps of fuel injection for a 

UAV series hybrid powertrain and generator performance data for a UAV series hybrid 

powertrain. 

 

  



 

 

 

 

 

 

 

 

 

 

 

©Copyright by Sean P. Brown  

June 5, 2017  

All Rights Reserved



 

 

Design and Optimization of a 1 kW Hybrid Powertrain for Unmanned Aerial 

Vehicles 

 

 

by 

Sean P. Brown 

 

 

 

 

 

 

 

 

A THESIS 

 

 

submitted to 

 

 

Oregon State University 

 

 

 

 

 

 

 

 

in partial fulfillment of 

the requirements for the  

degree of 

 

 

Master of Science 

 

 

 

 

 

Presented June 5, 2017 

Commencement June 2017 



 

 

Master of Science thesis of Sean P. Brown presented on June 5, 2017 

 

 

 

 

 

APPROVED: 

 

 

 

 

Major Professor, representing Mechanical Engineering 

 

 

 

 

 

Head of the School of Mechanical, Industrial, and Manufacturing Engineering  

 

 

 

 

 

Dean of the Graduate School 

 

 

 

 

 

 

 

 

 

 

I understand that my thesis will become part of the permanent collection of Oregon 

State University libraries.  My signature below authorizes release of my thesis to any 

reader upon request. 

 

 

 

Sean P. Brown, Author 



 

 

ACKNOWLEDGEMENTS 

 

I would like to expresses sincere appreciation for my friends and colleagues at the 

Energy Systems Lab, who each contributed to this work in one way or another. Thank 

you to Dr. Chris Hagen and Matt Smith for kick starting research around UAV engines 

at OSU, and to the funding sources that made this research possible. These include 

NASA, M. J. Murdock Charitable Trust, Oregon State University, Hatch Product 

Development, and Oregon Metals Initiative. Thank you to my thesis committee 

members Roberto Albertani, Shyam Menon, Kyle Niemeyer, and Ron Reuter for your 

time and flexibility. I would also like to thank my NASA technical advisor, Mark 

Moore, and the friendly researchers at the NASA Langley Systems Analysis and 

Concepts Directorate. I would lastly like to thank my wife, family, and friends for the 

support, encouragement, and fun times throughout the past two years. 

 

 

 

 

  



 

 

CONTRIBUTION OF AUTHORS 

Dr. Chris Hagen, a co-author for “Optimized Engine Performance for a 1 kW UAV 

Hybrid Powertrain” and for “Generator Performance for UAV Hybrid Powertrains,” 

provided project leadership and direction, participated in design reviews, and assisted 

in data collection, data analysis, and manuscript editing. 

Mr. Tom Herron, a co-author for “Generator Performance for UAV Hybrid 

Powertrains,” developed data acquisition, controls, and electronics systems for the test 

stand, and assisted in test stand commissioning, instrumentation, component testing, 

data analysis, and results interpretation. 



TABLE OF CONTENTS 

 

                Page 

1 Introduction ........................................................................................................... 1 

1.1 UAVs and Their Applications ........................................................................ 1 

1.2 Needs in the UAV Industry ............................................................................ 3 

1.2.1 Vertical Takeoff and Landing ................................................................. 3 

1.2.2 Long Duration & Long Range Flight...................................................... 7 

1.2.3 Hybrid Powertrains ................................................................................. 8 

1.3 Relevant Ongoing Research ......................................................................... 10 

1.3.1 Hybrid Powertrain Development .......................................................... 10 

1.3.2 UAV Engine Testing and Optimization ................................................ 13 

1.3.3 UAV Generator Testing and Optimization ........................................... 17 

1.4 Key Research Tasks ..................................................................................... 19 

1.4.1 Computational Model Development ..................................................... 19 

1.4.2 Test Facility Development .................................................................... 19 

1.4.3 Engine Characterization and Optimization ........................................... 20 

1.4.4 Generator Characterization and Optimization ...................................... 20 

2 Computational Model: Power Requirements ...................................................... 21 

3 Optimized Engine Performance for a 1 kW UAV Hybrid Powertrain (Manuscript 

1) 23 

3.1 Abstract ........................................................................................................ 23 

3.2 Introduction .................................................................................................. 23 

3.3 Nomenclature ............................................................................................... 25 



 

TABLE OF CONTENTS (Continued) 

 

                Page 

3.4 Test Article ................................................................................................... 26 

3.5 Experimental Setup ...................................................................................... 28 

3.6 Testing Procedures ....................................................................................... 33 

3.7 Data Post Processing .................................................................................... 35 

3.8 Results and Discussion ................................................................................. 39 

3.9 Manuscript Conclusion ................................................................................ 56 

4 Generator Performance for UAV Hybrid Powertrains (Manuscript 2) .............. 58 

4.1 Abstract ........................................................................................................ 58 

4.2 Introduction .................................................................................................. 58 

4.3 Test Articles ................................................................................................. 60 

4.4 Experimental Setup ...................................................................................... 62 

4.5 Results & Discussion ................................................................................... 65 

4.6 Manuscript Conclusion ................................................................................ 74 

5 Computational Model: Flight Time .................................................................... 76 

6 Conclusion .......................................................................................................... 80 

7 References ........................................................................................................... 83 

8 APPENDICES .................................................................................................... 92 

8.1 Appendix A: Uncertainty Analysis .............................................................. 93 

8.2 Appendix B: Testing Procedures.................................................................. 94 

8.3 Appendix C: Engine Tuning Chart............................................................... 96 



 

TABLE OF CONTENTS (Continued) 

 

                Page 

8.4 Appendix D: Test Stand Lessons Learned and Schematics ......................... 97 

 

  



 

LIST OF FIGURES 

 

Figure                                                                                                                       Page 

Figure 1: Parallel hybrid powertrain (left) and series hybrid powertrain (right) 

configurations. .............................................................................................................. 9 

Figure 2: Small engine test stand, instrumented setup ................................................ 29 

Figure 3: Cylinder head modification for pressure transducer and housing bolt ........ 32 

Figure 4: Brake power vs. brake thermal efficiency for different fuel pulse widths, 

6,500 RPM. ................................................................................................................. 40 

Figure 5: Brake power output vs. spark timing, 6,500 RPM ...................................... 42 

Figure 6: Torque and brake power output observed for each fuel PW at maximum 

break torque (MBT) timing, 6,500 RPM, θign = 13° BTDC. ...................................... 43 

Figure 7: Maximum brake thermal efficiency observed for each fuel PW at MBT 

timing, 6,500 RPM, θign = 13° BTDC. ........................................................................ 44 

Figure 8: Annotated pV diagram, 6,500 RPM, fuel PW = 4.37ms, θign = 13° BTDC. 45 

Figure 9: Indicated power and shaft power shown for each fuel PW at MBT timing, 

6,500 RPM, θign = 13° BTDC ..................................................................................... 47 

Figure 10: Indicated, brake, and friction mean effective pressures, 6,500 RPM, θign = 

13° BTDC. .................................................................................................................. 48 

Figure 11: Pressure trace recorded during combustion and polytropic 

compression/expansion curve, 6,500 RPM, fuel PW = 4.37 ms, θign = 13° BTDC. ... 50 

Figure 12: Pressure rise from combustion, 6,500 RPM, fuel PW=4.37 ms, θign = 13° 

BTDC. ......................................................................................................................... 51 



 

LIST OF FIGURES (Continued) 

 

Figure                                                                                                                       Page 

Figure 13: Mass fraction burned for the MBT timing at each fuel PW, 6,500 RPM, 

θign = 13° BTDC. ......................................................................................................... 52 

Figure 14: Cylinder pressure, MFB, and net heat release rate all plotted against crank 

angle degrees ATDC, 6,500 RPM, fuel PW = 4.36 ms, θign = 13° BTDC. ................ 53 

Figure 15: Measured emissions comparison to two-stroke emissions in literature [68]

..................................................................................................................................... 54 

Figure 16: Experimental setup for generator testing................................................... 63 

Figure 17: Torque vs. phase current at 40% duty cycle .............................................. 65 

Figure 18: Torque vs. phase current at 60% duty cycle .............................................. 66 

Figure 19: Torque vs. phase current at 80% duty cycle .............................................. 67 

Figure 20: Generator speed versus phase current at 80% duty cycle ......................... 69 

Figure 21: Power output shown at a range of testing voltages and phase currents .... 70 

Figure 22: Efficiency versus speed at 40% duty cycle ............................................... 71 

Figure 23: Efficiency versus speed at 60% duty cycle ............................................... 72 

Figure 24: Efficiency versus speed at 80% duty cycle ............................................... 73 

Figure 25: Computational approximate flight times achievable based on experimental 

powertrain testing and KDE motor and propeller data ............................................... 78 

 

  



 

LIST OF TABLES 

 

Table                 Page 

Table 1: Typical flight duration for different aircraft configurations ........................... 8 

Table 2: Test engine specifications [54] [55] ............................................................. 27 

Table 3: Fuel components and energy content ........................................................... 28 

Table 4: Exhaust gas analyzer measurement range .................................................... 30 

Table 5: DC brushless motor specifications ............................................................... 60 

Table 6: Electronic speed controller specifications .................................................... 62 

 

 



1 

 

 

1 Introduction 

This introduction details unmanned aerial vehicles (UAVs), their modern day use, past 

UAV research and development, and an overview of the research conducted for this 

thesis. First, I investigate the past and modern use of UAVs with a focus on their launch 

and landing capabilities. While these topics are also covered in each manuscript, this 

introduction serves as a thorough and complete review of the subject matter and helps 

to justify the purpose behind this thesis research. Following the introduction of UAVs, 

I will cover the relevant research that has been done on hybrid powertrains, which is 

the main topic of this work. At the end of this introduction, I will cover the research 

outline for the rest of the thesis.  

1.1 UAVs and Their Applications 

A UAV is defined as an aircraft that flies without an onboard pilot [1], [2], [3]. Multiple 

terms (drone, remotely piloted vehicle, unmanned aerial system, etc.) exist to 

differentiate between the nuances of UAVs, such as what type of mission the UAV is 

conducting or whether the vehicle is remotely piloted, partially autonomous, or fully 

autonomous. In this thesis, the term “UAV” is used in order to be as general as possible 

when describing unmanned aircraft. 

As defined, UAVs were used even before the Wright Brothers’ 1903 first flight [3], [4], 

making appearances as kites with cameras attached, or hot air balloons with bomb 

payloads [1]. However, use was limited through World Wars I and II, and it was not 

until the Vietnam War that UAVs, in their modern sense, were developed and provided 

significant value to military users [1]. Their main use in the Vietnam War era was for 

combat reconnaissance, but capabilities quickly evolved for use as jammers and decoys 

by the Israelis in the 1980s [1]. Continuous development of UAV technologies for 

military use has led to UAVs becoming a key weapons system worldwide, performing 

a number of roles that continue to expand [1]. In 2017, UAVs have widespread use in 
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the commercial sector [1], [4], with estimates of the growing global UAV market size 

(commercial and military) ranging from 2 billion USD to 13 billion USD [5]–[7].  

UAVs can be used to fill roles that would be unacceptable or overly expensive for a 

manned aircraft. Such roles are those that are dull, dirty, and dangerous [3]. Dull roles 

are missions with little mental stimulation, in which the performance of an aircraft crew 

can suffer. Dirty roles are those where the aircraft is flying through some contaminated 

airspace that would pose a health hazard for an onboard pilot [3]. Airspace could be 

contaminated with radiation, chemical agents, biological agents, or combustion 

products. Dangerous roles are any that might put human life at risk including 

reconnaissance over enemy airspace, low altitude flight, or combat missions [3]. In 

general, UAVs are capable (design dependent) of surviving flight extremes including 

high accelerations, excessive hot or cold temperatures, pressures close to vacuum, and 

long flight duration from days to months [3].  

The availability of lightweight materials and inexpensive electronics has aided 

explosive market growth and made possible the use of UAVs in lower budget, non-

military projects [4]. Applications for UAVs in the commercial sector are seemingly 

endless, and continue to spur further research and development. Examples of 

commercial applications include search and rescue, wildfire monitoring, photography, 

videography, precision agriculture and crop monitoring, and scientific research [8]. 

While militaries employ many different types of UAVs from missiles to airships, the 

commercial markets use two main types of vehicles. The first is a traditional fixed-

wing aircraft which has evolved from, and is similar to, hobbyist remote control (RC) 

planes. The second type is a multirotor, which can be defined as a rotorcraft with more 

than one rotor [9]. The most popular multirotor aircraft is the quadcopter, which, from 

a control point of view, is superior to other multirotor configurations [9].  
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1.2 Needs in the UAV Industry 

The UAV industry, being relatively young, has many needs ranging from payload 

management to control and data analysis. In this work, however, the needs investigated 

will be those relating to vehicle flight performance and propulsion. 

1.2.1 Vertical Takeoff and Landing 

UAV launch and recovery can be carried out in several ways, depending on the vehicle 

size and type. Vertical takeoff and landing (VTOL) is trivial for a multicopter, and 

therefore no special equipment or infrastructure is required for launch and recovery. 

Fixed-wing UAVs, whose lift is dependent on airflow over their wings, must have 

sufficient forward velocity to take off and stay airborne [4]. The traditional method for 

launching and recovering a fixed-wing aircraft is through the use of a runway, which 

gives the aircraft room to accelerate until lift is sufficient for takeoff, and room to 

decelerate after landing [1]. Installing a runway is a significant infrastructure 

investment, and becomes impractical or impossible in some scenarios such as in combat 

areas or wilderness areas.  

A simple method for launching UAVs without a runway is launching them by hand, as 

one would do for a small toy airplane [1]. This method only works for small and light 

weight aircraft, and cannot be used for UAVs that require significant forward velocity 

to stay aloft. More sophisticated equipment is required to launch fixed-wing UAVs that 

cannot be launched by hand or from a runway. 

Launch catapults, also known as rail launchers, can be used to quickly bring aircraft up 

to speed. These catapults commonly use pyrotechnics, pneumatics, or hydraulics 

systems or a combination of these methods [1], and are used mostly for vehicles under 

500 lbs [3]. Launch catapults most commonly use pneumatic piston assemblies for 

providing launch energy to UAVs [3]. The Insitu Mark 4 Launcher, made primarily for 

military use, is trailer mounted and pneumatically actuated [10] and, while termed as 

rugged for all terrain use, weighs 4,200 lbs and is nearly 20 feet long [11] making it 
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impractical for smaller operations. A smaller launch catapult is the Arcturus UAV 

Portable Launching System, which weighs only 175 lbs and can be packed down into 

a protective case [12]. While this unit is certainly more portable than the Insitu Mark 4 

Launcher, it requires a 20 gallon compressed air or nitrogen tank for its pneumatic 

actuation.   

Other advanced methods of launching include rocket booster launch, launch from an 

already airborne aircraft, and tensioned line launch. Tension line launch provides a 

means of launching UAVs in a short distance with minimal equipment. This method 

accelerates the UAV to takeoff speed quickly using a bungee cord or some other elastic 

material, and is commonly used for small UAVs such as the AeroVironment RQ-14 

Dragon Eye [13] or Lockheed Martin Desert Hawk [14] which weigh 6 lbs and 8.2 lbs, 

respectively. 

Without a runway, fixed-wing UAVs require some other method to land safely while 

protecting the vehicle and payload. One method for UAV capture is using a cable 

capture system, such as the Insitu Mark 3 SkyHook [15], [16]. The SkyHook uses a 

boom assembly to put a vertical cable in tension, which captures the UAV at low 

speeds. Like the Mark 4 Launcher, the SkyHook is a military-oriented product that 

weighs over 4,000 lbs. This capture device runs on diesel or heavy fuel and requires a 

¾-ton truck or larger to transport it to the capture site. 

Another method of recovering UAVs is through use of a net [3], [17]. Similar to launch 

catapults, this method is only practical up to a certain UAV size, typically 1,000 lbs 

[3]. While early capture nets gained a reputation for damaging aircraft, nets can be 

more forgiving on the UAV than a capture cable which imparts all the stopping force 

on a single hook [3]. 

Though external launch and capture hardware provide a good alternative to a runway, 

they are generally heavy, expensive, and difficult to transport. This ground support 

equipment also requires additional personnel, training, and maintenance, adding to the 
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UAV operating cost. The need for heavy equipment to launch and capture UAVs 

decreases mission flexibility, as the takeoff and landing location of the aircraft are 

fixed, much like it would be for conventional takeoff and landing (CTOL) aircraft. In 

order to change landing sites, capture equipment must be disassembled, moved, and 

reassembled at the new landing site before the aircraft runs out of fuel. In order to 

completely avoid the need for launch and capture ground support equipment, VTOL 

capabilities have been designed into both manned and unmanned fixed-wing aircraft. 

For fixed-wing manned aircraft, many methods of VTOL already exist and have been 

implemented successfully, primarily in the military [4]. To date, there have only been 

three operational jet VTOL aircraft: the British Harrier Jump Jet, the Yakovlev YAK-

38, and the Lockheed Martin F-35B [4], [18]. While most modern supersonic jets have 

a thrust to weight ratio of 1.0 or greater, the problem of balancing thrust to keep the 

aircraft stable provides a significant challenge that leads to additional hardware, greater 

weight, and reduced payload. Propeller based VTOL for fixed-wing aircraft also exists. 

The Bell Boeing V-22 Osprey is one example, used by the United States Marine Corps 

and United States Air Force [19]. The V-22 has two 38 foot propellers, each powered 

by 4,590 kW turboshaft [19]. While successful, these fixed-wing VTOL examples are 

the products of expensive and complicated military projects. The light weight of many 

fixed-wing UAVs lends itself to a far simpler solution: the VTOL hybrid. 

VTOL hybrids, also known as the hybrid quadrotor, are a crossover between a fixed-

wing aircraft and a quadcopter. Typically, the aircraft is designed and optimized for 

forward flight, then the VTOL system is added on [20]. The Arcturus T-20 can be 

outfitted with the Arcturus JUMP system to convert the CTOL UAV to a VTOL UAV. 

The Arcturus JUMP system is made up of two pylons attached to the underside of the 

wing. At the tips of these pylons are propellers driven by electric motors, which are 

powered by batteries inside the fuselage. These propellers are controlled much like 

those of a quadcopter to enable VTOL. The aircraft still maintains its gasoline powered 

propulsion system for forward flight and the JUMP propellers fold back to minimize 
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drag during forward flight. The added drag of the pylons, motors, and propellers and 

the added weight of this hardware and the batteries result in a slight decrease of payload 

weight and aircraft flight duration compared to the catapult launched version of the 

Arcturus T-20 [20]. The Arcturus JUMP system is just one example of the VTOL 

hybrid architecture. Other VTOL hybrid systems are the Latitude Engineering Hybrid 

Quadrotor [21], Aerosonde HQ [22], DroneTech AV-2 Pelican [23], and FlyingWings 

Falcon Vertigo [24]. 

Two of the main advantages of the VTOL Hybrid architecture are design simplicity 

and control simplicity when compared to helicopters or other fixed-wing VTOL 

aircraft. Quadcopter control provides stable flight and the controllers are relatively 

inexpensive, with many control schemes available as open source code. The 

significantly reduced need for launch and recovery infrastructure results in lower initial 

system cost, lower operational cost, increased portability, and increased mission 

flexibility [25]. Mission flexibility is increased by the aircraft’s ability to take off from 

and land at any level ground or ship location, takeoff and land multiple times during a 

mission, and hover when needed. 

The VTOL hybrid systems mentioned have separate propulsion systems for forward 

flight and VTOL. While some of these vehicles use a gasoline internal combustion 

engine (ICE) for forward flight and others use an electric motor, all of these systems 

use battery powered electric motors to spin the VTOL propellers [20]–[24]. This is 

done because the level of control required for VTOL is easily met by electric motors 

and is impractical to achieve from ICEs. Unfortunately, far more power is needed while 

in VTOL or hover mode compared to that needed in fixed-wing mode [3], [4], so 

significant stored energy is required to be present on the aircraft. The low specific 

energy of lithium ion batteries (0.72 MJ/kg [4]) means that significant battery weight 

must be added to the aircraft in order to store enough energy for VTOL. Any extra 

VTOL or hover time beyond the bare minimum adds extra battery weight, cutting down 

on the weight of the payload. 
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1.2.2 Long Duration & Long Range Flight 

Long duration and long range flight makes UAVs more useful to the end user as more 

data can be collected during a single flight. Fewer total flights means less time is spent 

getting to and from the point of interest, and less time is spent refueling or recharging 

the aircraft. The advantages of long duration and long range flight decrease the cost of 

using a UAV and increase their utility as a data collection tool. 

Long duration and long range flight is typically achieved using a fixed-wing aircraft 

with some hydrocarbon utilizing power plant [4]. If the power plant is strictly electrical, 

flight duration and range is typically shorter. This is because the specific energy of 

gasoline (43 MJ/kg [26]) is about 60 times that of lithium ion batteries [4], [26], so 

even if the ICE only achieves 10% brake thermal efficiency, a gasoline power plant can 

have about 6 times the power output compared to batteries for a given fuel/battery 

weight. Multirotors have an even shorter flight time, as all their lift must come from 

thrust generated through propellers spun by electric motors, while fixed-wing aircraft 

generate lift through the use of an airfoil [4]. Table 1 below shows a typical flight time 

of these three aircraft configurations. 
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Table 1: Typical flight duration for different aircraft configurations 

UAV Type Fuel Type Typical Duration 

Multirotor Electric Minutes [9] 

Fixed-wing Electric <2 Hours [3], [4] 

Fixed-wing Gasoline 2-10+ Hours [3], [4] 

 

Until batteries have a specific energy similar to that of gasoline multiplied by the 

conversion efficiency of UAV ICEs, electric fixed-wing UAVs will continue to have 

flight durations shorter than gasoline powered fixed-wing UAVs. Given their higher 

power consumption, electric multicopters require even higher specific energy batteries 

to achieve flight time similar to that of gasoline powered fixed-wing UAVs. 

1.2.3 Hybrid Powertrains 

While the need for vertical takeoff and landing for fixed-wing UAVs is being partially 

filled by the VTOL hybrid UAV architecture, there is still much development to be 

done in this area. Significant utility and mission flexibility could be added to the VTOL 

hybrid aircraft if they were able to have extended hover time and multiple takeoffs and 

landings during a mission. Adding hover/VTOL time to the mission means carrying 

additional batteries or recharging batteries during flight. Because added batteries would 

cut down on useful payload mass, recharging batteries during flight is the preferred 

solution. This could be accomplished by using an ICE in series or parallel with a 

generator, also known as a hybrid powertrain [27].  

A series hybrid, shown in Figure 1 (right), is one where the sole job of the ICE is to 

keep the batteries charged, and the ICE is coupled directly to the generator [28]. The 

primary job of the generator is to turn shaft power into electrical current. Because the 

series hybrid powertrain is continually charging batteries, regardless of the current 



9 

 

 

flight conditions, the ICE could operate in its optimal speed and torque range during 

the flight, leading to increased ICE thermodynamic efficiency. In a series hybrid 

powertrain, the ICE could be smaller than that required for a purely ICE powertrain. 

This is because the maximum power demand for the ICE is equal to the average power 

demand during flight, not the maximum power output which would normally be 

required during takeoff [28]. 

A parallel hybrid, shown in Figure 1 (left), is one where the ICE and generator charge 

batteries, but can also act in unison to power the propeller directly [28]. The ICE 

provides shaft power for the main propeller, and also provides power to a generator 

through a belt. The generator turns shaft power into electrical power, or could provide 

extra shaft power to the main propeller via the belt when extra power is needed, such 

as during takeoff. An additional benefit of this system is redundancy. If the engine fails 

or the motor fails, there is still one propulsion system left working [28]. 

Batteries

Fuel Tank ICE

Belt

Prop

VTOL 

Motors & 

Props

Motor/

Generator

VTOL/FF 

Motors & 

Props

Fuel Tank

Generator

Batteries

ICE

Parallel Hybrid Series Hybrid

Coupler

 

Figure 1: Parallel hybrid powertrain (left) and series hybrid powertrain (right) 

configurations. 
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The choice between a parallel and series hybrid powertrain depends on the UAV 

application and the layout of the propulsion system. For a VTOL hybrid UAV, a series 

hybrid powertrain could help eliminate the dedicated forward flight propulsion system 

by doubling the VTOL propulsion system as a tilt rotor forward flight propulsion 

system. Even with the conversion losses from gasoline to shaft power, and from shaft 

power to generated electricity, using a hybrid powertrain could save significant weight 

compared to batteries for missions that require hovering and/or multiple VTOL 

operations. 

In addition to providing added utility to the VTOL hybrid architecture, a hybrid 

powertrain could be used to add additional flight time to multirotor UAVs. The hybrid 

powertrain could be used to supplement the batteries during flight, decreasing the 

discharge rate, or could be powerful enough as to keep the batteries at full charge during 

the entire flight. If the latter were the case, flight time would be limited by the amount 

of fuel present on the quadcopter and significantly longer flight times could be 

achieved. 

1.3 Relevant Ongoing Research 

While there is a significant amount of research revolving around UAVs, the research 

investigated in this section is related only to the UAV hybrid powertrains and their 

components. 

1.3.1 Hybrid Powertrain Development 

Several studies have been conducted on hybrid powertrains for UAVs. Hung and 

Gonzalez [28] present a review of hybrid electric propulsion systems for small fixed-

wing UAVs, including those that already exist, those in development, and the analysis 

of these systems. Most of Hung and Gonzalez’s efforts are focused on parallel hybrid 

powertrains and, through simulation, it is shown that a UAV equipped with a parallel 

hybrid powertrain is capable of achieving a 6.5% fuel savings compared to the same 

UAV with only an ICE. The types of UAVs that are outlined in this study are series, 
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parallel, and a power-split configuration using a planetary gear system. The advantage 

of a power-split configuration is the efficient combining of different power sources to 

increase efficiency and decrease emissions. At the time of publication, the authors had 

no knowledge of a power-split configuration being used on a UAV. 

1.3.1.1 Series Hybrids 

A study by Trawick et al. shows the construction and testing of a basic series hybrid 

powertrain [27]. Results from the study show that a series hybrid powertrain is feasible, 

but several electrical and mechanical challenges were noted for future improvement. 

Some of these proposed improvements were finding a brushless DC (BLDC) motor 

that could be used as both the starter and generator, not having separate speed 

controller/rectifier systems for starting and then converting AC power to DC for battery 

charging, simplifying the mechanical connection between the engine and generator to 

a single shaft coupler, and improving cooling for continuous use of the powertrain. 

Merical et al. conducted a simulation based analysis on series hybrid propulsion 

systems for heavy fuel UAVs [29]. Merical et al. found that the main benefits of this 

system were the ability to run the engine at its optimal operating conditions throughout 

flight, supply chain simplifications for military use by taking advantage of heavy fuels, 

and improved fight endurance when using a compression ignition engine compared to 

spark ignition or a purely electric system. 

A series hybrid propulsion system was modeled and bench-tested by Capata et al., for 

the aim of decreasing aircraft noise in a high-endurance UAV [30]. In this study, a gas 

turbine was used to provide power to the generator and, even with the relatively high 

specific fuel consumption of the turbine, it was shown that the series hybrid powertrain 

was feasible and worthy of further investigation. 

A study by Recoskie et al. on hybrid powertrains for long range dirigible UAVs, which 

included simulation and bench-testing, showed that the energy density of the hybrid 

powertrain was greater than that for purely electrical or purely ICE systems that fit the 
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same requirements [31]. Future work includes developing advanced power 

management algorithms and full scale vehicle testing. Additional work by Recoskie et 

al. added that future work includes switching from a 2-stroke to a 4-stroke gas engine 

in the hybrid powertrain for improved system efficiency [32]. 

A VTOL tilt-wing aircraft has been developed at NASA Langley Research Center [33]. 

This experimental aircraft, the GL-10, uses distributed electric propulsion, which 

provides several advantages including decreased aerodynamic drag and increased 

power-to-weight ratio. The GL-10 uses a series hybrid electric propulsion system made 

up of two diesel engines. In this research, a series hybrid powertrain was chosen as the 

best option to provide long flight time for the UAV while operating with strictly electric 

propulsion systems.  

1.3.1.2 Parallel Hybrids 

Harmon et al. conducted a simulation based study on parallel hybrid powertrains for 

small UAVs and concluded that they would be useful for many applications, especially 

those where a reduced thermal and acoustic signature would be beneficial [34]. Harmon 

et al. suggest dynamometer testing as future work on this system. In a later study by 

Hiserote and Harmon, three hybrid configurations each with three different battery 

charging schemes were analyzed using simulations [35]. Hiserote and Harmon 

conclude that a clutch-start, charge-sustaining architecture was the optimum layout for 

maintaining allowable payload weight while decreasing noise for intelligence, 

surveillance, and reconnaissance missions [35]. In further work Ausserer and Harmon 

document the bench testing integration of a parallel hybrid powertrain into a small 

UAV [36]. Bench tests and in-vehicle taxi tests show that the system is functional and 

capable of operating in all required modes. These modes were electric motor only, 

internal combustion engine only, dual mode, and energy generation mode. Suggestions 

for future work include analysis of airframe acoustics and implementation of in-flight 

engine restart. Several other studies relating to parallel hybrid electric propulsion 

systems were conducted by Harmon’s group at the Air Force Institute of Technology. 



13 

 

 

These studies cover hybrid powertrain component selection and integration [37], 

optimization of parallel hybrid control systems [38], and a review of parallel hybrid 

propulsion systems [39]. 

A study by Friedrich and Robertson at University of Cambridge determined the 

feasibility of a hybrid-electric propulsion system for a range of aircraft sizes [40]. 

Through simulation and bench testing, it was shown that a parallel hybrid powertrain 

can result in 10% fuel savings for the specified UAV missions and small personal 

aircraft, but insignificant savings for large commercial aircraft. 

Design and bench testing of a parallel hybrid powertrain was carried out by Glassock 

at Queensland University of Technology [41]. Their testing showed that a parallel 

hybrid system added significant mission and operational flexibility to a UAV while 

also contributing to longer range and endurance. 

Multiple independent studies concluded that a series hybrid powertrain is not feasible 

for a small UAV as there are too many conversion losses present [28] [34]. However, 

these studies based this conclusion on using a series hybrid powertrain for a standard 

fixed-wing UAV with a single propeller. Several other studies have shown that series 

hybrid powertrains can be useful for different fixed-wing vehicle configurations or 

mission requirements. Examples where a series hybrid powertrain is useful are on a 

vehicles with distributed electric propulsion [27] [33], on missions that require noise 

reduction during certain mission segments [27] [29], on vehicles with integrated VTOL 

motors [27] [33], and on multirotor vehicles for long duration flight. 

While there are many studies on the development of hybrid powertrains for UAVs, few 

of them entail actual bench testing of an experimental powertrain, and it is not evident 

whether any of them have been flight proven in a UAV. 

1.3.2 UAV Engine Testing and Optimization 

A dynamometer was developed and used for testing the performance of small internal 

combustion engines by Menon et al. at University of Maryland at College Park [42]. 
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This was done in order to characterize small hobby engines, which may be used in 

small UAVs, for which there is little experimental or manufacturer provided test data. 

The dynamometer had an accuracy of +/- 9% for power and brake specific fuel 

consumption (BSFC) and was used to show the difference between the manufacturer 

published performance and actual performance. Performance varied significantly 

between engines of the same make and model. 

Further research by Menon covers the development of scaling laws for the performance 

of small internal combustion engines [43]. A number of engines were tested that range 

in displacement size from 0.1 cm3 to 7.5 cm3, and scaling laws developed for peak 

engine torque, peak power output, overall efficiency at peak power and normalized 

peak power as a function of engine displacement. Correlations for power output were 

found to be distinct, but different for 2-stroke and 4-stroke engines. Overall efficiency 

also had two distinct scaling correlations, with the difference being whether or not the 

engine had a muffler. Menon concluded that incomplete combustion accounts for 60-

70% of the total energy loss in engines under 500g. Combustion efficiency was shown 

to be 18% for the 450g engine, and only 3% for the 15g engine. By measuring where 

energy is lost in these engines, it was shown that the remaining losses are from heat 

transfer, sensible enthalpy in the exhaust, and friction, in order of decreasing 

magnitude. 

Menon’s results show that peak engine shaft power is often significantly less than the 

manufacturer claims and the overall efficiency of these engines at peak power ranges 

from 4% to 16%. Efficiency numbers were not provided by the manufacturers. Menon 

measured cylinder pressure in order to gain a further understanding of the combustion 

phenomena taking place in these engines. These pressure data suggest that there may 

be a two-stage combustion processes occurring, with combustion originating near the 

glow plug. The first combustion stage occurs during primary ignition before top dead 

center. Heat release peaks from this combustion and decreases after top dead center 

before rising again and making a lower, secondary heat release peak. Though Menon 
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does not make any definite conclusions, he hypothesizes that the heat created during 

primary combustion may cause the evaporation of fuel that had previously been 

deposited on the cylinder walls, leading to a diffusion controlled secondary burn. 

Depending on the operating conditions, the small ICEs were operating in a ‘wrinkled 

laminar,’ ‘flamelet in eddy,’ or a ‘distributed reaction’ combustion regime. These 

results suggest that the combustion modeling used for conventional scale engines, 

which operate in ‘wrinkled laminar flame’ regime, is inappropriate for these small ICEs 

and new combustion modeling techniques must be developed. 

Menon suggests future work of characterizing different size and different type (4-

stroke, compression ignition) engines in order to further develop scaling laws for ICEs. 

The effects of a muffler should be further characterized, as should engine losses such 

as friction and pumping losses. Combustion analysis could be further analyzed using 

exhaust gas measurements from a gas analyzer. Menon also suggests that a major 

contributor to poor engine efficiency is from the simple carburetors used to mix fuel 

and air. The fuel and air mixing process should be investigated and better carburetors 

or fuel injectors used to increase mixing performance and increase fuel efficiency. 

Lastly, imaging of the cylinder combustion process with simultaneous pressure 

measurements could be useful for determining the combustion processes occurring in 

the cylinder. 

Further work by Menon and Cadou [44], which focuses primarily on the combustion 

processes in miniature ICEs, concluded that miniature combustion engines operate 

primarily in the “flamelet in eddy” regime.  This confirms that using combustion 

models that were made for conventional sized engines, which operate in the “wrinkled 

laminar flame sheet” regime, are not appropriate. Menon and Cadou suggest that the 

most important parameters governing peak cylinder pressure are equivalence ratio and 

engine speed, and that combustion may be improved by improving scavenging and 

mixing in the engines. Future work of simultaneous cylinder diagnostics and 
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dynamometer measurements is recommended in order to develop a miniature 

combustion engine with practical levels of efficiency. 

Rowton, of the Air Force Institute of Technology, studied three commonly used UAV 

engines that were each larger than those studied by Menon [45].  The engines had 

displacements of 28 cm3, 55 cm3, and 85 cm3, with manufacturer specified peak power 

outputs of 2.5 kW, 3.9 kW, and 6.8 kW, respectively. Each engine was naturally 

aspirated using the stock carburetor.  Testing results show agreement with Menon, that 

the actual power output of these engines is significantly lower than the manufacturer 

specified power output. Peak power achieved during testing was 1.3 kW, 2.9 kW, and 

3.9 kW, which is approximately 50-70% of the manufacturer specified power output. 

Brake thermal efficiency ranged from 12% to 18%. Results from Rowton’s study also 

show that the majority of loses come from incomplete combustion, in agreement with 

Menon’s work.  

Rowton suggests that future efforts to characterize these engines use a fuel injection 

system to better control and measure the fuel flowing into the system. He also suggests 

exhaust gas measurements to quantify the amount of energy in the exhaust. Lastly, 

since his dynamometer is has several sources of transmission losses, he suggests taking 

steps to quantify these losses in order to lower the measurement error currently present 

in his system. 

Manente at Lund University investigated the combustion in a high speed, small volume 

engines using glow plug and HCCI ignition processes [46]. Only one engine was used, 

which was a stock glow plug engine that was later modified to run with HCCI. Speeds 

achieved were between 3,000 RPM and 20,000 RPM, with the glow plug engine 

needing a minimum of 10,000 RPM for continuous operation. Manente’s research 

showed that the combustion in these engine suffered from very low combustion 

efficiency and high emission levels. The suggested causes of these were quenching and 

a relatively large boundary layer. Quenching in the engine limited the amount of fuel 

that could be transformed into useful energy, while the thick boundary layer contributed 
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to incomplete reactions which both lowered the useable energy from combustion and 

led to poor emissions. Attempts were made to improve the combustion efficiency by 

changing the inlet air temperature, changing the combustion chamber geometry, and 

coating the combustion chamber walls. Results show that these changes made an 

insignificant difference to the combustion efficiency of the engine, and in some cases 

led to worse combustion. Manente carried out this research in order to better understand 

the combustion phenomena in small reciprocating engines for application to a power 

generating micro engine to replace batteries.   

Pompa et al. investigated a 5 cm3, 4-stroke ICE for possible use as personal power or 

in a UAV [47]. Results showed that pumping and friction losses were significant, as 

they increase with surface-to-volume ratio. While combustion timing was considered 

to be a liability, it was shown through the use of a luminosity measuring optical fiber 

that the ignition timing was consistent on a cycle to cycle basis. However, data showed 

that there was high cyclic variability of peak pressure which may be due to poor mixing, 

incomplete combustion, or cycle to cycle changes in air fuel mixture. Regular misfires 

were observed and attributed to excessive combustion cylinder temperatures. This 

problem was later solved by adding additional external cooling. The authors’ pressure 

data showed an overlap between closing of the exhaust valve and opening of the intake 

valve, suggesting that the cause for secondary pressure peaks was due to spontaneous 

combustion of incoming fuel and air mixture when coming in contact with the high 

temperature combustion gases. Because this fuel is burned before it can reach the 

compression stroke, it contributes only minimally to engine power output and therefore 

may be considered an efficiency loss. It was also shown that engine performance was 

highly dependent on fuel composition. 

1.3.3 UAV Generator Testing and Optimization 

A review on state of the art sensorless BLDC motors and future trends was conducted 

by Kim et al. from the University of Michigan [48]. Sensorless BLDC motors have 

become popular because of advances in the development of fast digital signal 
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processors. Given their high torque, high efficiency and compactness, permanent 

magnet BLDC motors are gaining increased use in many applications. These 

advantages make them a prime candidate for use in UAVs. Kim et al. states that the 

most common sensorless BLDC architecture, back EMF sensing, works well at high 

speeds but suffers at low speeds when rotor position cannot be accurately detected. 

Given that motors used for UAVs generally operate at high speeds, this is mostly a non-

issue. Kim et al. also concludes that current control becomes necessary in sensorless 

BLDC motors to decrease torque ripple and increase motor/generator efficiency. 

In the work by Trawick et al., a BLDC motor was used as a generator for its availability 

off the shelf and its high power-to-weight ratio [27]. AC generated current was 

converted to DC current using a bridge rectifier, which provided a stable voltage that 

was further stabilized once operating with a battery. This research included some 

electrical challenges that require further development before the system could be fully 

functional. 

Schoemann and Hornung created a tool for the optimization of a hybrid electric 

propulsion system for small UAVs [49]. This tool included optimization of the electric 

motor, electronic speed controller, and internal combustion engine combination. The 

electric motor optimization uses a well-established electrical model to derive internal 

resistance and zero-load current from motor geometry and specific rotational speed 

(Kv). Given missing manufacturer data, calculating further motor parameters became 

a challenge. Instead of calculating them analytically, manufacturer data for 700 BLDC 

motors was used to create empirical relationships for remaining parameters. This 

manufacturer data was split up into two distinct groups: outrunner and inrunner, for 

which relationships are slightly different. The authors’ tool is purely analytical and 

designed only for preliminary modeling of a hybrid powertrain. Schoemann and 

Hornung suggestions for further work on the model are integration into an aircraft 

design environment and enhancements to the electric motor model by including 

different operating conditions. 
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Schoemann further refines his model so that inputs for the electric generator model are 

the operational variables, torque and rotational velocity, and the design variables [50]. 

Motor mass and characteristics are computed from the design variables, while input 

voltage and current are determined from the operational variables and motor 

characteristics. Significant effort was exerted to create the optimization and design 

tools presented in this study, though it has not been proven through experimental testing 

and parameters comparison. Using the tool to create an experimental hybrid powertrain 

would help to show its utility.  

1.4 Key Research Tasks 

Given the industry needs and prior research as described above, I proposed the 

development of an optimized 1 kW series hybrid gasoline-electric powertrain for use 

in small UAVs. During this work, several key tasks were performed. Each of these 

tasks had a significant role in the hybrid powertrain development and are described in 

the following sections. 

1.4.1 Computational Model Development 

A simple computational model was developed for calculating the power requirements 

of the powertrain given certain mission and vehicle requirements. Using both required 

power outputs and approximate values for system efficiencies, off-the-shelf 

components were selected for use in the hybrid powertrain. The computational model 

used is documented in Chapter 2. 

1.4.2 Test Facility Development 

The second task was to develop a small engine test facility capable of making 

experimental measurements for characterizing, analyzing, and optimizing the 

performance of the internal combustion engines and generators chosen for the 

powertrain. The test facility included a dynamometer for motoring and loading of the 

test article. The dynamometer and all in-line components were capable of operating at 
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speeds which are common for UAV engines. Measurement capabilities included shaft 

power, brake thermal efficiency, fuel flow rate, emissions measurements, temperature 

measurements, and in-cylinder pressure measurements. The test facility was capable of 

providing flight like conditions for the engines and motors including adequate cooling 

and minimal back pressure on exhaust. The capabilities of this test facility are 

documented in the first manuscript “Optimized Engine Performance for a 1 kW Hybrid 

Powertrain,” and the component mechanical drawings are documented in Appendix A. 

1.4.3 Engine Characterization and Optimization 

The ICE selected based on results from the computational model was characterized in 

the test facility to confirm whether adequate power would be available to meet hybrid 

powertrain demands. Once confirmed, optimization of the engine took place to 

maximize fuel efficiency and power output. ICE characterization and optimization is 

documented in the first manuscript “Optimized Engine Performance for a 1 kW Hybrid 

Powertrain.” 

1.4.4 Generator Characterization and Optimization 

The BLDC motor chosen to act as a generator based on results from the computational 

model was characterized in the test facility to confirm whether adequate power could 

be generated based on the shaft power available from the ICE. The final BLDC motor 

chosen for use in the hybrid powertrain was tested to characterize loses in the electrical 

system at many different operating points in order to optimize the performance of the 

hybrid powertrain. Generator characterization and optimization is documented in the 

second manuscript, “Generator Performance for UAV Hybrid Powertrains.” 
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2 Computational Model: Power Requirements 

A simple computational model was developed for estimating the power requirements 

of a quadcopter during a stationary hover mission. While this mission could be practical 

for surveillance or short term environmental monitoring, it was chosen as a simple 

mission for demonstrating the benefits of an optimized hybrid powertrain. The results 

of this model provide the main criteria for the design of the hybrid powertrain. Using 

these criteria, off-the-shelf components can be selected to meet mission requirements. 

A hover mission takes place primarily in the hover location, but still has mission 

segments (while short) of takeoff and landing. While extra thrust may be required 

during takeoff or for aircraft position adjustment, the average thrust needed by this 

vehicle to hover is equal to the force exerted on the vehicle by gravity. Therefore, by 

knowing the vehicle weight, the average thrust required for hover is also known. 

The manufacturer of the propellers, motors, and electronic speed controllers used in 

this study (KDE Direct) provides experimental data on their propulsion systems. These 

data include thrust and power consumption for each motor and propeller combination 

at a variety of voltages that each correspond to a different lithium polymer battery 

configuration. The computational model first created polynomial trendlines for these 

data in order to later interpolate for specific thrust values.  

For this thesis, a 10 kg quadcopter is the chosen test vehicle. Since a quadcopter has 

four propellers, each propeller/motor combination must create enough thrust to keep 

2.5 kg airborne, or 24.5 N. Using the polynomial equations created for each 

propeller/motor/voltage combination, the power requirement to generate 24.5 N of 

thrust was calculated. These results were sorted for lowest power requirement, which 

would equate to longer flight times and/or lesser fuel/battery requirements. However, 

lowest power requirement was not the only consideration – while larger motors and 

propellers may be more efficient, they also add weight to the system and may result in 

a greater power requirement because of the added thrust requirement.  
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Using the computational model, the propulsion system chosen for the 10 kg quadcopter 

had a power requirement of 239 W per propeller for hover. This equated to a total 

electrical power requirement of 957 W for the propulsion system. A generator 

efficiency (converting shaft power to DC electrical power) of 85% was assumed. Given 

this assumption and the 957 W of continuous DC electrical power required, 1,125 W 

of shaft power output was needed by the engine. 

Once the power requirements for the engine and generator had been calculated, off-the-

shelf components were chosen for the hybrid powertrain. The engine chosen was the 

3W-28i, which has a manufacturer rated maximum power output of 2,500 W. While it 

is seen in the literature that it is only reasonable to expect 50% of the manufacturer 

rated power output for this engine [43], [45], 1,250 W is still a sufficient amount of 

shaft power output for this powertrain. 

The generator chosen was the KDE 8218 brushless DC motor. During motored 

operation, this motor can output well over 1 kW of shaft power, so it was a good 

candidate to act as a generator. Additionally, it had higher torque output than other 

BLDC motors of the same size which made it a desirable choice for engine starting. 

Once the components were chosen, they could be characterized and optimized in the 

engine test facility. The capabilities of this test facility are covered in Chapter 3 and 

Chapter 4. Engine characterization and optimization is covered in Chapter 3, and 

generator system characterization and optimization is covered in Chapter 4. The 

computational model is revisited in Chapter 5 to make flight time predictions using the 

collected empirical data. 
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3 Optimized Engine Performance for a 1 kW UAV 

Hybrid Powertrain (Manuscript 1) 

This manuscript was peer reviewed and accepted for the American Society of 

Mechanical Engineers Internal Combustion Engine Fall Technical Conference in 

Seattle, WA, 2017. 

3.1 Abstract 

This paper is one of the first publications documenting the performance optimization 

of a port fuel injected, spark ignited, internal combustion engine for an unmanned aerial 

vehicle hybrid powertrain. An optimized hybrid powertrain enables long-duration 

quadcopter flight and provides vertical takeoff and landing capability for fixed-wing 

aircraft. This technology can improve flight times and lessen runway requirements, 

helping to solve two of the biggest problems faced by the booming UAV industry. 

The main activities contributing to this hybrid powertrain effort are the development 

of a small engine test facility, design of powertrain vehicle integration hardware, and 

the testing and characterization of both electric motor-generators and fuel-injected two-

stroke engines. This paper investigates engine testing completed to date including 

experimental setup, testing procedures, data post processing, and results. 

3.2 Introduction 

In this section, two-stroke engines will be discussed with focuses on their advantages 

for small aerial vehicles and the characterization and optimization testing published 

prior to this work. 

Two-stroke internal combustion engines (ICEs) have an advantage over four-stroke 

ICEs with regards to power-to-weight ratio. Comparatively, two-stroke engines have a 

20-60 % increase per unit volume displaced and also have fewer moving parts [51]. 
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These advantages make two-stroke engines an ideal propulsion system for applications 

where weight reduction is critical, such as small unmanned aerial vehicles (UAVs). 

Limited data have been published on the experimental characterization and 

optimization of UAV engine performance, losses, and efficiencies. Menon [43] covers 

the experimental testing of 0.16 cm3 to 7.5 cm3 engines. A dynamometer was used to 

test these engines and data was collected to determine power output, brake thermal 

efficiency, mechanical efficiency, thermal efficiency, volumetric efficiency, fuel 

pressure, and cylinder pressure. These measurements were used to create scaling law 

correlations for two and four-stroke engines and to make suggestions about the nature 

of combustion in small reciprocating engines. Menon shows that in these miniature 

combustion engines, incomplete combustion accounts for 60-70% of the total energy 

loss. 

Rowton [45] investigated three carbureted two-stroke engines to develop scaling laws. 

These engines, larger than those considered in Menon’s study, had displacements of 28 

cc, 55 cc, and 85 cc. Results show a breakdown of loss sources, with unburned fuel 

accounting for approximately half of the efficiency loss. 

Power4Flight, a company in Hood River, OR, has developed a facility for testing and 

certifying small fuel-injected engines and engine components to supply major U.S. 

UAV companies. Their test hardware includes a commercial AC motoring 

dynamometer [52], metering fuel pump, and emissions analyzer. Using these sensors, 

Power4Flight is able to optimize engine performance by creating maps for both 

maximum power and maximum efficiency [53]. During flight, the engine controller 

can choose between these two maps based on current operating conditions and power 

requirements. 

While two-stroke ICEs provide a widely-used solution for UAV propulsion needs, 

certain UAV applications, such as vertical takeoff and landing (VTOL), require a high 

level of control only practical through electric motors. However, the significantly lower 
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specific energy of lithium ion batteries (0.72 MJ/kg [4]) compared to gasoline (43 

MJ/kg [26]) results in only limited flight time for electric motor UAVs. To combine 

the advantages of gasoline and electric motors, the Energy Systems Laboratory at 

Oregon State University has begun development of a hybrid powertrain for UAVs. 

Based on advantages and disadvantages of the test stands used by Menon, Rowton, and 

Power4Flight, a dynamometer test stand was designed and built at Oregon State 

University for the experimental testing of small engines and generators. During the 

hybrid powertrain development effort, several brushless DC motors, electronic speed 

controllers, and ICEs have been studied and characterized. In this manuscript, the 

testing and optimization of a 28 cm3, fuel-injected, two-stroke ICE is discussed. 

3.3 Nomenclature 

A  Area 

η  Efficiency 

k  Polytropic exponent 

L  Length 

m  Mass 

ṁ  Mass flow rate 

N  Speed 

P  Power 

p  Pressure 

Qnet Heat release rate 

Τ  Torque 

Θ  Angle 
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V  Volume 

W  Work 

3.4 Test Article 

The engine investigated in this paper is the 3W-28i. This is a two-stroke, gasoline UAV 

engine that is widely used in the UAV industry. This engine has parameters as specified 

in Table 2. 
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Table 2: Test engine specifications [54] [55] 

Engine model 3W-28i 

Displacement (cm3) 28.5 

Manufacturer rated power (kW)  2.5 

Mass (kg) 1.21 

Power density (kW/kg) 2.07 

Bore (cm) 3.6 

Stroke (cm) 2.8 

Compression ratio 10:1 

Trapped compression ratio 7.2:1 

Exhaust port open (°ATDC) 106 

Boost port open (°ATDC) 122 

Scavenge port open (°ATDC) 125 

Exhaust port area (cm2) 1.9 

Boost port area (cm2) 1.3 

Scavenge port area (cm2) 1.8 

Maximum speed (RPM) 8,500 

 

The engine manufacturer specifies that gasoline with a minimum 98 octane rating must 

be used, mixed with a 50:1 ratio of gasoline to full synthetic two-cycle oil. For the 

experiments in this paper, 101 octane gasoline (VP Racing Fuels VP101 [56]) was used 
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with a 50:1 mix of full synthetic Stihl HP Ultra [57] two-cycle oil. According to the 

datasheet, VP101 has an oxygen content of 3.63% by weight. Ethanol, which has a 

34.78% oxygen content by weight, is the only contributor to oxygen in the fuel. 

Therefore, for the fuel to have the stated oxygen content, 10.44% of the fuel by weight 

must be ethanol. 

Table 3: Fuel components and energy content 

Component Mass Fraction  LHV [J/g] Net LHV [J/g] 

Gasoline 0.8780 43,448 [26] 38,149 

Ethanol 0.1024 26,952 [26] 2,759 

Oil 0.0196 26,949 [58] [59] 528 

Total 1.0000   41,436 

 

Table 3 describes each of the components present in the fuel, their respective lower 

heating values, and the lower heating value of the fuel mixture. This is the lower heating 

value used in calculating brake thermal efficiency. 

All testing described in this document was conducted at an altitude of 3,850 feet above 

sea level. 

3.5 Experimental Setup 

All experiments were conducted on a test stand designed specifically for small engines 

and motors. This test stand, shown schematically in Figure 2, utilizes a universal 

dynamometer and in-line torque transducer, with data acquisition (DAQ) systems, 

cooling and exhaust hardware, and several auxiliary instruments. 

The motoring dynamometer has a maximum speed of 12,000 RPM, a power output of 

up to 18 kW, and is powered through a VFD on 480V 3-phase AC. The dynamometer 
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is directly coupled to a torque transducer that has a maximum speed of 15,000 RPM 

and a torque output up to 28 Nm with overload capacity up to 113 Nm. Embedded in 

the transducer is a signal conditioner, as well as an encoder that signals 60 pulses per 

revolution. While traditional motoring dynamometers sit on bearings and transmit 

torque to a lever armed load cell, the addition of a torque transducer allows for hard 

mounting of the dynamometer to the table. 

 

 

Figure 2: Small engine test stand, instrumented setup 

Directly coupled to the torque transducer is the engine undergoing testing, which is 

rigidly mounted to the table. A 350 CFM AC blower is mounted in front of the engine 

to provide cooling, keeping the engine in the temperature range specified by the 

manufacturer. 
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A muffler with two exhaust outlets is attached at the exhaust port of the engine. The 

first outlet is covered in an oversized exhaust hose, which allows excess air to be sucked 

in, diluting and cooling the exhaust. The second exhaust outlet is sealed to a pipe which 

runs exhaust in an extended circuit and eventually back to the diluted exhaust hose. 

This extended circuit provides sufficient surface area for any liquid oil or unburned 

gasoline to condense, while keeping the stream in its pure, non-diluted form. An 

emissions probe, which is meant to operate in dry exhaust, is located near the end of 

the extended circuit. The probe allows the non-diluted exhaust gas to be piped to an 

emissions analyzer which returns the exhaust back to the diluted stream once analyzed. 

The emissions gas analyzer allows for simultaneous measurement of CO, CO2, O2, HC, 

and NO. Non-dispersive infrared (NDIR) is used for the CO, CO2, and HC 

measurements. The measurement ranges are as follows. 

Table 4: Exhaust gas analyzer measurement range 

Gas Range Unit 

CO 0.00-10.00 % Vol 

CO2 0.00-20.00 % Vol 

O2 0.00-25.00 % Vol 

HC 0-10,000 ppm Vol 

NO 0-5,000 ppm Vol 

 

Exhaust gas is pulled through the 10” exhaust hose by a 1,390 CFM explosion proof 

blower. The exhaust hose outlet is located outdoors away from personnel and 

flammable objects. 
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The engine’s stock carburetor was removed and replaced with an aftermarket electronic 

fuel injection (EFI) system (Ecotrons UAV Engine EFI [60]). This EFI, designed 

specifically for small to medium sized UAVs, is light weight, draws low power, and 

can operate at speeds of up to 11,000 RPM. The throttle plate is adjusted with a servo, 

whose PWM signal comes from a microcontroller. This controller receives its 

commands from the LabVIEW DAQ program. The EFI receives its fuel from a 

regulated gear pump (Ecotrons EFP-25D [61]) which keeps the high-pressure fuel line 

at a constant 43 psi. A main fuel line and return line connect the fuel pump and regulator 

to a fuel tank. 

The fuel tank sits atop a scale (Adam Equipment CBK 16aH [62]) which is used to 

measure fuel flow during testing. The scale has a resolution to 0.1 g and is equipped 

with a COM port that allows for integration into the DAQ system. 

The addition of an in-cylinder pressure transducer was the only major modification 

made to the stock engine head. As shown in Figure 3, the modification involved drilling 

into and tapping the engine head. A custom aluminum bolt was made to house the 

pressure transducer. A bottoming hole was drilled into the head, and then tapped with 

7/16-20 threads to match the housing bolt. The bolt was secured in the engine head 

with high temperature thread lock, and then reamed for a high tolerance sliding fit of 

the transducer. Threads were tapped into the housing bolt such that when tightened 

down, the sensing end of the pressure transducer was positioned flush to the inside of 

the cylinder dome. The measured change in cylinder volume caused by this pressure 

transducer installation was 0.015 cm3, which is small enough such that any impacts on 

performance caused by this slight engine compression ratio change were considered to 

be negligible. A similar assumption for compression ratio change due to pressure 

transducer installation was made by Rowton [45]. 

 



32 

 

 

 

Figure 3: Cylinder head modification for pressure transducer and housing bolt 

The piezoelectric pressure transducer (Kistler 6056AU20 [63]) has a measuring range 

of up to 300 bar, with an overload capacity of 350 bar and an operating temperature 

range up to 400 °C. The transducer cable routes to a dual mode charge amplifier which 

converts the charge to an output voltage. Because of the high-speed nature of in-

cylinder pressure sensing, an oscilloscope was used to read the amplified voltage. 

The oscilloscope used was a 2 channel Tektronix DPO 3000, which has a sample rate 

of up to 2.5 GS/s. Oscilloscope data were imported to a PC during testing by the 

Tektronix Openchoice Desktop software. The oscilloscope was also used to confirm 

spark timing and to gather high frequency encoder data. 

Several type K thermocouples were used to monitor and record engine temperatures. 

These measurements were cylinder head temperature, crank case temperature, and 

exhaust temperature. For exhaust temperature, a thermocouple probe was fastened into 

the muffler such that the probe tip was located at the opening of the exhaust port. 

Except for the already gathered scale and pressure transducer data, each of the 

measurements mentioned previously were captured in an electrically isolated National 

Instruments cRIO FPGA DAQ system. The data were then recorded and monitored on 

a PC using a custom LabVIEW program. 
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Uncertainties for measurements and propagated uncertainties through calculations are 

outlined in Appendix A. 

3.6 Testing Procedures 

To ensure lab safety and to capture reliable and repeatable data, strict testing procedures 

were followed during each testing session. These procedures are outlined in Appendix 

B. 

Two different testing regimes were conducted on the 3W-28i engine. The first was a 

general tuning of the EFI system for maximum power output at a range of operating 

points. To do this, the fuel injector pulse width (PW) was adjusted, which changes the 

amount of fuel injected into the engine during each revolution. While monitoring the 

instantaneous power output of the engine, the PW was adjusted until maximum power 

for that operating point was achieved. EFI manufacturer specified spark timing was 

kept during this tuning process. A total of 45 points were tuned for maximum power, 

with a speed range of 1,500 – 7,000 RPM and a throttle range from 15 – 100%. For 

details on the first test regime, please see the testing chart in Appendix C. 

This tuning procedure served two purposes. The first is the practical purpose of 

enabling the engine to run smoothly throughout its operating range. The second purpose 

is to confirm that there are candidate speeds and throttle positions that match the speed 

and power requirements set forth through generator testing. Based on the generator 

requirements and engine capabilities, an optimum speed and throttle combination of 

6,500 RPM and 100% throttle was chosen as the engine’s “steady state” operating point 

for the UAV hybrid system. 

The second regime of testing was conducted only on the “steady state” point chosen 

based on the power mapping and generator testing results. During these tests, the engine 

was held at 6,500 RPM and a throttle position of 100%, with data collected throughout 

a range of five fuel injector PWs (3.73, 4.15, 4.36, 4.67, and 5.15 ms) and five spark 

timings (5, 7, 9, 11, 13° BTDC). 
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While fuel PW and spark timing are controlled and simultaneously indicated by the 

EFI, measures were taken to ensure that the indicated numbers were accurate. On the 

engine’s hub was a magnet which, when passed by the fixed hall sensor, triggered a 

reference signal to the capacitor discharge ignition spark module (CDI). This signal 

and the in-cylinder pressure transducer signal were read by the oscilloscope, and the 

engine motored. At a wide range of speeds, the time difference between the hall sensor 

signal and the cylinder maximum pressure was recorded. Based on the engine speed at 

each test point, the time difference was converted to crank angle degrees (CrA). In an 

ideal adiabatic motored engine, the location of peak pressure would coincide with top 

dead center (TDC). However, given heat transfer to the cylinder walls and mass leakage 

around the piston, the location of peak pressure occurs in advance of TDC [64]. This 

angular difference between peak pressure and TDC is referred to as the “loss angle” 

and has typical values between 0.4 and 1.0 CrA [64]. A loss angle of 0.7 CrA, the same 

used by Rowton for his 3W-28i study [45], is used for the TDC determination in this 

paper. After taking the loss angle into account, the crank angle difference between the 

hall sensor reference signal and TDC was calculated. With the crank angle difference 

between the hall sensor signal wire and TDC known, the hall sensor signal was used as 

the oscilloscope reference trigger during testing. 

Next, a new set of signal wires was analyzed using the oscilloscope. One was the signal 

wire from the EFI to the CDI which signals the CDI to discharge its capacitor to the 

spark plug. The second was the signal wire coming from a clamp-on amp meter, 

clamped to the spark plug wire. Analyzing these two signals at a range of speeds up to 

6,500 RPM, it was found that the first falling edge of the EFI to CDI signal wire 

coincided with the beginning of the spark. 

Having analyzed these four signals at a wide range of speeds, it was necessary only to 

record the RPM and the time difference between the EFI to CDI signal wire and the 

trigger, to calculate the actual spark timing to a high level of certainty. 
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3.7 Data Post Processing 

The brake power output is calculated at each operating point using the brake torque and 

speed measurements as follows. 

𝑃𝑏𝑟𝑎𝑘𝑒 = 2π(𝛵𝑏𝑟𝑎𝑘𝑒𝑁) 

Tbrake represents the measured brake torque (Nm), and N represents the measured 

rotational speed (rev/s). Brake thermal efficiency is calculated as the ratio of shaft work 

out of the engine to fuel energy flow into the engine, as follows. 

𝜂𝑏𝑟𝑎𝑘𝑒 =
𝑃𝑏𝑟𝑎𝑘𝑒

�̇�𝑓𝑢𝑒𝑙LHVfuel
 

LHVfuel represents the fuel lower heating value (J/g), and ṁfuel represents the fuel mass 

flow rate (g/s). Several steps were taken to convert the measured cylinder pressure to 

an absolute pressure. The charge received from the piezoelectric pressure transducer 

was amplified to a voltage, but does not represent absolute pressure. These signals are 

prone to drift from cycle to cycle, and therefore one must reference the pressure data 

from each cycle to some known pressure, so that the data is useful for combustion 

analysis. This process of pressure referencing, known as “pegging”, can be completed 

several different ways. The method used in this paper, detailed by Randolph [65], 

calculates the offset pressure based on the assumption of polytropic compression, and 

a known polytropic exponent. Polytropic processes are characterized by: 

𝑝𝑉𝑘 = constant 

Where p is the cylinder pressure, V is the cylinder volume, and k is the polytropic 

exponent [66]. For post processing the selected polytropic constant was 1.3, based on 

a range of polytropic constants given by Heywood for a mixture of air and gasoline 

[67]. Pressure data were extracted from the range of 100° BTDC to 20° BTDC, where 

the exhaust port has closed but ignition has not yet occurred. It was assumed that in this 

range only polytropic compression was occurring. The pressure data in this range were 

then plotted against cylinder volume. Cylinder volume was calculated based on the 
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engine position relative to TDC, connecting rod length, crank throw length, and 

compression ratio. The equation is as follows [67]. 

𝑉 = 𝑉𝑐𝑙𝑒𝑎𝑟 + 𝐴𝑝𝑖𝑠𝑡𝑜𝑛 (𝐿𝑐(1 − cos𝜃𝑏,𝑐) + 𝐿𝑐𝑡(1 − cos𝜃𝐴𝑇𝐷𝐶)) 

Where Vclear is the engine cylinder clearance volume, Apiston is the cross sectional area 

of the engine piston, Lc is the connecting rod length, θb,c is the angle between the bore 

centerline and the connecting rod center line, Lct is the throw arm length, and θATDC is 

the current shaft angle referenced as degrees after TDC. The angle between the bore 

centerline and the connecting rod is determined using the following equation [67]. 

𝜃𝑏,𝑐 = asin(
𝐿𝑐𝑡
𝐿𝑐

sin(𝜃𝐴𝑇𝐷𝐶)) 

Once the cylinder volume was determined for each pressure data point, the sum of 

cylinder pressure and the pressure offset were plotted against cylinder volume on a log-

log plot. A first order line of best fit was generated and, according to the Randolph 

method, the cylinder pressure offset was correct when the line of best was found to be 

straight, with the slope of this line equal to the polytropic exponent, 1.3 [65]. With the 

correct pressure offset determined, it can then be added to the recorded pressure data 

to determine the absolute pressure throughout the cycle. This pegging process is carried 

out for each set of in-cylinder pressure data. 

Indicated work is defined as the work done on the piston by the gases in the cylinder. 

Using the pressure and volume data for a single cycle, indicated work can be calculated 

using the following equation [67]. 

𝑊𝑖𝑛𝑑𝑖𝑐𝑎𝑡𝑒𝑑[J] = ∫ 𝑝𝑑𝑉
2𝜋

0

 

Where p is the instantaneous in-cylinder pressure and dV is the change in cylinder 

volume. Indicated power is then the indicated work done per time. 
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𝑃𝑖𝑛𝑑𝑖𝑐𝑎𝑡𝑒𝑑[W] = 𝑊𝑖𝑛𝑑𝑖𝑐𝑎𝑡𝑒𝑑[J] ∗ 𝑁 [
1

s
] 

Where N is defined as the number of revolutions per second. Since indicated power is 

calculated for an entire cycle, the work done on the piston during compression and 

during expansion are both taken into account. Mean effective pressure (MEP) is a 

quantity that measures the capacity of an engine to do work, normalized by cylinder 

volume. Because this measurement is independent of cylinder volume, it is useful for 

comparing engines of different sizes. Brake MEP  (BMEP) is calculated as follows 

[67]. 

BMEP[Pa] =
𝑊𝑏𝑟𝑎𝑘𝑒

𝑉𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟
 

Where Wbrake represents the brake work done during each cycle. Since this is a brake 

value, it can be calculated from brake power output and engine speed. 

𝑊𝑏𝑟𝑎𝑘𝑒[J] =
𝑃𝑏𝑟𝑎𝑘𝑒
𝑁

 

 Indicated MEP (IMEP) is calculated in the same way, but using the indicated work per 

cycle instead of the brake work per cycle.  

IMEP[Pa] =
𝑊𝑖𝑛𝑑𝑖𝑐𝑎𝑡𝑒𝑑

𝑉𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟
 

IMEP is always greater than BMEP because there are losses in the engine while 

transferring power from high pressure gases to the piston and to the shaft. These losses 

are made up of heat transfer to the surroundings, mechanical friction between the piston 

ring and the cylinder wall, crank case compression, and any other mechanical losses 

between crank case components [51]. These losses, the difference between IMEP and 

BMEP, can be quantified as friction mean effective pressure (FMEP). 

FMEP[Pa] = IMEP − BMEP 
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In the absence of empirical motoring measurements, polytropic compression/expansion 

can be assumed in order to create a non-combustion pressure curve. It can be assumed 

that compression only begins once all ports are closed which, in this case, occurs when 

the exhaust port is closed 106° BTDC. Starting with the measured pressure at this 

location, all following pressures up until the exhaust port opening can be calculated 

using the following equation [67]. 

(
𝑑𝑝𝑣
𝑑𝜃

)
𝑖
= 𝑝𝑖+1 − 𝑝𝑖 = 𝑝𝑖 ((

𝑉𝑖
𝑉𝑖+1

)
𝑘

− 1) 

Where p is engine pressure, V is engine volume, k is the polytropic exponent, i 

represents the current engine state, and i+1 represents he engine state at the next time 

step. This equation shows that during compression, when the volume is decreasing, 

pressure increases. During expansion, when volume increases, pressure decreases. The 

pressure from this polytropic process can be called the pressure due to volume change, 

or pv. 

Once pv is calculated, it can be plotted on top of a cylinder pressure curve measured 

during combustion. The difference in pressure between these two curves is the pressure 

due to combustion, or pc [67]. 

(
𝑑𝑝𝑐
𝑑𝜃

)
𝑖
= (

𝑑𝑝

𝑑𝜃
)
𝑖
− 𝑝𝑖 ((

𝑉𝑖
𝑉𝑖
)
𝑘

− 1) 

𝑝𝑐 = 𝑝 − 𝑝𝑣 

 Mass fraction burned (MFB) is defined as the ratio of fuel consumed through 

combustion to the total amount of fuel trapped in the cylinder. Without knowing the 

actual quantity of fuel burned at any given time, or the amount of fuel trapped in the 

cylinder, MFB can be estimated using the previously defined pressure due to 

combustion [67]. 
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MFB =
𝑚𝑏(𝑖)

𝑚𝑏(𝑡𝑜𝑡𝑎𝑙)
=

∫ 𝑝𝑐𝑑𝜃
𝜃

𝜃0

∫ 𝑝𝑐𝑑𝜃
𝜃𝑒𝑛𝑑
𝜃0

 

Where θ is any given crank angle, θ0 is the crank angle where trapped compression 

begins, and θend is the crank angle where trapped compression ends. While MFB 

provides a crank angle resolved view of when the fuel is burned, the derivative of MFB 

is proportional to burn rate (BR). A normalized burn rate can be defined as. 

BR =
𝑑MFB

𝑑𝜃
 

Heat release rate quantifies the rate at which combustion proceeds inside the engine 

cylinder, allowing for a further understanding of the combustion processes that are 

occurring at any given time. Net heat release is defined as the difference between the 

chemical energy released during combustion and the energy transferred to the engine 

walls. Net heat release, which is explained in detail by Heywood and Sher [51], [67], 

can be determined using only in-cylinder pressure and volume data. 

𝛿𝑄𝑛𝑒𝑡

𝑑𝜃
=

1

𝑘 − 1
(𝑘𝑝

𝑑𝑉

𝑑𝜃
+ 𝑉

𝑑𝑝

𝑑𝜃
) 

Where Qnet is the net heat release and k is the polytropic exponent. 

3.8 Results and Discussion 

The first set of results discussed are brake power and brake thermal efficiency at each 

point within the tested range. Shown in Figure 4, spark timing and fuel PW both have 

substantial impacts on brake power output and brake thermal efficiency, as expected.  

At the target speed of 6,500 RPM, the best combinations of power output and efficiency 

occur at fuel PWs of 4.15 ms and 4.36 ms. For both of these fuel PWs, maximum brake 

thermal efficiency occurs when the spark is ignited 11° BTDC, with a slight efficiency 

decrease at the 13° BTDC test point. Though it appears that advancing the spark further 

may result in higher maximum power, the engine began knocking when the spark 
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advance was set at and advanced of 15° BTDC. Therefore, it was decided to advance 

the spark no more than 13° BTDC to keep the engine and test equipment from being 

damaged. 

3.73 ms

4.15 ms

4.36 ms

4.67 ms

5.15 ms

Error

 

Figure 4: Brake power vs. brake thermal efficiency for different fuel pulse 

widths, 6,500 RPM. 

Each data set shown in Figure 4 represents the sweep of spark timings at a fixed fuel 

PW. The brake power and thermal efficiency is lowest at 5° BTDC, and increases as 

the spark timing is advanced before top dead center. This trend is consistent with each 

fuel PW data set. High thermal efficiencies, but low brake power, are seen for 3.73 ms. 

As more fuel is injected, with PWs of 4.15 and 4.36 ms, the brake power is increased 

and thermal efficiency remains consistent between 12 and 14%. This suggests that a 

fuel PW of 3.73 ms is fuel lean: that is the engine is not taking advantage of all the air 

flowing into the combustion chamber. In this case 4.36 ms represents an optimal fuel 

pulse width for this speed and these spark timings. Fuel pulse widths longer than 4.36 

ms, of 4.67 and 5.15 ms, results in similar brake power output and lower brake thermal 



41 

 

 

efficiencies. For these two long fuel PWs, the engine is likely running in too rich of a 

regime: that is all of the air is being burned and there is extra fuel that has no air left to 

react with. This fuel would then flow out of the engine unburned and contribute to poor 

brake thermal efficiency. 

One interesting result is the observed drop in brake thermal efficiency at the most 

advanced spark angle. It would be expected, since fuel injection PW and rotational 

speed are held constant, that any increase in power would result in a proportional 

increase in brake thermal efficiency. In other words, the relationship between brake 

thermal efficiency and brake power output should remain linear as long as the speed 

and fuel PW are fixed. However, upon analyzing fuel flow data, it was seen that even 

though the fuel PW and engine speed was held constant, fuel was consumed at a slightly 

higher rate for the higher brake power operating points. The change in fuel flow rate at 

a fixed fuel PW could be a result of different combustion chamber pressures at different 

operating points, which would change the characteristics of the air fuel mixture flowing 

into and out of the engine, which could also affect the crank case pressure. Changes in 

the crank case pressure would result in changes in fuel flow rate, as the flow rate is a 

function primarily of engine speed, fuel pulse width, and the pressure differential at the 

injector which is made up of the fuel back pressure and crank case pressure.   

Shown in Figure 5 is brake power output plotted against spark timing, providing a clear 

comparison of power output at all the testing points. As was semi-apparent in Figure 4, 

brake power output is increased though sees diminishing returns as the spark is 

advanced further from TDC.  
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Figure 5: Brake power output vs. spark timing, 6,500 RPM 

For each PW, brake power output increases at the spark is advanced further before top 

dead center. A more advanced spark timing results in better use of the fuel air mixture 

combustion in the cylinder. This may mean that the peak pressure is occurring at a more 

advantageous time to put a greater amount of work on the piston, but could also be 

because there is more time for the combustion to occur before the exhaust port opens. 

This would result in more complete combustion of the fuel air mixture in the cylinder. 

At each fuel PW, brake power output reaches a maximum point with spark timing at 

13° BTDC. As can be seen in Figure 6, the maximum power of all points occurs at the 

fuel PW of 4.36 ms. The fuel PWs on either side, 4.15 ms and 4.67 ms, have a decreased 

power output which means that the actual maximum power output at the tested speed 

and throttle settings resides somewhere within this bounded range. 
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Figure 6: Torque and brake power output observed for each fuel PW at 

maximum break torque (MBT) timing, 6,500 RPM, θign = 13° BTDC. 

Because the maximum brake torque at each fuel PW occurs at 13° BTDC, this spark 

angle can now be referenced as the maximum brake torque (MBT) timing [67]. Figure 

6 shows the brake torque and brake power for the range of fuel pulse widths at MBT 

timing. It can be seen in this plot that the maximum power for 4.15 and 4.36 ms fuel 

PW are within about 5% of each other. Given the magnitude of error in these 

measurements, either of these fuel PW could result in the actual maximum brake power 

output and therefore both of these values represent a valid choice for optimum fuel 

injection duration. Regardless of the similarity of these two results, the fuel PWs on 

either side (more fuel or less fuel) result in lesser amounts of brake power and therefore 

are not optimum choices for this hybrid powertrain. 

Maximum brake thermal efficiency, like maximum brake power output, is highly 

sensitive to the amount of fuel injected during each revolution. A maximum efficiency 

of approximately 14% is observed in Figure 7 from the lowest fuel PW of 3.73 ms. As 

hypothesized previously, it is likely that this fuel PW corresponds to a fuel air mixture 
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that is close to stoichiometric, with a relatively high amount of fuel burned during the 

combustion process and converted into shaft power. This can also be said for the PWs 

of 4.15 and 4.36 ms, which each achieve a brake thermal efficiency close to 14% while 

increasing shaft power output. As more fuel is added, efficiency begins to taper off as 

the mixture becomes overly rich such that an increasing amount of fuel is passing 

through the engine only partially burned or completely unburned. This excess fuel is 

therefore not significantly contributing to the production of additional shaft power, but 

only lowering the overall thermodynamic efficiency. 

 

Figure 7: Maximum brake thermal efficiency observed for each fuel PW at MBT 

timing, 6,500 RPM, θign = 13° BTDC. 

The indicated work per cycle is determined by integrating the pV trace for a single 

engine revolution. The pV trace for a fuel PW of 4.37 ms and ignition timing of 13° 

BTDC is shown in Figure 8 with annotations for different events throughout the cycle. 
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Figure 8: Annotated pV diagram, 6,500 RPM, fuel PW = 4.37ms, θign = 13° 

BTDC. 

The events annotated are spark ignition (‘Spark’), TDC, exhaust port opening/closing 

(‘EP’), boost port opening/closing (‘BP’), scavenge port opening/closing (‘SP’), and 

BDC. At bottom dead center, the engine volume is at its maximum. At this time, the 

high pressure gasses from the crank case are being used to push out the remainder of 

the exhaust gases from the previous stroke. The piston begins traveling upwards, 

decreasing the engine volume and closing the scavenge, boost, and finally exhaust port. 

Once the scavenge and exhaust ports are closed, the gas inside the cylinder is trapped 

for the duration, until the exhaust port is reopened near the end of the cycle. The gases 

trapped are some mixture of fresh air/fuel charge and exhaust gases from the previous 

cycle. As the piston travels upwards, these gases are compressed and the cylinder 

pressure rises as the volume decreases. Just before top dead center, the spark occurs 

and ignites the fuel air mixture. The combustion process occurring in the cylinder 

results in additional pressure, which reaches its maximum shortly after top dead center. 

A pressure peak after TDC is preferred, as the pressure at this time is doing work on 
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the piston. Before TDC, the piston is still rising (i.e. volume is decreasing) which means 

that any pressure in the cylinder contributes to negative work done on the piston. 

“Negative work being done by the gases on the piston” is synonymous to work being 

done by the piston on the gases. After TDC, the piston begins traveling downwards, 

increasing the cylinder volume. The volume increase combined with the slowing down 

of the combustion process after a large portion of the fuel has burned results in 

decreasing pressure in the cylinder. Pressure continues to decrease and reaches 

pressures near atmospheric when the ports start reopening near BDC. 

If there were no combustion process occurring within the cylinder, the pV curve on the 

expansion stroke would be similar to the pV curve of the compression stroke. In Figure 

8, however, there is combustion occurring, which results in a significant pressure 

difference between the expansion and compression pV curves. The difference between 

these two curves is integrated, resulting in the indicated work, which is work done by 

the high pressure gases on the piston. Indicated work can be resolved on a time bases 

to calculate indicated power. 

Indicated power and shaft power for MBT timing at each fuel PW are plotted together 

in Figure 9. According to Heywood’s two-stroke text, the indicated power in small two-

stroke engines is about 45% greater than shaft power output [51]. The difference 

between indicated and shaft power can be attributed to friction loss, which includes 

mechanical friction between the piston ring and the cylinder walls, mechanical friction 

between the crank case components, and work needed to push out the exhaust gases 

and pull in the fresh mixture (i.e. pumping loss).  
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Figure 9: Indicated power and shaft power shown for each fuel PW at MBT 

timing, 6,500 RPM, θign = 13° BTDC 

As can be seen in Figure 9, shaft power is only about 60% of the value of indicated 

power, which is consistent with the approximation made by Heywood. The indicated 

power shown is proportional to shaft power, meaning that the ratio of indicated power 

to shaft power remains approximately constant through each fuel PW. Because of this, 

we can say that changing the fuel PW does not have a major impact on the percentage 

of indicated power that is lost as friction. 

IMEP, BMEP, and FMEP for each fuel PW’s MBT timing are shown in Figure 10. The 

values for IMEP are similar to those published by Rowton for the 3W-28i at 6,500 

RPM [55]. Calculated FMEP ranges from 33% - 38% and, according to Heywood, 

approximately 31% of indicated power can be attributed to friction losses for two-

stroke engines of this size and speed [51].   The similarity of FMEP in these results to 

those published by Heywood, and the similarity of IMEP in these results to those 
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measured by Rowton further suggest that the pressure measurements taken for this 

study were valid.  

 

Figure 10: Indicated, brake, and friction mean effective pressures, 6,500 RPM, 

θign = 13° BTDC. 

In Figure 10, FMEP is shown to be somewhat consistently 2 MPa at all 5 operating 

points. Though the power lost to friction at this stage (about 500 W) is only a small 

fraction of the total power input into the engine (about 9000 W), it is still a significant 

loss at this stage of power production. Being able to decrease the losses at this stage 

could result in a significant increase in overall engine efficiency. While power lost to 

pumping is unavoidable (as it is an integral part of the operation of this engine 

architecture), it may be possible to lower the work lost to pumping by lessening the 

crank case compression ratio. This would only be beneficial if the power added by 

lowering the pumping work was greater than the power lost due to decreased 

scavenging performance. Additionally, it may be possible to lower the mechanical 

friction loss in the engine by altering the engine design.  
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It would not be prudent, however, to change the design of the engine without first 

characterizing each component of the friction loss. Characterization of mechanical 

friction could be approximated with non-compression engine motoring. 

Characterization of pumping work could be approximated by measuring the 

instantaneous torque during crank case compression, or by measuring the crank case 

compression ratio and the amount of air trapped in the crank case during crank case 

compression. While measuring total friction loss is relatively simple given in-cylinder 

pressure measurements, breaking the friction losses down into their separate 

components may require addition of multiple measurement devices. 

Figure 11 shows an averaged pressure trace laid over a calculated polytropic 

compression/expansion cycle. The compression/expansion cycle only begins when all 

ports are fully closed, i.e. when the exhaust port closes 106° BTDC. The 

expansion/compression curve is the pressure rise from a change in cylinder volume, 

and the difference between the two curves is the pressure rise caused by combustion. 
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Figure 11: Pressure trace recorded during combustion and polytropic 

compression/expansion curve, 6,500 RPM, fuel PW = 4.37 ms, θign = 13° BTDC. 

The two curves in Figure 11 start to significantly diverge when the fuel is ignited and 

begins to burn. However, there is still a divergence of the two curves before the spark 

occurs. This shows the limitations of this method of calculating the non-combustion 

pressure curve using a polytropic assumption. Given the engine at a constant 

temperature, the combustion curves and non-combustion curves should remain 

coincident until spark. Up until this point, the gas pressures are being affected only by 

a change in cylinder volume. Far more accurate values for non-combustion pressure 

could be obtained by simply turning off the spark during normal engine operation and 

measuring the cylinder pressure at this time. This practice should be used during future 

tests. 

Shown in Figure 12 is pressure from combustion plotted against crank angle degree 

ATDC. 
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Figure 12: Pressure rise from combustion, 6,500 RPM, fuel PW=4.37 ms, θign = 

13° BTDC. 

The pressure rise from combustion begins when the two curves in Figure 11 begin to 

diverge. In reality, as discussed previously, the pressure from combustion should only 

begin rising once spark occurs. Regardless, the pressure from combustion does start 

increasing at a significant rate following spark, and peaks after TDC which is desirable. 

As would be expected, the pressure from combustion decreases quickly after the 

exhaust port opens. Once the exhaust port is opened, there is no longer a contained 

volume and exhaust gases are allowed to exit rather than doing additional work on the 

piston. 

Figure 13 shows MFB as a function of crank angle. It is interesting to note that the fuel 

PW that achieved maximum brake power also has the steepest curve on the MFB plot, 

which corresponds to the highest instantaneous fuel burn rate. Further, this curve has 

the highest mass fraction burned when the exhaust port is opened at 106° ATDC, and 

one of the lowest mass fractions burned when spark occurs at 13° BTDC. However, 
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since there is no burning of the fuel before the spark, the MFB before the spark occurs 

is simply caused by the discrepancy between collected in-cylinder pressure data and 

calculated non-combustion compression and expansion data. Instead of the gradual rise 

of MFB shown in Figure 13, MFB should experience a sharper increase, only occurring 

at and after spark. This sharp increase in MFB would be due to the sharp divergence 

between the measured combustion pressure and measured non-combustion pressure. 

 

Pbrake, Max

 

Figure 13: Mass fraction burned for the MBT timing at each fuel PW, 6,500 

RPM, θign = 13° BTDC. 

Shown in Figure 14 is the cylinder pressure trace, mass fraction burned, and net heat 

release rate. These are all plotted against crank angle degrees ATDC for a fuel PW of 

4.36 ms and an ignition timing of 13° BTDC. The net heat release rate experiences a 

significant increase shortly after spark, and maintains a rate between 1 J/CrA and 2 

J/CrA for about 30 more crank angle degrees. At this time, maximum cylinder pressure 

has occurred and the fuel is about half burned. 



53 

 

 

 

Spark
TDC

EPO

 

Figure 14: Cylinder pressure, MFB, and net heat release rate all plotted against 

crank angle degrees ATDC, 6,500 RPM, fuel PW = 4.36 ms, θign = 13° BTDC. 

It makes sense that heat release would only occur after spark, which is seen in the graph. 

There are significant variances in the heat release rate between 20 and 100° ATDC, 

which likely do not represent reality but are the effect of noise in the pressure data. 

These data were averaged in order to lessen the heat release rate fluctuations. While 

secondary combustion events this far into the power stroke are unlikely, as they would 

likely show up in the pressure data, further investigation may be warranted to 

accurately quantify heat release rate during this portion of the engine cycle. 

The next set of results discussed are on the emissions measured from the exhaust gas. 

Emission measurements taken during key operating points were plotted against 

published two-stroke emissions data [68]. Normally, these emissions data are plotted 

on a graph with air-fuel ratio on the x-axis. However, at the time of testing no flow 

meter was present to measure the air flow into the engine, and therefore no air-fuel ratio 
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can be accurately quantified. So instead, emissions data are plotted against a measured 

quantity: emissions oxygen content. 

 

Figure 15: Measured emissions comparison to two-stroke emissions in literature 

[68] 

As shown in Figure 15, the emissions measured from the 3W-28i (ESL) have similar 

trends to those seen in the literature (Duret). The actual emissions quantities trend 

similarly, with the difference being an approximately 1% (absolute) offset of oxygen 

content. The range of five oxygen contents for the ESL data points corresponds to the 

five different fuel PWs tested. The points with the highest oxygen content correspond 

to the lowest fuel PWs, or leanest operating conditions. The points with the lowest 

oxygen content correspond to the highest PWs, or the richest operating conditions. The 

trends from measured data match those in the literature up until about stoichiometric 

air fuel ratio. It can then be said, as was hypothesized previously, that the leanest point 

tested (fuel PW = 3.73 ms) corresponds to an approximately stoichiometric air fuel 
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ratio. All other points would therefore correspond to a rich operating condition. As is 

suggested from the trends in Figure 6, any further decrease in fuel flow below what 

was tested would result in decreased brake power output, further suggesting that the 

3.73 ms fuel PW operating point is approximately stoichiometric.  

Given their design and operation, it is difficult to accurately determine emission 

contents of two-stroke engines. The scavenge port and exhaust port are open at the 

same time, as fresh charge is used to expel exhaust gases from the combustion chamber. 

An effect of scavenging is that there is inevitably some fresh fuel and air charge that 

passes though the combustion chamber and into the exhaust stream. At first it may be 

thought that the excess oxygen and hydrocarbon count measured by the exhaust gas 

analyzer is simply due to poor combustion, and not to its actual cause of engine short-

circuiting. Further study could be done with a high speed optical sensing, such as planar 

laser-induced fluorescence, through optical ports to quantify the path taken by the hot 

exhaust gases and cooler fresh charge gases while the scavenge and exhaust ports are 

open near bottom dead center. Additionally, an air flow measurement device should be 

added to the experimental setup so that air/fuel ratio can be accurately quantified. 

The encoder used in this experimental setup had a resolution of 60 pulses per 

revolution. While this is sufficient for many applications, it introduces a source of error 

when investigating combustion processes. Given combustion events and rapid pressure 

spikes in the cylinder, it cannot be assumed that the rotational speed of the engine shaft 

remains constant and therefore the encoder is essential to accurately quantifying the 

instantaneous volume of the engine. The addition of an encoder with finer resolution 

(e.g. 3,600 PPR) would help to lower this source of error. 

Overall, the results from this optimization represent a high power and high efficient 

operating point for this engine. In the literature, a carbureted 3W-28i at 6,500 RPM 

generated about 1,000 W at 10% thermodynamic efficiency. Shown in this work, an 

optimized fuel-injected engine can achieve 25% higher power and 40% higher 

efficiency. In order to get an accurate comparison between carbureted and fuel-injected 
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systems, it would be desirable to test the same engine with both fuel inlet methods at 

the same operating conditions in the same laboratory. 

3.9 Manuscript Conclusion 

This manuscript documented the development of a small engine dynamometer, testing 

procedures of a two-stroke engine, and the results of this testing. These tests were 

conducted on a 3W-28i in order to characterize the engine and optimize its use for a 1 

kW UAV hybrid powertrain. Several devices were used to take engine test 

measurements, including an in-line torque transducer and an in-cylinder piezoelectric 

pressure transducer. Tests were conducted and data recorded at an engine speed of 

6,500 RPM and a range of spark timings and fuel injector pulse widths. 

It was determined that for an operating speed of 6,500 RPM, the optimum combination 

of brake power and brake thermal efficiency occurs at a spark timing of 13° BTDC and 

a fuel PW of 4.36 ms. At these operating parameters, the 3W-28i has a power output 

of approximately 1,250 W and a brake thermal efficiency of approximately 14%. 

Further analysis was conducted in order to provide insight to the combustion processes 

occurring at these parameters. Through this analysis it was shown that engine cylinder 

pressures peak at about 5 MPa, indicated power approaches 2 kW, over 30% of 

indicated power is lost to friction, and the majority of heat release occurs during the 

30° of crank revolution after top dead center. Also hypothesized was that most of the 

five fuel pulse widths investigated were in the fuel-rich regime with 3.73 ms fuel 

injection duration being close to stoichiometric air/fuel ratio.  Analysis results show 

good agreement with literature, helping to validate test methods and engine testing 

results. 

Recommendations were made for the improvement of the experimental setup and 

testing procedures, including the addition of an air flow rate measurement device, direct 

measurement of non-combustion cylinder pressure during testing, additional 

measurements to further quantify friction losses, the addition of a shaft encoder with 
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resolution appropriate for the study of combustion, and the addition of optical sensing 

to better understand the scavenging process occurring in this engine.  



58 

 

 

4 Generator Performance for UAV Hybrid 

Powertrains (Manuscript 2) 

This manuscript was submitted for peer review to the Institute of Electrical and 

Electronics Engineers/American Society of Mechanical Engineers Transactions on 

Mechatronics. 

4.1 Abstract 

This paper reports the performance of a commercial UAV motor as a generator in a 

series-hybrid gasoline-electric power plant suitable for vertical takeoff and landing 

unmanned aerial vehicles.  The tested motor was rated at 5,700 W maximum 

continuous power with a 120 Kv constant. The AC power produced by the motor was 

converted to DC by an electronic speed controller rated for a maximum continuous 

current of 95 A, operating in full-synchronous rectification mode. Shaft power input 

and DC power output were measured across a range of operating speeds up to 7,000 

RPM and output voltages up to 50.4V, which corresponds to the voltage of a fully 

charged 12-cell lithium polymer battery. Tests were run at ESC duty cycle values 

between 40% and 80%. Variation of the ESC duty cycle via a throttle signal provided 

means to control motor load, and therefore power generation, at a given speed and 

output voltage. Efficiency for the motor and ESC combination in generator mode, 

calculated as the ratio of DC power out to shaft power in, reached up to 87% with a 

power output of 1,500 W. Maximum power generated was 1,800 W with 86% 

efficiency.  The motor weighs 760 g yielding maximum specific power generation of 

2.4 kW/kg. 

4.2 Introduction 

This manuscript is part of a larger thesis that focuses on the development of a hybrid 

gas-electric powertrain. This manuscript covers the advantages of hybrid powertrains 
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for use in UAVs, and the characterization of a generator to use in the hybrid powertrain 

currently in development.  

The two main types of UAVs, fixed-wings and multirotors, generally run on different 

types of power systems. Fixed-wings are traditionally propelled using gasoline (or 

other liquid fuel) reciprocating engines which, given the high specific energy of 

gasoline (43 MJ/kg [26]), allows for long-range flights. Multirotors, which encompass 

quadcopters and any rotorcraft with more than two rotors, are almost exclusively 

powered by batteries and electric motors. While electric motors provide the high level 

of control necessary for multirotors, the relatively low specific energy of lithium ion 

batteries (0.72 MJ/kg [4]) result in limited flight time and range. A hybrid gas-electric 

powertrain combines the benefits of both systems, providing enough electrical power 

for continuous or intermittent hover while preserving the flight times of gasoline 

powered aircraft.   
In addition to enabling long duration multirotor flights, hybrid-electric powertrains 

provide increased utility to the “VTOL hybrid” UAV architecture. These aircraft are 

typically fixed-wing, propelled by gas engines during forward flight, and equipped with 

auxiliary batteries and motors in a quadcopter configuration to allow for vertical takeoff 

and landing (VTOL) and intermittent hover. Because the electric motors are powered 

by batteries, only limited VTOL and hover time is possible. Adding a hybrid powertrain 

in this UAV architecture to recharge batteries during flight enables substantially longer 

VTOL and hover time. There are currently several manufacturers of VTOL hybrids 

[20], [23], [69] that could benefit from a hybrid powertrain. 

UAV hybrid powertrains have received increased research attention as UAV usage 

continues to rise. Publications include a review of hybrid electric propulsion systems 

for UAVs [28], a simulation based hybrid powertrain design by Mainstream 

Engineering Corp. [29], dirigible UAV hybrid powertrain design and testing [31], [32], 

performance modeling and testing of UAV hybrid powertrains at Queensland 

University of Technology [41], [70], modeling and analysis of hybrid-electric 
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propulsion at Universität München [50], control strategies for brushless DC (BLDC) 

motor/generators in hybrid electric vehicles [71], an analysis of BLDC uses in UAV 

hybrid drives [72], and conceptual design of hybrid gas-electric unmanned vehicles at 

NASA Langley Research Center [73]. These publications include very limited (if any) 

empirical data on the use of BLDC motors as generators in UAV powertrains. 

4.3 Test Articles 

This work covers the testing of an off-the-shelf BLDC motor acting as a generator. 

Given the superior reliability and power density of BLDC motors compared to brushed 

DC motors [74], BLDCs represent a popular choice for motors used in UAV 

applications. The increasing demand for improved quadcopter motors has led to the 

development of high power density BLDC motors in the 1 kW range. The motor chosen 

for this study was manufactured by KDE Direct [75], and has the specifications 

outlined in Table 5. 

Table 5: DC brushless motor specifications 

Specification KDE 8218 [76] Unit 

Kv 120 RPM/V 

Max Cont.  Current 110 A 

Max Cont. Power 5,695 W 

Max Efficiency 94 % 

Voltage Range 22.2-60.9 V 

Io (@10V) 0.8 A 

Motor Weight 760 g 
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An off-the-shelf electronic speed controller (ESC), which is normally used to convert 

battery DC voltage to 3-phase AC voltage for powering BLDC motors, was used in full 

synchronous rectification mode to convert AC power to DC for battery charging. The 

ESC had properties as specified in Table 6. 
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Table 6: Electronic speed controller specifications 

Specification KDE UAS-95 [77] Unit 

Refresh Rate 600 Hz 

Max Cont. Current 95 A 

Max Peak Current 165 A 

Max Cont. Power 4,220 W 

Max Peak Power 7,325 W 

Max Efficiency 98 % 

Voltage Range 11.1-52.2 V 

ESC Weight 84 g 

4.4 Experimental Setup 

The generator was rigidly mounted to a test stand and connected in series to a 20 HP 

AC motoring dynamometer. A torque transducer was mounted in series between the 

dynamometer and the generator and used to measure shaft torque and rotational speed. 

These two measurements were later used for calculating shaft power input to the 

electric motor. A schematic of the experimental setup can be seen below in Figure 16. 
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Figure 16: Experimental setup for generator testing 

The dynamometer had a maximum speed of 12,000 RPM and was powered by a 

variable frequency drive (VFD) running on 480 V 3-phase. The torque transducer had 

a maximum torque reading of 28 N-m, an overload capacity of 113 N-m, and a 

maximum speed of 15,000 RPM. The shaft couplings used were high speed bellows 

couplings that had a maximum torque rating of 45 N-m, and a maximum speed of 

10,000 RPM. All coupled shafts were aligned within the tolerance specified by the 

coupler manufacturer. 

A 4-cell lithium polymer battery, which had a nominal voltage of 14.7 V, was used to 

power the generator during system startup.  
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While in generator mode, current was not sent to the battery. Instead, an electronic load 

bank was used to provide steady load during testing and dissipate generated DC power. 

The load bank used was a Keysight 6050A 1800 W DC electronic load mainframe [78] 

with 3 60504B 600 W DC electronic load modules [79]. Load voltage could be adjusted 

during testing to match any voltages that may be required for battery charging in an 

operational hybrid powertrain system. 

ESC voltage was read by an analog input module on the cRio and recorded in 

LabVIEW. ESC current was sensed by clamp on ammeters and also recorded in 

LabVIEW. Using these two measurements, electrical power output of the generator 

was calculated.  

The procedure for testing the generator was to run at various voltages, ESC currents, 

and ESC throttles. Using the load bank, six ESC voltages were used, corresponding to 

the nominal and fully charged voltages for 6S, 8S, and 12S batteries. A 6S battery 

denotes a battery with 6 cells in series. Nominal voltage is 3.7 V per cell, and fully 

charged voltage is 4.2 V per cell.  

For each voltage level, the generator was tested at three ESC throttles: 40%, 60%, and 

80%. At the time of testing, operating at 100% ESC throttle while in full synchronous 

rectification mode was not possible due to firmware limitations. For each ESC throttle, 

the dynamometer speed was adjusted until current began flowing to the load bank. This 

operating point was recorded as the “zero current,” or 0 A, operating point.  Next, the 

speed was further adjusted and data recorded at ESC DC currents of 5 A, 10 A, 20 A, 

30 A, 40 A, 50 A, and 60 A. In some cases, the highest current could not be reached 

because the dynamometer had reached 7,000 RPM, which was its limit at the time of 

testing. Minus the few data points that were limited in this way, there were a total of 

125 testing points.  
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4.5 Results & Discussion 

The first results investigated, shown in Figure 17, Figure 18, and Figure 19, are the 

torque load that the generator put on the dynamometer plotted against generator phase 

current. Phase current is calculated as the input current divided by the duty cycle, and 

can be thought of as a current normalized for duty cycle.  

 

Figure 17: Torque vs. phase current at 40% duty cycle 
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Figure 18: Torque vs. phase current at 60% duty cycle 
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Figure 19: Torque vs. phase current at 80% duty cycle 

According to the manufacturer, the torque produced by these motors has a linear 

relationship with phase current up to and beyond 100 A while in normal propulsion 

mode. However, during testing as a generator, the torque began to drop of significantly 

at higher phase current, which may be due to the absence of timing advance based on 

current.  

Normally, the ESCs sense phase current (using the voltage reading across a resistor) in 

order to adjust for the current lag caused by inductance. Any current flow through a 

wire (including motor windings) induces a magnetic field. This field takes energy to 

generate, so there is some lag time present to ramp up to specified operating current as 

initial energy is used to generate the magnetic field. When the current is switched off, 

the magnetic field energy is then transferred back into current, which results in some 

lag time from when current is switched off until current stops flowing. This lag in 

starting and stopping current is the current lag caused by inductance. 
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At low currents, inductance caused lag is miniscule and the lag time is not on the same 

order as switching time in the brushless DC motor. However, increased current causes 

increased inductance. At high currents, the lag time can be on the order of magnitude 

of motor switching time, which means that the motor control timing must be adjusted 

to account for inductance caused current lag. 

While in generator mode, current flows in the opposite direction than it flows in 

propulsion mode. This caused a negative shunt voltage reading which was out of the 

range of the ESC sensing circuitry. As a result, the ESC saw a zero current reading. 

This reading prevented any timing advance, and as a result motor timing became 

compromised and an increasing proportion of motor current went to direct current 

rather than quadrature current. As direct current is non-torque producing, the efficiency 

of the motor declined which can be seen around 40 A in Figure 17, Figure 18, and 

Figure 19. 

The effect of not being able to correctly sense current marks a significant disadvantage 

for the use of this brushless DC motor as a generator. This motor has a high power to 

weight ratio while in propulsion mode, but is unable to reach high power levels in 

generator mode due to current restrictions. Since current is limited in this way, 

increasing power output is only possible through an increase in charging voltage. Using 

a motor with operable current sensing and current lag timing features would greatly 

increase utility for generating high amounts of power in a hybrid powertrain. 

The next plot, Figure 20, shows the generator speed versus phase current. At increased 

phase currents, the generator should be putting a proportionally increased torque load 

on the dynamometer, keeping the speed versus current trend linear. Instead, the results 

we see show a breakdown of the torque-phase current proportionality. As torque breaks 

down with increased current, the load put on the dynamometer starts to decrease and 

speed is allowed to run away. 
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Figure 20: Generator speed versus phase current at 80% duty cycle 

This proportionality break down is also caused by the lack of current sensing discussed 

previously. This graph shows that to generate high phase currents, increasingly high 

speeds are required which quickly becomes inconvenient or impossible depending on 

the nature of the prime mover in the hybrid powertrain system. 

Figure 21 shows the DC power generation range for each voltage series up until the 

speed cap of 7,000 RPM. While the motor is rated up to 5 kW for propulsion mode, 

less than 2 kW of generated power were achieved in generator mode based on speed 

and current sensing limitations. Given the torque and efficiency drop offs shown in 

Figure 17, Figure 18, and Figure 19, it is likely that these generators would not be 

operated at phase currents above approximately 50 A. Using this graph, we can see 

maximum power outputs based on operating voltage, and the approximate maximum 

power output given a maximum phase current of 50 A. While these tests were 

conducted with a maximum voltage of 50.4 V, the KDE 8218 can run on voltages up 
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to 60.9 V [76] which corresponds to a high voltage (fully charged voltage of 4.35 

V/cell) 14 cell lithium polymer battery. It is reasonable to assume that operating at 60.9 

V would result in even higher DC power generation than was recorded for the 50.4 V 

operation. 

 

Figure 21: Power output shown at a range of testing voltages and phase currents 

The next set of plots, Figure 22, Figure 23, and Figure 24, show the combined generator 

and ESC efficiency plotted against speed at each operating voltage. Speed is an 

important factor for the performance and tuning of the internal combustion engine 

(ICE) and therefore should be taken into consideration when characterizing the 

generator. The following plots are used to show the expected efficiencies at a range of 

speeds, and additionally were used to select an operating speed that can be considered 

the “steady state” speed for the hybrid powertrain. This “steady state” operating point 

is where the testing occurred in Chapter 3. In Chapter 3, advanced tuning took place to 

optimize the ICE for maximum power and efficiency at this chosen speed.  
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The engine used in the hybrid powertrain, a 3W-28i [80], has a maximum speed of 

8,000 RPM. Power output for this engine generally increases with speed, so to generate 

the maximum amount of power with this engine, the generator should be able to operate 

at speeds up to 8,000 RPM. For the proposed hybrid powertrain design, only about 

1,100 W of electrical power output is required. In Chapter 3 it was shown that a tuned, 

fuel-injected 3W-28i could produce about 1,250 W of shaft power at 6,500 RPM, so an 

ideal generator would operate with high efficiency at this speed.   

 

Figure 22: Efficiency versus speed at 40% duty cycle 

Each data series shown in Figure 22 represents a single voltage operating at a range of 

currents from 0 A up until 60 A or until the generator speed reaches 7,000 RPM. At “0 

A”, current has only just started to flow even though there is still some torque being 

put on the generator by the dynamometer (which represents the engine in the hybrid 

powertrain). Because current has only started flowing, DC power generation is low. 

This low, near zero power causes the first operating point to have a very low efficiency, 
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which is seen in the plot as somewhere between 30% and 60%. At the next point, which 

is 5 A of current flow, most of the torque put on the generator is being converted to DC 

power which makes for a much higher generator efficiency of around 80%. After about 

10 A, torque versus phase current linearity starts to break down as seen in Figure 17 

which results in a decline of generator efficiency. This same trend can be seen for each 

of the operating voltages, with maximum efficiencies found around 10 A of DC current. 

Even though these efficiencies are reasonable for a generator designed as a propulsion 

motor, the operating speeds at this ESC duty cycle are far too low to be compatible 

with the 3W-28i. Even at the 50.4 V operating voltage, a maximum efficiency is 

reached at around 3,000 RPM. At this speed, the 3W-28i engine is not capable of 

generating the 1.1 kW required by the hybrid powertrain and therefore 40% ESC duty 

cycle does not meet the powertrain requirements. 

 

Figure 23: Efficiency versus speed at 60% duty cycle 
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Figure 23 shows the efficiency curves at 60% ESC duty cycle, which follow similar 

trends to those seen at 40% ESC duty cycle. At this duty cycle, maximum efficiency is 

reached around 20 A. While maximum efficiencies occur at speeds higher than those 

reached with 40% ESC duty cycle operation, they are still lower than desired. For the 

50.4 V voltage range, maximum efficiency occurs at 5,000 RPM, which is still short of 

the required speed for the engine. 

“Steady State” 
Operating Point

 

Figure 24: Efficiency versus speed at 80% duty cycle 

Figure 24 shows the efficiency at 80% ESC duty cycle with far more favorable results 

than those measured at 40 and 60% duty cycles. At 80% duty cycle, efficiencies of the 

generator system reach a maximum of 87% at 6,500 RPM for the 50.4 V operating 

mode. As mentioned previously, this is a desirable speed for the engine. Also at this 

speed and voltage, the efficiency drop-off due to battery depletion down to 44.4 V is 

minimal. From the trends seen between Figure 22, Figure 23, and Figure 24, it is 

probable that this generator running at 100% ESC duty cycle would be able to achieve 
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high efficiencies at speeds above 6,500 RPM. If extra power be required from a hybrid 

powertrain, altering firmware on the generator to allow full synchronous operation 

above 80% duty cycle could result in a more powerful generator with the same 

hardware. 

Based on the results shown in Figure 22, Figure 23, and Figure 24, the “steady state” 

operating speed for the hybrid powertrain was chosen to be 6,500 RPM. At this speed 

the engine generates sufficient power for the specified mission (which is shown in 

Chapter 3 and by prior work by Brown and Hagen [81]) and the generator can operate 

at efficiencies approaching 90%. The operating voltage for this system was chosen to 

be 50.4 V, which represents the voltage seen in a fully charged 12S system. Based on 

Figure 20, we can expect that the phase current for this operating point would be 

approximately 30 A. 

Overall, this BLDC propulsion motor and electronic speed controller is a reasonable 

choice for a generator in a 1 kW hybrid UAV powertrain. The combined BLDC and 

ESC efficiency approaches 90% when used at moderate phase currents, which is only 

slightly lower than the efficiencies seen when using these components for propulsion. 

Using the ESC throttle signal, the generator can be adjusted to provide a range of phase 

currents at a given speed, allowing the operator to specify how much power is 

generated. 

As discussed previously, there is the problem of current sensing while in generator 

mode, blocking the generator’s ability to advance motor timing at high currents to 

account for inductance caused current lag. Given the dramatic torque and efficiency 

drops at high phase currents, it becomes necessary to run the generators at an only 

moderate currents and at a high voltage in order to generate needed power. 

4.6 Manuscript Conclusion 

A brushless DC motor was chosen to act as a generator in a hybrid unmanned aerial 

vehicle propulsion system. This generator was tested on a dynamometer test stand with 
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results showing a decrease in efficiency and torque at high speeds which may be due 

to a lack of compensation for inductance caused current lag. The cause for this lack of 

current compensation is likely caused because current is flowing in the opposite 

direction as designed for these motors, and the motor reads any current in this direction 

as zero. Modifying the motor to incorporate current sensing while in generator mode 

would allow for efficient operation at much higher currents and therefore power 

outputs. 

Overall, especially at moderate phase currents, the BLDC motor and ESC performed 

at combined efficiencies close to 90%, well over the target 1 kW range. It was shown 

that in order to achieve high efficiencies at speeds compatible with small two-stroke 

engines, the ESC duty cycle must be increased to 80%. Though not tested in this work, 

it would likely be possible to achieve these same efficiencies at even higher speeds for 

an ESC duty cycle of 100%. High performance combined with low cost and low weight 

makes this off-the-shelf motor and ESC combination a practical choice for generating 

power in a 1 kW UAV hybrid powertrain. 
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5 Computational Model: Flight Time 

This section briefly discusses the computational model used to estimate UAV flight 

time using empirical data gathered in Chapters 3 and 4. These data allowed for the 

calculation of overall hybrid powertrain efficiency, from fuel input to DC power output. 

Just like in Chapter 2, the vehicle investigated is a 10 kg quadcopter with an extended 

hover mission. Now, we look at two versions of this vehicle: one with a series hybrid 

powertrain and the other with only batteries for energy storage. 

Both theoretical aircraft investigated were quadcopters with a takeoff weight of 10.0 

kg. The base weight of each aircraft was 4.57 kg, which included 0.7 kg of lithium 

polymer batteries. The hybrid quadcopter was equipped with a hybrid powertrain that 

weighed a total of 5.43 kg, which included 1.57 kg of gasoline fuel. The all-electric 

quadcopter was equipped instead with 5.43 kg of additional lithium polymer batteries. 

To compare these two aircraft, we looked at the total DC energy available. That is the 

base battery and battery charging potential on the hybrid system, and the base battery 

and added battery potential on the all-electric system. The batteries were given a 

specific energy of 423 g/J, which is consistent with commercially available lithium 

polymer batteries. Using this specific energy, 700 g of base batteries had a total 

available energy of 296,000 J. The all-electric system’s extra batteries with a weight of 

5.43 kg added 2,297,000 J of energy capacity to the vehicle for a total energy capacity 

of 2,593,000 J. 

The hybrid quadcopter also had a base battery energy capacity of 296,000 J. Based on 

engine and generator efficiencies quantified through testing, the hybrid powertrain with 

1.57 kg of gasoline fuel is capable of producing 7,920,000 J of energy for battery 

recharging at a rate sufficient to keep the base batteries fully charged during flight. 

Therefore, the total electrical energy available on the hybrid quadcopter was 8,216,000 

J. 
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The empirical energy consumption data for the motor and propeller combinations used 

on these theoretical aircraft were provided by the manufacturer. These data allowed for 

the calculation of vehicle power requirement for continuous hover given a vehicle 

weight, as discussed in Chapter 2. The all-electric quadcopter, whose weight remained 

fixed at 10.0 kg throughout the entire flight, had an electrical power consumption of 

957 W. Given the calculated available electrical energy and this rate of power 

consumption, the theoretical flight time for the all-electric quadcopter was 45 minutes. 

While takeoff weight was 10.0 kg, the hybrid quadcopter consumed its fuel throughout 

flight and had a final weight of 8.43 kg. Given this change in weight throughout flight, 

the average electrical power consumption of the hybrid quadcopter was 857 W, which 

is lower than that of the all-electric quadcopter. With the calculated available electrical 

energy and this rate of power consumption, the theoretical flight time for the hybrid 

quadcopter was 160 minutes. 

The final task for the computational model was to calculate the flight times of these 

vehicles if the fuel or battery capacity is changed. The results are shown in Figure 25. 
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Figure 25: Computational approximate flight times achievable based on 

experimental powertrain testing and KDE motor and propeller data 

The above figure shows different flight times for different vehicle weights. The vehicle 

weight change is caused only by the fuel weight change for the hybrid and the extra 

battery weight change for the all-electric. At vehicle weights of about 8.5 kg, there is 

no fuel weight on the hybrid quadcopter, as all the extra weight above the base 4.57 kg 

vehicle weight is added by the hybrid powertrain. The flight time of just a few minutes 

is achieved using the base batteries. At this same weight, the all-electric has its base 

batteries plus an added 4 kg of extra batteries, which results in a flight time of about 35 

minutes. As fuel is added to the hybrid quadcopter and batteries added to the all-electric 

quadcopter, flight times start to increase. The high specific energy of gasoline and 

relatively high (87%) overall hybrid powertrain conversion efficiency results in a 



79 

 

 

drastic increase in hybrid quadcopter flight time. The low specific energy of batteries 

results in an only marginal increase in all-electric flight time.  

In this model, the maximum DC power generation available from the hybrid powertrain 

was set at 1,000 W. Eventually, added vehicle weight causes the initial power 

requirement for hover to surpass the available charging power of the hybrid powertrain. 

This is acceptable for the short term, when the base batteries of the hybrid system can 

supply some of the extra power until the power requirement, which lowers as fuel is 

burned, falls back below 1,000 W. However, at some point the base batteries are not 

able to store enough energy to make up for the extra power requirement and the energy 

storage is completely depleted. The result is a prematurely ended flight with fuel still 

in the tank. This result can be seen at and above 10.5 kg of hybrid vehicle weight.   

Figure 25 shows the flight time results for two different vehicles with specific motors, 

propellers, and battery voltages. The results vary significantly with changes to any of 

these vehicle properties, but the results help to illustrate the flight time potential when 

using a series hybrid powertrain in place of extra batteries. With the hardware used on 

these theoretical systems of equal weight, and the efficiencies determined through 

engine and generator testing, a 4.5x improvement on the flight time of all-electric 

quadcopters may be possible through the use of a hybrid powertrain.  
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6 Conclusion 

This work detailed the characterization and optimization of a fuel-injected two-stroke 

engine and a brushless DC motor acting as a generator for use in a series hybrid 

powertrain for unmanned aerial vehicles, and the computational model used to estimate 

power requirements of vehicle flight time. The purpose of this series hybrid powertrain 

was to provide increased mission flexibility to VTOL fixed-wing UAVs through 

extended VTOL and hover time, and to provide extended flight time to multirotor 

UAVs.  

An engine test facility was developed in order to characterize and optimize the 

powertrain components. This test facility consisted of a dynamometer test stand with 

instrumentation to quantify shaft power, brake thermodynamic efficiency, engine 

emissions, cylinder pressure, and engine temperatures. The dynamometer was capable 

of testing engines and motors up to 18 kW at speeds up to 12,000 RPM. This is a world-

class test facility for small engines, of which only a handful exist. 

A simple computational model was built to determine hybrid powertrain power 

requirements to fit a specific flight mission. This model used manufacturer test data for 

motors and propeller combinations running at a specified battery voltage to determine 

the lift that can be generated given a certain power consumption. The mission chosen 

was the extended flight time of a 10 kg heavy lift quadcopter. The computational model 

computed that 957 W of hybrid powertrain output would be sufficient to keep batteries 

fully charged during flight.  Based on a generator conversion efficiency assumption of 

85%, 1,125 W of shaft power output was required by the ICE. The engine chosen to 

create this shaft power was the 3W-28i, which had a manufacturer rated power output 

of 2,500 W. Based on literature, it is reasonable to expect a power generation of 1,250 

W from this engine. This two-stroke, 28 cm3 engine was fuel injected and ran on a high 

octane gasoline and oil mixture. 
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Optimization of the fuel-injected ICE at 6,500 RPM resulted in a maximum power 

output of 1,250 W, at a brake thermodynamic efficiency approaching 14%. At this 

optimized operating point, the fuel injector pulse width was set at 4.36 ms and the spark 

was timed to fire 13° before top dead center. Compared to published data for a 

carbureted version of the same engine at 6,500 RPM, this optimized fuel injected 

version produced 25% more power at 40% greater brake thermodynamic efficiency. 

This was the first optimization of a fuel-injected two-stroke engine for use in a hybrid 

powertrain. 

The brushless DC motor chosen to act as a generator was the KDE8218XF-120. This 

motor was specified to produce a maximum power of 5,700 W while in propulsion 

mode and operate at voltages up to 60.9 V. The electronic speed controller chosen to 

control generator throttle and convert AC power to DC power was the KDEXF-

UAS95HVC, which was capable of operating at powers up to 4,200 W and currents up 

to 95 A. This electronic speed controller was operated in full synchronous rectification 

mode to convert power to DC. 

Dynamometer testing showed that the generator system operated at a maximum 

efficiency of 87% when producing a voltage range capable of charging a 12 cell lithium 

polymer battery system. At this operating point, the electronic speed controller pulse 

width was set at 80% and the generator rotational speed was 6,500 RPM. This was the 

most thorough publication of test data for a brushless DC motor being used as a 

generator in a hybrid powertrain.   

Following engine and generator testing, the computational model used empirical data 

to estimate the flight times possible for a hybrid and electric quadcopters. Results of 

this estimation showed that a 4.5x increase in flight time may be possible when using 

a series hybrid powertrain in place of extra batteries. 

There are several recommendations for future work. An air flow meter should be 

installed at the Energy Systems Lab’s small engine test facility in order to quantify the 
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air fuel ratio of the engine and allow for better analysis of engine emissions. 

Recommendations for other measuring hardware, including a higher resolution shaft 

encoder and optical sensing, were made to decrease measurement error and add 

analysis functionality to the engine test facility. Brushless DC electronics should be 

updated such that the motor can correctly read current and compensate timing to 

maximum torque throughout its operating range. Firmware in the electronic speed 

controller should be modified such that full synchronous rectification can operate at 

100% ESC throttle, allowing for a smaller motor to be used for power generation or 

more power to be generated with the motor tested. Finally, future testing of the 3W-28i 

and KDE8218XF-120 should take place above 6,500 RPM so that greater power may 

be produced by the hybrid powertrain.  



83 

 

 

7 References 

[1] P. Fahlstrom and T. Gleason, Introduction to UAV Systems, 4th ed. John Wiley & 

Sons, Ltd., 2012. 

[2] Part 107 - Small Unmanned Aircraft Systems, vol. FAA Title 14, Chapter 1, 

Subchapter F, Part 107, Subpart A, §107.3. . 

[3] J. Gundlach, Designing Unmanned Aircraft Systems: A Comprehensive 

Approach. American Institute of Aeronautics and Astronautics, Inc., 2012. 

[4] D. P. Raymer, Aircraft Design: A Conceptual Approach, 5th ed. Reston, VA: 

American Institute of Aeronautics and Astronautics, 2012. 

[5] “World Drone Market Seen Nearing $127 Billion in 2020, PwC Says,” 

Bloomberg.com, 09-May-2016. 

[6] B. I. Intelligence, “THE DRONES REPORT: Market forecasts, regulatory 

barriers, top vendors, and leading commercial applications,” Business Insider. 

[Online]. Available: http://www.businessinsider.com/uav-or-commercial-drone-

market-forecast-2015-2. [Accessed: 12-May-2017]. 

[7] “UAV (Unmanned Aerial Vehicle) Drone Market by Application - 2022 | 

MarketsandMarkets.” [Online]. Available: 

http://www.marketsandmarkets.com/Market-Reports/unmanned-aerial-vehicles-

uav-market-662.html. [Accessed: 12-May-2017]. 

[8] G. Vachtsevanos and K. Valavanis, Eds., “Military and Civilian Unmanned 

Aircraft,” in Handbook of Unmanned Aerial Vehicles, Springer, 2015. 

[9] R. Lozano, Ed., Unmanned Aerial Vehicles: Embedded Control. John Wiley & 

Sons, Inc., 2010. 

[10] “RQ-21A Blackjack Unmanned Aircraft System (UAS).” Insitu, 16-Oct-2016. 



84 

 

 

[11] “Mark 4 Launcher.” Insitu, 16-Apr-2015. 

[12] “Portable Launching System,” Arcturus UAV. [Online]. Available: 

http://arcturus-uav.com/product/portable-launching-system. [Accessed: 12-May-

2017]. 

[13] “Dragon Eye,” NASA Airborne Science Program. [Online]. Available: 

https://airbornescience.nasa.gov/aircraft/Dragon_Eye. 

[14] “Desert Hawk: Enhancing Warfighter Capabilities.” Lockheed Martin, 2015. 

[15] “Mark 3 Skyhook.” Insitu, 19-May-2015. 

[16] “SkyHook.” Insitu, 16-Apr-2015. 

[17] L. W. Hanyok and T. C. Smith, “Launch and Recovery System Literature 

Review.” Naval Surface Warfare Center Carderock Division, Dec-2010. 

[18] “F-35 Lightning II · Lockheed Martin.” [Online]. Available: 

http://www.lockheedmartin.com/us/products/f35.html. [Accessed: 15-May-

2017]. 

[19] “V-22 Osprey 2010 Guidebook.” U.S. Marine Corps, 08-Jun-2010. 

[20] “JUMP 20 | Arcturus UAV.” [Online]. Available: http://arcturus-

uav.com/product/JUMP-20. [Accessed: 07-Mar-2017]. 

[21] “Hybrid Quadrotor,” Latitude Engineering. [Online]. Available: 

https://latitudeengineering.com/products/hq/. [Accessed: 15-May-2017]. 

[22] “AerosondeTM | Textron Systems.” [Online]. Available: 

http://www.textronsystems.com/what-we-do/unmanned-systems/aerosonde. 

[Accessed: 15-May-2017]. 

[23] “Products - Drone Tech,” DroneTechUAV. [Online]. Available: 

http://www.dronetechuav.com/products. [Accessed: 07-Mar-2017]. 



85 

 

 

[24] “Falcon Vertigo Hybrid VTOL Airframe kit - UAV & Mapping - FPV/UAV.” 

[Online]. Available: http://flyingwings.co.uk/fpv-uav/uav-mapping/venturi-fpv-

wing-192.html. [Accessed: 15-May-2017]. 

[25] R. Hoag, “The Hybrid Quadrotor: The Next Innovation in Unmanned Systems.” 

Power4Flight, Apr-2014. 

[26] “Lower and Higher Heating Values of Hydrogen and Other Fuels.” U.S. 

Department of Energy: Energy Efficiency & Renewable Energy, Hydrogen 

Analysis Resource Center, Jan-2015. 

[27] D. R. Trawick, D. A. E. Moroniti, and D. Mavris, “Development of Series Hybrid 

Propulsion Systemm for Unmanned Aerial Vehicles,” presented at the 

AIAA/SAE/ASEE Joint Propulsion Conference, Orland, FL, 2015. 

[28] J. Y. Hung and L. F. Gonzalez, “On parallel hybrid-electric propulsion system for 

unmanned aerial vehicles,” Prog. Aerosp. Sci., vol. 51, pp. 1–17, 2012. 

[29] K. Merical, T. Beechner, and P. Yelvington, “Hybrid-Electric, Heavy-Fuel 

Propulsion System for Small Unmanned Aircraft,” SAE Int., Sep. 2014. 

[30] R. Capata, L. Marino, and E. Sciubba, “A hybrid propulsion system for a high-

endurance UAV: configuration selection, aerodynamic study, and gas turbine 

bench tests,” presented at the ASME 2011 International Mechanical Engineering 

Congress and Exposition, Denver, CO, 2011. 

[31] S. Recoskie, A. Fahim, W. Gueaieb, and E. Lanteigne, “Hybrid Power Plant 

Design for a Long-Range Dirigible UAV,” IEEEASME Trans. Mechatron., vol. 

19, no. 2, pp. 606–614, Apr. 2014. 

[32] S. Recoskie, A. Fahim, and W. Gueaieb, “Experimental Testing of a Hybrid 

Power Plant for a Dirigible UAV,” J. Intell. Robot. Syst., vol. 69, pp. 69–81, 2013. 



86 

 

 

[33] P. M. Rothhaar et al., “NASA Langley Distributed Propulsion VTOL Tilt-Wing 

Aircraft Testing, Modeling, Simulation, Control, and Flight Test Development,” 

presented at the AIAA Aviation, Atlanta, GA, 2014. 

[34] F. G. Harmon, A. A. Frank, and J.-J. Chattot, “Conceptual Design and Simulation 

of a Small Hybrid-Electric Unmanned Aerial Vehicle,” J. Aircr., vol. 43, no. 5, 

pp. 1490–1498, Oct. 2006. 

[35] R. M. Hiserote and F. G. Harmon, “Analysis of Hybrid-Electric Propulsion 

System Designs for Small Unmanned Aircraft Systems,” presented at the 46th 

AIAA/ASME/SAE/ASEE Joint Propulsion Conference & Exibit, Nashville, TN, 

2010. 

[36] J. K. Ausserer and F. G. Harmon, “Integration, Validation, and Testing of a 

Hybrid-Electric Propulsion System for a Small Remotely-Piloted Aircraft,” 

presented at the 10th International Energy Conversion Engineering Conference, 

Atlanta, GA, 2012. 

[37] C. M. Greiser, I. H. Mengistu, T. A. Rotramel, and F. G. Harmon, “Testing of a 

Parallel Hybrid-Electric Propulsion System for use in a Small Remotely-Piloted 

Aircraft.” 

[38] F. G. Harmon, A. A. Frank, and S. Joshi, “Application of a CMAC Neural 

Network to the Control of a Parallel Hybrid-Electric Propulsion System for a 

Small Unmanned Aerial Vehicle,” presented at the International Joint Conference 

on Neural Networks, Montreal, Canada, 2005. 

[39] F. G. Harmon, A. Frank, and J. Chattot, “Parallel Hybrid-Electric Propulsion 

System for an Unmanned Aerial Vehicle,” presented at the AUVSI’s Unmanned 

Systems North America, Anaheim, CA, 2004. 

[40] C. Friedrich and P. A. Robertson, “Hybrid-Electric Propulsion for Aircraft,” J. 

Aircr., vol. 52, no. 1, pp. 176–189, 2015. 



87 

 

 

[41] R. Glassock, “Multimodal Hybrid Powerplant for Unmanned Aerial Systems 

(UAS) Robotics.” Queensland university of Technology, Australian Research 

Centre for Aerospace Automation. 

[42] S. Menon, N. Moulton, and C. Cadou, “Development of a Dynamometer for 

Measuring Small Internal-Combustion Engien Performance,” AIAA J. Propuls. 

Power, vol. 23, no. 1, pp. 194–202, 2007. 

[43] S. Menon, “The Scaling of Performance and Losses in Miniature Internal 

Combustion Engines,” Doctor of Philosophy, University of Maryland, College 

Park, MD, 2010. 

[44] S. Menon and C. Cadou, “Investigation of Combustion Processes in Miniature 

Internal Combustion Engines,” Combust. Sci. Technol., no. 185, pp. 1667–1695, 

2013. 

[45] A. Rowton, “Measuring Scaling Effects in Small Two-Stroke Internal 

Combustion Engines,” Master of Science, Air Force Institute of Technology, 

Wright-Patterson Air Force Base, OH, 2014. 

[46] V. Manente, “Characterization of Glow Plug and HCCI Combustion Processes in 

a Small Volume at High Engine Speed,” Lund University, Lund, Sweden, 2007. 

[47] J. Pompa, S. Karnani, and D. Dunn-Rankin, “Performance Characterization and 

Combustion Analysis of a Centimeter-Scale Internal Combustion Engine,” J. 

Aeronaut. Astronaut. Aviat., vol. 40, no. 4, pp. 205–216, 2008. 

[48] T.-H. Kim, H.-W. Lee, and M. Ehsani, “State of the Art and Future Trends in 

Position Sensorless Brushless DC Motor/Generator Drives,” presented at the 

Industrial Electronics Society, 2005. 31st Annual Conference of IEEE, Raleigh, 

NC, 2005. 

[49] J. Schoemann and M. Hornung, “Modeling of Hybrid-Electric Propulsion 

Systems for Small Unmanned Aerial Vehicles,” presented at the 12th AIAA 



88 

 

 

Aviation Technology, Integration, and Operations (ATIO) Conference and 14th 

AIAA/ISSM, Indianapolis, IN, 2012. 

[50] J. Schoemann, “Hybrid-Electric Propulsion Systems for Small Unmanned 

Aircraft,” Universitat Munchen, Munich, Germany, 2013. 

[51] J. Heywood and E. Sher, The Two-Stroke Cycle Engine: Its Development, 

Operation, and Design. Taylor & Francis, 1999. 

[52] “CE711 - Precision Dynamometer Information Sheet.” Currawong Engineering 

Pty Ltd, 30-Jul-2013. 

[53] B. Vaglienti, “Automatic Fuel Injection Mapping for Small Two-Stroke Engines.” 

Power4Flight, 06-Apr-2016. 

[54] “3W Annex A: 3W-38i Technical Data.” 3W Modellmotoren, 10-Jan-2016. 

[55] A. Rowton, F. Ausserer, K. Grinstead, P. Litke, and M. Polanka, “Measuring 

Scaling Effects in Small Two-Stroke Internal Combustion Engines,” SAE Int., 

Nov. 2014. 

[56] “Specification Sheet: VP101,” VP Racing Fuels. [Online]. Available: 

https://vpracingfuels.com/wp-content/uploads/2016/11/VP101_SpecSheet.pdf. 

[57] “STIHL Technical Information 18.2006.30.01.01.” Andreas Stihl AG & 

Company, 2006. 

[58] “Stihl HP Ultra 2-Cycle Engine Oil Safety Data Sheet.” Stihl USA, 02-Jun-2015. 

[59] E. Baroody and G. Carpenter, “Heats of Formation of Propellant Compounds, 

Rpt. Naval Ordnance Systems Command Task No. 331-003/067-1/UR2402-001.” 

Naval Ordnance Station, Indian Head, MD, 1972. 

[60] “UAV engine EFI.” [Online]. Available: http://www.ecotrons.com/products/uav-

engine-efi/. [Accessed: 26-Apr-2017]. 



89 

 

 

[61] “EcoEFI Small Size Fuel Pump Technical Spec.” Ecotrons LLC. 

[62] “CBK Bench Checkweighing Scales.” Adam Equipment. 

[63] “High Temperature Pressure Sensor – for Cylinder Pressure Measurement in 

Glow Plug Adapter, Type 6056A...” Kistler Group, Jan-2017. 

[64] E. Pipitone and A. Beccari, “Determination of TDC in Internal Combustion 

Engines by a Newly Developed Thermodynamic Approach,” Appl. Therm. Eng., 

vol. 30, pp. 1914–1926, 2010. 

[65] A. Randolph, “Methods of Processing Cylinder-Pressure Transducer Signals to 

Maximize Data Accuracy,” SAE Trans., vol. 99, no. 6, 1990. 

[66] S. Klein and G. Nellis, Thermodynamics. New York, NY: Cambridge University 

Press, 2012. 

[67] J. Heywood, Internal Combustion Engine Fundamentals. New York: McGraw 

Hill Educated Private Limited, 1988. 

[68] P. Duret, “The IAPAC Fluid Dynamically Controlled Automotive Two-Stroke 

Combustion Process,” in A New Generation of Two-Stroke Engines for the 

Future?, Paris: Editions Technip, 1993, pp. 77–98. 

[69] “Aerospace Products,” Carbonix. [Online]. Available: 

http://carbonix.com.au/aerospace/. [Accessed: 07-Mar-2017]. 

[70] R. Glassock, “Design, Modelling and Measurement of Hybrid Powerplant for 

Unmanned Aerial Vehicles (UAVs),” Masters of Engineering, Queensland 

University of Technology, Brisbane City, Australia, 2012. 

[71] T. Kim, H.-W. Lee, L. Parsa, and M. Ehsani, “Optimal Power and Torque Control 

of a Brushless DC (BLDC) Motor/Generator Drive in Electric and Hybrid Electric 

Vehicles,” presented at the Industry Applications Conference, 2006. 41st IAS 

Annual Meeting., Tampa, FL, USA, 2006. 



90 

 

 

[72] P. Bogusz, M. Korkosz, A. Powrozek, J. Prokop, and P. Wygonik, “An Analysis 

of Operation of Brushless DC Machine Used in Unmanned Aerial Vehicle Hybrid 

Drive,” presented at the 2015 International Conference on Electrical Drives and 

Power Electronics, The High Tatras, Slovakia, 2015. 

[73] W. J. Fredericks, M. D. Moore, and R. C. Busan, “Benefits of Hybrid-Electric 

Propulsion to Achieve 4x Increase in Cruise Efficiency for a VTOL Aircraft.” 

NASA Langley Research Center. 

[74] S. Derammelaere, M. Haemers, J. D. Viaene, F. Verbelen, and K. Stockman, “A 

quantitative comparison between BLDC, PMSM, brushed DC and stepping motor 

technologies,” in 2016 19th International Conference on Electrical Machines and 

Systems (ICEMS), 2016, pp. 1–5. 

[75] “UAS Multi-Rotor Brushless Motors,” KDE Direct. [Online]. Available: 

https://www.kdedirect.com/collections/uas-multi-rotor-brushless-motors. 

[Accessed: 05-May-2017]. 

[76] “KDE8218XF-120 Brushless Motor for Heavy-Lift Electric Multi-Rotor (UAS) 

Series,” KDE Direct. [Online]. Available: 

https://www.kdedirect.com/products/kde8218xf-120. [Accessed: 05-May-2017]. 

[77] “KDEXF-UAS95HVC 95A+HV Electronic Speed Controller (ESC) for Electric 

Multi-Rotor (UAS) Series,” KDE Direct. [Online]. Available: 

https://www.kdedirect.com/products/kdexf-uas95hvc. [Accessed: 05-May-2017]. 

[78] “Operating Manual: Agilent Technologies Electronic Load Mainframes Models 

6050A and 6051A.” Agilent Technologies. 

[79] “Operating Manual: 600 Watt Electronic Load Module HP Model 60504B.” 

Hewlett Packard, Jun-1991. 

[80] “3W Annex A: 3W-28I Technical Data.” 3W Modellmotoren, 10-Jan-2016. 



91 

 

 

[81] S. P. Brown and C. L. Hagen, “Optimized Engine Performance for a 1 kW UAV 

Hybrid Powertrain,” presented at the ASME 2017 Internal Combustion Fall 

Technical Conference, Seattle, WA, USA, 2017. 

 

  



92 

 

 

8 APPENDICES 

  



93 

 

 

8.1 Appendix A: Uncertainty Analysis 

This appendix shows the uncertainty for measured variables and calculated variables 

using typical values as an example. Uncertainty for calculated variables was 

determined using the Kline McClintock method of uncertainty propagation.  

 

Measurement/Variable Value Error %Error Unit 

Gasoline LHV 42000 750 [23] 1.79% [J/g] 

Fuel mass start 1000 0.32 0.03% [g] 

Fuel mass finish 960 0.32 0.03% [g] 

Engine Speed 108.3 0.264 0.24% [1/s] 

Engine Torque 1.84 0.04 2.17% [N-m] 

Fuel Flow Rate 0.225 0.0023 1.02% [g/s] 

Power in 9450 193.7 2.05% [W] 

Power out 1252 27.4 2.19% [W] 

Thermal Efficiency 0.1325 0.004 3.02% 
 

Temperature 160 1 0.63% [C] 

Voltage 50.4 0.25 0.50% [V] 

Current 21.8 0.1 0.46% [A] 

Power out (DC electrical) 1099 7.42 0.68% [W] 

Generator efficiency 0.878 0.02 2.28% 
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8.2 Appendix B: Testing Procedures 

This appendix shows the testing procedures used for engine testing and data collection. 

1.  Emissions gas analyzer was powered on and allowed to warm up for 30 minutes 

before taking data. This warm up period helps to minimize drift of emissions 

data during testing. 

2. Test stand component mounting was checked to ensure all bolts, couplers, and 

safety shields were secure. 

3. Test stand was cleared of any tools and loose items. 

4. VFD, exhaust blower, engine cooling blower, EFI, charge amplifier, 

oscilloscope, and scale powered on. 

5. LabVIEW DAQ program started. Each measurement indicator visually checked 

to ensure data flow. 

6. Emissions gas analyzer is calibrated using span gas. 

7. Engine brought to speed, spark timing, and fuel PW specifications of the testing 

point and allowed to reach a steady state of torque and temperature. 

8. Data capture begins at testing point, emissions analyzer switched to measure 

mode. 

9. Pressure traces and encoder signal are captured on the oscilloscope. 

10. After 200 seconds, data capture is ended and emissions analyzer is switched to 

standby mode. 

11. Steps 6-9 are repeated until all desired data has been captured. 

12. Engine is brought to a stop. All instruments and powered devices are turned off 

except for cooling and exhaust blowers which are run for 5 minutes after testing. 
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13. Emissions gas analyzer is purged of exhaust gases, then checked for drift using 

span gas. 

  



96 

 

 

8.3 Appendix C: Engine Tuning Chart 

The engine fuel pulse width was adjusted at each of the following 45 operating points 

until maximum power was achieved. Shown in the table below is the final “load” 

setting that achieved maximum power. 

    Speed [RPM] 

    1000 1500 2000 2600 3200 3800 4400 5000 6000 7000 

T
h

ro
tt

le
 [

%
] 

0 45 35 15 15 15 15 15 15 15 15 

10 60 50 20 20 25 25 25 25 25 25 

20 75 65 65 50 45 50 50 50 45 30 

30 85 75 70 60 60 70 60 60 60 55 

45 85 75 80 75 70 75 75 75 75 65 

65 85 85 80 80 85 90 90 90 85 80 

80 85 85 85 80 90 95 95 95 90 90 

100 90 80 75 75 80 80 90 80 85 80 
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8.4 Appendix D: Test Stand Lessons Learned and Schematics 

This appendix includes schematics from all the hardware designed and manufactured 

for the small engine test stand. The design of this dynamometer test stand focused on 

simplicity and robustness of component mounting, and did not require any lever arms 

or gimbal mounted components. The following lessons learned are provided to assist 

any other group making a similar test stand. 

The following are lessons learned during test stand development. Check if the VFD 

and DAQ system are on the same ground. An incorrect early assumption that our VFD 

(running on 480V 3-Phase AC) was on the same ground as our DAQ (running on 120V 

AC) led to a current loop, disrupting data collection and introducing significant errors. 

This was solved temporarily by electrically isolating the VFD and torque transducer 

from the rest of the table and test components. Drawings below show the garolite 

spacers and nylon strips that were used to accomplish this electrical isolation. Later, 

the test stand was moved to a different location where the VFD and DAQ were on the 

same ground. 

Mechanical vibration was a significant source of early error. This vibration was caused 

by a misalignment between rotating components, and couplers that were not perfectly 

balanced. The misalignment was lessened by the use of a dial indicator to check and 

adjust shaft alignment, and early couplers were balanced using a prop balancer. A 

simpler way to assist in alignment would be to design a straight rail into the test stand, 

such as those seen on mills, which would constrain rotational components to only 1 

degree of freedom. As threads are not sufficient for part location, the optical table is 

insufficient without dowel pins or a rail. Couplers that were machined, not cast, were 

found to have far superior balance and cause less vibration. 

Bellows couplers with steel bellows were the preferred shaft coupler for engine testing. 

Shaft couplers with elastomer inserts had issues surviving the tangential impacts from 

engine torque spikes and failed quickly. 
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The engine mounting bracket was designed to be fastened to the table with rubber 

vibration damping sandwich mounts so that the vibration transfer between the engine 

and table would be reduced. This caused more problems than it solved, so the rubber 

mounts were switched for rigid aluminum standoffs.  
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