
 

 

ABSTRACT 

BLACKWELDER, PHILIP SCOTT. UAV Mission Optimization through Hybrid-Electric 
Propulsion. (Under the direction of Dr. Eric Klang.) 
 
Hybrid-electric powertrain leverages the superior range of petrol based systems with the quiet 

and emission free benefits of electric propulsion. The major caveat to hybrid-electric 

powertrain in an airplane is that it is inherently heavier than conventional petroleum powertrain 

due mostly to the low energy density of battery technology. 

The first goal of this research is to develop mission planning code to match powertrain 

components for a small-scale unmanned aerial vehicle (UAV) to complete a standard 

surveillance mission within a set of user input parameters. The second goal is to promote low 

acoustic profile loitering through mid-flight engine starting. The two means by which mid-

mission engine starting will be addressed is through reverse thrust from the propeller and a 

servo actuated gear to couple and decouple the engine and motor. 

The mission planning code calculates the power required to complete a mission and assists the 

user in sourcing powertrain components including the propeller, motor, battery, motor 

controller, engine and fuel. Reverse thrust engine starting involves characterizing an off the 

shelf variable pitch propeller and using its torque coefficient to calculate the advance ratio 

required to provide sufficient torque and speed to start an engine. Geared engine starting works 

like the starter in a conventional automobile. A servo actuated gear will couple the motor to 

the engine to start it and decouple once the engine has started. 

Reverse thrust engine starting was unsuccessful due to limitations of available off the shelf 

variable pitch propellers. However, reverse thrust engine starting could be realized through a 

custom larger diameter propeller. 

Geared engine starting was a success, though the system was unable to run fully as intended. 

Due to counter-clockwise crank rotation of the engine and the right-hand threads on the 

crankshaft, cranking the engine resulted in the nut securing the engine starter gear to back off 

as the engine cranked. A second nut was added to secure the starter gear but at the expense of 



 

 

removing the engine drive pulley. Removing the engine pulley meant that the starter gear must 

remain engaged to transmit torque to the propeller shaft as opposed to the engine pulley. This 

issue can be resolved using different hardware, however changing the mounting hardware 

would require additional modifications to the associated component which time would not 

permit. 

 Though battery technology still proves to be the main constraint of electrified powertrain, 

careful design and mission planning can help minimize the weight penalties incurred. The 

mission planning code complements previous research by comparing the weight penalties of a 

blended climb versus an engine only climb and selecting the lightest option. Though reverse 

thrust engine starting proved unsuccessful, the success of geared engine starting now allows 

the engine to be shut off during loiter reducing both acoustic profile and fuel consumption 

during loiter.  
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 INTRODUCTION 

On February 23rd 2015 the Federal Aviation Administration (FAA) released proposed rules 

regarding the operation and certification of small unmanned airplane systems (UAS). This 

marks the most notable progress regarding the regulation of non-governmental UAS use since 

the issue was brought to the table in 2008. The FAA’s primary focus in implementing these 

new regulations is safety and very little thought has been put into the environmental impacts 

of the ubiquity of small unmanned airplane systems.  

Relaxing the regulations of UAS operation will open the door for numerous non-military 

applications that can save money and lives including package delivery, precision agriculture, 

power/pipeline inspection, wildlife study, and many more. However, the design of the airplane 

and execution of the mission can change significantly depending on the application. Shorter 

missions or missions that require a low acoustic profile can be achieved using a purely electric 

powertrain. The caveat to electric powertrain is inferior range. Because fossil fuels such as 

gasoline or diesel have a much higher specific energy than batteries, an internal combustion 

powertrain is much better suited for long range emissions. However, there are caveats to 

internal combustion powertrain in that IC systems are inherently louder than electric motors 

and emit ���, ��� and ��� which are harmful to the environment. A hybrid-electric 

propulsion system can leverage the clean and quiet operation of electric drive with the superior 

range of internal combustion in addition to blending the two operating modes to achieve 

maximum efficiency.  

The research being conducted by North Carolina State University builds upon research 

conducted by the Air Force Institute of Technology by exploring additional energy savings 

that can potentially be realized by expanding the scope of battery chemistry and implementing 

a more sophisticated variable pitch propeller. The goal will be to further optimize hybrid UAS 

mission efficiency in addition to developing a semi-automated process with which a user could 

design a mission-specific powertrain platform to retrofit into an existing airplane. 

This research is critical to facilitate the expansion of the UAS market while minimizing 

emissions and noise pollution. An additional benefit of hybrid-electric UAS is the increase in 
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demand for more advanced battery technology. An increase in demand could be a motive force 

in supporting the research and development of better batteries. 
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 LITERATURE REVIEW 

 History of Hybrid Electric Propulsion 

1. Automotive 

The hybrid automobile dates to the turn of the twentieth century. In 1899, while working for 

Jacob Lohner & Company, Ferdinand Porsche built the first hybrid car. The “Mixte” was 

propelled by hub motors built into the wheels which drew power from batteries stored on board. 

To extend the vehicle’s range, a petrol engine coupled to a dynamo was included to maintain 

charge in the batteries. Though the concept was far removed from the norm, its major selling 

point was its simplicity. With the motors built directly into the wheels, the car required no 

belts, gears, chains, or transmission of any kind which contributed to the vehicles astonishing 

83% operating efficiency. 

The Mixte made quite an impact at the World Exhibition of Paris and helped make the name 

Porsche synonymous with innovation. However, at the time where both the electrical and 

petroleum industries were in their infant stages, Porsche made the choice as to which direction 

his future designs would go. Sadly, petroleum won the battle and Porsche retired from the 

hybrid automobile business for the next hundred plus years.    

 

Figure 1 - Lohner-Porsche Mixte 

Though Porsche was out of the hybrid market, innovations continued over the following years. 

In 1905 Henri Piper, a German born inventor and gun maker, filed a patent for the first 

electrically assisted petrol powered vehicle with the goal of supplementing the engine’s low 
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end torque with electric motors to improve the 0-40 ��
ℎ��   Acceleration from 30 seconds 

down to 10. However, by the time the patent was issued, internal combustion engine 

technology had evolved to a point that made the hybrid system obsolete. Piper did make a 

novel contribution to the field in 1906 with the introduction of the Auto-Mixte. The Auto-

Mixte used the same principle of the previously filed patent in that it used an electric motor to 

assist the engine under high load, the major difference being that the motor could be used to 

generate power under light load in addition to helping the vehicle slow down and stop by 

converting the kinetic energy into storable electric energy. This concept is now referred to as 

regenerative braking and became one of the major selling points of hybrids to come. 

Though some further production of hybrid cars followed, including the Owens Magnetic 

Model 60 Touring a more modern version of the Lohner-Porsche Mixte, any significant hybrid 

innovation was stunted until the oil embargo of the sixties and seventies.  

 

Figure 2 - Owen Magnetic Model 60 Touring 

Scarcity driven concepts such as the 1965 GM512 concept and the 1973 VW Taxi helped keep 

hybrids somewhat relevant in the modern world, however they would remain a novelty until 

the turn of the twenty-first century. 
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Figure 3 – VW Taxi (1973) 

 

Figure 4 – GM512 (1965) 

With the release of the Toyota Prius in 1998 and the Honda Insight in 1999. With the leaps and 

bounds made in battery technology, computers, and automobile design in general, hybrids 

became a much more appealing alternative.   

 

 

Figure 5 – Generation 1 Prius (Japan 1997) 

 

Figure 6 – Generation 1 Insight (USA 1999) 
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2. Rail 

While the interest in hybrid-electric propulsion in automobiles waned after its initial inception 

at the turn of the 20th century, it found new life and motive force in the rail industry. 

In 1911, mixed drive trains were commissioned in both Belgium and France. Both trains used 

the series hybrid Pieper system implemented in the Lohner-Porsche Mixte. Brushed DC motors 

supplied tractive power to the wheels and drew power from a DC generator coupled to a diesel 

engine.  

In 1916 the NZR RM 2, one of the earliest railcars to be operated in New Zealand, was put in 

service. The RM2 boasted a split parallel architecture with the diesel engine providing tractive 

power to the leading bogies and brushed DC motors providing power to the trailing bogies. 

The diesel engine was also coupled to a DC generator to provide power to a battery pack for 

the drive motors. The system was also capable of switching to engine power for the leading 

and trailing bogies while the generator charged the batteries. 

Breakthroughs in power electronic technology lead to DC generators being replaced with AC 

alternators improving efficiency, maintenance, and safety. An alternator   

3. Airplanes 

There was a time when the idea of an electric or hybrid-electric airplane would be considered 

no more than a pipe dream. However, with the improvement in battery technology and the 

ever-growing concern of peak oil, electrified propulsion for aeronautic applications is starting 

to become a much more feasible and sustainable alternative to the industry standards. 

June 8th 2011 marked the maiden voyage of the DA36 E-Star, a series hybrid-electric two-

seater airplane. The E-Star was a collaborative project through Airbus, Siemens AG, and 

Diamond Aircraft. The E-Star is a Diamond Aircraft HK36 Super Dimona modified with a 

hybrid-electric propulsion system. The drive system consisted of a 70kW drive motor that 

provides torque to the propeller through a single stage gear box. The propulsion system also 

employs a 30kW generator that is coupled to a Wankle rotary engine to provide power to the 

drive motor once the batteries have been depleted. 



 

7 

 Current Literature Relevant to Research 

1. Analysis of Hybrid-Electric Propulsion Systems for Small Remotely-Piloted Aircraft 

In 2010 a thesis was published by Ryan Hiserote through the Air Force Institute of Technology 

that modeled and analyzed the performance of three different hybrid-electric architectures that 

followed three different charging profiles. The architectures modeled are detailed in Figure 7 

and are clutch start parallel, electric start parallel, and centerline thrust. Clutch start parallel 

uses an electromagnetic clutch to couple and decouple the motor/generator from the engine 

depending on the segment of the mission. The electric start parallel uses a one-way clutch to 

allow the motor to provide supplemental torque to the engine. The centerline thrust architecture 

uses a push-pull configuration in which the engine provides “pulling” thrust and the 

motor/generator provides “pushing” thrust through a separate propeller in the rear of the 

airplane. 

 

Figure 7 – Clutch Start, Electric Start, and Centerline-Thrust Configurations [1] 

Each architecture was analyzed using three different charging profiles. The profiles explored 

were charge depleting, charge sustaining, and charge sustaining segmented. Charge depleting 
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is where the battery is depleted without recharging over the course of the mission. Charge 

sustaining mode recharges the battery during the cruise portions of the mission using the engine 

to drive the motor/generator. Charge sustaining segmented is like charge sustaining mode but 

supports multiple targets charging between each target.  

 

 

Figure 8 - Charge Depleting Mission [1] 

 

Figure 9 - Charge Sustaining Mission [1] 
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Figure 10 - Charge Sustaining Segmented Mission [1] 

The goal of the analysis was for the hybrid UAV to support a 5-hour mission consisting of two 

hours of cruising to and from the target and a three hour loiter around the target [2]. To achieve 

this the mission was split into two segments, the cruise segment in which only the engine is 

providing thrust and the loitering segment in which only the motor is providing thrust. The 

power required during cruise and endurance were expressed as a function of the airplane’s 

wing loading, aspect ratio, maximum lift coefficient, stall velocity, endurance velocity, and 

engine power. A constrained static optimization was carried out using MATLAB’s fmincon 

function to minimize power required to sustain flight as a function of the six parameters listed 

above. Once the airplane parameters are selected, the next step was to estimate the weight 

associated with each of the nine combinations of architecture and charging profile. From the 

analysis, the clutch-start parallel architecture with a charge sustaining battery discharging 

strategy proved to be the most desirable combination as it was the lightest and most practical 

of the nine [2]. However, the maximum endurance time of the optimized airplane was only 2 

hours and 9 minutes and therefore insufficient to meet the 3-hour endurance requirement. A 

sensitivity analysis concluded that the weight of the Lithium-Ion batteries has the most 

significant impact on endurance time. This being the case, the author reran the analysis with a 

more exotic Lithium-Sulfur battery chemistry with up to three times the energy density of the 

common off the shelf Lithium Ion batteries used initially [2]. The result of the decrease in 

battery weight in addition to a slight increase in the airplane’s lift coefficient improved the 

endurance time to 3 hours and 10 minutes. 
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2. Optimization of Hybrid-Electric Propulsion Systems for Small Remotely-Piloted 

Aircraft 

In 2011 an additional Master’s thesis was published by Todd Rotramel through the Air Force 

Institute of Technology that built upon the thesis discussed in the previous section. The 

previous thesis established a baseline as to the most desirable airplane parameters, hybrid 

architecture, and charging strategy to minimize power required to sustain flight. The focus of 

this thesis was to develop an optimization routine to calculate the best motor/generator, engine, 

and propeller pairing to maximize efficiency for the loitering portion of the flight.  

The author developed objective functions to maximize motor efficiency as a function of its 

published parameters and the gear ratio between the motor/generator and the propeller. This 

objective function was then coupled with experimental propeller data to find a motor/generator 

propeller combination that maximizes the efficiency of both during loiter. The engine was 

selected as to provide sufficient power to sustain cruise in addition to recharging the battery 

prior to loiter [3]. 

Four optimization routines were developed based on the constraints of the motor available to 

the user. The first routine matches the propeller to the motor with a gear ratio of 1 which is 

desirable for motors that are run directly in-line with the engine. The second routine matches 

the motor and propeller in addition to calculating the ideal gear ratio between the two to 

optimize operating efficiency. The third routine matches the motor and propeller based on a 

user input ratio if the optimized ratio is unavailable [3]. The fourth and final routine calculates 

the ideal motor for maximum operating efficiency and supplies the user with the motor 

parameters (i.e. no-load speed, stall torque, torque constant, etc.). 
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3. Implementation of a Rule-Based Open-Loop Control Strategy for a Hybrid-Electric 

Propulsion System on a Small RPA 

An additional thesis published by Collin Greiser through the Air Force Institute of Technology 

dealt with the control stratadgy of the clutch-start parallel propulsion system developed over 

the course of the previous two theses.  

Greiser begins by selecting a Rule-Based controller over comperable intelligent controllers 

because of its simplicity. Rule-Based controllers use inputs and a pre-defined set of rules to 

dictate the logic by which the output is controled. Each rule will produce a “truth value” of 

either true or false (1 or 0) depending on if the rule is followed or violated. The result of the 

first rule will be passed to the next rule corresponding to the true or false outcome and the 

process will continue until the desired output is reached. 

 

Figure 11 – Rule Based Torque Control [4] 

Using the rule-based control architecture, a control scheme was developed for each operating 

state. The states were defined as: 

0. Reset 
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The reset is engaged in the event of a fault or if the operator flips the kill switch. The clutch is 

disengaged, engine choke is set to 100%, and all other component inputs are set to 0. 

1. EM Rev 

The motor is revved to 4000 RPM in preparation to start the engine.  

2. ICE Start 

With the motor at 4000 RPM, the clutch is engaged at 30% throttle and 50% choke for six 

seconds. If the engine RPM reaches 5000 RPM, the engine will move to the idle state. If the 

engine fails to start, the controller will assume the reset state and rerun the EM rev and ICE 

start states until the engine successfully starts. 

3. ICE Idle 

With the engine started, the throttle will be reduced to 25% and the choke will be reduced to 

0%. Once the engine has warmed to the desired level, the controller will move to the next state. 

4. Ground Roll Style Takeoff 

With the clutch engaged, the engine will provide maximum torque and the motor will provide 

torque as needed to get the plane off the ground.  

5. Catapult Launch Style Takeoff 

Catapult launch was not discussed. 

6. Climb 

Inputs torque request and engine map, if the engine cannot produce the torque on the IOL, the 

clutch will be engaged for the motor to provide supplemental torque. If the engine is operating 

on the IOL, the controller will establish whether the battery is charged to the desired level. If 

the battery requires charging, the clutch will be engaged to provide charge. If charging is not 

required or once the battery reaches the desired state of charge, the loop ends. 

7. Cruise without regeneration 

Cruise without regeneration (ICE only) inputs torque required to maintain cruise and 

normalizes it with the maximum torque to produce the appropriate throttle position. 

8. Endurance 
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Endurance mode (EV only) inputs the torque required to maintain loiter and normalizes it with 

the maximum torque to produce the appropriate current to supply to the motor. 

9. Cruise with regeneration 

This state operates under the same control logic as climb to engage and disengage the clutch 

to operate in blended or recharging mode as required by the battery’s state of charge or the 

torque requested. 

Each state requires control of the components listed in Table 1. 

Table 1 – State Component Control 

Component Setting 

Clutch Engaged/Disengaged 

Throttle Servo % 

Choke Servo % 

Propulsion DC/DC On/Off On/Off 

Propulsion DC/DC Output RPM 

Propulsion DC/DC Current Limit Amps 

Generation DC/DC On/Off On/Off 

Generation DC/DC Current Limit Amps 

Dynamometer testing served as an effective proof of concept of climb, cruise without 

regeneration, endurance, and descent in addition to the gear ratio calculated by Rotramel. 

However, the thesis failed to provide two very key pieces of information.  

A failure of the electromagnetic clutch caused the future of the research to adopt an E-assisted 

architecture. Greiser attributed the failure to either a lack of thrust bearing or in sufficient 

clamping voltage. Two major disadvantages of the E-assisted architecture are the inability to 

start and stop the engine mid-mission which has negative implications on the acoustic and 

thermal signatures of the airplane during endurance. The implications on the acoustic signature 

were deemed to be acceptable based on acoustic testing conducted by Rotramel proving that 

engine idle would be quieter than noise produced by 18 and 20 inch propellers. However, it 

may be possible that smaller propellers will be overpowered by idling noise. Though the 
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acoustic signature of the idling engine may or may not be an issue, it is an undeniable fact that 

the idling engine will have a much more prominent thermal signature than an engine that is 

turned off.  

Additionally, the test setup employed a DC power supply that was incapable of providing 

power to the controller and generation DC/DC converter simultaneously and was therefore 

incapable of providing regeneration. The charging structure is based on the technique used by 

common off the shelf LiPo battery chargers. Battery temperature and voltage are monitored in 

addition to charging current and supplied to an interlock system coded into the controller to 

prevent battery damage or failure. The battery will not be charged if its temperature rises above 

100°C, if the battery voltage drops below 3V per cell, or above 3.7 V per cell. The charging 

current will also be regulated to ensure it does not rise above the recommended charging rate 

of the battery. Despite the inability to simulate regenerative charging, Greiser was confident 

that the pragmatic charging strategy would be effective in practice.  
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4. Hybrid Electric Integrated Optimized System (HELIOS) 

In 2011 a report published by the Institute for Defense Analysis discusses a problem with the 

clutch start parallel hybrid architecture not previously discussed by Hiserote or Rotramel. The 

issue is that when the airplane is in engine only mode, it is still driving the rotor of the 

motor/generator which adds additional mass to the system therefore requiring additional torque 

to provide the prescribed torque to the propeller [5]. To address the issue, the author suggests 

the implementation of a gearbox [6] that is capable of totally decoupling the engine from the 

motor/generator and thereby reducing extraneous rotational mass. 

 

 

 

 

Figure 12 - Proposed Clutch Start Parallel Architecture with Gearbox [6] 

The gearbox is a planetary gear set, like the synergy drive found in the Toyota Prius. 
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Figure 13 – Planetary Gear Set 

The HELIOS system uses the sun gear (17A, B) and carrier (16B) as inputs and the ring gear 

(14A) as an output to the propeller. The sun gear is coupled to the motor shaft (13) while the 

carrier is coupled to the engine through a slip gear (19) that is engaged and disengaged by a 

servo.  

 

Figure 14 – HELIOS Power Split Gearbox [7] 

While the HELIOS gearbox design allows the engine and the motor to be completely 

decoupled, it still requires an on-board starter to start then engine [7] and thereby fails to take 

full advantage of the motor.  
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 Existing Hybrid-Electric Airplane Architecture 

Hybrid architecture describes how the electrical and mechanical components are configured to 

provide propulsive force to the vehicle. Architecture is selected based on the desired 

performance criteria of the vehicle. 

Each architecture consists of several key components. The motor/generator is an electric 

machine that can act as a motor to convert electrical energy into mechanical energy or 

conversely as a generator to convert mechanical energy into electrical energy. The engine 

converts chemical energy of a petroleum product (i.e. gasoline, diesel, ethanol, etc.) into 

mechanical energy. The fuel system consists of the fuel tank and any components (fuel lines, 

fuel pumps, etc.) to deliver fuel from the fuel tank to the engine. The transmission can be a 

system of chains, belts, or gears that transmits power from one or more inputs to one or more 

outputs. The Energy storage system (ESS) is where the electrical energy is stored. A clutch is 

a mechanical device that transfers rotational energy. A friction clutch uses an actuating force 

to create friction between the input and output shaft and thereby transmit rotational energy. A 

freewheeling clutch, or one-way bearing, transmits rotational energy based on the relative 

velocity between the inner and outer race of the bearing. 

Weight plays a much more dominant role in the power required to maintain flight [2], it is 

important that there is nothing extraneous about the powertrain configuration. Each design has 

its own unique advantages and disadvantages regarding weight, operating efficiency, and 

regenerative capabilities which will be discussed and down-selected based on their scored in 

these categories.   

1. Series 

Series architectures couple the engine to a generator to provide supplemental power for range 

extension or aggressive acceleration. This configuration means that the engine is responsible 

for generating power but does not transmit that power directly to the road. 
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Figure 15 - Basic Block Diagram of a Series Hybrid-Electric Configuration 

In a series configuration, the electric drive is the only thing physically generating thrust. The 

internal combustion engine is coupled to a generator which provides supplemental charge to 

the energy storage system (ESS) to extend the operating range of the airplane.  

Major Components: 

1. Drive Motor  
2. Motor/Generator mode. 
3. Engine  
4. Transmission 
5. Energy Storage System 
6. Fuel System 

This architecture has its advantages and disadvantages. Because the engine is decoupled from 

the propeller, it can always operate at optimal condition regardless of the speed of the airplane. 

The decoupling of the engine and propeller also simplifies the transmission of power. 

Depending on the ideal operating points of the engine, motor/generator, drive motor, and 

propeller the inputs and outputs can be direct drive or single speed gear multiplier without the 

need for clutches. Though the engine and motor/generator pairing lends itself to matching ideal 

operating points of both machines, it comes at a cost. Decoupling the engine from the propeller 

means there is a much more indirect path for the fuel’s energy to be converted to propulsive 

energy and is thereby subject to multiple stacking inefficiencies. The fuel must go from the 

fuel tank to the engine, from the engine through the power transmission, from the transmission 

to the generator, from the generator to the controller, from the controller to the battery, from 

the battery to the drive motor. While the engine and power transmission losses are unavoidable 

regardless of the architecture, the losses associated with the controller and 

charging/discharging the battery are losses that could be avoided by selecting an alternate 
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architecture. Additionally, the additional weight added by the motor/generator and the 

additional power transmission system could overshadow the efficiency gains they provide.   

2. E-Assisted ICE 

E-assisted parallel used the electric motor to provide supplemental power to the propeller 

through a free-wheeling clutch, but cannot be the primary drive for the plane. 

 

Figure 16 - Basic Block Diagram of an E-Assisted ICE Hybrid Configuration 

In a parallel configuration, power can be delivered to the propeller by the electric motor, the 

internal combustion engine, or a combination of the two. 

Major Components: 

1. Motor 
2. Internal Combustion Engine 
3. One-way bearing 
4. Energy Storage System 
5. Fuel Tank 

The E-Assist ICE configuration allows a more direct provides a more direct path for the fuel 

energy to be converted into propulsive energy. The architecture also allows the engine to be 

downsized for continuous operation by allowing the motor to provide supplemental power 

during maneuvers that require maximum power such as climbing or aggressive acceleration. 

The one-way bearing allows the engine to provide torque to the motor to provide regeneration 

without allowing the motor to provide torque to the engine thus preventing the motor from 

providing torque to the engine during EV only operation. Allowing the motor to drive the 

propeller and provide regeneration promotes weight savings by eliminating the need for the 
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additional motor/generator employed by the series hybrid architecture. However, a major 

caveat to this weight reduction is the airplane is no longer capable of providing mid-mission 

starting of the engine. To combat this caveat, an on-board starter can be added to start the 

engine which adds weight. If the added weight is undesirable, engine restarting can be forgone 

at the expense of increasing the acoustic and thermal profile of the airplane during loiter. 

3. Parallel 

Full-parallel architecture promotes adds to the e-assisted ICE architecture by using a friction 

clutch to allow torque to be passed from the engine to the motor and from the motor to the 

engine to provide mid-mission starting. 

 

Figure 17 - Basic Block Diagram of a Parallel Hybrid-Electric Configuration 

This configuration builds upon the previous configuration with the addition of a friction clutch 

separating the free-wheeling clutch from the internal combustion engine. This addition allows 

the airplane to operate as a pure battery-electric vehicle which may be crucial for missions that 

require low acoustic, thermal, or emission profiles. 

Major Components: 

1. Motor/generator 
2. Engine 
3. Friction Clutch 
4. Energy Storage System 
5. Fuel Tank 

The parallel architecture shares many of the same benefits of the E-assist architecture with the 

added benefit of promoting active coupling/decoupling of the engine and motor thereby 
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promoting both regeneration and mid-mission starting without the need for an on-board starter. 

The weight savings from deleting the on-board starter however must be weighed against the 

weight added by the clutch. A major disadvantage is the complexity added to the control 

strategy of the airplane by having to control the actuation of the clutch in addition to the power 

required to keep it engaged. 

4. Push-Pull Parallel 

Parallel through the road used the engine to drive one set of wheels with the motor driving the 

other using the road to couple the two. 

For an airplane, parallel through the road will be referred to as push-pull parallel or center-line 

thrust [2] [3]. 

 

Figure 18 - Basic Block Diagram of a Push-Pull Parallel Hybrid Configuration 

The push-pull configuration is like a parallel through the road configuration used in hybrid 

cars in that both the electric motor and internal combustion engine can provide thrust, but the 

two are not mechanically coupled to one another. This configuration is attractive because it 

allows the designer to optimize both climb and cruise performance with fixed pitch propellers 

by dedicating one system to climb and the other system to cruise.  

Major Components: 

1. Motor 
2. Internal Combustion Engine (w/ starter) 
3. Energy Storage System 
4. Fuel Tank 

A major advantage to the centerline-thrust architecture is its simplicity. Like series 

architecture, the center-line thrust architecture simplifies the power transmission by 

decoupling the motor and the engine. The decoupling promotes simpler power transmission 

through either a single stage gear multiplier or direct drive. However, as with the e-assist 

architecture, the decoupling of the motor and the engine requires an on-board starter for mid-
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mission engine starting. The decoupling also has the huge disadvantage of severely inefficient 

regeneration. Generation is achieved by wind-milling the motor propeller while running in ICE 

mode. A propeller’s maximum efficiency is usually around 85% meaning the maximum 

regeneration efficiency is no more than 85%. Compounding the propeller efficiency with the 

motor and controller efficiency, practical regeneration efficiency peaks at about 60%.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

23 

 Brushless DC Motors 

1. Torque-Speed Curve Characterization 

The first step in characterizing a brushless DC motor is to draw the torque-speed line.  

 

Figure 19 - Brushless DC Motor Torque-Speed Curve [8] 

� =
�� − ������������

������ − �����
 

Equation 1 – Rotor Torque as a Function of Input Current 

� = −
�����

������
� + ����� 

Equation 2 – Rotor Speed vs. Torque 

The mechanical power is the product of the motor’s speed and torque. Multiplying Equation 

1and Equation 2 and simplifying yields a function of power with respect to current. 

�� = �� =
�� − ������������

������ − �����
∗ −

�����

������
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Equation 3 – Mechanical Output Power 

The electrical power is equal to the input power minus the core losses. 

�� = �� − ��� 

Equation 4 – Electrical Power 

The efficiency by which the electrical power is converted into mechanical power is shown 

below. 
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� =
��

��
 

Equation 5 – Mechanical Efficiency 

2. Motor Constants 

The motor speed constant (��) has units of ���
��  and is used to predict the motor speed with 

respect to the input voltage.  

The motor torque constant (��) is used to predict the shaft torque with respect to the input 

current.  

������ = ��� 

In international units (���
�� ), the torque constant is the inverse of the speed constant. To derive 

the torque constant in imperial units RPM must be converted to ���
�� . Therefore, torque 

constant is calculated as: 

�� =
30

���
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 RESEARCH GOALS 

The AFIT research uses blended climb to reduce weight by downsizing the engine and 

supplementing it with the motor for climb. To minimize battery weight, a charge sustaining 

mission profile was used to recoup the battery energy expended during climb. However, a 

charge sustaining mission profile requires additional fuel to be converted into electricity. 

During the conversion process, energy is lost from heat and friction in the engine, transmission, 

controller and wires. These losses are typically acceptable because of gasoline’s extremely 

high specific energy compared with batteries, however power generated in the sky is power 

that is not keeping the aircraft aloft. Additionally, a charge sustaining profile requires 

additional apparatus (regen capable controller, battery management system, etc.) to facilitate 

safe charging of the batteries during regeneration.  

Additionally, with an inability to provide mid-mission engine starting, the E-Assisted ICE 

architecture was initially discarded by AFIT. However, an inability of the electromagnetic 

clutch to continuously couple the motor and engine without failure lead the future research to 

compromise minimizing the thermal and acoustic signature during the loitering segment of the 

mission by requiring the engine to remain idling during loiter [4]. While this compromise 

allowed the prototype to function for all mission segments, it seriously limits the benefits of 

the hybrid-electric propulsion. To combat this, additional means by which to couple and 

decouple the motor and engine were explored to promote mid-mission engine starting. 

 Climb Mode and Charge Profile 

The mission planning code was developed to compare the additional weight of an engine suited 

for an IC only climb with the weight penalties incurred from the additional fuel and apparatus 

required for a blended climb with regeneration.  

 Mid-Mission Engine Starting 

Several means by which to promote mid-mission engine starting were explored and evaluated. 
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1. Reverse Thrust Engine Starting 

Reverse thrust engine starting uses the engine propeller to convert the airplane’s forward 

momentum into torque to start the engine. A variable pitch propeller will be used to adjust the 

propeller’s pitch to provide sufficient starting torque. Once the engine has started, the pitch of 

the propeller can be adjusted to provide optimal efficiency for cruising. The Center-line Thrust 

architecture requires an on-board starter are at a disadvantage from the extraneous starter 

weight [2]. Reverse thrust engine starting will promote the deletion of the starter thereby 

improving the feasibility of the Center-line Thrust architecture. 

A variable pitch propeller also provides a larger maximum efficiency envelope to provide 

maximum efficiency for each mission segment as opposed to matching the propeller to just 

optimize loiter. 

2. Split-Parallel Center-line Thrust 

If reverse thrust engine starting fails to provide mid-mission engine starting, an on-board starter 

must be employed to facilitate engine starting. As mentioned previously, the addition of the 

on-board charger further justified exploring alternate architecture. 

The on-board starter adds weight; however, it is possible to better justify the incurred weight 

penalty by compounding engine starting capability with regeneration. A split-parallel center-

line thrust architecture still dedicates electric propulsion to one propeller and internal 

combustion to another. However, the split-parallel architecture adds an additional 

motor/generator that provides generation to charge the batteries. By allowing the additional 

motor/generator to both start the engine and provide regeneration, the weight penalty incurred 

by the on-board starter is justified by providing 20-30% more efficient regeneration when 

compared to regeneration provided by wind-milling the motor’s propeller. 

3. Geared Engine Starting 

Split-parallel is suitable for the center-line thrust architecture because the secondary 

motor/generator and the engine are never decoupled. However, a parallel architecture requires 

the engine and motor to be decoupled to allow the engine to shut off during loiter and then 
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recoupled to start the engine after loiter to cruise. A geared engine starting prototype was 

developed that employs a servo actuated idler gear to couple and decouple the engine and the 

motor like the starter in a conventional automobile.  
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 PRELIMINARY DESIGN 

 Parallel with Geared Engine Starting 

Though the Clutch-Start Parallel architecture proposed by the AFIT research proved to be a 

superior design on paper [2], a mechanical failure of the clutch’s rotor forced future research 

to embrace the E-assisted ICE design [4]. In the interest of preserving the tactical benefits of a 

fully parallel architecture, alternate means of coupling and decoupling the motor and engine 

were explored.  

A design meeting was held with the department’s Specialty Trades Technician and machine 

shop supervisor Gary “Shake” Lofton, a man known for his pragmatic and out of the box 

approach to problem solving. The only constraint put on the concept generation was that the 

proposed design must allow for IC only and EV only operation while also promoting mid-

mission engine starting. Three design concepts were generated and explored. 

1. Torsional Spring Starting 

Many hobby scale airplanes employ a torsional spring that is engaged and loaded when the 

propeller is rotated backwards and apply positive torque to start the engine once the propeller 

is released. This concept seemed hopeful in that it was simple and proven to be effective. The 

first challenge came in figuring out how the spring would be mounted and apply torque to the 

engine shaft. Many existing designs are mounted to the rear of the engine and apply torque 

directly to the crankshaft, though this is appropriate for certain kinds of engines, the O.S. 

46AXII engine would not support such a mounting strategy.  

An alternate approach was explored in which the spring would be mounted to a separate pulley 

coupled in parallel with the engine, motor, and propeller pulleys. The spring pulley had to can 

use negative torque to load the spring and apply positive torque to the engine to start it. The 

engine uses a one-way bearing to isolate it from the motor during EV only operation which 

poses a problem when transmitting torque from the spring to the engine. Methods by which to 

overcome this issue were explored. 
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i. Pulley Coupling 

To facilitate transmitting torque from the starter spring to the engine, a separate pulley system 

could be added to couple the spring and the engine with a one-way bearing on the spring pulley 

to prevent the engine from driving the spring pulley once it starts. Though this solution would 

be effective in starting the engine while still promoting regeneration and EV only operation, 

the addition of the spring, additional one-way bearing, two pulleys, and a belt was deemed far 

too complicated to be an effective alternative.  

ii. Servo Actuated Lock Collar 

An alternate coupling/decoupling technique for the spring pulley was devised involving a servo 

actuated locking collar that would use a servo to engage the spring pulley during engine starting 

and freewheel during regular operation. This design required fewer parts than the pulley based 

design. However, as the design was explored further, it became clear that the parts involved in 

the mechanism would be extremely difficult and time consuming to machine and therefore a 

simpler alternative would still need to be explored. 

2. Geared Starting 

The idea of a servo actuated coupling mechanism further justified a concept that had initially 

been disregarded. A geared starting mechanism could be implemented that would employ a 

servo actuated idler gear to couple and decouple the engine to the motor.  

 

Figure 20 – Parallel Architecture with Geared Engine Starting 
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 Center-line Thrust 

1. Reverse Thrust Engine Starting 

 

Figure 21 – Center-line Thrust Architecture with VPP for Reverse Thrust Engine Starting 

A major caveat to the E-assisted and center-line thrust architecture is the additional weight 

penalty added by the engine starter. However, this penalty can be eliminated by implementing 

reverse thrust engine starting. Reverse thrust engine starting uses the engine’s propeller to 

convert some of the plane’s forward momentum into torque to start the engine as opposed to 

an on-board starter.  

Reverse thrust engine starting is less feasible for fixed pitch propellers considering the engine 

is used primarily for cruising and will thereby be matched with a lower pitch cruising propeller. 

However, a variable pitch propeller can increase pitch, when needed, to provide greater torque 

and return to an appropriate cruising pitch once the engine has started. 

iii. Engine Starting Torque 

The torque required to overcome the cylinder pressure was measured at 7 in-lbs. The torque 

curve of the engine prop can be employed to find the minimum pitch required to provide 

optimal efficiency as to reduce impedance from maintaining mission parameters. 

2. Split-Parallel Center-line Thrust 

The split-parallel center-line thrust architecture is like the conventional center-line thrust 

architecture. However, instead of using an on-board starter which serves no purpose other than 

to start the engine, the split-parallel design replaces the starter with a motor/generator. This 

design has two advantages. The first advantage is the redundancy of the thrust sources which 

could prove to be useful for aggressive missions. The second advantage is a significant 

improvement in regeneration. The conventional center-line thrust architecture windmills the 

motor propeller to provide regen at about 60% efficiency [3]. Using the motor/generator for 
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regen will improve the regen efficiency by 20-30%. The major disadvantage of the split-

parallel center-line thrust architecture is that it requires an additional controller which will most 

likely make it much heavier than the other architectures.  

 

Figure 22 – Split-Parallel Center-line Thrust Architecture Block Diagram 
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 MISSION PLANNING AND OPTIMIZATION 

The mission planning process begins by calculating the baseline power requirements to 

complete the designated mission based on the user input parameters. The initial calculations 

will be carried out using conservative mass estimates for batteries, controller, motor, propeller, 

engine, fuel, and transmission. 

Once the initial calculations are complete, if the total mass calculated by the code varies 

significantly from the mass used for the initial calculations, the calculated masses can be 

plugged in and the code can be rerun to better converge on an optimal takeoff weight.  

 System Design Goals 

 Maximum propeller efficiency 

 Maximum motor/engine efficiency 

 Sufficient engine power to cruise to target and supply regeneration power (if required) 

 Sufficient motor power for loiter 

 Sufficient combined power for climb 

 Mission Planning 

Using the user input parameters, the mission planning code calculates the distance from the 

launch site to the target in addition to the duration of each mission segment to aid the 

calculation of battery and fuel capacity required to complete the desired mission. 

1. Distance to Target 

The code prompts the user for the latitude and longitude of the launch site and target. The 

distance between the launch site and target is calculated using the law of spherical cosines. 

� = sin� �
���.������− ���.������

2
� + cos(���.������ ) cos����.������ � sin� �

����.������− ����.������

2
� 

� = 2 atan2�√�, √1 − �� 

� = �×6371×10� 
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2. Mission Duration 

The climb duration is calculated as the time it takes the plane to climb to the desired altitude 

at the desired climb rate. 

������ =
ℎ������

������ sin ������
 

The cruise-to duration is calculated as the time the plane is flying at the desired altitude until 

it comes to within the desired loitering radius of the target.  

�������_�� =
� − ������� − �

ℎ������

tan ������
�

�������
 

The loitering duration is calculated as the time it takes the plane to complete the desired number 

of revolutions about the target at the desired speed and radius. 

������� =
2���������������

�������
 

The descent duration is calculated as the time it takes the plane to descend to landing altitude 

at the desired descent rate.  

�������� = �������� =
ℎ������

�������� sin ��������
 

Finally, the cruise from duration is calculated as the difference between the beginning of the 

descent and the time at which the plane exits loiter. 

�������_���� =
� − ������� − ���������������� cos ��������

�������_����
 

The total mission duration is calculated as the sum of each segment’s time. 

�������� = ������ + �������_�� + ������� + �������_���� + �������� 
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 Flight Dynamics and Mission Power Requirements 

A rotating reference frame is applied to the airplane to calculate the force vectors and how they 

interact with one another as the plane maneuvers in the sky. An inertial reference frame is 

applied to the launch site in addition to a rotating reference frame that allows the plane’s 

rotating frame to be mapped to the inertial frame. 

The mission planning code currently breaks a mission into five parts climb, cruise-to target, 

loiter, cruise-from target, and descent. Power requirement calculations will be carried out for 

each segment based on the steady-state roll, pitch, yaw, and airspeed of the plane. 

 

Figure 23 – Basic Mission Diagram [9] 

 

 

Figure 24 - Inertial and Rotating Reference Frames [10] 
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Applying Newton’s second law: 

� �⃗�������� = � ∗ �⃗ 
�� ��
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2. Force Vectors 

 

Figure 25 - Free Body Diagram 

From the free body diagram: 

� �⃗�������� = (�� − ��)�⃗�� − ����⃗ �� + ����⃗ ��  

The term ����⃗ ��  is mapped with respect to the inertial frame and must be rotated into the 

�� frame; therefore, a rotation matrix must be applied. The rotation about the inertial frame can 

be expressed with Euler angles. The plane will rotate � about ��⃑ � (pitch), � about �⃑� (roll), and 

� about ����⃑ � (yaw). 
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The sum of external forces then becomes: 

� �⃗�������� = [�� − �� + �� sin �]�⃗�� + [��(cos � sin �)]�⃗
�� − [�� − ��(cos � cos �)]��⃗ ��  

Setting the above equation equal to the expression found using Newton’s second law yields: 

�� − �� + �� sin � = ���̇+�� − �� − �
��

(�2 + �2)� 

��(cos � sin �) = �[�̇ + �� − �� + ���(�̇� + �̇)] 

−��(cos � cos �) = �[�̇ + �� − �� + ���(�� − �̇)] 

Therefore, for the airplane to maintain flight, the following must remain true: 

�� ≥ �� − ���̇+�� − �� − �
��

(�2 + �2)� + �� sin � 

Equation 6 – Thrust Force Required to Sustain Flight 

�� ≥ [�̇ + �� − �� + ���(�� − �̇)]+ ��(cos � cos �) 

Equation 7 – Lift Force required to sustain Flight 
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3. Thrust Vector 

The propeller’s thrust coefficient (��) is expressed as: 

�� =
��

�����
 

Equation 8 - Thrust Force Equation 

Where: 

 �� – thrust force 

 ρ – air density (
��

��� )  

 n – propeller rotational speed (���
�⁄ ) 

 D – propeller diameter (��) 

The propeller’s torque coefficient can be expressed as: 

�� =
�

�����
 

Equation 9 - Propeller Torque Coefficient 

The propeller’s efficiency is calculated with respect to the thrust coefficient, torque coefficient, 

and advance ratio: 

�� =
��

2���
� 

Equation 10 - Propeller Efficiency with Respect to Advance Ratio 

Where:  

 J – propeller advance ratio  

� =
�

��
 

Equation 11 - Propeller Advance Ratio 

Where: 

 u – airspeed (m s⁄ ) 

 n – propeller speed (rev
s⁄ ) 

 D – propeller diameter (m) 
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4. Lift Vector 

The lift force (��) is expresses as: 

�� =
1

2
������� 

Where: 

 �� – wing planform area 

 �� – wing coefficient of lift  

5. Drag Vector 

The total drag force (��) is expressed as: 

�� =
1

2
������� 

Where: 

 �� – airplane frontal area 

 �� – sum of the parasitic (���) and lift induced (���) drag coefficients 

The lift induced drag coefficient is expressed as: 

��� =
��

�

����
 

Where: 

 �� – wing aspect ratio 

 e – the Oswald efficiency factor 

 

 

 

 

 



 

40 

6. Governing Equations 

Therefore, Equation 6 and Equation 7 can be expressed as: 

�� ≥
�����

2
���� +

��
�

����
� − ���̇+�� − �� − �

��
(�2 + �2)� + �� sin � 

Equation 12 – Input Torque/Speed Required to Surmount Drag 

� ≥ �
2

�����
�[�̇ + �� − �� + ���(�� − �̇)]+ ��(cos � cos �)� 

Equation 13 – Airspeed Required to Surmount Weight  

7. Roll Angle during Loitering Maneuver 

The ideal roll angle (θ) to achieve a circular path or radius R can be calculated as follows. 

 

Figure 26 - Top View of a Loitering Airplane 
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Figure 27 - Free Body Diagram for a Banking Airplane [11] 

� �⃗�������� = � ∗ �⃗ 
�� ��

�⁄  

= � �
��

���
 

��

�⃗��
�⁄ + �2�̅ → ��

�
×

�

�� 

��

�⃗��
�⁄ � + ��̅ → ��

�
×�⃗��

�⁄ � + �̅ → ��

�
× ��̅ → ��

�
×�⃗��

�⁄ �� 

�⃗��
�⁄ = {� cos � 0 � sin �}��  

Theta and �̇ are assumed to be constant, therefore: 

��

���
 

��

�⃗��
�⁄ =

�

�� 

��

�⃗��
�⁄ = �̅ → ��

�
= 0 

The airplane’s angular velocity �̅ → ��

�
 is defined as: 

�̅ → ��

�
= �

cos θ 0 − sin θ
0 1 0

sin θ 0 cos θ
� �

0
0
�̇

� = {−�̇ sin � 0 �̇ cos �} 

The angular velocity �̇ can also be expressed as: 

�̇ =
�

�
 

∴ �̅ → ��

�
= �−

�

�
sin � 0

�

�
cos ��

��
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Therefore: 

� �⃗�������� = � ��̅ → ��

�
× ��̅ → ��

�
×�⃗��

�⁄ �� 

= � ��−
�

�
sin ��⃗�� +

�

�
cos ��⃗��� × ��−

�

�
sin ��⃗�� +

�

�
cos ��⃗��� ×�� cos ��⃗�� + � sin ��⃗����� 

= � ��−
�

�
sin ��⃗�� +

�

�
cos ��⃗��� ×���⃗

���� 

= � �−
��

�
cos � �⃗�� −

��

�
sin ��⃗��� 

From the free body diagram: 

� �⃗�������� = �� sin � �⃗�� + (�� − �� cos �) 

∴  �� sin � �⃗�� + (�� − �� cos �) =  � �−
��

�
cos � �⃗�� −

��

�
sin ��⃗��� 

∴  �� sin � = −
���

�
cos � 

∴ � = tan��
��

��
 

Equation 14 – Roll Angle Required to Maintain Loitering Radius 
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 Penalty Functions 

1. Battery Capacity 

A sensitivity analysis conducted by Hiserote [2] concluded that, though the electric drive is 

more efficient at generating thrust than the internal combustion drive, the inferior specific 

energy of batteries make their weight penalty will have the greatest effect on mission 

performance. This unfortunate truth has the one advantage of providing a hard constraint to the 

optimization of the mission plan to promote maximum efficiency. To minimize battery weight, 

the propeller and motor will be matched to provide peak efficiency during loiter. The battery 

will then be sized to accommodate the desired loitering duration in addition to any other 

electrical necessities (avionics, GPS, camera, etc.). 

2. Mid-Mission Regeneration 

For missions employing blended climb, mid-mission generation will replenish any battery 

capacity expended during climb to ensure there is sufficient energy to complete the loitering 

segment. The Clutch-Start Parallel architecture is more conducive to mid-mission generation 

in that it has the potential of converting the chemical energy of the gasoline into electric energy 

to be stored in the battery at a much higher efficiency than Center-line Thrust. Clutch-start 

Parallel provides a more direct route of energy conversion when compared to Center-line 

Thrust. Because the existing Center-line Thrust architecture provides generation by wind-

milling the motor/generator propeller, there is a minimum efficiency loss of 10-15% converting 

the engine’s power into thrust and an additional minimum 10-15% converting the thrust back 

into torque. Assuming the charging efficiencies are equal for both architectures, the Center-

line Thrust has a maximum efficiency of 81% converting engine output power into torque on 

the motor/generator. Clutch-start Parallel couples the engine and the motor directly through a 

belt and pulley system capable of efficiencies from 95-98%.  

3. Battery Chemistry 

Mid-mission regeneration poses an additional constraint upon the design process. As discussed 

in the previous section, battery chemistry has a dominant effect on mission performance in that 



 

44 

it heavily influences the weight penalty. Battery chemistry can also introduce a potential cost 

constraint. However, for the purposes of this research, cost is being ignored. 

The following are potential chemistries that can be used for missions requiring mid-mission 

regeneration. Gasoline is included to provide a baseline to compare against. 

Table 2 - Comparison of rechargeable lithium batteries 

Gasoline: 

4.32
��ℎ

��
 

Lithium-Iron 

(LiFePO4): 

. 105
��ℎ

��
 

Lithium Cobalt 

Oxide(LiCoO2): 

. 163
��ℎ

��
 

Lithium Nickel Cobalt 

Aluminum Oxide 

(LiNiCoAlO2): 

. 214
��ℎ

��
 

4. Variable Pitch Propeller 

The addition of a variable pitch propeller provides a wider peak efficiency envelope at the cost 

of the additional mass of the variable mechanism, servo, and linkage. A wider efficiency 

envelope allows the propeller to achieve peak efficiency for all segments of the mission as 

opposed to just loitering. However, the addition of a variable pitch propeller does have a weight 

penalty associated with it which must be compared to the fuel weight savings of operating 

more efficiently per mission segment. 
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 Component Selection 

The figure below depicts the component selection process.  

 

Figure 28 – Powertrain Component Selection Logic 

1. Propeller 

To promote minimal battery weight, the efficiency of the battery’s down-stream components 

must be maximized starting with the propeller. 

Sourcing the propeller starts with evaluating Equation 12 for the loitering segment and 

sourcing a propeller that can provide sufficient thrust at peak efficiency. For designs using 

fixed pitch propellers, the efficiency for the remaining mission segments can be looked up in 

the propeller’s performance data. For designs using variable pitch propellers, the pitch required 

to provide peak efficiency for each mission segment can be calculated using the characterized 

propeller coefficient curves. 

2. Motor 

The motor will be selected from a database of potential candidates by selecting the motors that 

can provide sufficient torque for loitering at ��_���. 

The operating point of the motor is derived from the advance ratio that provides optimal 

propeller efficiency for the loitering segment of the mission. In this case, propeller diameter is 
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the only independent variable. This means flexibility in the engine’s operating point can only 

be achieved through a gear ratio. 

3. Power Transmission 

In the event the motor selected requires either a torque multiplication or a speed reduction to 

provide the torque and speed of the selected propeller, belt pulleys can be sourced based on 

the gear ratio required.  

4. Batteries 

With the loitering duration and power required values known, the energy consumed over the 

loitering segment can be calculated. Assuming a 90% depth of discharge, the Amp-hour 

capacity of the battery pack is calculated by dividing the loitering energy by the 90% of the 

nominal battery voltage.  

While it is attractive to select the battery with the greatest capacity possible, it may be less 

energy dense than selecting a combination of smaller capacity batteries. This being the case, 

the mission planning code pulls capacity and weight data from multiple candidates to meet the 

electric power needs with a battery pack with the lowest weight.  

5. Controller 

Controller selection is dictated by the climb mode that promotes minimal weight. Blended 

climb promotes downsizing the engine and supplementing engine power with motor power to 

achieve climb which saves engine weight and fuel when compared to a more conventional IC 

only climb. However, to prevent incurring the weight penalty of additional batteries to support 

both the climb and loitering segments of the mission, a blended climb mission calls for 

regeneration during cruise to recharge the battery for the loitering segment. Regeneration 

requires additional fuel and engine capacity during cruise to facilitate charging in addition to 

a motor controller that can provide regeneration. While an IC only climb requires a larger 

engine and more fuel to provide all the climbing power, there is no need for regeneration 

meaning a more basic and lighter motor controller can be used in addition to saving the fuel 

required for regeneration.  
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6. Engine 

The engine will be selected based on the maximum power it will be required to provide during 

each mission segment. As mentioned in System Design Goals, the engine must provide enough 

power to sustain cruise at a minimum. However, based on mission parameters, the engine may 

also need to provide power to climb with or without torque supplementation from the motor in 

addition to providing additional power for regeneration if necessary. 

The figure below depicts an engine fuel map which can be used to establish the gear ratio 

required to provide the ideal engine torque and speed to minimize fuel consumption during IC 

and blended mission segments. 

 

Figure 29 - Example BSFC Plot [12] 

7. Fuel 

The fuel required to complete the mission will be calculated using the engine manufacturer’s 

specifications unless experimental data is available. For O.S. engines, the fuel consumption is 

provided at full load. An assumption was made that the fuel consumption would decrease 

linearly 1:1 with respect to a decrease in load. The fuel consumption of each mission segment 

was calculated by multiplying the respective fuel flow rate by the duration of that mission 

segment in minutes and multiplying by the density of the fuel (glow fuel, gasoline, etc.) to 

obtain the mass. 
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 WIND TUNNEL TESTING 

 Variable Pitch Propeller Efficiency 

Though propeller efficiency can be estimated analytically using programs such as QPROP, the 

efficiency curves of the propellers to be used will be collected experimentally using the NC 

State sub-sonic wind tunnel to promote accuracy. 

1. Variable Pitch Propeller Test Rig Development 

i. Hobby King OR025-01904 

This unit is constructed mainly from plastic which has the benefit of being lightweight but at 

the expense of being flimsy and unstable at high speeds. It comes with a hollow shaft brushless 

out-runner motor that facilitates direct drive and allows the pitch control rod to pass through 

the motor body to a control servo. 

While the �� and nominal voltage values of the motor are given by the manufacturer, the stall 

current and internal resistance are omitted meaning that the motor cannot be characterized 

mathematically. Additionally, the maximum continuous and intermittent current values are 

omitted by the manufacturer. The omission of these motor characteristics makes performance 

estimation impossible without dynamometer testing.  

 

Figure 30 – Hobby King Unit OR025-01904 

A mounting bracket was fabricated to mount the VPP unit and a servo to control the pitch to a 

thrust and torque transducer to take measurements during tests. 
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Figure 31 – Hobby King 10” Rev. 0 Variable Pitch Propeller and Pitch Control Servo 

The Rev. 0 test rig was beneficial in its simplicity. The motor’s hollow-shaft design simplifies 

the actuation of the pitch control shaft whereas a solid-shaft motor would require the propeller 

mechanism to be mounted on an auxiliary hollow shaft and incorporate a power transmission 

system to couple the two. However, this simplified design came at a great price. As previously 

discussed, the supplied motor lacked pertinent data to characterize and determine ideal 

operating conditions to prevent damage to the motor.  

The first unit purchased was destroyed during the initial characterization process. Three 

additional units were purchased and the lessons learned from the initial failure were leveraged 

to collect data over a range of propeller pitches. However, after processing the data, the 

resultant efficiencies were drastically subpar (~20%).  

To improve the resultant efficiency, additional tests were carried out with a more aggressive 

top speed cap. The tests resulted in additional data at smaller pitches but resulted in the failure 

of all units at higher pitch values. Because of the consistent failures, a revision of the test rig 

was developed that employed a more robust motor with more predictable performance. 

HK OR025-01904 
VPP Unit 

Pitch Control 
Servo 
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ii. Hobby King 074000032 

This unit is a retrofitted tail rotor assembly from a Trex 450 Pro Clone RC helicopter. It is 

constructed from aluminum which is heavier than the OR025-01904, but much more stable at 

high speed. While a unit is available with a brushless out-runner, however it suffers from the 

same lack of pertinent information as the OR025-01904 unit. 

 

Figure 32 – Hobby King Unit 074000032 

a. HIMAX HC3522-0990 BLDC Outrunner 

Because the 074000032 unit requires a hollow-shaft motor the selection of motors to which it 

can be paired are limited. Because the COTS hollow-shaft motors available lack crucial 

performance data, a solid shaft alternative would have to be retrofitted to accommodate the 

unit’s constraints. To save both time and money, the HIMAX HC3522-0990 was selected from 

on-hand inventory. The HC3522 offers 400W maximum power which provides ample safety 

factor when testing propellers at higher pitches/speeds in addition to being one of many on 

hand thereby providing quick replacement in the event of a failure. 

 

Figure 33 – HIMAX HC3522-0990 BLDC Outrunner 
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b. VPP Auxiliary Shaft 

 

Figure 34 – VPP Auxiliary Shaft 

Because the motor lacks a hollow shaft, an auxiliary hollow shaft was developed to facilitate 

the VPP hub and the pitch control rod. Several design challenges were presented, a big problem 

with the previous revision was the VPP hub slipping on the motor shaft and when the set screw 

was tightened to combat this, the shaft collapsed and clamped the pitch control rod in place. 

The new shaft’s diameter was increased to 0.25”, however the 0.125” hub mounting hole 

needed to be increased to allow for the wider shaft. The hub mounting hole size was increased 

to 0.19” to maintain an acceptable amount of threads for the set screw and the end of the aux. 

shaft was turned down to match. In addition, a flat spot was machined to further prevent 

slippage. 

The 5mm hole through the shaft’s center for the pitch control rod imposed length restrictions 

on the aux. shaft. A standard 5mm drill has an effective drilling depth of 25mm, therefore a 

maximum length of the Aux. shaft was set at 2”. 

An additional flat spot was machined in the shaft to facilitate a set screw for the power 

transmission (belt pulley, chain sprocket, or gear) and the opposite end was threaded to 

facilitate a nut to tighten the shaft longitudinally to the mount bearing.  

c. Power Transmission Selection 

Forgoing a hollow shaft motor, though in the interest of promoting more predictable motor 

performance, lead to the additional consideration of how to transmit power from the motor to 

the VPP shaft. Many options were available including belt, chain, and gear drive meaning that 
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a decision had to be made as to which means was the best in terms of weight, efficiency, cost, 

flexibility, ease of implementation, and serviceability.  

Belt Drive 

A timing belt drive offers quiet and efficient operation in addition to offering flexibility 

regarding gear ratio by simply changing out the drive and/or driven pulley to accommodate the 

desired gear ratio. Though pulleys are commonly constructed from aluminum and can pose a 

higher weight penalty, lightweight Acetal pulleys [13] are available for XL trade size belts and 

are a desirable candidate depending upon the trade size belt required to safely handle the power 

to be transmitted. 

Chain Drive 

Chain drive, while offering comparable efficiency and flexibility of a belt drive system, are 

less desirable when compared to belt drive. Both roller chain and sprockets are customarily 

constructed from steel which presents a significant weight penalty. Though there are plastic 

hubs available that can lower the weight penalty, roller chain requires constant lubrication at 

high operating speeds which requires an enclosure to house the oil. Alternatives exist in the 

form of “maintenance-free” roller chains that implement O-rings on the rollers to provide the 

necessary lubrication, however this adds a substantial amount of cost and weight to the system 

making chain drive an undesirable candidate. 

Gear Drive 

Gear drive is a desirable candidate regarding flexibility. Spur gears can be used in parallel shaft 

configuration and bevel gears can be used in perpendicular shaft orientations opening 

additional mounting orientations for motor and VPP shaft. Spur and bevel gears both offer 

efficiencies ranging from the mid to high 90s. However, flexibility is limited to the necessity 

to change the gearbox and/or component mounting position with respect to the gear ratio 

selected to provide adequate tooth mesh. This lack of flexibility hurts the ease of 

implementation when changing from one gear ratio to another. 
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d. Belt Drive Design 

 

Figure 35 – Hobby King 10” Rev. 1 Variable Pitch Test Rig 

 

Belt Sizing 

With belt drive selected as the most appropriate means of power transmission, an appropriately 

sized belt must be selected based on the torque and speed of the smallest pulley. 

HK 074000032 
VPP Unit 

Aux. Shaft 

Pitch Control 
Servo 

HIMAX 
3522 Thrust/Torque 

Transducer Mount 

XL Timing 
Belt 
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Figure 36 – Trapezoidal Belt Selection Guide [14] 

The maximum torque generated by the HIMAX was calculated based on the �� constant and 

the maximum operating current. 

�� =
60

2���
=

60

2�990
= 0.00965

��

�
 

With a maximum operating current of 45A, the motor torque was calculated as: 

� = 0.00965
��

�
(45�) = 0.434 �� 

At 0.434Nm and 1000 RPM and above, the most appropriate belt falls within the XL region of 

Figure 36. 
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Pulley Sizing 

To supply the rated power, it is advised that the pulley have at least six teeth in mesh (TIM) 

[14]. The Auxiliary shaft is mounted to allow it the be moved to supply sufficient belt tension. 

With no tensioner, the motor and auxiliary shaft pulleys will see 180° of belt engagement. The 

minimum number of pulley teeth to conserve the six-tooth minimum can be calculated as: 

���� = 6
360°

180°
= 12 ����ℎ 

Equation 15 – Minimum Pulley Teeth Required 

To provide some safety factor, 14 tooth pulleys were employed. 

2. Design of Experiment 

A design of experiment was devised to measure output speed, thrust, and torque for 

combinations of pitch and airspeed over a range of throttle positions. The pitch values were set 

to 20° for a climbing pitch. The cruising pitch was set at 40° which is the maximum pitch 

achievable with the VPP mechanism. An intermediate pitch of 30° was also used to observe 

any trends that existence between performance at 20° and 40°. 

Airspeeds of 5, 10, and 15 meters per second were used. Though 15 meters per second is less 

than the expected cruising and endurance speed of the airplane, propeller performance is 

calculated with respect to advance ratio meaning a lower airspeed can be used with lower 

propeller speeds thereby conserving the advance ratio in addition to allowing tests to be 

conducted at lower speeds thereby lowering the risk of a failure from the repetitive and cyclical 

loading the propeller mechanism will see over the course of testing. 
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3. Test Setup 

The variable pitch propeller test rig will be mounted to a six degree of freedom thrust/torque 

transducer in the sub-sonic wind tunnel.  

 

Figure 37 – Rev. 1 Test Rig Mounted in the Wind Tunnel 

 

Figure 38 - Six Degree of Freedom Thrust/Torque Transducer 

The ATI Gamma multi-axis force/torque sensor is rated for ±100 lbs. and ±100 in-lbs. with a 

resolution of 0.0125 lb. and in-lbs. The unit employs strain gauges to output voltages 

corresponding to the input forces and torques. The voltages are amplified and sent to the data 

acquisition (DAQ) card via a high-flex shielded cable to promote noise immunity [15]. The 

voltages are converted to their corresponding force and torque values using a conversion matrix 

calibrated and supplied by ATI. 

 

ESC 

Thrust/Torque 
Transducer 

VPP Test 
Rig 
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Figure 39 - NC State Sub-Sonic Wind Tunnel Observation Chamber 

With the propeller, motor, and transducer mounted in the wind tunnel, the motor will be 

connected to its controller and power supply. The controller regulates motor current to provide 

speed control in addition to collecting voltage, current, and speed data as the experiment is 

conducted. The thrust/torque transducer will record the thrust and torque developed at each 

operating point and be used to calculate the corresponding thrust and torque coefficients. 

 

Figure 40 – Variable Pitch Propeller Test Setup Block Diagram 

4. Pitch Control 

A servo will be used to control the propeller’s pitch. Servos use pulse width modulation 

(PWM) to provide precise and disturbance rejecting position control. A pulse-width generator 

will be used to provide power to the servo in addition to the PWM signal that corresponds to 

the desired pitch. 
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Prior to the experiment, the pitch servo must be characterized to ensure the prescribed pulse-

width will provide the appropriate pitch. Pulse-Width data points will be collected for the 

propeller at 0, 20, 30, and 40 degrees. 

5. Test Procedure 

Once all the necessary components are in place and characterized, the efficiency test can be 

conducted. The wind tunnel will provide a prescribed wind speed as a range of throttle 

positions are tested to observe the thrust and torque generated over the motor’s operating range. 

The supplied current and voltage will be used to calculate the power delivered to the motor 

and compared to the mechanical power generated by the propeller calculated using the axial 

thrust and air velocity.  

The efficiency point will be plotted with respect to the propellers advance ratio and carried out 

an additional nine time at advance ratios ranging from zero to two. Once the ten points have 

been collected, a fit curve can be generated to account for points between the experimental 

values. 
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 PARALLEL HYBRID PROTOTYPE DEVELOPMENT 

 Geared Engine Starting 

1. Initial Design 

The design process for the geared engine starting parallel test rig followed the same initial 

guidelines as the Variable Pitch Propeller Test Rig Development. An XL belt was used and the 

14 tooth pulleys were repurposed from the Variable Pitch Propeller Test Rig Development for 

the motor and the aux. shaft.  

A one-way bearing was employed to decouple the engine from the motor during EV mode. A 

McMaster-Carr 2489K24 clutch bearing was selected which facilitates a 0.5” shaft. The 0.5” 

ID allows a 0.5” spacer with a 0.25” thru hole to mount to the engine shaft. 

The O.S. 46 AXII engine’s maximum speed is rated at 16,000 RPM, the maximum operating 

speed of the propeller is around 12,000 RPM. Given this the ideal engine pulley size was 

calculated as: 

������� = 14
12,000

16,000
= 10.5 

The hub diameter of the 10 and 11 tooth pulleys were too small to facilitate the clutch bearing. 

A 28-tooth sprocket was selected to provide sufficient wall thickness after being bored out for 

the one-way bearing. 

2. Pulley Placement Constraints 

i. Teeth in Mesh 

The drive belt had to couple the engine, motor, and aux. shaft while having at least 6 teeth in 

mesh to deliver the rated horsepower [14]. The minimum angle of belt engagement for the 

engine and motor/aux. shaft pulleys were calculated as: 

������� = 360°
6

28
= 77.14° 

������/���.  ����� = 360°
6

14
= 154.28° 
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ii. Gear Meshing 

An additional constraint of the pulley placement is ensuring the drive and driven gears are 

spaced so that their pitch diameters are tangent. The gear selection process was aided by 

Equation 16 in addition to COTS spur gears offered by McMaster-Carr. 

� =
���

��
 

Equation 16 – Tooth Bending Stress 

Rearranging the equation to solve for the allowable transmission load yields: 

�� ≤
����

�
 

Where: 

 �� – Tangential Tooth Load 

 � – Dimetral Pitch 

 � – Tooth Face Width 

 � – Lewis Form Factor 

 

Figure 41 – Lewis Form Factor 

A 20° pressure angle was selected to provide a greater Lewis Form Factor.  
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Gears will be mounted to both the engine and auxiliary shaft with an idler gear between the 

two to transfer torque from the auxiliary shaft to the engine. The idler gear will be mounted to 

a deep-groove ball bearing and employ an RC servo to engage and disengage it. A ½” OD 

deep-groove ball bearing was selected 

iii. Belt Length 

The final constraint of the pulley placement process is to ensure that the placement of the 

timing pulleys and idler facilitate a nominal belt size. 

3. Pulley Placement 

The initial pulley placement has the auxiliary shaft and motor pulley aligned vertically and the 

engine pulley aligned horizontally with the idler. The vertical distance between the auxiliary 

shaft and the motor pulley were adjusted in addition to the idler position to provide a nominal 

value of belt length. 

 

Figure 42 – Revision 0 Pulley Placement (Units are in inches) 

The initial pulley placement satisfies both the teeth in mesh and belt length constraints, 

however further adjustment will be required to facilitate the starting gears. With the pitch and 

face width down selection complete, the appropriate gear sizes must be selected to supply 



 

62 

adequate torque and prevent violating the space constrains of the other components. The gear 

selection process started with the idler gear. The idler gear will have a bearing pressed into it 

to allow it to rotate freely. The bearing will be mounted on a thrust shaft to allow it to move 

along its longitudinal axis to engage and disengage from the engine. An 18-tooth gear was 

selected to reduce the moment applied to the thrust shaft while the teeth are meshing. The 18-

tooth gear provided sufficient wall thickness to facilitate a ½” OD bearing. Though a smaller 

gear could have been employed with a smaller bearing, the machining process required to 

chamfer the gear’s teeth becomes more difficult as the size decreases.  

A 48-tooth gear was selected for the engine in that it has the greatest pitch diameter of the 

COTS gears. The larger pitch diameter will facilitate a speed reduction thereby promoting 

torque multiplication in addition to allowing the motor to run at a lower speed to start the 

engine. 

A 21-tooth gear was selected for the auxiliary shaft after a great deal of deliberation. Though 

a smaller gear would provide further torque multiplication, geometric constraints presented 

themselves regarding the mounting apparatus for the auxiliary shaft’s bearing and the idler 

shaft’s thrust bushing. At maximum current, the Himax 3522 can provide approximately 4.5 

in-lbs. of torque. Given the 7 in-lbs. required to start the O.S. 46AXII the 48/21 gear ratio will 

provide a 2.29 torque multiplication or 10.28 in-lbs. to the engine. 

With the gear sizes selected, the pitch circle of the engine gear and aux. shaft gear were applied 

to the engine and aux. shaft with the idler gear’s pitch diameter constrained to be tangent to 

both. With the gear mesh constraint met, the relative locations of the aux. shaft and belt idler 

were manipulated to satisfy the teeth in mesh and belt length constraints. 
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Figure 43 – Revision 1 Pulley Placement with Starting Gears (Units are in inches) 

With the pulley placement finalized, the gears were cut from ¼” 6061-T6 aluminum using the 

department’s waterjet machine. The engine gear included a 5/16” thru hole in the center to 

provide a light press fit on the engine shaft. The Propeller shaft had a .249” thru hole to be 

pressed onto the auxiliary shaft. The idler gear included a .499” thru hole to provide a press fit 

for the idler bearing.  
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Figure 44 – VPP Test Rig Pulley Placement 

With the engine gear pressed onto the engine shaft, it was secured in place with a hex nut. The 

engine pulley was bored to .749” and the one-way bearing was pressed to allow the pulley to 

spin freely in the clockwise direction. The one-way bearing’s needles require a smooth shaft 

to rotate upon. A slip shaft was machined with a counterbored hole to clear the nut securing 

the engine gear, the engine pulley was then slid over the slip shaft and secured with a nut and 

washer. The slip shaft was machined to be 0.0625” longer than the one-way bearing, therefore 

preventing the nut and washer from clamping down on the outer race and allowing it to rotate 

freely independent of the engine gear. 
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Figure 45 – Exploded View of Engine Pulley 

The idler bearing was pressed into the idler gear and secured to the thrust shaft with a pan-head 

screw. A thrust bushing was used to promote precise and well lubricated longitudinal 

movement as the gear is engaged and disengaged.  A threaded rod and clevis attached the thrust 

shaft to the idler gear servo and allowed for fine tuning.  

 

Figure 46 – Exploded View of Idler Gear and Thrust Mechanism 

The pulse width signal associated with the engaged and disengaged position was characterized. 

In the event the teeth of the gears don’t mesh; 45° chamfers were included in the gear teeth in 

addition to biasing the propeller gear so that the idler gear engages with it first. By engaging 
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the propeller gear, which will be rotating regardless of mission segment, the propeller gear will 

rotate the idler gear until the teeth mesh and the idler gear engages. 

 

Figure 47 – Idler Gear in the Disengaged Position 

 

 

Figure 48 – Idler Gear in the Engaged Position 

 Split-Parallel Center-line Thrust 

The split-parallel center-line thrust architecture allows the power transmission between the 

motor/generator and the engine to be simplified greatly. As there is a separate motor providing 

thrust during EV only operation, the secondary motor/generator and engine will never need to 
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be decoupled. This consideration allows the engine’s one-way bearing to be deleted in addition 

to the starter gears and idler gear servo and accompanying apparatus. 

The power transmission process follows the same steps as in the Belt Drive Design section. 

With a proper belt pitch selected, an appropriate gear ratio must be applied to ensure the 

motor/generator supplies sufficient torque to start the engine in addition to providing charge 

efficiently during regenerative cruising segments. The motor/generator’s speed constant (Kv) 

dictates the voltage generated with respect to the rotational speed. The load applied by the 

generator will control the current.  

The advance ratio corresponding to the optimal propeller efficiency will supply the necessary 

rotational speed. With both the propeller and generator applying load to the engine, the fuel 

consumption will change depending upon if the generator is applying load and how much load 

is being applied. In the interest of maximizing endurance, the battery needs to be charged as 

quickly as possible. Charge rates for LiPo batteries can change depending upon the specific 

battery chemistry and manufacturer’s specification, however the general rule of thumb is to 

charge batteries at 1C. The battery charge current is calculated as follows: 

�������(�) = ��������(��ℎ) ∗ � 

Equation 17 – Charge Current with Respect to C-Rating 

�������� is the battery’s capacity, a factor of the number of cells in parallel. With the maximum 

charging current known, the load applied by the generator can be calculated using the motor 

parameters. 
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 RESULTS 

 Variable Pitch Propeller Testing 

Thrust, torque and speed data was collected for each operating condition outlined in Table 8, 

Table 9, and Table 10 per the Variable Pitch Propeller Test Procedure provided in the appendix. 

The drag and drag induced torque of the system at zero motor speed was measured at every 

combination of pitch and airspeed and subtracted from the gross thrust and torque 

measurements to provide the net thrust and torque developed by the propeller at each operating 

point. 

The motor speeds logged by the controller were downloaded as an Excel spreadsheet. The 

motor speed at each operating point was calculated as the average motor speed over the range 

at which throttle position has reached steady state. The corresponding advance ratio at each 

operating point was calculated using Equation 11. 

With the net thrust and torque at each operating point in addition to the motor speed, the thrust 

and torque coefficients for each operating condition were calculated using Equation 8 Equation 

9. With the thrust and torque coefficients calculated, the corresponding propeller efficiency 

was calculated using Equation 10. The results were then sorted in ascending order by their 

corresponding advance ratio and plotted. A trend line was applied to each plot to predict 

propeller performance. 

The first set of plots show the trends of the propeller’s coefficient of thrust, coefficient of 

torque, and the efficiency at 20° pitch over a range of advance ratios. 

The thrust coefficient drops steadily as advance ratio increases. However, torque coefficient’s 

negative slope begins to decrease at 0.512 which coincides with efficiency’s positive slop 

decrease and reach a maximum at .731 and begin decreasing as advance ratio increases.  
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Figure 49 – Thrust Coefficient at 20°  

 

Figure 50 – Torque Coefficient at 20° 

 

Figure 51 – Propeller Efficiency at 20° 
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The next set of plots show the trends of the propeller’s coefficient of thrust, coefficient of 

torque, and the efficiency at 30° pitch over a range of advance ratios. 

The thrust and torque coefficient drops steadily as advance ratio increases which lead to a 

steady increase in efficiency. The efficiency of the propeller doesn’t reach a maximum 

meaning a greater advance ratio is required to reach peak efficiency. 

 

Figure 52 – Thrust Coefficient at 30° 

 

Figure 53 – Torque Coefficient at 30° 
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Figure 54 – Propeller Efficiency at 30° 

The final set of plots show the trends of the propeller’s coefficient of thrust, coefficient of 

torque, and the efficiency at 40° pitch over a range of advance ratios. 

Like the trends seen at 20° and 30°, the thrust and torque coefficients drop steadily as the 

advance ratio increases. The efficiency increases over the range of advance ratios explored. 

However, like the 30° experiments, a greater advance ratio is required to achieve peak 

efficiency.  

 

Figure 55 – Thrust Coefficient at 40° 
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Figure 56 – Torque Coefficient at 40° 

 

Figure 57 – Propeller Efficiency at 40° 
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 Geared Engine Starting 

The geared engine starting prototype proved to be a partial success. The motor could provide 

sufficient torque through the gearset to start the engine, however the prototype was unable to 

run as intended due to some mechanical issues that will be considered further in the discussion 

section.  

The tests conducted in which the idle gear was already in the engaged position prior to spinning 

up the motor were successful. Once the engine started the motor could be turned off and the 

engine would run until the throttle was closed. However, the impulse imposed on the motor 

while attempting to go from disengaged to engaged while the motor was at speed lead to a peak 

in current that tripped the controllers over current protection and halted all current flow to the 

motor. The cylinder head was removed to narrow down if the impulse was a factor of the 

cylinder pressure or improper meshing of the gears. Though there was a fair amount of 

grinding, the idle gear could lock into the engaged position and transmit torque without tripping 

the over current limit. Several trials were conducted adjusting the controller settings to 

circumvent the over current issue, however the stress of the repeated testing resulted in a 

bending failure of the motor gear that ceased all further testing. 
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 DISCUSSION 

 Mission Planning and Powertrain Component Selection Code 

The mission planning code developed was successful in calculating the power and thrust 

requirements for each mission segment based on the user input parameters.  

Using the output of the mission planning code, a propeller and motor were sourced and their 

parameters were fed into the component sourcing code.  

The component sourcing code was successful in taking the mission parameters and selected 

motor and propeller and selecting components to complete a blended climb mission and an IC 

only climb mission. With the components selected, the code was successful in calculating the 

fuel requirements for the two charge profiles and suggesting the lightest option and outputting 

mass values to be plugged back into the power requirements code to converge on the lightest 

system component combination. 

The main issue with the component selection code is in the fuel calculations. Because 

dynamometer data is unavailable for the engines used while developing the code, the fuel rates 

were calculated assuming a linear relationship between load and fuel consumption and adding 

a factor of safety. Brake specific fuel consumption data would promote the use of an 

optimization routine to minimize fuel consumption and thereby save fuel weight. Explicit 

engine performance data would also provide further insight to the user for selecting an engine 

gear ratio to achieve optimal mission performance. 

 Variable Pitch Propeller Testing 

From the testing conducted, it was clear that the OR025-01904 motor was not suited to provide 

sufficient power to generate adequate thrust or torque over the desired operating range. Though 

there were operating points at lower pitches that provided positive thrust, at higher pitches the 

motors were prone to failure. The motor failures incurred during the initial propeller 

characterization experiments conducted reinforced the importance of proper propeller 

matching and the potential danger of using a motor without sufficient manufacturer’s data for 

proper propeller matching. 
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The Himax motor proved to be more powerful than the OR025-01904 and could provide 

positive thrust over a wider range of operating points. An additional benefit of the Himax motor 

was the predictability of its performance from the manufacturer supplied coefficients. 

Predictable torque vs. amperage data greatly simplified sizing the starting gears to ensure 

sufficient torque multiplication for engine cranking. 

While the thrust and torque propeller characterization curves mostly matched the trends of the 

experimental data collected by Deters [17], an interesting result was observed in the 20° trials. 

The torque coefficient for the 20° trials increases from 0.168 to 0.238 advance ratio before they 

began to decrease linearly from 0.238 to 0.525 advance ratio. However, this deviation from the 

expected trend was validated by similar trends found in experimental data from UUIC and 

Merchant [17] [18].  

 

Figure 58 - Coefficient of Power vs. Advance Ratio of a 10x5 Fixed Pitch Propeller [17] 

It is important to note that though the UUIC plot depicts power coefficient as opposed to torque 

coefficient, the two are proportional by a factor of 2� and will therefore have the same trends 

with respect to advance ratio. 



 

76 

 

Figure 59 - Propeller Coefficients vs. Advance Ratio for a 12x8 Fixed Pitch Propeller [18] 

The experimental results of UUIC and Merchant back up the trends observed in the 20° trials 

from 0.168 to 0.525 advance ratio, but fail to explain the second change in slope that occurs at 

0.525 advance ratio where the downward slope begins to level out which was not observed in 

any similar experiments. Because the change in slope of the torque coefficient does not line up 

with a change in slope of the thrust coefficient, it must be attributed to a factor that would 

affect torque independent of thrust. Because the thrust/torque transducer employs six strain 

gauges to measure each degree of freedom separately, the most plausible explanation would 

be measurement error in the z-axis torque strain gauge either during reference data collection 

at zero motor speed, data collection at motor speed, or a combination of the two. 

With the propeller characterized over a range of pitches and speeds, it was found that 40 

degrees of pitch provided the greatest torque at the lowest speed. At 40 degrees of pitch, the 

greatest propeller efficiency occurs at an advance ratio of 1.525 (Table 13). Though the torque 

coefficient is greater at lower advance ratios, selecting the peak efficiency advance ratio 

ensures minimal loss when converting the plan’s momentum to starting torque. Using the peak 

efficiency advance ratio, the propeller speed and torque was calculated over a range of 

airspeeds using Equation 9 Equation 11. 
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Table 3 – Maximum Torque Developed at 40° Pitch Over a Range of Airspeeds 

v  
(m/s) 

Q  
(N-m) 

RPM 

5 0.011 659 

10 0.043 1318 

15 0.097 1977 

20 0.173 2637 

25 0.270 3296 

30 0.388 3955 

35 0.528 4614 

 

Figure 60 – Torque and Speed vs. Airspeed at 40° Pitch 

Upon investigation of  Figure 60, the propeller is incapable of generating the 0.79 N-m of 

torque required to crank the engine at a reasonable airspeed.  

 Geared Engine Starting 

Though the geared engine starting prototype was successful in starting the engine with the 

motor, some mechanical issues prevented it from operating as fully intended. The first issue 

was the right-hand threading of the engine shaft and its counter-clockwise crank direction. This 

resulted in the nut securing the engine gear backing off after a few cranks. Time would not 

permit making changes to the mounting hardware and re-machining the affected components 

so a compromise was made in that the engine pulley was removed and a second nut was 

tightened on top of the main nut to prevent it from backing off during crank. Without the engine 

pulley, the system will not be a fully functional hybrid in that the engine will be decoupled 
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from the system once the idle gear is retracted. However, it still serves a useful proof of concept 

for geared engine starting. A new timing belt was purchased and ran only between the motor 

and the auxiliary shaft. The second mechanical issue came in the production of the gears. While 

aluminum is attractive to minimize weight penalty, its wear resistance is subpar and after 

extensive testing the motor gear began to fail. Additionally, the shape of the gears didn’t 

promote proper meshing due to machining constraints.  

Given the electrical stress put on the motor and controller while attempting to mesh the gears 

at motor speed, the most reasonable way to move forward would be to either ass a synchronizer 

to the gearset or revisit the tooth geometry to allow the teeth to mesh consistently at zero speed 

and prevent the impulse imposed by meshing at speed. 
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 RECOMMENDATIONS FOR FUTURE WORK  

 Mass Center Considerations 

A large assumption that was made in this research was that the recommended components 

could be physically configured in a way that would conserve the desired static margin of the 

airplane in question. The reality is that each component and its associated mounting structure 

has its own unique mass center and contributes to the composite system differently.  

A step to be taken in the future to promote additional flexibility would be to integrate the mass 

center calculation into the mission optimization software and providing a flexible platform in 

the airplane on which the components can be mounted in such a way as to conserve the desired 

static margin. 

 Full-Scale Autonomous Mission 

To date, most the testing carried out regarding hybrid-electric UAVs has been conducted on 

either a dynamometer or in a wind tunnel. The next step of this research will be to integrate a 

hybrid-electric propulsion system in a plane with fully autonomous mission. A fully 

autonomous mission will provide additional data critical to refining disturbance rejection 

considerations mid-mission. 

An autonomous mission could also promote testing and refinement of thermalling algorithms 

that could be implemented into a segmented charge sustaining charge profile. 

 Disturbance Rejection 

To account for transient effects in addition to providing some disturbance rejection, the current 

mission planning software adds a 10% contingency to the energy stored on the plane to 

complete the mission. This can be improved upon by adding additional resolution to the 

mission planning software to account for energy consumed during transient portions of the 

mission. Disturbance rejection can also be optimized by supplying the mission planning 

software with the actual or expected weather conditions (rain, wind, etc.) during each mission 

segment. 
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 More Repeatable Gear Meshing 

Though there were issues with the prototype developed by this research, the flaws could be 

improved upon by investing in a more robust gear material and a multi-planer involute on gear 

teeth to better promote meshing at speed. With some careful design, the weight penalty 

incurred by a more robust material could be minimized. A different means by which to secure 

the engine gear as to prevent loosening during crank would allow the engine pulley to be 

reincorporated and promote running full-hybrid mission simulations. 

 Custom Motor Shaft for VPP Missions 

However, the solid shaft design made transmitting power from the motor to the variable pitch 

propeller more difficult. While the belt drive system is simple, quiet, and requires much less 

maintenance than a chain or a belt drive, it is still less efficient than a direct drive. A potential 

solution to this issue would be to machine a custom hollow shaft for the motor that could 

facilitate both the variable pitch control rod and the starter gear. The custom shaft would 

promote the deletion of the additional pulley and its accompanying components (bearings, aux. 

shaft, propeller pulley, etc.). 
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 CONCLUSIONS 

Given the constraints of current battery technology, hybrid-electric propulsion is the best 

means of achieving the superior range of petroleum based UAVs with the low acoustic profile 

and emissions offered by electric based systems. Though there are weight penalties associated 

with the addition of the electric components, this research has shown that with careful mission 

planning, the incurred penalties can be minimized and still achieve the desired performance. 

With respect to mid-mission engine starting, reverse thrust engine starting proved to be an 

ineffective means to start an engine. However, the geared engine starting system was 

successful in starting the engine despite some mechanical issues. Further research and 

development in gear tooth shape and synchronization could make geared engine starting a 

robust and reliable means by which to start an engine mid-flight.   
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 APPENDIX 
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 Variable Pitch Propeller Test Procedure 

1. Initial Setup 

The initial setup consists of installing the variable pitch propeller test rig to the thrust/torque 

transducer in the observation chamber of the wind tunnel and characterizing the pulse widths 

associated with the pitches to be tested. Once the test rig is installed and the propeller’s pitch 

positions have been characterized, the necessary pressure differential in the observation 

chamber is calculated to provide the desired airspeeds. 

1. Mount VPP test rig to balance using four M6x1.0 – 18mm button-head socket cap screws 

 

Figure 61 – VPP Test Rig and 6 D.O.F Balance 

2. Mount Balance in observation chamber and tighten the set screw to secure it in place 

Thrust/Torque 
Transducer 

M6x1.0 – 18mm 
BH Socket Cap 

VPP 
Test Rig 
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Figure 62 – VPP Test Rig and Balance 

3. Set angle of attack to zero degrees and verify with a digital protractor 

 

Figure 63 – Digital Protractor Used to Verify Zero Degree Angle of Attack 

4. Route pitch servo, throttle, balance, and power cables out of observation chamber and 
secure to sting with zip ties 

5. Characterize pitch pulse widths 
5.1. Supply 5V to the pitch pulse width generator 
5.2. Adjust the pulse width to achieve 20° pitch 

5.3. Verify 0° pitch with a digital protractor and record pulse width (���) 
5.4. Adjust pulse width to achieve 30° pitch 

5.5. Verify 30° pitch with a digital protractor and record pulse width (���) 

Set 
Screw 
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5.6. Adjust pulse width to achieve 40° pitch 

5.7. Verify 40° pitch with a digital protractor and record pulse width (���) 
6. Measure propeller diameter 
7. Calculate the necessary pressure drop to supply the desired flow velocity. 

� = 47.88�
2�

��
 

Where: 

P = Pressure in 
��

��� 

ρ = Air density in 
��

�� 

� = Air velocity in 
�

�
 

2. Drag Measurements and Throttle Range Characterization 

Because the thrust and torque vales measured when the motor is running are gross values, it is 

necessary to establish a baseline to compare against and achieve the net thrust and torque 

generated by the propeller. Once the initial setup is complete, the drag and drag induced torque 

on the test rig resulting from the advancing flow at zero motor speed can be measured. 

Additionally, the effective throttle range must be characterized to ensure the motor is not 

damaged during testing due to over-loading.  

1. Close and lock observation chamber door 
2. Set propeller to first desired pitch  
3. Supply 5V to the throttle pulse width generator and ensure it is set to minimum width 

(800) 
4. Connect 12V supply through the power analyzer 

 

Figure 64 – Medusa Power Analyzer Pro [16] 

5. Switch wind tunnel control box to “run” ensuring it is set to “low speed” 
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6. Wait for fan to spin up  
7. Increase pressure drop to the first desired airspeed calculated in step 7. 
8. Toggle the “Record Data” switch in the balance VI and record data for fifteen seconds. 
9. Save the recorded data. 
10. Increase throttle until the motor begins to spin and record pulse width value. 
11. Increase throttle until the power analyzer reads the motor’s maximum rated current and 

record the throttle pulse width. 
12. Increase the propeller pitch to the next desired value and repeat steps 10 and 11. 
13. Repeat step 12 for all remaining pitch values. 
14. Set the propeller pitch back to the first desired value and increase the airspeed to the next 

desired value. 
15. Repeat steps 8 – 13 for the remaining airspeed values. 
16. Disconnect power and throttle cable. 
17. Reduce the airspeed to zero and switch the wind tunnel control box to the “off” position. 
18. Connect Castle Link to throttle cable and enter the “Logging” screen. 
19. Download the logged data and clear the data log. 
20. Disconnect Castle Link and reconnect power and throttle pulse width generator. 

3. Propeller Characterization  

The minimum and maximum throttle pulse widths for each pitch and airspeed combination are 

then rounded to the nearest 50ms. Propeller characterization is then carried out per the 

following steps in 50ms increments starting at the minimum spin-up throttle and ending once 

the maximum rated motor current is reached. 

1. Clear all logged controller data. 
2. Set propeller to first desired pitch. 
3. Supply 5V to the throttle pulse width generator and ensure it is set to minimum width 

(800) 
4. Supply 12V to the motor controller. 
5. Switch wind tunnel control box to “run” ensuring it is set to “low speed” 
6. Wait for fan to spin up. 
7. Set the airspeed to the first desired value. 
8. Increase the throttle to the minimum spin up position measured in the initial setup. 
9. Toggle the “Record Data” switch in the balance VI. 
10. Wait 10 seconds, toggle the switch to “Stop Recording Data”, and save recorded data. 
11. Increase throttle to the next position and repeat steps 9 and 10. 
12. Repeat step 11 for the remaining throttle positions. 
13. Disconnect 12V power and throttle cable. 
14. Connect Castle Link to throttle cable and download the logged data. 
15. Clear the data log, reconnect the throttle cable and 12V. 
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16. Increase propeller pitch to the next desired value and repeat steps 8 – 15. 
17. Repeat step 16 for the remaining pitch values. 
18. Set propeller pitch back to the first value and increase the airspeed to the next desired 

value. 
19. Repeat steps 8 – 17 for the remaining airspeed values. 

In the event of an emergency, press the emergency stop button and disconnect 12V supply. 

Once the power has been disconnected and the fan has spun down, the observation chamber 

can be opened to take necessary corrective measures.  

If the temperature in the wind tunnel exceeds 90℉, lower airspeed to zero, switch the control 

box to the “stop” position and wait for the temperature to return to room temperature 
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 OR025-01904 8xh Test Data 

1. Raw Thrust and Torque Data 

  

Figure 65 – 1050 ms, 5 m/s, 20° Thrust Data (Left) and Torque Data (Right) 

  

Figure 66 – 1100 ms, 5 m/s, 20° Thrust Data (Left) and Torque Data (Right) 

  

Figure 67 – 1150 ms, 5 m/s, 20° Thrust Data (Left) and Torque Data (Right) 
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Figure 68 – 1200 ms, 5 m/s, 20° Thrust Data (Left) and Torque Data (Right) 

  

Figure 69 – 1250 ms, 5 m/s, 20° Thrust Data (Left) and Torque Data (Right) 

  

Figure 70 – 1050 ms, 5 m/s, 20° Thrust Data (Left) and Torque Data (Right) 
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Figure 71 – 1100 ms, 5 m/s, 20° Thrust Data (Left) and Torque Data (Right) 

  

Figure 72 – 1150 ms, 5 m/s, 20° Thrust Data (Left) and Torque Data (Right) 

  

Figure 73 – 1200 ms, 5 m/s, 20° Thrust Data (Left) and Torque Data (Right) 
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Figure 74 – 1250 ms, 5 m/s, 20° Thrust Data (Left) and Torque Data (Right) 

  

Figure 75 – 1050 ms, 10 m/s, 40° Thrust Data (Left) and Torque Data (Right) 

  

Figure 76 – 1100 ms, 10 m/s, 40° Thrust Data (Left) and Torque Data (Right) 
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Figure 77 – 1150 ms, 10 m/s, 40° Thrust Data (Left) and Torque Data (Right) 

  

Figure 78 – 1200 ms, 10 m/s, 40° Thrust Data (Left) and Torque Data (Right) 

  

Figure 79 – 1250 ms, 10 m/s, 40° Thrust Data (Left) and Torque Data (Right) 
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Figure 80 – 1050 ms, 10 m/s, 20° Thrust Data (Left) and Torque Data (Right) 

  

Figure 81 – 1100 ms, 10 m/s, 20° Thrust Data (Left) and Torque Data (Right) 

  

Figure 82 – 1150 ms, 10 m/s, 20° Thrust Data (Left) and Torque Data (Right) 
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Figure 83 – 1200 ms, 10 m/s, 20° Thrust Data (Left) and Torque Data (Right) 

  

Figure 84 – 1250 ms, 10 m/s, 20° Thrust Data (Left) and Torque Data (Right) 

  

Figure 85 – 1050 ms, 10 m/s, 30° Thrust Data (Left) and Torque Data (Right) 
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Figure 86 – 1100 ms, 10 m/s, 30° Thrust Data (Left) and Torque Data (Right) 

  

Figure 87 – 1150 ms, 10 m/s, 30° Thrust Data (Left) and Torque Data (Right) 

  

Figure 88 – 1200 ms, 10 m/s, 30° Thrust Data (Left) and Torque Data (Right) 
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Figure 89 – 1250 ms, 10 m/s, 30° Thrust Data (Left) and Torque Data (Right) 

  

Figure 90 – 1050 ms, 10 m/s, 40° Thrust Data (Left) and Torque Data (Right) 

  

Figure 91 – 1100 ms, 10 m/s, 40° Thrust Data (Left) and Torque Data (Right) 
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Figure 92 – 1150 ms, 10 m/s, 40° Thrust Data (Left) and Torque Data (Right) 

  

Figure 93 – 1200 ms, 10 m/s, 40° Thrust Data (Left) and Torque Data (Right) 

  

Figure 94 – 1250 ms, 10 m/s, 40° Thrust Data (Left) and Torque Data (Right) 
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Figure 95 – 1050 ms, 10 m/s, 20° Thrust Data (Left) and Torque Data (Right) 

  

Figure 96 – 1100 ms, 15m/s, 20° Thrust Data (Left) and Torque Data (Right) 

 

  

Figure 97 – 1150 ms, 15m/s, 20° Thrust Data (Left) and Torque Data (Right) 
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Figure 98 – 1200 ms, 15m/s, 20° Thrust Data (Left) and Torque Data (Right) 

  

Figure 99 – 1250 ms, 15m/s, 20° Thrust Data (Left) and Torque Data (Right) 

  

Figure 100 – 1050 ms, 15 m/s, 30° Thrust Data (Left) and Torque Data (Right) 
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Figure 101 – 1100 ms, 15m/s, 30° Thrust Data (Left) and Torque Data (Right) 

  

Figure 102 – 1150 ms, 15m/s, 30° Thrust Data (Left) and Torque Data (Right) 

 

  

Figure 103 – 1200 ms, 15m/s, 30° Thrust Data (Left) and Torque Data (Right) 
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Figure 104 – 1250 ms, 15m/s, 30° Thrust Data (Left) and Torque Data (Right) 

  

Figure 105 – 1050 ms, 15 m/s, 40° Thrust Data (Left) and Torque Data (Right) 

  

Figure 106 – 1100 ms, 15m/s, 40° Thrust Data (Left) and Torque Data (Right) 
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Figure 107 – 1150 ms, 15m/s, 40° Thrust Data (Left) and Torque Data (Right) 

  

Figure 108 – 1200 ms, 15m/s, 40° Thrust Data (Left) and Torque Data (Right) 

 

  

Figure 109 – 1250 ms, 15m/s, 40° Thrust Data (Left) and Torque Data (Right) 
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2. Controller Data 

Based on the test setup detailed in section Variable Pitch Propeller Efficiency, the throttle 

input, power, current, and speed of the motor logged by the motor controller are shown in the 

figures below. Each graph includes the data collected over five trials. 

 

Figure 110 – ESC Data for 8xh (5 m/s – 20 Deg.) 

 

Figure 111 – ESC Data for 8xh (10 m/s – 20 Deg.) 
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Figure 112 – ESC Data for 8xh (15 m/s – 20 Deg.) 

 

Figure 113 – ESC Data for 8xh (5 m/s – 30 Deg.) 

 

Figure 114 – ESC Data for 8xh (10 m/s – 30 Deg.) 
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Figure 115 – ESC Data for 8xh (15 m/s – 30 Deg.) 

 

Figure 116 – ESC Data for 8xh (5 m/s – 40 Deg.) 

 

Figure 117 – ESC Data for 8xh (10 m/s – 40 Deg.) 
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Figure 118 – ESC Data for 8xh (15 m/s – 40 Deg.) 
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3. Processed Thrust and Torque 

Table 4 – 8xh Efficiency 

Trial 
Pitch 
(Deg.) 

Airspeed 
(m/s) 

Throttle 
(ms) 

Fz,net 
(in-lbs.) 

Tz,net 
(in-lbs.) 

Speed 
(RPM) 

1 

20 

5 

1058 -0.0244 0.035 2784 

2 1111 0.0637 0.1076 3581 

3 1157 0.293 0.1964 4512 

4 1212 0.1793 0.3101 5508 

5 1260 0.4784 0.4147 6399 

6 

10 

1057 -0.1831 0.0203 4716 

7 1111 -0.1309 0.0343 5408 

8 1158 -0.0741 0.0831 6032 

9 1212 -0.0028 0.1447 6753 

10 1260 0.0983 0.2286 7713 

11 

15 

1057 -0.5769 0.1125 8711 

12 1111 -0.5768 0.0817 9256 

13 1158 -0.5591 0.0565 9591 

14 1213 -0.5263 0.0277 10048 

15 1260 -0.4976 0.008 10439 

16 

30 

5 

1057 0.0063 0.0382 2482 

17 1111 0.0893 0.4001 3211 

18 1158 0.252 0.2374 4142 

19 1214 0.3544 0.3473 4971 

20 1260 0.4931 -0.0037 5586 

21 

10 

1057 -0.1598 -0.019 3941 

22 1110 -0.1107 0.0396 4489 

23 1158 -0.0412 0.1086 5006 

24 1213 0.0751 0.2176 5772 

25 1260 0.2123 0.3378 6632 

26 

15 

1057 -0.6073 -0.3526 1067 

27 1111 -0.5832 -0.3414 1108 

28 1158 -0.5654 -0.3444 1106 

29 1213 -0.5168 -0.265 763 

30 1260 -0.4945 -0.2394 796 
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Table 4 (continued) – 8xh Efficiency 

31 

40 

10 

1056 -0.097 0.0045 2067 

32 1111 -0.0295 0.1488 2520 

33 1158 0.0279 0.2453 2780 

34 1213 0.0658 0.2687 2828 

35 1260 0.1354 0.3453 3009 

36 

15 

1056 -0.2964 -0.0645 2890 

37 1111 -0.263 0.0195 3141 

38 1158 -0.1814 0.181 3602 

39 1213 -0.1193 0.28 3803 

40 1260 -0.0723 0.3366 3924 

41 

20 

1057 -0.5709 -0.1753 4143 

42 1111 -0.5392 -0.1184 4299 

43 1158 -0.4911 -0.0308 4525 

44 1213 -0.4011 0.1455 4933 

45 1259 -0.3319 0.2709 5214 
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4. Advance Ratio and Propeller Coefficients 

Table 5 – 8xh Propeller Coefficients vs. Advance Ratio 

Trial 
Pitch 
(Deg.) 

Airspeed 
(m/s) 

J CT CQ ηP 

1 

20 

5 

0.435 -0.011 0.002 0.00% 

2 0.338 0.017 0.003 31.08% 

3 0.268 0.050 0.003 62.16% 

4 0.220 0.021 0.004 19.73% 

5 0.189 0.041 0.004 33.89% 

6 

10 

0.514 -0.029 0.000 0.00% 

7 0.448 -0.016 0.000 0.00% 

8 0.402 -0.007 0.001 0.00% 

9 0.359 0.000 0.001 0.00% 

10 0.314 0.006 0.001 20.96% 

11 

15 

0.417 -0.026 0.001 0.00% 

12 0.393 -0.023 0.000 0.00% 

13 0.379 -0.021 0.000 0.00% 

14 0.362 -0.018 0.000 0.00% 

15 0.348 -0.016 0.000 0.00% 

16 

30 

5 

0.488 0.004 0.002 12.49% 

17 0.377 0.030 0.014 13.07% 

18 0.292 0.051 0.005 48.17% 

19 0.244 0.050 0.005 38.59% 

20 0.217 0.055 0.000 0.00% 

21 

10 

0.615 -0.036 0.000 0.00% 

22 0.540 -0.019 0.001 0.00% 

23 0.484 -0.006 0.002 0.00% 

24 0.420 0.008 0.002 22.48% 

25 0.365 0.017 0.003 35.63% 

26 

15 

3.406 -1.854 -0.110 0.00% 

27 3.280 -1.651 -0.099 0.00% 

28 3.285 -1.606 -0.100 0.00% 

29 4.765 -3.087 -0.162 0.00% 

30 4.563 -2.709 -0.135 0.00% 
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Table 5 (continued) – 8xh Propeller Coefficients vs. Advance Ratio 

31 

40 

10 

1.172 -0.079 0.000 0.00% 

32 0.961 -0.016 0.008 0.00% 

33 0.871 0.013 0.011 15.38% 

34 0.857 0.029 0.012 32.56% 

35 0.805 0.052 0.014 49.00% 

36 

15 

1.258 -0.123 -0.003 0.00% 

37 1.157 -0.093 0.001 0.00% 

38 1.009 -0.049 0.005 0.00% 

39 0.956 -0.029 0.007 0.00% 

40 0.926 -0.016 0.008 0.00% 

41 

20 

1.170 -0.116 -0.004 0.00% 

42 1.127 -0.101 -0.002 0.00% 

43 1.071 -0.083 -0.001 0.00% 

44 0.982 -0.057 0.002 0.00% 

45 0.929 -0.042 0.004 0.00% 
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 OR025-01904 10xh Test Data 

1. Raw Thrust and Torque Data 

 

Figure 119 – 1050 ms, 5m/s, 20° Thrust Data (Left) and Torque Data (Right) 

 

Figure 120 – 1100 ms, 5m/s, 20° Thrust Data (Left) and Torque Data (Right) 

 

Figure 121 – 1150 ms, 5m/s, 20° Thrust Data (Left) and Torque Data (Right) 
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Figure 122 – 1200 ms, 5m/s, 20° Thrust Data (Left) and Torque Data (Right) 

 

Figure 123 – 1250 ms, 5m/s, 20° Thrust Data (Left) and Torque Data (Right) 

 

Figure 124 – 1050 ms, 5m/s, 30° Thrust Data (Left) and Torque Data (Right) 
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Figure 125 – 1100 ms, 5m/s, 30° Thrust Data (Left) and Torque Data (Right) 

 

Figure 126 – 1150 ms, 5m/s, 30° Thrust Data (Left) and Torque Data (Right) 

 

Figure 127 – 1200 ms, 5m/s, 30° Thrust Data (Left) and Torque Data (Right) 
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Figure 128 – 1250 ms, 5m/s, 30° Thrust Data (Left) and Torque Data (Right) 

 

Figure 129 – 1050 ms, 5m/s, 40° Thrust Data (Left) and Torque Data (Right) 

 

Figure 130 – 1100 ms, 5m/s, 40° Thrust Data (Left) and Torque Data (Right) 
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Figure 131 – 1150 ms, 5m/s, 40° Thrust Data (Left) and Torque Data (Right) 

 

Figure 132 – 1050 ms, 10m/s, 20° Thrust Data (Left) and Torque Data (Right) 

 

Figure 133 – 1100 ms, 10m/s, 20° Thrust Data (Left) and Torque Data (Right) 
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Figure 134 – 1150 ms, 10m/s, 20° Thrust Data (Left) and Torque Data (Right) 

 

Figure 135 – 1200 ms, 10m/s, 20° Thrust Data (Left) and Torque Data (Right) 

 

Figure 136 – 1250 ms, 10m/s, 20° Thrust Data (Left) and Torque Data (Right) 
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Figure 137 – 1050 ms, 10m/s, 30° Thrust Data (Left) and Torque Data (Right) 

 

Figure 138 – 1100 ms, 10m/s, 30° Thrust Data (Left) and Torque Data (Right) 

 

Figure 139 – 1150 ms, 10m/s, 30° Thrust Data (Left) and Torque Data (Right) 
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Figure 140 – 1200 ms, 10m/s, 30° Thrust Data (Left) and Torque Data (Right) 

 

Figure 141 – 1250 ms, 10m/s, 30° Thrust Data (Left) and Torque Data (Right) 

 

Figure 142 – 1050 ms, 10m/s, 40° Thrust Data (Left) and Torque Data (Right) 
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Figure 143 – 1100 ms, 10m/s, 40° Thrust Data (Left) and Torque Data (Right) 

 

Figure 144 – 1150 ms, 10m/s, 40° Thrust Data (Left) and Torque Data (Right) 

 

Figure 145 – 1200 ms, 10m/s, 40° Thrust Data (Left) and Torque Data (Right) 
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Figure 146 – 1250 ms, 10m/s, 40° Thrust Data (Left) and Torque Data (Right) 

 

Figure 147 – 1050 ms, 15m/s, 20° Thrust Data (Left) and Torque Data (Right) 

 

Figure 148 – 1100 ms, 15m/s, 20° Thrust Data (Left) and Torque Data (Right) 
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Figure 149 – 1150 ms, 15m/s, 20° Thrust Data (Left) and Torque Data (Right) 

 

Figure 150 – 1200 ms, 15m/s, 20° Thrust Data (Left) and Torque Data (Right) 

 

Figure 151 – 1250 ms, 15m/s, 20° Thrust Data (Left) and Torque Data (Right) 

 



 

125 

 

Figure 152 – 1050 ms, 10m/s, 40° Thrust Data (Left) and Torque Data (Right) 

 

Figure 153 – 1100 ms, 10m/s, 40° Thrust Data (Left) and Torque Data (Right) 

 

Figure 154 – 1150 ms, 10m/s, 40° Thrust Data (Left) and Torque Data (Right) 
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Figure 155 – 1200 ms, 10m/s, 40° Thrust Data (Left) and Torque Data (Right) 

 

Figure 156 – 1250 ms, 10m/s, 40° Thrust Data (Left) and Torque Data (Right) 
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2. Controller Data 

The same test setup and DOE from the 8xh were employed for the 10xh propeller and the 

resulting controller data is shown below. 

 

Figure 157 – ESC Data for 10xh (5 m/s – 20 Deg.) 

 

Figure 158 – ESC Data for 10xh (10 m/s – 20 Deg.) 

 

Figure 159 – ESC Data for 10xh (15 m/s – 20 Deg.) 
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Figure 160 – ESC Data for 10xh (5 m/s – 30 Deg.) 

 

Figure 161 – ESC Data for 10xh (10 m/s – 30 Deg.) 

 

Figure 162 – ESC Data for 10xh (15 m/s – 30 Deg.) 
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Figure 163 – ESC Data for 10xh (5 m/s – 40 Deg.) 

 

Figure 164 – ESC Data for 10xh (10 m/s – 40 Deg.) 
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3. Processed Thrust and Torque 

Table 6 – 10xh Net Thrust and Torque Values 

Airspeed 
(m/s) 

Pitch 
(Deg.) 

Trial Fz (lbs.) 
Tz 

(in-lbs.) 

Net 
Thrust 
(lbs.) 

Net 
Torque 
(in-lbs.) 

Speed 
(RPM) 

5 

20 

1 -0.206 -0.0391 -0.0224 0.1144 1175 

2 -0.1698 -0.1481 0.0138 0.2234 1415 

3 -0.1387 -0.1789 0.0449 0.2542 1474 

4 -0.0895 -0.2091 0.0941 0.2844 1532 

5 -0.0095 -0.2951 0.1741 0.3704 1674 

30 

6 -0.2073 -0.0577 -0.0237 0.133 1015 

7 -0.1842 -0.1524 -0.0006 0.2277 1187 

8 -0.1574 -0.1785 0.0262 0.2538 1241 

9 -0.1138 -0.2062 0.0698 0.2815 1284 

10 -0.0443 -0.2783 0.1393 0.3536 1399 

40 

11 -0.2116 -0.0617 -0.028 0.137 801 

12 -0.179 -0.1567 0.0046 0.232 955 

13 -0.1492 -0.1818 0.0344 0.2571 989 

14 N/A N/A N/A N/A N/A 

15 N/A N/A N/A N/A N/A 

10 

20 

16 -0.4266 0.1321 -0.2227 -0.021 2952 

17 -0.3644 0.0519 -0.1605 0.0592 3241 

18 -0.231 -0.1122 -0.0271 0.2233 3769 

19 -0.1297 -0.2086 0.0742 0.3197 4125 

20 -0.0497 -0.268 0.1542 0.3791 4289 

30 

21 -0.2951 0.0684 -0.0912 0.0427 1691 

22 -0.2384 -0.0816 -0.0345 0.1927 1957 

23 -0.2265 -0.0917 -0.0226 0.2028 1981 

24 -0.1874 -0.1271 0.0165 0.2382 2031 

25 -0.1345 -0.1841 0.0694 0.2952 2120 

40 

26 -0.3777 0.0885 -0.1738 0.0226 2570 

27 -0.3578 0.0178 -0.1539 0.0933 2751 

28 -0.3252 -0.0126 -0.1213 0.1237 2938 

29 -0.2913 -0.0261 -0.0874 0.1372 2965 

30 -0.2701 0.0641 -0.0662 0.047 3060 

 

 



 

131 

Table 6 (continued) – 10xh Net Thrust and Torque Values 

15 

20 

31 -0.738 0.1921 -0.5341 -0.081 5880 

32 -0.7195 0.144 -0.5156 -0.0329 6180 

33 -0.6979 0.091 -0.494 0.0201 6434 

34 -0.6686 0.0292 -0.4647 0.0819 6854 

35 -0.6671 -0.0872 -0.4632 0.1983 7419 

30 

36 -0.5715 0.1778 -0.3676 -0.0667 2570 

37 -0.5369 0.0636 -0.333 0.0475 2751 

38 -0.4797 -0.0701 -0.2758 0.1812 2938 

39 -0.4597 -0.0829 -0.2558 0.194 2965 

40 -0.4026 -0.1523 -0.1987 0.2634 3060 
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4. Advance Ratio and Propeller Coefficients 

Table 7 – 10xh Propeller Coefficients vs. Advance Ratio 

Airspeed 
(m/s) 

Pitch 
(Deg.) 

Trial J CT CQ ηP 

5 

20 

1 1.031 -0.056 0.030 0.00% 

2 0.856 0.024 0.040 8.21% 

3 0.822 0.072 0.042 22.53% 

4 0.791 0.139 0.043 40.60% 

5 0.724 0.216 0.047 52.78% 

30 

6 1.193 -0.080 0.046 0.00% 

7 1.021 -0.001 0.058 0.00% 

8 0.976 0.059 0.059 15.64% 

9 0.943 0.147 0.061 36.30% 

10 0.866 0.247 0.064 52.93% 

40 

11 1.512 -0.152 0.076 0.00% 

12 1.268 0.018 0.091 3.90% 

13 1.225 0.122 0.094 25.43% 

14 N/A N/A N/A N/A 

15 N/A N/A N/A N/A 

10 

20 

16 0.821 -0.089 -0.001 0.00% 

17 0.748 -0.053 0.002 0.00% 

18 0.643 -0.007 0.006 0.00% 

19 0.587 0.015 0.007 21.15% 

20 0.565 0.029 0.007 35.66% 

30 

21 1.433 -0.111 0.005 0.00% 

22 1.238 -0.031 0.018 0.00% 

23 1.223 -0.020 0.018 0.00% 

24 1.193 0.014 0.021 12.82% 

25 1.143 0.054 0.023 41.68% 

40 

26 0.943 -0.091 0.001 0.00% 

27 0.881 -0.071 0.004 0.00% 

28 0.825 -0.049 0.005 0.00% 

29 0.817 -0.035 0.006 0.00% 

30 0.792 -0.025 0.002 0.00% 
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Table 7 (continued) – 10xh Propeller Coefficients vs. Advance Ratio 

15 

20 

31 0.618 -0.054 -0.001 0.00% 

32 0.588 -0.047 0.000 0.00% 

33 0.565 -0.041 0.000 0.00% 

34 0.530 -0.034 0.001 0.00% 

35 0.490 -0.029 0.001 0.00% 

30 

36 1.414 -0.193 -0.004 0.00% 

37 1.321 -0.153 0.002 0.00% 

38 1.237 -0.111 0.007 0.00% 

39 1.226 -0.101 0.008 0.00% 

40 1.188 -0.074 0.010 0.00% 
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 Himax 10xh Test Data 

1. Raw Thrust and Torque Data 

  

Figure 165 – 1100 ms, 5 m/s, 20° Thrust Data (Left) and Torque Data (Right) 

  

Figure 166 – 1150 ms, 5 m/s, 20° Thrust Data (Left) and Torque Data (Right) 

  

Figure 167 – 1200 ms, 5 m/s, 20° Thrust Data (Left) and Torque Data (Right) 
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Figure 168 – 1250 ms, 5 m/s, 20° Thrust Data (Left) and Torque Data (Right) 

  

Figure 169 – 1300 ms, 5 m/s, 20° Thrust Data (Left) and Torque Data (Right) 

  

Figure 170 – 1350 ms, 5 m/s, 20° Thrust Data (Left) and Torque Data (Right) 
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Figure 171 – 1400 ms, 5 m/s, 20° Thrust Data (Left) and Torque Data (Right) 

  

Figure 172 – 1450 ms, 5 m/s, 20° Thrust Data (Left) and Torque Data (Right) 

  

Figure 173 – 1500 ms, 5 m/s, 20° Thrust Data (Left) and Torque Data (Right) 
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Figure 174 – 1100 ms, 5 m/s, 30° Thrust Data (Left) and Torque Data (Right) 

  

Figure 175 – 1150 ms, 5 m/s, 30° Thrust Data (Left) and Torque Data (Right) 

  

Figure 176 – 1200 ms, 5 m/s, 30° Thrust Data (Left) and Torque Data (Right) 
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Figure 177 – 1250 ms, 5 m/s, 30° Thrust Data (Left) and Torque Data (Right) 

  

Figure 178 – 1300 ms, 5 m/s, 30° Thrust Data (Left) and Torque Data (Right) 

  

Figure 179 – 1350 ms, 5 m/s, 30° Thrust Data (Left) and Torque Data (Right) 
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Figure 180 – 1100 ms, 5 m/s, 40° Thrust Data (Left) and Torque Data (Right) 

  

Figure 181 – 1150 ms, 5 m/s, 40° Thrust Data (Left) and Torque Data (Right) 

  

Figure 182 – 1200 ms, 5 m/s, 40° Thrust Data (Left) and Torque Data (Right) 
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Figure 183 – 1250 ms, 5 m/s, 40° Thrust Data (Left) and Torque Data (Right) 

  

Figure 184 – 1300 ms, 5 m/s, 40° Thrust Data (Left) and Torque Data (Right) 

  

Figure 185 – 1100 ms, 10 m/s, 20° Thrust Data (Left) and Torque Data (Right) 
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Figure 186 – 1150 ms, 10 m/s, 20° Thrust Data (Left) and Torque Data (Right) 

  

Figure 187 – 1200 ms, 10 m/s, 20° Thrust Data (Left) and Torque Data (Right) 

  

Figure 188 – 1250 ms, 10 m/s, 20° Thrust Data (Left) and Torque Data (Right) 
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Figure 189 – 1300 ms, 10 m/s, 20° Thrust Data (Left) and Torque Data (Right) 

  

Figure 190 – 1350 ms, 10 m/s, 20° Thrust Data (Left) and Torque Data (Right) 

  

Figure 191 – 1400 ms, 10 m/s, 20° Thrust Data (Left) and Torque Data (Right) 
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Figure 192 – 1450 ms, 10 m/s, 20° Thrust Data (Left) and Torque Data (Right) 

 

  

Figure 193 – 1100 ms, 10 m/s, 30° Thrust Data (Left) and Torque Data (Right) 

  

Figure 194 – 1150 ms, 10 m/s, 30° Thrust Data (Left) and Torque Data (Right) 
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Figure 195 – 1200 ms, 10 m/s, 30° Thrust Data (Left) and Torque Data (Right) 

 

  

Figure 196 – 1250 ms, 10 m/s, 30° Thrust Data (Left) and Torque Data (Right) 

  

Figure 197 – 1300 ms, 10 m/s, 30° Thrust Data (Left) and Torque Data (Right) 
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Figure 198 – 1350 ms, 10 m/s, 30° Thrust Data (Left) and Torque Data (Right) 

 

  

Figure 199 – 1100 ms, 10 m/s, 40° Thrust Data (Left) and Torque Data (Right) 

  

Figure 200 – 1150 ms, 10 m/s, 40° Thrust Data (Left) and Torque Data (Right) 
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Figure 201 – 1200 ms, 10 m/s, 40° Thrust Data (Left) and Torque Data (Right) 

 

  

Figure 202 – 1250 ms, 10 m/s, 40° Thrust Data (Left) and Torque Data (Right) 

  

Figure 203 – 1300 ms, 10 m/s, 40° Thrust Data (Left) and Torque Data (Right) 
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Figure 204 – 1100 ms, 10 m/s, 20° Thrust Data (Left) and Torque Data (Right) 

 

  

Figure 205 – 1150 ms, 15m/s, 20° Thrust Data (Left) and Torque Data (Right) 

  

Figure 206 – 1200 ms, 15m/s, 20° Thrust Data (Left) and Torque Data (Right) 
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Figure 207 – 1250 ms, 15m/s, 20° Thrust Data (Left) and Torque Data (Right) 

  

Figure 208 – 1300 ms, 15m/s, 20° Thrust Data (Left) and Torque Data (Right) 

  

Figure 209 – 1350 ms, 15m/s, 20° Thrust Data (Left) and Torque Data (Right) 
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Figure 210 – 1400 ms, 15m/s, 20° Thrust Data (Left) and Torque Data (Right) 

  

Figure 211 – 1100 ms, 15 m/s, 30° Thrust Data (Left) and Torque Data (Right) 

  

Figure 212 – 1150 ms, 15m/s, 30° Thrust Data (Left) and Torque Data (Right) 
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Figure 213 – 1200 ms, 15m/s, 30° Thrust Data (Left) and Torque Data (Right) 

  

Figure 214 – 1250 ms, 15m/s, 30° Thrust Data (Left) and Torque Data (Right) 

  

Figure 215 – 1300 ms, 15m/s, 30° Thrust Data (Left) and Torque Data (Right) 
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Figure 216 – 1350 ms, 15m/s, 30° Thrust Data (Left) and Torque Data (Right) 

  

Figure 217 – 1400 ms, 15m/s, 30° Thrust Data (Left) and Torque Data (Right) 

  

Figure 218 – 1100 ms, 15 m/s, 40° Thrust Data (Left) and Torque Data (Right) 
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Figure 219 – 1150 ms, 15m/s, 40° Thrust Data (Left) and Torque Data (Right) 

  

Figure 220 – 1200 ms, 15m/s, 40° Thrust Data (Left) and Torque Data (Right) 

  

Figure 221 – 1250 ms, 15m/s, 40° Thrust Data (Left) and Torque Data (Right) 
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Figure 222 – 1300 ms, 15m/s, 40° Thrust Data (Left) and Torque Data (Right) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

154 

2. Controller Data 

The motor controller logs throttle pulse width, current, voltage, motor power, speed, and 

percentage of full power the motor is operating. 

 

Figure 223 – ESC Data for 10xh (5 m/s – 20 Deg.) 

 

Figure 224 – ESC Data for 10xh (10 m/s – 20 Deg.) 

 

Figure 225 – ESC Data for 10xh (15 m/s – 20 Deg.) 
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Figure 226 – ESC Data for 10xh (5 m/s – 30 Deg.) 

 

Figure 227 – ESC Data for 10xh (10 m/s – 30 Deg.) 

 

Figure 228 – Additional ESC Data for 10xh (10 m/s – 30 Deg.) 
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Figure 229 – ESC Data for 10xh (15 m/s – 30 Deg.) 

 

Figure 230 – Additional ESC Data for 10xh (15 m/s – 30 Deg.) 

 

Figure 231 – ESC Data for 10xh (5 m/s – 40 Deg.) 
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Figure 232 – Additional ESC Data for 10xh (5 m/s – 40 Deg.) 

 

Figure 233 – ESC Data for 10xh (10 m/s – 40 Deg.) 

 

 

Figure 234 – Additional ESC Data for 10xh (10 m/s – 40 Deg.) 
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Figure 235 – ESC Data for 10xh (15 m/s – 40 Deg.) 

 

Figure 236 – ESC Data for 10xh (15 m/s – 40 Deg.) 
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3. Processed Thrust and Torque 

The measured thrust and torque values were plotted with respect to time and a linear trend line 

was applied to determine the average total thrust and torque developed at each operating point. 

The drag and drag induced torque at each airspeed were subtracted from the total values to 

determine the net positive thrust and torque values produced by the propeller. 

Table 8 – 10xh Thrust and Torque Data at 20° 

Airspeed 

(m/s) 

Drag 

(lbs.) 

Torque 

(in-lbs.) 

Throttle 

Position 

Voltage 

(V) 

Current 

(A) 

Shaft 

Speed 

(RPM) 

Total 

Thrust 

(lbs.) 

Total 

Torque 

(in-lbs.) 

Net 

Thrust 

(lbs.) 

Net 

Torque 

(in-lbs.) 

5 -0.9836 0.4294 

1100 11.37 4.2 2143 -0.7586 -0.0078 0.225 0.4372 

1150 11.30 8.2 2918 -0.5107 -0.4744 0.4729 0.9038 

1200 11.13 13.4 3628 -0.2331 -0.9843 0.7505 1.4137 

1250 10.88 19.3 4230 0.0478 -1.4674 1.0314 1.8968 

1300 10.57 25.2 4789 0.3291 -1.8979 1.3127 2.3273 

1350 10.29 32.1 5277 0.6055 -2.3234 1.5891 2.7528 

1400 9.95 38.6 5675 0.8409 -2.6692 1.8245 3.0986 

1450 9.54 47.0 6000 1.0654 -2.9998 2.049 3.4292 

1500 9.46 44.4 5900 1.0019 -2.8399 1.9855 3.2693 

10 -1.1629 0.5679 

1100 11.36 3.5 2749 -0.925 0.1653 0.2379 0.4026 

1150 11.32 6.3 3296 -0.7249 -0.1362 0.438 0.7041 

1200 11.18 10.5 3925 -0.446 -0.5806 0.7169 1.1485 

1250 11.03 15.8 4578 -0.1158 -1.0637 1.0471 1.6316 

1300 10.71 22.3 5136 0.2207 -1.5925 1.3836 2.1604 

1350 10.42 29.2 5602 0.5146 -2.0678 1.6775 2.6357 

1400 10.07 37.1 5957 0.7579 -2.4695 1.9208 3.0374 

1450 9.68 44.9 6281 0.9627 -2.6892 2.1256 3.2571 

15 -1.3981 0.7427 

1100 11.18 3.0 3711 -1.2167 0.3526 0.1814 0.3901 

1150 11.15 5.0 4206 -1.0813 0.1407 0.3168 0.602 

1200 11.03 7.3 4634 -0.9178 -0.0941 0.4803 0.8368 

1250 10.88 10.3 5092 -0.7072 -0.3825 0.6909 1.1252 

1300 10.72 16.0 5740 -0.3695 -0.8226 1.0286 1.5653 

1350 10.43 23.0 6166 -0.1778 -1.1212 1.2203 1.8639 

1400 10.00 33.3 6247 0.1795 -1.2384 1.5776 1.9811 
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Table 9 - 10xh Thrust and Torque Data at 30° 

Airspeed 

(m/s) 

Drag 

(lbs.) 

Torque 

(in-lbs.) 

Throttle 

Position 

Voltage 

(V) 

Current 

(A) 

Shaft 

Speed 

(RPM) 

Total 

Thrust 

(lbs.) 

Total 

Torque 

(in-lbs.) 

Net 

Thrust 

(lbs.) 

Net 

Torque 

(in-lbs.) 

5 -0.9773 0.4143 

1100 12.36 6.1 2118 -0.6623 -0.469 0.315 0.8833 

1150 12.20 12.4 2836 -0.3806 -1.2154 0.5967 1.6297 

1200 11.97 20.4 3444 -0.0833 -1.9627 0.894 2.377 

1250 11.63 28.5 3905 0.1793 -2.5848 1.1566 2.9991 

1300 11.21 37.0 4262 0.4068 -3.1444 1.3841 3.5587 

1350 10.71 44.4 4571 0.6057 -3.4857 1.583 3.9 

10 -1.1544 0.5466 

1100 11.77 4.3 2214 -0.8974 -0.1445 0.257 0.6911 

1150 11.65 9.7 2899 -0.6356 -0.8239 0.5188 1.3705 

1200 11.49 16.9 3499 -0.3439 -1.5598 0.8105 2.1064 

1250 11.24 25.0 3982 -0.0668 -2.2311 1.0876 2.7777 

1300 10.89 32.9 4400 0.1847 -2.7737 1.3391 3.3203 

1350 10.45 41.7 4760 0.409 -3.2971 1.5634 3.8437 

15 -1.3985 0.664 

1100 11.47 3.7 2711 -1.1427 0.0561 0.2558 0.6079 

1150 11.38 7.0 3112 -0.9589 -0.3679 0.4396 1.0319 

1200 11.25 13.8 3679 -0.6508 -1.1136 0.7477 1.7776 

1250 11.03 11.0 4215 -0.3777 -1.7237 1.0208 2.3877 

1300 10.71 28.5 4687 -0.0956 -2.3297 1.3029 2.9937 

1350 10.40 36.0 5045 0.1429 -2.812 1.5414 3.476 

1400 10.00 44.3 5413 0.3878 -3.3347 1.7863 3.9987 
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Table 10 – 10xh Thrust and Torque Data at 40° 

Airspeed 

(m/s) 

Drag 

(lbs.) 

Torque 

(in-lbs.) 

Throttle 

Position 

Voltage 

(V) 

Current 

(A) 

Shaft 

Speed 

(RPM) 

Total 

Thrust 

(lbs.) 

Total 

Torque 

(in-lbs.) 

Net 

Thrust 

(lbs.) 

Net 

Torque 

(in-lbs.) 

5 -0.9978 0.4332 

1100 11.56 6.9 1817 -0.6852 -0.6817 0.3126 1.1149 

1150 11.33 14.0 2382 -0.4642 -1.5165 0.5336 1.9497 

1200 11.10 22.1 2768 -0.2523 -2.1795 0.7455 2.6127 

1250 10.82 32.4 3139 -0.0833 -2.8587 0.9145 3.2919 

1300 10.48 42.7 3467 0.1463 -3.6401 1.1441 4.0733 

10 -1.1169 0.6308 

1100 11.32 5.7 1862 -0.8582 -0.4903 0.2587 1.1211 

1150 11.18 12.5 2438 -0.6454 -1.3407 0.4715 1.9715 

1200 10.98 21.1 2902 -0.4252 -2.1299 0.6917 2.7607 

1250 10.71 30.7 3248 -0.2276 -2.8392 0.8893 3.47 

1300 10.42 40.6 3570 -0.0351 -3.4786 1.0818 4.1094 

15 -1.3417 0.6296 

1100 11.18 4.4 1977 -1.1078 -0.2304 0.2339 0.86 

1150 11.04 10.7 2556 -0.8788 -1.0928 0.4629 1.7224 

1200 10.88 19.1 3039 -0.6465 -1.9396 0.6952 2.5692 

1250 10.65 28.2 3411 -0.4427 -2.6507 0.899 3.2803 

1300 10.34 38.2 3752 -0.2297 -3.3257 1.112 3.9553 
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4. Advance Ratio and Propeller Coefficients 

The advance ratio for each operating point was calculated using Equation 11. The thrust and 

torque coefficients were then calculated using Equation 8 and Equation 9. With the thrust and 

torque coefficients calculated, the propeller efficiency at each operation point was then 

calculated using Equation 10. The advance ratios were sorted in ascending order along with 

their corresponding coefficient and efficiency values and are provided below for each pitch 

setting.  

Table 11 – Himax 10xh Performance at 20° 

J kT kQ ηP 

0.168 0.0938 0.0134 18.72% 

0.17 0.094 0.0132 19.35% 

0.177 0.0933 0.0135 19.50% 

0.191 0.094 0.0139 20.57% 

0.21 0.0943 0.0142 22.14% 

0.238 0.095 0.0149 24.16% 

0.277 0.094 0.0151 27.51% 

0.32 0.0888 0.0116 39.06% 

0.338 0.0892 0.012 39.91% 

0.345 0.0915 0.0149 33.71% 

0.359 0.0881 0.0118 42.71% 

0.391 0.0864 0.0115 46.88% 

0.439 0.0823 0.0109 52.71% 

0.469 0.0807 0.0133 45.14% 

0.483 0.0666 0.0071 71.88% 

0.489 0.0529 0.0069 59.88% 

0.512 0.0767 0.0105 59.79% 

0.525 0.0514 0.0067 64.56% 

0.592 0.0439 0.0061 68.00% 

0.61 0.0664 0.0091 70.95% 

0.651 0.0369 0.0055 69.85% 

0.717 0.0295 0.0048 70.56% 

0.731 0.0519 0.0075 80.82% 

0.813 0.0217 0.004 70.67% 
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Table 12 – Himax 10xh Performance at 30° 

J kT kQ ηP 

0.422 0.1137 0.0238 32.13% 

0.44 0.1249 0.0262 33.39% 

0.457 0.114 0.024 34.46% 

0.472 0.1256 0.0275 34.31% 

0.505 0.113 0.0246 36.97% 

0.515 0.1249 0.0276 37.12% 

0.557 0.1004 0.0191 46.54% 

0.575 0.1091 0.0241 41.34% 

0.584 0.1242 0.0281 41.06% 

0.598 0.0998 0.0192 49.57% 

0.643 0.0977 0.0191 52.36% 

0.693 0.1017 0.0229 49.09% 

0.709 0.1222 0.0284 48.53% 

0.715 0.0947 0.0188 57.20% 

0.82 0.091 0.0184 64.47% 

0.908 0.0864 0.0198 63.15% 

0.949 0.1157 0.0276 63.29% 

0.969 0.0748 0.0149 77.20% 

1.112 0.0573 0.0116 87.52% 
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Table 13 – Himax 10xh Performance at 40° 

J kT kQ ηP 

0.29 0.1568 0.0475 15.23% 

0.32 0.1529 0.0468 16.64% 

0.363 0.1603 0.0478 19.38% 

0.422 0.1549 0.0482 21.60% 

0.553 0.156 0.0474 29.01% 

0.563 0.1399 0.0452 27.72% 

0.619 0.1389 0.0461 29.67% 

0.693 0.1354 0.046 32.46% 

0.804 0.1301 0.0394 42.25% 

0.825 0.1307 0.0465 36.88% 

0.884 0.1273 0.0395 45.31% 

0.992 0.124 0.039 50.21% 

1.08 0.1229 0.0453 46.58% 

1.18 0.1167 0.037 59.28% 

1.525 0.0986 0.0308 77.57% 
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 Mission Planning and Optimization Code 

1. Mission Power Requirement Calculation 

clc 
  
g = 9.807;   %Gravitational Acceleration (m/s^2) 
rho = 1.225; %Air Density (kg/m^3) 
  
Af = 0.5129; %Frontal Area (m^2) 
b  = 4.62;   %Wing Span (m) 
c  = .321;   %Wing Chord (m) 
Ap = b*c;    %Planar Area (m^2) 
CDo = 0.036; %Drag Coefficient 
CL = 1.25;   %Lift Coefficient 
AR = 14.42;  %Wing Aspect Ratio 
e = .85;     %Wing Efficiency Factor 
  
m_airframe = 2.0; 
m_motor = 0.20; 
m_batt = 2.0; 
m_controller = 0.01; 
% m_trans = 0.25; 
m_engine = 0.15; 
m_fuel = 2.00; 
  
m_total = 13.6;    %Mass (kg) 
% m_total = 
m_airframe+m_motor+m_batt+m_controller+m_trans+m_engine+m_fuel; 
Lsm = 0.0524;%Static Margin (m) 
  
Prop_eff = 0.78; 
  
lat_launch = 35.774251*(pi/180); 
long_launch = -78.673401*(pi/180); 
  
lat_target = 35.605155*(pi/180); 
long_target = -77.364881*(pi/180); 
  
a = sin((lat_target-
lat_launch)/2)^2+cos(lat_launch)*cos(lat_target)*sin((long_target-
long_launch)/2)^2; 
c = 2*atan2(sqrt(a),sqrt(1-a)); 
d = 6371E3*c; 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 
u_climb_desired = 14.4; % m/s 
Phi_climb = 10*(pi/180); %Rad 
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u_climb_min = sqrt((m_total*g*cos(Phi_climb))/(.5*rho*Ap*CL)); % minimum 
velocity required to sustain flight while climbing (m/s) 
  
if u_climb_min > u_climb_desired 
    disp('increase desired climb velocity to greater than:')  
    disp(u_climb_min) 
else 
    T_climb = 
(u_climb_desired^2/2)*(rho*Af*(CDo+(CL^2/(pi*AR*e))))+m_total*g*sin(Phi_cl
imb); % thrust required to climb at the specified parameters (N) 
    P_climb = T_climb*u_climb_desired; 
end 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
u_cruise_desired = 20.5; % m/s 
h_cruise = 150; % m 
u_cruise_min = sqrt((m_total*g)/(.5*rho*Ap*CL)); % minimum velocity 
required to sustain flight while cruising (m/s) 
  
if u_cruise_min > u_cruise_desired 
    disp('increase desired cruise velocity to greater than:')  
    disp(u_cruise_min) 
else 
    P_cruise = 
(u_cruise_desired^3/(2*Prop_eff))*(rho*Af*(CDo+(CL^2/(pi*AR*e)))); % power 
required to cruise at the specified parameters (W)  
end 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
u_loiter_desired = 14.4; % m/s 
R_loiter = 60; % m 
n_loiter = 25; % revolutions about target 
Theta_loiter = atan(u_loiter_desired^2/(g*R_loiter)); %Roll Angle During 
Loiter 
u_loiter_min = sqrt((m_total*g*cos(Theta_loiter))/((.5*rho*Ap*CL))-
(m_total/R_loiter)*sin(Theta_loiter)); % minimum velocity required to 
sustain flight while loitering (m/s) 
  
if u_loiter_min > u_loiter_desired 
    disp('increase desired loiter velocity to greater than:')  
    disp(u_loiter_min) 
else 
    T_loiter = (u_loiter_desired^2/2)*(rho*Af*(CDo+(CL^2/(pi*AR*e)))); % 
thrust required to loiter at the specified parameters (N) 
    P_loiter = T_loiter*u_loiter_desired; 
end 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
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u_descent_desired = u_climb_desired; % m/s 
Phi_descent = -30*(pi/180); % Rad 
u_descent_min = sqrt((m_total*g*cos(Phi_climb))/(.5*rho*Ap*CL)); % minimum 
velocity required to sustain flight while descending (m/s) 
  
if u_descent_min > u_descent_desired 
    disp('increase desired descent velocity to greater than:')  
    disp(u_descent_min) 
else 
    P_descent = 
(u_descent_desired^3/(2*Prop_eff))*(rho*Af*(CDo+(CL^2/(pi*AR*e))))+((u_des
cent_desired*m_total*g)/Prop_eff)*sin(Phi_descent); % power required to 
descend at the specified parameters (W) 
end 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
t_climb = h_cruise/(u_climb_desired*sin(Phi_climb))/3600; %hr 
t_cruise_to = ((d-R_loiter-
(h_cruise/tan(Phi_climb)))/u_cruise_desired)/3600; %hr 
t_loiter = ((n_loiter*2*pi*R_loiter)/u_loiter_desired)/3600; %hr 
t_cruise_from = ((d-R_loiter-
(h_cruise/tan(Phi_descent)))/u_cruise_desired)/3600; %hr 
t_cruise = t_cruise_to+t_cruise_from; 
t_descent = (h_cruise/(u_descent_desired*sin(-Phi_descent)))/3600; %hr 
t_mission = t_climb + t_cruise_to + t_loiter + t_cruise_from + t_descent; 
%hr 
  
  
disp(['Climb power - ', num2str(P_climb), ' Watts']) 
disp(['Climb duration - ', num2str(t_climb), ' hrs.']) 
disp(['Cruise power - ', num2str(P_cruise), ' Watts']) 
disp(['Cruise duration - ', num2str(t_cruise), ' hrs.']) 
disp(['Loiter power - ', num2str(P_loiter), ' Watts']) 
disp(['Loiter duration - ', num2str(t_loiter), ' hrs']) 
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2. Component Selection 

clc 
  
% input power requiments from Power_Required 
P_motor_climb = 159.123; 
P_climb_ic_only = 410; 
P_climb_blended = P_climb_ic_only-P_motor_climb; 
P_cruise = 275; 
P_loiter = 125;  
  
V_nom = 12; %nominal battery voltage (V) 
  
ESC_rating_motor = 55; %Recommended ESC rating for selected motor(A) 
  
%input mission segment time calculations from Power_Required 
t_climb = 0.017; %hr 
t_cruise_to = 1.091; %hr 
t_cruise_from = 1.091; %hr 
t_cruise = t_cruise_to + t_cruise_from;  
t_loiter = 3.0; %%hr 
  
e_motor_climb = .75; 
e_motor_loiter = .8333; 
  
e_prop_climb = .6; 
e_prop_loiter = .85; 
  
total_e_climb = e_motor_climb * e_prop_climb; 
total_e_loiter = e_motor_loiter * e_prop_loiter; 
  
E_climb = (P_motor_climb/(total_e_climb))*t_climb; %energy expended during 
blended climb (W-hr) 
E_loiter = t_loiter*(P_loiter/(total_e_loiter)); %energy expended during 
loiter (W-hr) 
  
P_regen = E_climb/t_cruise_to; 
  
batt_cap1 = 1000*E_loiter/V_nom; %minimum battery capacity required for 
loiter (mAh) 
  
% controller database  
m_controller_ic_climb = xlsread('Controllers and 
Batteries','ESC','F2:F50'); 
ESC_rating = xlsread('Controllers and Batteries','ESC','E2:E50'); 
  
m_controller_blended_climb = xlsread('Controllers and 
Batteries','Regen','F2:F50'); 
ESC_rating_regen = xlsread('Controllers and Batteries','Regen','E2:E50'); 
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% battery database 
num = xlsread('Controllers and Batteries','Batteries','A2:A50'); 
m_batt = xlsread('Controllers and Batteries','Batteries','C2:C50'); 
batt_cap = xlsread('Controllers and Batteries','Batteries','D2:D50'); 
batt_rho_E = xlsread('Controllers and Batteries','Batteries','G2:G50'); 
  
% fuel selection 
sheet = 'Glow'; %Comment out if running gas 
% sheet = 'Gas'; %Comment out if running glow 
  
% engine database 
P_engine = xlsread('Engines',sheet,'C2:C20'); 
m_engine = xlsread('Engines',sheet,'F2:F20'); 
q_fuel = xlsread('Engines',sheet,'H2:H20'); 
  
j=1; 
k=1; 
l = 1; 
m = 1; 
  
batts = zeros(1,max(num)); 
m_batt_total = zeros(1,max(num)); 
  
%select a battery or batteries to satisfy the loiter energy requirements 
for i = 1:1:max(num) 
    batts(i) = batt_cap1/batt_cap(i); 
    m_batt_total(i) = ceil(batts(i))*m_batt(i); 
end 
  
m_batt_total1 = min(m_batt_total); 
  
% select a ESC and regen controller that meet the current rating dictated 
% by the motor prop selection 
while ESC_rating(j)<ESC_rating_motor 
    j=j+1; 
end 
  
while ESC_rating_regen(k)<ESC_rating_motor 
    k=k+1; 
end 
  
% controller weight difference for regen vs. % no regen 
delta_m_controller = abs(m_controller_blended_climb(k)-
m_controller_ic_climb(j)); 
m_controller = 
min(m_controller_ic_climb(j),m_controller_blended_climb(k)); 
  
% select an engine that meets the power requirements of blended climb and 
an 
% engine that meets the power requirements of IC only climb 
while P_engine(l)<P_climb_ic_only/.9 
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    l = l + 1; 
end 
  
while P_engine(m)<P_climb_blended/.9 
    m = m + 1; 
end 
  
% weight difference between engines for IC only and blended climb 
delta_m_engine = m_engine(m)-m_engine(l); 
  
% engine selection by mass and fuel consumption associated with its 
% respective mission 
if(m_engine(l)<m_engine(m)) 
    m_engine1 = m_engine(l); 
    m_fuel = q_fuel(l)*(P_climb_ic_only/P_engine(l))*t_climb*60; 
    m_fuel1 = q_fuel(l)*(P_cruise/P_engine(l))*t_cruise*60; 
else 
    m_engine1 = m_engine(m); 
    m_fuel = q_fuel(m)*(P_climb_blended/P_engine(m))*t_climb*60; 
    m_fuel1 = 
((q_fuel(m)*(P_cruise/P_engine(m))*t_cruise)+(q_fuel(m)*((P_cruise+P_regen
)/P_engine(m)*t_cruise_to)))*60; 
end 
  
% total fuel mass of selected system 
m_fuel_total = m_fuel+m_fuel1; 
  
%recommended charge profile 
if(m_controller_ic_climb(j)+m_engine(l)<m_controller_blended_climb(k)+m_en
gine(m)) 
    disp(['IC climb is the lightest option by ', 
num2str(delta_m_controller+delta_m_engine), ' grams']) 
else 
    disp(['Blended climb is the lightest option by ', 
num2str(delta_m_controller+delta_m_engine), ' grams']) 
end 
  
disp('----------------------------------') 
disp('----------------------------------') 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% display mass summary 
  
disp('Mass breakdown of selected system components:') 
  
disp(['Controller mass - ',num2str(m_controller), ' grams']) 
disp(['Battery mass - ',num2str(m_batt_total1), ' grams']) 
disp(['Engine mass - ',num2str(m_engine1), ' grams']) 
disp(['Fuel mass - ',num2str(m_fuel_total), ' grams']) 
disp('----------------------------------') 
disp('----------------------------------') 
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disp(['Total system mass - 
',num2str(m_controller+m_batt_total1+m_engine1+m_fuel_total), ' grams']) 
 

 

 

 

 


