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ABSTRACT

Hybrid electric aircraft are increasingly a focus of research and development in the
aerospace industry. These aircraft have the potential to be more sustainable than traditional aircraft
and offer other possible benefits. There are many ways to create a powertrain for a hybrid electric
aircraft, and choosing which configuration is the best for a given set of flight requirements can be
challenging. Different propulsion configurations provide various advantages to the aircraft. There
is currently no comprehensive way to compare all the configurations due to the variables in each
aircraft body shape, wing length, maximum takeoff weight, mission requirements, and many other
factors. This work aims to develop a testbed to analyze many different hybrid electric aircraft
propulsion configurations without rearranging components. The eventual goal is to develop a
rapidly reconfigurable testbed to represent different candidate powertrain designs. To start this
design process, Simulink was used to determine the type and size of parts needed for the testbed.
By running simulations of the powertrains, the ideal part parameters were determined. After these
parts were ordered, a testbed structure was created to test the functionality and interaction of the
parts safely. Multiple testbed cage and motor mount designs were created and analyzed using
SolidWorks. Final testbed layouts were selected and created. Using the final testbed motor mounts,
two motors were coupled together as a motor and dynamometer pair and then run at a low speed
to determine the interaction between the motors and develop a method to ensure the motors are
precisely aligned. Once the testbed cage is completed, future students will work to transform the

testbed to become reconfigurable.
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Chapter 1

Introduction

This research thesis, conducted with the Pangborn Advanced Controls Lab, will study how
to create a scaled testbed for hybrid aircraft that eventually can be reconfigurable to emulate many
different propulsion configurations. Propulsion configurations or architectures reflect different
ways to produce power and thrust for the aircraft. For example, most commercial aircraft use gas
turbine engines that combust fuel to produce thrust and power. Testbeds can be constructed with
the critical aircraft components to be studied to research propulsion configurations in a laboratory
environment. Without the aircraft's frame, these components may include power electronics, data
acquisition and communications equipment, thermal components, and propulsion components.
Testbeds can come in many different sizes. An example of a large-scale NASA testbed is shown
in Figure 1, while an example of a small-scale spacecraft testbed is shown in Figure 2 for
comparison.

The testbed in this thesis will consist of key aircraft powertrain components coupled
together to test the equipment’s functionality and control integration, with hardware and software
as close to real aircraft systems as possible but at a smaller scale to facilitate ease of
implementation. Some systems may be simulated where hardware is unavailable or feasible to
implement (e.g., gas turbine engines) via “hardware-in-the-loop” testing. This testbed will address
electric propulsion configurations powered by batteries, as well as hybrid propulsion

configurations that include different combinations of conventional and electrical drive systems.



Figure 1. NASA Electric Aircraft Testbed (NEAT) Layout [1], work of the U.S.
Government; public use permitted
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Figure 2. Spacecraft Control Testbed Layout, reprinted from [2], with permission from

Open Access Creative Commons CC BY License

Motivation

This research aims to improve aircraft technology to make aviation more efficient,
sustainable, and cost-effective. Electric aircraft are rising in interest, but batteries are not yet dense

enough in energy or power to handle long-range missions [3]. Hybrid aircraft may utilize some
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benefits of electrification without relying solely on a battery for energy storage. For military

applications, small hybrid unmanned aerial vehicles (UAVS) can be used for stealth missions,
periodically turning off their engine to run more quietly on battery power [4]. Creating a
reconfigurable testbed allows one to test multiple hybrid configurations, like those shown in Figure
3, for flight profiles and missions. Figure 3 shows examples of six hybrid electric aircraft
propulsion configurations, including how each component, such as the batteries or motors, is
connected in each scenario. These studies can positively impact current and future electrified
aircraft in development. Hybrid electric aircraft powertrains include more complicated integration
with other aircraft components because multiple power sources need to work together and

communicate [5].
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Figure 3. Hybrid Aircraft Propulsion Configurations, reprinted from [6] with permission



Goals and Objectives

This research thesis aims to study how a small-scale hybrid electric aircraft testbed can be
developed. The goal is to create a platform that can be developed to allow one to switch
configurations without substantially moving or rewiring any part of the testbed. First, a dynamic
simulation of the hybrid electric testbed will be created in MATLAB/Simulink. The simulation
will evaluate possible sizes and specifications for each component. The results of the simulation
studies will be used to determine the ideal size and specifications of hardware components to
purchase for the small-scale experimental system. After components are selected, the small-scale
testbed will be assembled. These objectives will be pursued in collaboration with members of Dr.
David Hall’s research group in the Penn State Department of Aerospace Engineering. Once the
testbed is complete, it will compare performance across different control strategies, mission

profiles, and powertrain configurations.



Chapter 2

Literature Review

Many companies and research agencies are developing hybrid aircraft. Due to the
significant push for further electrification in aviation, there are many papers published about the
design, simulation, and testing of electrified aircraft energy systems. This may include one or
multiple of propulsion, power, and thermal management subsystems [7] and avionics software [8].
Building a physical testbed includes testing parts for large aircraft and spacecraft [9]. These
testbeds can analyze the desired vehicle's software, component performance, powertrains, or
energy sources [10]. The existing testbeds and simulations of vehicles documented in this literature

provide the bases on which this thesis seeks to contribute new capabilities.

Optimization Studies of Potential Full-Scale Vehicles

When starting the design of a vehicle, it is important to test multiple design layouts to
determine which best optimizes the desired mission. Brelje and Martins published their design
approaches for electric, hybrid, and turboelectric fixed-wing aircraft [11]. Their design approach
consisted of identifying the possible electrified propulsion configurations and analyzing the
benefits and drawbacks of each configuration. Tran et al. designed a hybrid electric vehicle
powertrain that optimizes performance [12]. To determine the best configuration, the team
simulated multiple powertrains under their desired conditions. It was concluded that a hybrid
powertrain with a combination of series and parallel connections was ideal.

For the research done in this thesis, a similar approach to those described previously was

taken to design the testbed. First, an electric aircraft powertrain was developed in Simulink to test
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different component parameters. Using the Simulink model, we could determine what size

components to order for the physical testbed. The components in the testbed were designed with
modularity in mind for the future. Turboshaft engines in different connections, i.e., parallel vs.
series, can be emulated in the electric powertrain later.

Some full-scale vehicle studies in the literature have also been designed with
reconfigurable components. Gong et al. designed a reconfigurable sensor testbed for autonomous
vehicles [13]. This project aimed to create a design for a vehicle that is safe from control failure,
among other common failures. Another example of testbeds designs with reconfigurable
components in the literature is DRIVE, a communication system reconfigurable testbed designed
in Madrid by Pinart et al. [14]. The reconfigurability of this testbed, simulating many radio and
communication connections, will allow for the integration of many tests one would typically need
multiple testbeds to emulate and determine the best communication system for the application.

Kaisheng et al. designed a single-shaft parallel hybrid electric vehicle powertrain testbed,
focusing on developing hybrid electric vehicle control systems [15]. Regarding flexibility, Batteh
et al. designed a virtual modular hybrid electric aircraft demonstrator system based on a NASA X-
57 aircraft. The design for this architecture was created in Modelica and can simulate three electric
aircraft configurations. This was the first step in a larger project to create a virtual and physical
model [16]. Silva et al. created a Modelica model of a locomotive powertrain, resulting in

component blocks that can be represent powertrains for other vehicles as well [17].



Simulation of Testbeds

After the conceptual base design of the vehicle is determined, simulations are run to
analyze the system. A commonly used platform for simulating testbeds is MATLAB/Simulink,
which will be used in this thesis. A range of organizations have used this method of testbed
modeling, including many universities [18], [19], [17], [20] and NASA[1], [9]. A model of a
system or multiple systems allows the user to identify components requirements, capture key
interactions between components, and evaluate the performance of candidate systems quickly and
inexpensively prior to experimental implementation [21]. The model of a hybrid aircraft testbed
created by Knauff et al. aimed to experiment with different propulsion configurations and
determine the best operating conditions. The testbed was modeled in Simulink and designed from
the SimPowerSystems block set. However, the simulation was not reconfigurable, so each
configuration was made separately, and the results of each were compared [18].

Williams created an aircraft power system model in Simlink. The powertrain was simulated
to test how well a new control algorithm performed as compared to a basic proportional-integral
controller [19]. The control systems were rated on fuel consumption and thermal regulation
performance. At the University of Louisiana State University, Dehesa et al. created a hybrid
electric powertrain model in Simulink that tested control strategies [20].

Roberts took a slightly different approach to determine the best control strategy for an
aircraft [22]This research aimed to model an energy management system in Simulink that could
eventually integrate with many different simulated propulsion and electrical systems for aircraft
optimization. Systems were simulated individually to test the interface with the designed energy
management system, since the simulation was not able to reconfigure between different propulsion

and electrical configurations.
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NASA’s Information and Electronics System Laboratory at the Marshall Space Flight

Center and the NASA Glenn Research Center have simulated testbeds for many different uses,
including electrical power systems of large spacecraft and hybrid electric transport air vehicle
powertrains [1], [9]. The creation of autonomous large power system breadboards by NASA led
to the implementation of a computer-based simulation to evaluate the combination of these power
system breadboards that allow the testing of any power system idea. These boards are currently
planned to inform missions to Mars, the Moon, and the International Space Station [9]. The NASA
Electric Aircraft Testbed (NEAT) emulates a single-aisle transport air vehicle with a hybrid
electric powertrain. Simulation of this testbed was used to produce test data that could be compared
to the results of the physical testbed created earlier. This testing ensured that the simulation ran
correctly when scaled up or down [23]. The main challenge of this physical testbed was that it was
difficult to reconfigure for the electronics to handle increased inputs or higher power.

Limiting the need for multiple testbeds or rearranging testbeds is the driving goal in the
research of this thesis. The key difference between the above sources and the work done in this
thesis is that none of the designs mentioned can simulate reconfigurable powertrains.
Reconfigurable sensors and communication systems help test small parts of the aircraft. A
reconfigurable powertrain testbed will allow the simulation and testing of completely different

aircraft setups.

Implementation of Physical Testbeds

The last step in creating a physical testbed is to instrument and integrate the hardware

components represented in the simulation. Some companies and agencies that have developed full-
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scale testbeds for hybrid electric powertrains include GE, Collins Aerospace, Rolls-Royce, Airbus,

and NASA [24]. The NASA Glenn Research Center in Cleveland, Ohio, developed a plan for
ground testing of a hybrid electric MC-12 aircraft [24]. The motivation for this work is derived
from the different roles that turbines play in electric aircraft powertrains versus fuel-powered
aircraft powertrains. There has been little development in testing how these turbines will act in
electric aircraft in different flight conditions. NASA developed a simulated altitude testing
program that can couple with their full-scale hybrid electric powertrain testbed to test how the
electronics perform in these different conditions.

Crow et al. created Triton: a reconfigurable software testbed for avionics [8]. This software
can be interfaced with physical components to test scenarios with components that cannot easily
be tested in a lab due to size or other limiting constraints, like a large engine. Since all the wiring
connections of components are simulated through the software, the testbed is easily reconfigurable
and does not include the need to unplug components. Some works focuses on reconfigurability by
making the testbeds portable for use in multiple facilities. Srivastava et al. designed a control
system testbed for US Navy ships with the main goals of portability and flexibility [25]. Flexibility
was defined as the testbed being able to test different control configurations. The literature explains
that flexibility will be achieved by simulating different components to that can be adapted to
represent different control structures while keeping the physical components in the same place.

On the ground, Rangesh et al. developed a car-like vehicle testbed to support the
development of autonomous driving [26]. This testbed includes many sensors and cameras that
allow for collecting a large amount of data to be analyzed to improve the decision-making and

planning of autonomous driving systems.



10
Yang, Guo, and Ye developed a hardware-in-the-loop simulation that incorporates physical

components like dual motors and control components with a Simulink model that can be run in
real time [27]. Tests run on the system include looking for weaknesses in avionics that can be
exploited by cyber-attacks. An example of a software reconfigurable testbed comes from
Thanagasundram et al., who created a reconfigurable hardware-in-the-loop simulator [28]. This
simulator is connected to electronic controller units in a ground vehicle. Because of the flexibility
of the software, once the simulator is connected to the controllers, the connections do not need to
be changed. Instead, if rewiring was required, the software changes the signal routing to match the
correct pins and interfaced with sensors and actuators.

The University of Illinois has created several small-scale testbeds to evaluate propulsion
configurations and control algorithms [29], [30], [31]. Creating physical testbeds, even on a small
scale, can help assess design parameters and test candidate control algorithms. Pieper, Perry, and
Ansell created a small-scale Cirrus SR22T and tested the aircraft powertrain in a wind tunnel [29].
The wind tunnel results were then used to develop ground testbeds to evaluate the powertrain
further. The most significant limiting factor found throughout these tests was the limitations of
battery capacities. Aksland and Alleyne used a small-scale testbed to validate control algorithms.

The testbed for these control configurations represented a series hybrid UAV powertrain [31].

Airborne Testbeds

Though most testbeds are stationary on the ground, there are a few examples of flying
testbeds. Often, these testbeds are scaled-down versions of the final product to test the desired

system’s safety, functionality, and integration before being placed in a production vehicle. This
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approach can save money and result in fewer large-scale failures of the developed aircraft. Pfeifle

et al. developed both a manned and unmanned flying testbed to evaluate different control
algorithms for distributed propulsion electric aircraft [32]. The testbeds were similar in
configurations but differed in which components were used for yaw control, alternating between
the propellers mounted on the wing tips and using differential thrust and manual control surfaces.

A larger-scale airborne testbed is NASA’s Subsonic Research Aircraft Testbed (SCRAT)
[33]. SCRAT can execute in-flight experiments that can test many components like sensors,
instrumentation, and new systems. NASA Langley Research center has other testbeds capable of
flying, like the Airborne Subscale Transport Aircraft Research (AirSTAR) testbed [34]. This
testbed focuses on verifying the safety of new control systems. The testbed is small in scale and
can be flown remotely. The control system is on a testbed on the ground, allowing easy access for
changes during experimentation. This testbed aims to create control systems that can restore
control when a system fails in flight. NASA has also developed a turboelectric distributed
propulsion testbed aircraft based on a TG-14A motor glider. This flying testbed can experiment
with different technologies aboard the aircraft [35].

Pieper designed a distributed electric propulsion testbed aircraft that can be implemented
in a Cirrus SR22-T airframe [36]. Pieper created a small-scale radio-controlled model that
consisted of the testbed inside the airframe. A test stand was also developed to experiment with
the wing configurations' safety and determine that the powertrain chosen would be most beneficial
for the desired experimentation. The small-scale model underwent experimentation in flight tests
rather than a wind tunnel to obtain as accurate data on the vehicle performance as possible.

Again, basing the airframe on previously created aircraft, Joels et al. created a 3D-printed

small-scale replica of the Lockheed Martin Body Freedom Flutter called the Active Aeroelastic
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Aircraft Testbed (A3TB) [37]. This model was fitted with an electric engine and propeller and

placed in a wind tunnel to evaluate different propeller performances and propulsion system
configurations, verifying that the selected configuration was ample for flight testing. The A3TB
was tested mostly on the ground but had one maiden flight test.

The UK Empire Test Pilot School’s Bagel Basset Aircraft operates with a reconfigurable
control system [38]. This allows the aircraft's control surfaces to be manipulated in different ways
that result in varying flying quality of the aircraft. Because of this adaptation, different control
algorithms can be analyzed so the aircraft can fly in the optimized mode based on different
missions.

Many of these testbeds, even though they are airborne, follow the same design and
simulation processes as ground testbeds. Each flying testbed first verifies that the propulsion
configuration chosen works through wind tunnel testing or other ground testing. A reconfigurable
powertrain testbed would increase the possible aircraft options and performance capabilities.
Building on the literature above, this thesis describes the simulation and design of a small-scale

hybrid electric aircraft testbed.
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Chapter 3

Dynamic Model of the Propulsion Configuration

Component Block Models

A dynamic simulation model was created in Simulink to aid in designing the testbed.
Electro-mechanical components like motors, inverters, electrical buses, and more were modeled
as blocks that capture the governing equations, following the derivations in [30]. Examples of
blocks in the toolbox are shown in Figure 4. An example of the subsystem inside the motor block
is shown in Figure 5. Within the subsystem, the governing equations of the system are coded as
MATLAB functions. For example, the code to calculate the angular speed output of the motor is

within the “Omega” block in the top right corner of Figure 5.
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Figure 4: Examples of Blocks in Modeling Toolbox



14

Von »vin »{Lin omega_dot » 5 } »<___ [omega]
aa % W
[ [0] —>———p{Lin 4 [(Tioad > »{T_load 4 Tmotorf— g [T_motor]
current omega
Ol ————> T |
[(Tomogal > »{omega [Tomegal »{omega Q_mech »<__[Q_mech]

[[1@Celec] »{Q_slec

(8 > samen raf——f § <)
<3

[T —>—————fa sm

Thermal

Figure 5: Inside the Motor Block from Modeling Toolbox

A block diagram was created to visualize the signals sent between component blocks when
assembled into a powertrain model, as shown in Figure 6. A voltage source, inverter, motor,
generator, and load were needed to simulate a basic electric power train. Each electro-mechanical
component was also connected to a thermal management system consisting of a heat sink and
temperature sink. The block diagram shows the direction in which voltage, current and thermal
signals flow between each block. For example, the motor takes an input of voltage, angular speed,
and torque. The voltage comes from the previous “Y to Delta” converter block, which converts a
block with wye wiring to a block with delta wiring. The different wiring types are shown in Figure
7. The inverter component is a wye wound device, while the motor is a delta wound device. The

motor block calculates an angular acceleration. This value is then integrated and fed back as the
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angular speed input to the motor block. The torque input to the motor comes from the generator

block's torque output, which is fed back to the motor.
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Final Simulink Model

The final model of the electric powertrain configuration has eight different types of blocks.
These blocks include a battery, bus, motor, inverter, generator, PID control, thermal sink, and
constant boundary conditions for parameters such as speed reference. Smaller simulations were
created, tested, and combined to implement these blocks. First, the motor block was tested. This
model is shown in Figure 8 and includes a voltage source, motor, torque sink, and temperature
sinks. Feeding the torque sink is a torque profile for a fixed-wing aircraft, provided by Dalton
Decerio and Prof. David Hall of the Penn State Department of Aerospace Engineering [39] and
shown in Figure 9. The large spike at the beginning of the profile represents the aircraft during
takeoff. The torque profile slowly levels out as the aircraft transitions from takeoff and climb to
cruise at a constant altitude. The decrease in torque after this steady period is the descent and
landing. This torque profile was scaled to be appropriate for the motor sizing used in this
simulation study. The 20kW motor torque data was scaled down by a factor of 1000 and could be
scaled down further. A conversion factor of 1.35 was used to change the output data from ft*Ib to

N*m, as all Simulink blocks in the model assume metric units.

Figure 8: Simulink Model for Motor Testing
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The torque profile and motor model were used to test different motor parameters.

Specifically, changing the parameters and observing how this affected the simulated outputs
helped to guide the choice of specifications for the physical motor to purchase for the experimental
testbed. The design parameters for the motor are the armature resistance, motor constant, static
friction coefficient, viscous friction coefficient, armature inductance, shaft inertia, initial total

current, and initial speed.
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Figure 9: Fixed Wing Aircraft Torque Profile

Next, additional blocks were connected to the motor block to build a complete propulsion
configuration. An inverter and a “Y to Delta” conversion block were added between the motor and

the constant voltage source. A PID controller was also implemented in the model to regulate the
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motor speed to around 1000 RPM. The updated model and motor state subject to the torque profile

are shown in Figure 10 and Figure 11, respectively.
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Figure 10: Simulink Model with Motor and Inverter
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Figure 11: Motor Current and Speed vs. Time

The next step was to create a generator block, which had not previously been included in
the component toolbox. The governing equations of the motor provided a starting point for creating

this new block because the governing physics are the same, except that a motor converts an
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electrical power input into a mechanical power output. In contrast, a generator converts a

mechanical power input into an electrical output. The motor and generator governing equations
are shown in equations 1-3 and 4-5, respectively [30]. The generator model takes the angular speed
output of the motor and the load voltage as inputs and calculates the current derivative, which is
then integrated to calculate the generator’s current state. The current state is multiplied by a torque

constant to calculate the generator torque.

di 1 .

d_; = (Z)(Vin —Rxijp — K, *w) (1)
Tmotor = Ky * lin (2
dw 1 ' 2
dt = (7) [Tmotor — Tipaa —b*w—c (1+e——5“’) - 1] (3)
. 1
L= (Z)(_Vout-l'Kv*w_R*I) (4)
Tgenerator = K, *1 (5)

In these equations, Vin is the voltage input to the motor, R is the resistance of the motor, i;, is the
current into the motor, K, is the torque constant, o is the angular speed state of the motor, J is the
shaft inertia, b and c are static and viscous friction coefficients, respectively, V,,; is the load
voltage, L is the inductance, and I is the integrated current from the generator. T,,0c0r Ti0ad, @Nd
Tgenerator aré the torques from the motor, load, and generator, respectively.

After the generator block was created, its functionality was tested. To do so, a voltage sink
and temperature sink were coupled to the generator, and this assembly was simulated. After it was
confirmed that the generator block functioned as intended, it was connected to the larger

powertrain model shown in Figure 12. The motor shaft was coupled to the mechanical input of the
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generator, and a capacitor and resistor in series were coupled to the generator's electrical output to

act as a load.
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Figure 12: Adding the Generator

The resulting Simulink model was then simulated for 10 seconds, with a constant load and
a PID controller for the inverter set to track a motor speed reference of 1000 RPM from an initial

speed of 0 RPM. Figure 13 shows that the controller can achieve and track this reference.
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Figure 13: Motor Speed vs. Time of Model with Generator and PID Control
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Once the generator and motor were successfully coupled in the Simulink model, an

electrical bus was added to allow two independent power sources to connect to the model of the
propulsion configuration, forming a hybrid powertrain. The two separate power sources are a
battery and a generator driven by an engine. In the Simulink model, a turboprop engine is modeled
as a constant angular source to the generator. Trade studies can then be performed to study the
power split between the engine and battery in supplying a constant load. The battery is modeled

as an equivalent circuit with one cell for simplicity.

Adding the Torque Profile to the Final Model

The bus combines the power supplied by the engine and battery to drive the load. For a
hybrid electric aircraft, the power split between the engine and battery can vary between different
stages of flight. For example, during takeoff, the battery may be discharged at its maximum rate
to reduce the peak power demand of the engine. Then during cruise, the engine may be used to
both provide propulsive power and recharge the battery. The torque profile provided for a fixed-
wing electric aircraft from Figure 9 was again scaled and applied to the motor to evaluate the
hybrid powertrain simulation. The revised model with the torque profile added is shown in Figure

14.
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Figure 14: Series Hybrid Electric Model in Simulink

Figure 15 shows the battery's state of charge during the 130-minute simulation. This figure
follows the expected pattern for a battery used in a hybrid electric aircraft. The battery initially
decreases in charge as it provides supplemental power to the engine for takeoff. At the start of
cruise, around 1300 seconds or 22 minutes, the battery is recharged slightly and then reaches a
constant state-of-charge as the engine supplies all the power for propulsion. After about 7000
seconds or 120 minutes, the battery state-of-charge increases as the propulsive power demanded

decreases during descent and landing, and additional power from the engine is stored in the battery.
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Figure 15: Battery State of Charge vs. Time for Given Torque Profile

With the powertrain simulation complete, results from these simulation studies were used
to inform the desired sizing of physical components to purchase for the experimental testbed.
Specifically, the model was used to determine target parameters for the motor, battery, and possible
loads of the testbed. The parameters of the motor model used in the final Simulink model are
shown in Table 1. These parameters were based on those in [30], shown in Table 2 which served

as a starting point for the simulation and were altered to fit the torque profile.



Table 1. Simulated Motor Parameters

Motor Parameter Value
Resistance (ohm) 0.01346
Motor Constant (Nm/A) 0.00969
Static Friction Coefficient 0.00023
Viscous Friction Coefficient (N*m*s/rad) 1.89435e-05
Inductance (H) 1.25219e-05
Shaft Inertia (kg*m”2) 1.09e-4

Table 2: Motor Parameters Used as Reference

Motor Parameter Value

Motor Constant (Nm/A) 0.1238

Static Friction Coefficient 0.228
Viscous Friction Coefficient (N*m*s/rad) 0.360-03
Inductance (H) 4.87e-05

Shaft Inertia (kg/m”2) 2.73e-3

24
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Chapter 4

Creating a Physical Testbed

To create a physical testbed, parts had to be selected for the desired end functionality of
the system. The goal of the testbed is to eventually emulate many different propulsion
configurations of a hybrid electric aircraft by becoming easily reconfigurable without the need for

moving or disconnecting parts already on the testbed.

Selecting Parts

First, motors were ordered, as two were used and coupled in the testbed. The motors
selected for this testbed were model 6515 from Neu Motors. The specifications and sizing for these
motors are shown in Table 3 and the datasheet can be found in Appendix A. These motors are
rated to a maximum speed of 12000 RPM, which exceeded that expected to be needed for
experimentation with the testbed. The speed capability and the small size of the motors motivated

their selection. The motor is shown in Figure 16.

Table 3: Neu Motor 6515 Parameters

Motor Parameter Value
Resistance (ohm) 0.115
Torque Constant (Nm/A) .018910
Shaft Size (mm) 8
Diameter (mm) 76
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Length (mm) 47
Max Volts (V) 24
Max Amps (A) 211

Max RPM 12000

2/3 24 .‘2'5' E\B\ 2\7\ e

Figure 16: Neu Motor 6515

More components were ordered for the testbed using information from the Simulink model
of a hybrid electric powertrain. A Phoenix Edge HV speed controller from Castle Creations was
ordered to control the motors. A shaft coupling was also ordered. The goal of the shaft coupling
was to prevent misalignment and vibrations. The shaft coupling selected was a MIC-5-0617

Coupling from Magtrol with a rated torque of 6.17 Nm. The calculated torque required for the
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shaft coupling was 3 Nm. A Magtrol TS 106 torque transducer was selected to read the speed and

torque measurements from the motors. The specifications for the parts in the testbed are in

Appendix A.

Design of Mounts

Once the motors were ordered, they needed to be safely mounted to the testbed. Multiple
motor mount designs were considered, and the advantages and disadvantages of each were
analyzed. The goal was to have an easily adjustable motor mount that ensured correct alignment
of the two motors. The first design is shown in Figure 17. The design consists of an aluminum
angle and a piece of aluminum 80/20 slotted extrusion. A single 80/20 beam would be used to
mount two motors together, and another aluminum angle for each motor would be screwed into
the 80/20. This configuration allows for adjustment of the distance between the motors and precise

alignment of their shafts since the aluminum angles will be connected to the same piece of metal.

Figure 17: First Motor Mount Design

The motor can be mounted on the aluminum angle's front or back side. Motors mounted

on the front side result in less force on the bottom aluminum angle screwed into the 80/20 since
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the center of gravity is above where the plate would be secured. However, since the motor is above

the screws, it is harder to adjust the horizontal placement of the mount once the motor is mounted
in this configuration. The motor could also be mounted opposite the way shown in Figure 17,
allowing easier access to the screws attaching the mount to the 80/20.

There are some disadvantages of this design to consider as well. An aluminum angle would
be hard to machine with a CNC or water jet cutter and would likely have to be machined by hand
instead, which may result in lower precision and, therefore, worse alignment of the motors. The
primary disadvantage to this design is that the height of the motor mount is fixed. To raise the
motor's height, one would have to increase the height of this motor mount by placing something
underneath it. In other words, the motor mount does not have an easily adjustable height.

An adjustable height was determined as a critical characteristic of the motor mount because
the entire testbed had not been fixed. The necessary height for the motor was undetermined, so a
flexible motor mount was required. A second motor mount was designed to incorporate this
characteristic. The idea for this motor mount is shown in Figure 18. This design consists of four

pieces of 80/20 aluminum and one flat aluminum sheet.

Figure 18: Second Motor Mount Design
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There are two main advantages to this design which are as follows: the height is easily

adjustable by screwing the aluminum sheet in at different heights, and the flat aluminum plate is
easily machinable with a CNC mill or a waterjet. Since the aluminum plates can be easily
machined, they are more likely to be close to identical in terms of hole placement, resulting in
more accurate alignment. The horizontal distance between motors can also be adjusted in this
design as the two vertical 80/20 pieces can slide along the horizontal 80/20 pieces. A disadvantage
of this mount having adjustable height is that both motors must be adjusted to the same height to
ensure correct vertical alignment.

Considering the advantages and disadvantages of each design and the critical design
characteristics needed for the motor mount, the second motor mount design was chosen to
prototype. Regarding the disadvantage of alignment with adjustable height, identical stoppers

would ensure that each plate is as close to the correct height as possible.

Prototype of Mounts

After the second design was selected, a 3D-printed model was created from an updated
version of the CAD file. This model was made from PLA filament. The 3D-printed motor mount
was attached to two pieces of 80/20, as shown in Figure 19. The updated motor mount has only
four holes in the center to connect to the motor, as this number was determined sufficient to hold
the motor in place. Instead of three holes toward the bottom of the mount for the connecting wires,
one larger hole was formed for quicker assembly and easier cable access. The 80/20 pieces were
held together with right-angle connectors and screws and temporarily mounted to the table with

clamps.
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Figure 19: First Motor Mount Prototype

Assembly of Mounts

After screwing the motor into the prototype mount, it was noticed that the motor was not
flush against the mount. This was because there is a small part on the back center of the motor that
sticks out farther than the rest. To compensate, a large hole was drilled in the center of the mount
so the motor could lay flat. These adjustments are shown in the right photo of Figure 20. The left
image of Figure 20 shows the mount and motor fixed in place after the adjustments described were

completed.
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Figure 20: Adjusted Motor Mount Prototype

The adjusted dimensions and extra hole in the center were added to the CAD model of the
motor mount. This file was then sent to Origin Labs, a maker space at Penn State University, to
have the mounts machined out of quarter-inch aluminum sheets. The aluminum machined motor

mounts from Origin Labs are shown in Figure 21.

Figure 21: Aluminum Motor Mounts
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The final assembly with an aluminum mount is shown in Figure 22. Before the two

motors could be mounted and run together, it had to be proven that one motor could run and be

controlled safely, which will be discussed in Chapter 5.

Figure 22: Motor on Aluminum Motor Mount

Design of Testbed

After the design of the motor mounts was validated, the entire testbed design was
considered. First, the area allocated for the testbed was determined. Due to the space available in
the lab, a two-foot by three-foot testbed cage was designed, considering the layout could be
scaled larger if needed. After the initial size was outlined, the next step was determining how
many motor mounts would fit into the testbed. Due to the size of the testbed and motor mounts,
two or three motor mount pairs can fit in the allotted space in different orientations. The spacing

of motor mounts in different testbed designs is shown in Figure 23.
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Figure 23: Motor Mount Pair Layout Options (Top View)

The advantage of the layout on the left of Figure 23 is that each motor mount pair has a
different axis of rotation. Due to the momentum of the motors when they are spinning, a
catastrophic failure would result in parts being ejected perpendicular to the direction of rotation.
In the case of the layout on the left, the axis of rotation is along the front and back of the testbed
so that parts would be ejected to the right or left. Therefore, one motor mount pair failing would
be less likely to cause damage to other pairs in the testbed. For either layout, a cage will encircle
the entire testbed to protect the rest of the lab and its occupants.

In the layout on the right of Figure 23, the axis of rotation is horizontal, and therefore
parts that become loose would be ejected in the direction of the shorter end of the testbed. Since
this is the smaller side of the testbed, it is easier to reinforce the sides of the cage to ensure that
parts cannot break through, and it is easier to implement a no-stand zone where people working

on the testbed must stand to the sides of the testbed, not to the front or the back. Three motor
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mount pairs will fit in the testbed with the allotted area, and the layout on the right of Figure 23

was selected to continue development.

The testbed needs a cage for the safety of the people working around it. The material
chosen was plexiglass since it can be easily cut to the desired sizes and shapes with a laser cutter
and is available in different thicknesses. The inside of the testbed needed to be easily accessible,
so a falcon wing door design was chosen for the first design. Having falcon wing doors, shown
in Figure 24, allows for easy access to both sides of the testbed and, therefore, access to all the
motor and speed controller connections. The doors would be mounted to an 80/20 beam with flat
hinges. The material needed for this testbed design was calculated and shown in Table 4 and

totals about 52 feet of 80/20.

Figure 24: Testbed Design Isometric View



Table 4: Testbed Material List

Material Number of Pieces
35in 80/20 5
33in 80/20 2
12in 80/20 10
11in 80/20 4

9in 80/20 4
Brackets 30

35
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Chapter 5

Testing the Testbed

The testbed was built in small pieces, ensuring each component worked adequately before
attaching the next. Connecting the testbed in this way was ideal for troubleshooting. One could

troubleshoot each component separately and join them once they ran successfully.

Testing the Motors

The first step was to run the motor unloaded. For the motor to run, it must be connected to
the speed controller. The speed controller regulates the power sent to the motor. Full power
correlates to full throttle of the motor, while zero power correlates to zero throttle. By controlling
the amount of power sent to the motor, one can control the speed at which the motor runs. Three
signals are sent to the electronic speed controller (ESC). These signals are a power input (+5V),
ground, and a pulse width modulation (PWM) signal. These are the same types of signals seen in
a servo motor. Because of these similar connections, the brushless motor can be treated like a servo
and controlled similarly.

The PWM signal is a square wave with a varying duty cycle, describing the percentage of
time that the signal is at its maximum or minimum voltage. For a servo motor, the standard signal
is a 50 Hz PWM signal with a duty cycle between 1-2 milliseconds at maximum voltage. One
millisecond results in minimum speed from the motor and two milliseconds in maximum speed.

Before the motors were run, the output signal was tested to ensure it was the desired 50 Hz PWM.



37
Creating a PWM Signal

To create a 50 Hz PWM signal, an Arduino Mega 2560 was used. The Arduino can create
many different PWM signals. By importing the servo library into the Arduino code, a 50 Hz signal
was generated. The end goal of the Arduino code was to have the Arduino output a PWM signal
whose duty cycle was controlled by a user specifying the desired percentage. This task was broken
into parts. First, the duty cycle percentage was controlled by turning a potentiometer wired to the
Arduino and displayed on an oscilloscope. Then the potentiometer was replaced by text inputs
communicated to the Arduino using the serial monitor. Lastly, the PWM output from the Arduino
was wired to the ESC and used to run the motor.

The potentiometer and servo pin must be identified in the Arduino code to create a PWM
signal from the servo library. The servo pin was defined as pin 9, and the potentiometer pin was
defined as AQ. This definition means that the PWM signal to the ESC came from pin 9, a digital
pin. The input from the potentiometer came from pin AO, which is an analog pin. When a
potentiometer is turned to its minimum value, this is read by the Arduino as an ouput of 0. When
a potentiometer is at its maximum value, this is read by the Arduino as an output of 1023. To
achieve the desired PWM signal output, the command to the servo library function requires an
argument between 1100-1900. Because of the difference in these ranges, the potentiometer values
needed to be mapped to the servo range. This was done with a one-line command in the Arduino
code. The mapped signal is then written to the output pin (pin 9). This relation allows the
potentiometer values to be taken as inputs, converted to appropriate values for the servo library,
and used to set the output PWM. The Arduino circuit shown in Figure 25 was created to run the
code described above, as seen in Appendix B. The goal was to have the oscilloscope (the yellow

box in Figure 25) output a PWM signal that would change as the potentiometer was rotated.
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Figure 25: PWM Signal Testing Circuit

After the circuit and code successfully produced a PWM signal, the next step was
controlling the PWM signal via the Arduino serial monitor instead of a potentiometer. The serial
monitor is a connection between the Arduino and the computer that can send and receive
information between the two interfaces. The serial monitor was programmed through Arduino to
receive a string from the input field. This string was then converted to an integer. Using the
mapping function again, the Arduino converts the integer to a servo value. The possible inputs into
the serial monitor were set as 0-100. These numbers represent the speed percentage of the motor,
with 100 being full speed and 0 being stopped. This conversion allows users to input the percentage
of the maximum motor speed at which they would like the motor to run. The serial monitor is
programmed to output the current speed percentage and the corresponding PWM value. Figure 26
shows the slight difference in the PWM signal that results in the motor's maximum to minimum
speed change. The figure on the left side represents an input of 0%, while the right represents

100%.
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Figure 26: Range of PWM Signals Sent to Motor

Finally, the ESC and motor were connected to the Arduino circuit. Three output wires from
the Arduino are attached to the ESC. The PWM signal comes from pin 9 and is attached to the
orange signal wire on the ESC. The 5V and ground wires are connected to the ESC's red and black
wires, respectively. The ESC has a three-phase output corresponding to power, ground, and input
signals. These are attached to the three wires coming out of the motor using alligator clips for these

experiments until a permanent connection to the motor can be determined.

Running the Speed Controller

The ESC only turns on when the minimum throttle signal is given. This safety feature
ensures the motor does not automatically start at full throttle. When the speed controller is armed
with the minimum signal, it plays a few beeps to let the user know the signal has been received
and it is safe to increase the input. The minimum arming signal for the speed controller is not
necessarily the same as the low value for a servo, which is sent from the Arduino. A servo ranges
from 1100 to 1900, equivalent to 1.1-1.9 milliseconds. The arming signal of the ESC could range

from 1.0 to around 1.3 milliseconds, so the exact minimum value needed to be determined by
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experimentation. For preliminary experimentation with the motor and testbed setup, the chosen

value for the arming signal was 1000, equivalent to one millisecond.

Simulating the Engine

A turboshaft engine model was created in Simulink by a former undergraduate in Dr. Hall’s
propulsion laboratory, James Bennick [40]. Bennick created an engine using multiple subsystem
blocks in Simulink. The final turboshaft block could be integrated into the series hybrid electric
model shown in Figure 14, replacing the angular speed source. The integrated model can be seen

in Figure 27.

Figure 27: Hybrid Propulsion Configuration Model, Turbo shaft block from [40]

An Arduino can be connected to Simulink, run the calculations of the Simulink model, and
send signals to the motor in the testbed. The MATLAB and the Simulink Arduino Support Package
can be used to deploy the Simulink engine model to Arduino code. Using an Arduino to run the

generated code, the Arduino could read the motors' outputs and calculate the response of the
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modeled engine to those outputs. A feedback loop is then created to produce a desired shaft speed

that can be sent back to the motor controller.

Connecting Simulink to Arduino

To couple the physical motors to a simulated engine, it is desirable to control the motors
with Simulink. As discussed, the motors are connected to an ESC, which takes a PWM input.
Initially, the code for the Arduino connected to the ESC was written in the Arduino IDE to create
the PWM signal. By connecting the Arduino to Simulink, the output of the engine model, a speed
command, can become the input for the desired speed. Therefore, the controller's speed can be
regulated by changing engine inputs.

The Simulink Support Package for Arduino Hardware and MATLAB Support Package for
Arduino Hardware were used to interface the Arduino and MATLAB/Simulink. Pin 9 was
designated to be connected to the ESC. Therefore, an Arduino block in Simulink was used with
pin 9 as the output. For this block, the desired frequency is specified as a parameter input in the
range of 0-255 controls the duty cycle, where 0 corresponds to a duty cycle of 0%, and 255
corresponds to a duty cycle of 100%. The speed controller needs an input between one to two
milliseconds. Therefore, this input to the Arduino block must be mapped so that the range one can
specify for the PWM signal falls within the accepted limits. 1-2 milliseconds correspond to a 5-
10% duty cycle, where 5% of 255 is 12.75, and 10% of 255 is 25.5. These limits were rounded to
12 and 26 to span the full range of the 5-10% duty cycle. The user input was selected as a sliding
gain from zero to one representing the desired speed fraction. The input is then converted to a

number between 12-26 to achieve the correct duty cycle range, and this final number is sent to the
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Arduino output pin, which is connected to the speed controller. An example of the Simulink to

Arduino conversion is shown in Figure 28. The constant value input on the left can be replaced by

a speed output from the engine Simulink model, linking the engine and the motor.
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Figure 28: Simulink to Arduino Motor Control Setup

Connecting Simulink to the ESC

Once the Simulink to Arduino connection was tested, the simulation was connected to the
hardware. Two motors were coupled using a Magtrol MIC-5-0617 coupling. The motor mount
hardware was built following the designs discussed in Chapter 4, as shown in Figure 29. First, a
computer with the Simulink model in Figure 28 was connected to an Arduino. Next, pin 9 of the
Arduino was connected to the orange input signal of the ESC. The 5V and ground pins on the
Arduino were connected to the red and black input signals of the ESC, respectively. A battery,
supplying 20 V, was connected to the ESC as well. The three ESC output cables were connected
to the three input cables of one of the motors. Finally, the second motor was connected to an

oscilloscope so the output signal of the coupled motor could be evaluated.
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Figure 29: Assembled Dual Motor Mount with Couplihg Attached

Once all connections were secured, a cage was placed over the motor mount for safety. The
ESC must be armed to control the motor. To do this, the battery connection to the ESC is turned
off and a 50% power signal is sent from the Arduino to the ESC. Next, the battery connection is
restored, and a 0% power signal is sent to the ESC. Once the ESC gives the light and beep sequence
indicating it is armed, the speed command from Simulink can be increased. By increasing the gain
slider in Simulink, the motor speed changes, and the coupled motors run together. The output

signal of the coupled motor can be seen in Figure 30.
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Chapter 6

Conclusion and Future Work

Summary of Work

This thesis discussed the development of a scaled hybrid electric aircraft testbed. A
simulation of a possible powertrain configuration was created and tested to determine the physical
parameters for the testbed. Mounts and cages were designed to assemble the testbed in an
adjustable and safe manner. Finally, hardware and code were configured to allow the motor to run
and be controlled by an Arduino via the serial monitor and Simulink. Implementation between the
ESC, Arduino, and Simulink enables the testbed to be easily integrated with simulated
components, like an engine.

The parts of the testbed designed in this thesis represent multiple parts of a more extensive
testbed. A possible layout for this larger testbed can be seen in Figure 31. Boxed in green are pieces
that have been developed in this thesis. The engine will be simulated using Simulink and connected
to a motor pair representing the engine and generator. Other motor pairs represent the coupling of

drive motors to propellors.
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Figure 31: Designed Testbed Implementation on a Larger Scale

Ideas for Future Work

The rectifier and bus are the remaining electrical elements to be developed in the testbed.
The rectifier recommended for use in the testbed is a three-phase bridge rectifier. With the
dimensions and layout for the mounts and cage complete, the next step for future work would be
to machine and assemble the remaining parts. The thickness of the plexiglass surrounding the
testbed would need to be calculated considering the force at which parts could be ejected if a
component failure occurs. The cage and the pairs of mounted motors can be assembled based on
the dimensions of the engineering drawings in Appendix C.

The next step is to connect the TS106 torque transducer between the two motors. This
torque transducer can measure the torque on the motor coupling and communicate this to a data
acquisition system. The torque transducer will also need to be mounted higher on the testbed since

the minimum height of the motor exceeds the height of the torque transducer’s shaft.
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Once the testbed is designed with multiple motor mount pairs and a secure cage, the next

step would be to run tests to ensure that each motor pair and torque transducer interface correctly.
Once the component performances have been validated, more components can be assembled
following the layout in Figure 31, including a rectifier, bus, and battery.

Overall, this thesis simulated and designed an electric aircraft powertrain testbed that can
be reconfigured to represent hybrid electric powertrains. The testbed was design with
reconfigurability in mind and future students can develop the testbed further to result in
modularity. This work builds on the literature mentioned by creating more options for aircraft
testing in the design phase so that all possibilities for aircraft propulsion configurations can be

analyzed and the best possibilities can be chosen for each individual mission.
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Appendix A

Datasheets for Parts in Testbed

Table 5: Testbed Part List and Datasheets

Component Manufacturer Name
Motor Neu Motors 6516
Link
Torque Transducer Magtrol TS106 torque/speed sensor
Link
Shaft Coupling Magtrol MIC-5-0617
Link
Rectifier Digi-Key Bridge Rectifier Three Phase
Standard 1.6 kV Chassis
Mount PWS-D-Flat
Link
Arduino Arduino Arduino Mega 2560
Link



https://neumotors.com/brushless-motor-manufacturing/neumotors-6500-series-bldc-motors/
https://www.magtrol.com/wp-content/uploads/ts-series.pdf
https://www.magtrol.com/wp-content/uploads/mic-coupling.pdf
https://ixapps.ixys.com/DataSheet/VUO84-16NO7.pdf
https://store.arduino.cc/products/arduino-mega-2560-rev3

Appendix B

Arduino Code

#include <Servo.h>

int potVal = 0;

int nextPotVal = 0;

byte servoPin = 9;

byte potentiometerPin = AQ;
byte readsignal = Al;

int pwmSignal,

String incomingString = "";
int incomingStringint = 0;
Servo servo;

void setup() {
servo.attach(servoPin);
servo.writeMicroseconds(1500);

int PWMSignal = analogRead(Al);
//delay(7000);
Serial.begin(9600);

¥

void loop() {
if (Serial.available())
{
String incomingString = Serial.readStringUntil('\n");
Serial.printIn(incomingString);

int incomingStringInt = incomingString.toint();

int pwmVal = map(incomingStringlint, 0, 100, 1000, 1900);
servo.write(pwmVal);

//Serial.print("Potentiometer Value:");
//Serial.println(potVal);

Serial.print("PWM Value:");

Serial.printin(pwmVal);

delay(500);

¥
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Appendix C

Engineering Drawings of Testbed Layout

Figure 32: Testbed Cage Dimensions
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