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ABSTRACT

The thesis presents the various efforts made to create a scaled, radio-controlled, parallel
hybrid electric vehicle to be used in outreach and education. The thesis is motivated by the
economic and emission benefits of vehicle electrification. The overarching goal of this thesis is
to create an interactive educational toy kit that introduces vehicle electrification and
hybridization to K-12 students. Other students at the Pennsylvania State University have
attempted to create this toy kit and explored: (i) different mechanical assemblies of the vehicle
and (ii) the creation of vehicle motor controllers from basic electronic components. This thesis
explores alternative methods to control the vehicles propulsion and assemble the hybrid electric
vehicle. This is important because, to the best of the author’s knowledge, no fully functioning
hybrid vehicle toy kit has been presented in the literature or introduced to the market to date. The
thesis effort was completed in six different steps, which had varying degrees of success, namely:
(i) identification of a road load model that can be used in online control of the vehicle; (ii) using
sensor control to propel a brushless DC motor; (iii) using sensor-less control to propel a
brushless DC motor; (iv) running and controlling the vehicle’s internal combustion engine via an
Arduino board; (v) assembling and running a parallel hybrid vehicle; and (vi) using radio-control
to drive the vehicle. All efforts provided valuable information for future development of the
educational toy kit. With the lessons outlined in this thesis, a working model can be achieved
with improved mechanical components and tighter tolerances and fits.
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1. Introduction
This thesis presents a collection of efforts made to create a scaled, radio-controlled,
parallel hybrid electric vehicle (HEV) for use in outreach and education. The thesis is motivated
by the economic and environmental benefits of vehicle electrification. The overarching goal of
this thesis is to create an interactive educational toy kit that introduces vehicle electrification and
hybridization to K-12 students. Other students at the Pennsylvania State University have
attempted to create this toy kit and explored: (i) different mechanical assemblies of the vehicle
and (ii) the creation of vehicle motor controllers from basic electronic components. This thesis
explores alternative methods to control the vehicles propulsion and assemble the hybrid electric
vehicle. This is important because, to the best of the author’s knowledge, there is still a need for
a fully functioning hybrid vehicle toy kit that can be assembled and disassembled by K-12
students as part of an educational and outreach program. The thesis effort was completed in six
different steps, which had varying degrees of success, namely:
1. Identification of a road load model that can be used in online control of the vehicle
2. Using sensor control to propel a brushless DC motor
3. Using sensor-less control to propel a brushless DC motor
4. Running and controlling the vehicle’s internal combustion engine via an Arduino
board
5. Assembling a running parallel hybrid vehicle
6. Using radio-control to drive the vehicle.

The above efforts provided valuable information for future development of the
educational toy kit. With the lessons outlined in this thesis, a working model can be achieved
with improved mechanical components and tighter tolerances and fits.
The overall intent of the toy kit is to present students with radio-controlled scaled
vehicles that represent two types of HEVs (series and parallel), a fully electric vehicle, and a
combustion engine vehicle. The vehicles in the toy kits will enable safe assembly and
disassembly by students so that they can learn how all the different components function and
interconnect. These educational toys, presented in conjunction with relevant learning modules
(e.g., video tutorials, etc.) teach students the concepts associated with electrifying vehicles. The
focus in this thesis is on the development of a parallel hybrid electric vehicle toy kit. However,
the thesis is part of a larger effort focusing on the development of a family of different hybrid toy
kit configurations.
There is already a rich literature on (i) the pedagogical principles relevant to the creation
of the hybrid toy car kit, (ii) the use of toy kits in education on sustainability and robotics, (iii)
the creation of toy kits and courses for education on hybrid vehicles, and (iv) the use of scaled
vehicles for scientific research. Sections 1.1-1.4 survey this literature, and highlight the key
relevant contributions.

1.1 Pedagogical Background
One important aspect of this project is to create an effective educational tool for students.
In order to be considered effective, the toy kit must clearly demonstrate how hybrid electric
vehicle operate. Moreover, it must also engage its users, excite them, and challenge them
2

intellectually. Pedagogical research performed by Piaget and Papert provides insight into how to
create such an engaging educational kit. By examining Piaget’s and Papert’s research, one can
infer that traditional education techniques are not always the most effective approach for
engaging and challenging K-12 students. For example, in Mindstorms [1], Papert builds upon the
ideas of Piaget’s Learning Theory [2] and argues that students learn more effectively when they
use interactive tools to learn new concepts via problem solving. The toy kit is designed to enable
such interactive learning via problem solving by giving students an opportunity to assemble and
disassemble their own hybrid vehicles. The importance of Papert’s research is evident from the
success of the LEGO robotics toolkit: a direct implementation of Papert’s pedagogical strategies.
While the HEV toy kit is obviously different from the LEGO robotics kits, it is a goal of the
HEV toy kit to be as affordable and interactive as the LEGO robotics kits. Moreover, while the
HEV toy would potentially have many different physical and educational components, ideally it
should mirror the affordability and availability of the LEGO robotics kit.

1.2 Previous Educational Toy Designs
This section is an overview of various educational toy designs that have been
implemented in the past. There are two types of educational models discussed, those that cover
sustainable energy education, and those that specifically focus on HEV education. This section
surveys these different models and then compares them to the overarching goals of the
educational toy kit created in this thesis.

3

1.2.1

Sustainable Energy Education

The literature presents at least three efforts to use educational toy kits within broader
programs intended to introduce students to the robotics and sustainable energy domains. The first
effort, by Zografakis, created a program in Greece that focused on students that were equivalent
to K-12 students in America [3]. In this project, the students were exposed to various educational
materials on sustainable energy in order to increase interest and awareness. This project utilized
a combination of educational toys that simulate alternative energy generation, interactive games,
and traditional lecture models to increase awareness of renewable energy. Although this project
covered a much wider range of topics than the HEV toy kit, Zografakis still observed that
students respond positively and retain information from participating in hand-on projects.
Surveys conducted prior to and after the introduction of the program showed an increase in
knowledge and interest in the different forms of sustainable energy. This project supports the
notion that educational toy kits are useful teaching tools for K-12 students.
A second significant sustainability outreach program was performed by the Pennsylvania
State University’s Advanced Vehicle team in Centre County, Pennsylvania [4]. This program
was organized similarly to Zografakis’s program in Greece. In this program, the students were
given solar panel car kits and bio-energy ethanol kits to assemble. This project received a very
positive response to the challenge of assembling the educational toy kits. The Penn State
scholars who conducted the outreach program noted that the participating students were very
involved in the activities and appeared to enjoy them. Unfortunately, there was no formal study
conducted to determine the effectiveness of the project. This project suggests that the HEV toy
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kit will to invoke a response from students similar to the ones reported by the PSU Advanced
Vehicle team.
The above efforts both focused on the use of educational toy kits to introduce students to
sustainable energy concepts. Toy kits have also been used to introduce students to the fields of
robotics and control theory. One example comes from efforts by Magnus Egerstedt, a Georgia
Tech professor, to collaborate with the online website Coursera (www.coursera.com) in order to
create a massive online open course (MOOC) about control of mobile robots [5]. In his course,
Egerstedt utilized “hands-on” learning in order to provide real-life examples of course material
to students. To achieve this goal, he designed a course with a typical online college course
format, and then added instructions on optional projects that have students construct and program
robots. The course allows the student to create and program a robot for just over $200 (which is
relatively inexpensive). Many features of his course, such as the free enrollment, wide
distribution, and low-cost of the projects, could be applied to the HEV toy kit. This project also
shows the importance of creating a design that can be easily distributed to many different
schools. Egerstedt highlights the importance of “hands-on” learning in the classroom; it
reinforces important ideas that students may miss in lecture. Overall, Egerstedt’s MOOC
demonstrates that an affordable, interactive educational toy kit is achievable.

1.2.2

Vehicle Electrification Education

As previously mentioned, one of the major challenges associated with producing an
educational toy kit is the high cost in the development and production of scale hybrid vehicles.
This has inspired various researchers to explore alternative methods to educate students about
5

hybridized vehicles. These methods include the “video game” created by Mike Rothenberger,
and HEV kit created by Rojko, Spaner, and Hercog, and online lectures and videos created by
NTER.
In Mike Rothenberger’s “An Interactive Multimedia Framework for Education on
Vehicle Electrification” he created a video game for middle-school students to teach the
engineering and societal aspects of HEVs [6]. Similarly, Rojko, Spaner, and Hercog used virtual
reality to educate college level students about hybrid vehicles in “Sustainable energy education:
Hybrid electric vehicles” [7]. These papers detailed the techniques that were both effective
relatively inexpensive methods to educate students about HEVs. One major issue addressed by
Rothenberger was that the virtual reality appeals more to males than females. Rothenberger tried
to resolve this issue by adding components to the game that would capture the attention of
female students as well. His alterations were motivated by speculations that female students are
more interested in information if they are aware of the societal impacts of the subject. Although
commonly accepted, this notion has little supporting evidence in the literature. This this issue
will most likely need to be addressed in future development of HEV toy kit.
HEV education has also become more prevalent in online courses for college students.
These online lessons can be accessed at no charge through websites such as Argonne National
Lab’s NTER website [8]. These courses are similar to – but not as extensive as – Egerstadt’s
Robotics course. Other programs such as the classes at Kettering University described in “Design
of a hybrid electric vehicle education program based on corporate needs” [9] are also being
instituted. These courses are similar to possible online videos and information that can be
presented to students along with the HEV toy kit. Although these courses are much more in6

depth than the HEV toy kit and target older students, they present similar information to what the
HEV toy kit presentation will convey.
In conclusion, the HEV toy kit would be very effective if it satisfied the following
requirements:
1. The educational materials associated with the toy kit should be published online and
free to everyone.
2. The kit should be as inexpensive and widely distributed to as many students as
possible.
3. The materials associated with the toy kit would present the societal, economic, and
environmental significance of hybrid electric vehicles.
The information associated with the HEV toy kit should be presented both verbally and in
text to appeal to wide variety of students. The material included should be in a format that a
younger child could understand but include enough information to keep the interest of an older
student.

1.3 Previous Work on Hybrid Vehicle Toy Kits
Previous work by two Penn State University students has furnished two hybrid toy car
prototypes, a series hybrid car and a parallel hybrid car. Despite the extensive research and labor
that has gone into these projects, the resulting prototypes are still not fully functional.
Specifically, in the Schreyer Honors Thesis by Johannes, it was noted that improvements must be
made on the motor support, pinion gear, and motor controller function for the series hybrid car
7

[10]. Michaluk’s Honors Thesis, which focused on building a parallel hybrid car, noted that there
still needed to be work done on the microcontroller and drivetrains for the car [11]. This thesis
focuses on addressing some of the most important open challenges not fully addressed by the
above work, such as developing a reliable method for motor control and assembling a baseline
parallel hybrid vehicle. The efforts in this thesis have produced mixed results, but still provide
valuable lessons for future work, as explained in detail in subsequent chapters. The focus of this
thesis is on the parallel hybrid architecture. Additional work is needed to redesign and construct
a series toy car.

1.4 Scaled-Down Vehicles
The literature presents multiple examples of the successful use of scaled-down vehicles
for both research and education in the disciples of powertrain and vehicle dynamics. Three
particularly relevant efforts are the Illinois Roadway Simulator [12], and the scaled down vehicle
created by Verma et al. [13], and the educational HEV created by Fari et al. [14]. These efforts
are discussed below.
The Illinois Roadway Simulator (IRS) is a scaled vehicle testbed that was created in order
to test vehicle road dynamics in a safe and relatively inexpensive manner. Efforts to create this
simulator are discussed in Brennan’s “Modeling and Control Issues Associated with Scale
Vehicles” [12]. This work was later built upon in work by Rajeev Verma. Verma programmed
the DC motor drive of a scaled vehicle in order to have the vehicle perform similarly to standard
sized cars. Although the primary purpose of these projects was research and not education, the
challenge of mimicking the dynamics of a full-size vehicle in a scaled replica are relevant for
8

educational toy kit design. Equally important is the challenge of designing the kit to be used by
students without posing safety hazards to them.
Most relevant to the toy kit for this thesis is a scaled hybrid vehicle created by Fajri et al.
[14]. This scaled HEV is capable of simulating the various configurations of HEVs (series and
parallel) and also a fully electric vehicle. The HEV was created with the intent of being used for
further research on HEV performance, with the additional benefit of being useful for education
and outreach purposes. While Fajri’s work is very similar in scope to this thesis, there is a strong
difference in underlying philosophy: this thesis seeks to develop a hybrid vehicle toy kit that can
be easily assembled and disassembled in different configurations by K-12 students. The
interactive nature of vehicle assembly and disassembly has important educational benefits that
may be difficult to achieve otherwise. Fajri’s setup employs a planetary gear set whose different
shafts can be locked to mimic different hybrid vehicle configurations, eliminating the need for
vehicle disassembly and reassembly. Such an approach, while elegant, is inconsistent with the
pedagogical principles behind this thesis.
In designing a hybrid vehicle toy kit, one must first make a few key decisions: what
hybrid vehicle configuration will be implemented? What types of electric motors will be used?
How will these motors be controlled? Section 1.5-1.6 provide background information pertaining
to these questions and decisions.

1.5 Hybridized Vehicles
An HEV uses power from two different sources in order to drive the vehicle [15]. The
most common type of HEV that can be found is one that uses and internal combustion engine
9

(ICE) in combination with an electric motor. The ICE uses the energy from fuel, such as gasoline
or diesel fuel, while the electric motor uses the energy from an electric battery. Hybridizing a
vehicle can offer the vehicle with improved performance, higher fuel efficiency, and reduced
emissions [15].
The advantages of a hybrid vehicle come from combining the engine and motor. The
combination creates a vehicle that is more fuel efficient but still performs well. Three
configurations – series, parallel, and power-split – are commonly used to combine the power of
the motor and the engine. The two systems that are to be used in the toy kit are explained below.

Figure 1: Configuration of a series HEV drivetrain [16, 17]

A series HEV drivetrain runs similarity to a fully electric vehicle. In this configuration,
the ICE is connected to a generator that charges a battery, which powers the electric motor. With
this arrangement, the vehicle is driven solely by the electric motor. The engine is run at its
optimum point in order to guarantee high fuel efficiency.
10

Figure 2: Configuration of a parallel HEV drivetrain [16, 17]

Parallel HEV drivetrains use a coupling method so that the vehicle is propelled by both
the ICE and electric motor. At lower speeds, an electric motor can produce much higher torque
than an ICE, and so the electric motor is typically used alone. At higher speeds or when more
power is required, the ICE can be used in combination with the electric motor.
Both configurations have advantages and disadvantages, which can be found in Table 1.
It is important to keep in mind that the series hybrid electric vehicles are driven only by the
electric motor, and the parallel hybrid electric vehicle can be driven by the motor alone, or with
the motor and engine together.
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Table 1: Comparison of Series and Parallel Configurations [18]

Series

Advantages

- Engine optimally operated

- Fewer energy losses

- Simple speed control

- More compact system

- Simple transmission

- Less expensive engine and motor

- Can power wheels separately

- Motor and engine can run together

- Greater energy losses

Disadvantages

Parallel

- Requires generator
- Larger electric motor
- Heavier and requires more space

- Requires complex drivetrain
- Engine used outside optimal range
- Complicated to control

1.6 DC Motors
DC motors typically use a combination of permanent magnets and wire coils to translate
electrical energy into mechanical energy. As seen in Figure 3, the rotation of the motor is caused
by repelling magnetic forces. In this particular example, the rotor is composed of a coil that
alternates its magnetic field so that it is always repelling the surrounding permanent magnet. DC
motors can use various combinations of coils and permanent magnets to achieve rotation.
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Figure 3: Basic DC Motor Configuration [19]

There are two types of DC motors: brushed and brushless. One of the biggest variations
between brushed and brushless motors is how the position of the rotor is tracked. As mentioned
above, the position of the rotor must be known in order to control the motor. A brushed DC
motor uses carbon brushes to make electrical contact that controls the current in the motor. A
brushless DC motor uses sensors to determine the position of the rotor.
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Figure 4: Brushless DC Motor Stator [20]

A common type of brushless DC motor is a three-phase brushless DC motor. This
configuration, shown in Figure 4, contains 6 paired coils that drive the rotor. As the permanent
magnet rotates, one pair of coils repels the rotor, another pair attracts the rotor, and the third pair
is not powered. Figure 5 illustrates the clockwise rotation of a rotor.

Figure 5: Brushless DC Motor Rotation [20]

Figure 5: Brushless DC Motor Rotation illustrates the poles of the coils corresponding
with the clockwise rotation of a permanent magnet. The leading coil is always polarized opposite
of the end of the magnet while the most recently passed coil is polarized to be the same as the
end of the magnet. A common way to determine the position of the motor is the use of Hall
14

Effect sensors. Hall Effect sensors detect the presence of an electric field. Motor controllers use
the signal from the Hall Effect sensors to determine how the coils should be powered.

1.7 Project Overview
In order to satisfy the goals of the toy kit, 6 main goals were determined for this project.
These goals and the tasks associated with them can be found in Figure 6: Overview of Project
Goals. The remainder of this thesis is structured to present efforts pertaining to these tasks, as
well as the results of these efforts. The tasks that were completed are written in green and
incomplete tasks are written in red. More information on the challenges associated with
incomplete tasks can be found in the Results and Future work section of this thesis.
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Using Sensor
Control to Propel a
Brushless DC Motor

Using Sensor-less
Control to Propel a
Brushles DC Motor

Design and implement
experiment to
determine vehicle
dynamics

Properlly connect
motor leads, Hall Effect
sensors, and Arduino
board to motor driver

Research ESC and
motor brands that can
be compatible with
Arduino PWM signal

Create error function
that compares model
to experimental data

Supply adequate
constant power to the
motor driver

Calibrate ESC to run
with Arduino Board

Use optimization
method to determine
coefficients

Tune motor driver to
run motors using PWM
input from Arduino
Board

Operate motor using
arduino board

Identification of a
Road Load Model

Use Radio-Control to
drive the vehicle

Run and Control
Internal Combustion
Engine with Arduino's
PWM signal

Find wireless
communication
system compatible
with Arduino

Perform routine
maintenence and
replace worn-out
parts

Establish
communication
between computer
and arduino board

Use starting motor
and constant
voltage to run
engine

Control vehicle by
sending wireless
signal to vehicle

Control engine
speed with Arduino
PWM signal and
servo motor

Assemble a Running
Parallel Hybrid Vehicle

Mount electric
motor and engine to
vehicle

Propel vehicle with
electric motor

Propel vehicle with
internal combustion
engine
Run vehicle with
engine and motor
simotaneously

Figure 6: Overview of Project Goals
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2. Vehicle Chassis Parameter Estimation
This section of the thesis overviews the process of identifying parameters of a road load
model of an electric vehicle from experimental data. The resulting model makes it possible to
design and validate different control algorithms in simulation. The information gathered from
this exercise is also useful for the creation of a learning module.

2.1 Theory and Model
The experiment used a vehicle of known mass (m) rolling down a ramp with a known
angle of incline (θ). The motion of the vehicle in the “x” direction was tracked using a wheel
encoder set.

Figure 7: Direction of motion of the vehicle rolling down the ramp

In the initial model, it was speculated that the car would be subjected to gravitational
force (mg), viscous friction (Cx), and air drag (½ρCdAf x2). The image below shows all of the
forces and in which direction they acted upon the vehicle.
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Figure 8: Forces acting upon vehicle when in motion

In this experiment, only velocity in the “x” direction could be tracked, and therefore only
“x”-component of the gravitational force affected the motion. The final free body diagram used
to calculate the equations of motion is shown in Figure 9.

Figure 9: Final free-body diagram of vehicle

Appendix C details the derivation used to find the governing equations that are used for
the model. The final results of the derivation are the derivative position (x1) and derivative
velocity (x2) equations shown below:
𝒙𝟏̇ = 𝒙𝟐
𝒙𝟐̇ =

𝟏
𝒎

[1]
𝟏

[𝒎𝒈𝒔𝒊𝒏(𝜽) − 𝑪𝒙𝟐 − 𝝆𝑪𝒅 𝑨𝒇 𝒙𝟐 𝟐 ]
𝟐

[2]
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The constants for viscous friction (C), and air drag (Cd), and the frontal area (Af) are all
unknown. In this particular situation, knowing the value of the frontal area is not necessary since
it is constant. Therefore, air drag and frontal area values can be grouped as one variable so that
analysis of the system is simpler. With two unknowns, measurements must be taken at two
different angles in order to solve for both coefficients.

Figure 10: Simulink Model

Figure 10 shows the model created to simulate the motion of the vehicle. With
accurate values, this model can reproduce the motion of the rolling vehicle and predict the
motion of the vehicle in different situations. To find the parameters of this model, experimental
data needs to be collected.

2.2 Experimental Procedure
In order to find the parameters for the model, the experiment requires a vehicle with a
known mass, a ramp with a known inclination, and a means to sufficiently track position and
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time. The ramp was made from particle board of a known length, and then one end was
positioned at a measured height. The vehicle was constructed out of the following:
-

Balsa Wood

-

2 Novak Vulcan Motors

-

2 Large Wheels

-

2 Encoders with Wheels

-

Arduino Board

The vehicle used two motors and two wheel/encoder sets in order to guarantee symmetry
on the vehicle and consistent motion. The wheel encoder sets were a product of Sparkfun. This
particular encoder set used optical readings to track the movement of the wheels. This set was
convenient because the wheel, encoder, and mounting easily fit together.

Figure 11: Vehicle used to test motors

During testing, the ramp was positioned at an angle of 25.4 degrees and an angle of 40.0
degrees. For each angle, the car was allowed to roll down the ramp nine times, a total of 18 runs.
The position/time information from the encoders was recorded onto the computer using the
Arduino board and stored in MATLAB.
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2.3 Data Analysis
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Figure 12: Measurements from experiment (distance vs. time)

Figure 12 is the graphs of the original data collected during experimentation. There was
one outlier, shown in purple that was eliminated from the group.
To find the constants in the equation of motion, the data generated from the Simulink
model was compared to experimental data. In order to determine how similar the model was to
the experiment, the MATLAB function “Error Estimation” uses the following steps:
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Figure 13: Block Diagram of MATLAB Code

The total error generated by the function is the error between the theoretical model and
experimental data. The most accurate model of the experiment will have smallest magnitude of
error.
The error function is optimized using a minimizing function1 that would return the
parameters of the governing equations. This code, illustrated in Figure 14, is presented with an
initial guess of the solution, and uses that information as a starting point to find the smallest
possible output for the error estimation function.

1

MATLAB’s fminsearch() was used to find the minimum error
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Input:
initial guesses for
parameters of the
model and Error
Estimation function

fminsearch:
uses the input to find
values that return the
smallest error

Output:
the values of
parameters that most
closely model the
experimental data

Figure 14: Optimization Process

To ensure that the fminsearch function was correctly locating the minimum of the
function, a wide range of initial guesses were used as inputs. The function did not return
consistent results for minimum error. To determine the cause of the inconsistencies, Figure 15
was generated to shows error as a function of the viscous friction constant (linear) and air drag
constant (quadratic).
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Error Matrix for Quadratic and Linear Coefficients
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Figure 15: Three-Dimensional Plot of Errors

Quadratic
This plot clearly illustrates that the model has a structural identifiability problem. Since
there is no distinct minimum, there are multiple combinations of parameters that produce
minimum error. The model needed to be reevaluated so a unique solution could be found.

2.4 Troubleshooting
One factor that was not considered in the initial model was the possibility of a constant
friction force on the car. To determine if this consideration had any merit, two more surface plots
were generated. The Simulink model used to generate the plots can be found in Appendix A.
.
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Error Matrix for Quadratic and Constant Coefficients
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Figure 16: Error plot for constant friction and air drag

Figure 16 shows the error for combinations of constant friction (constant) and air drag
(quadratic). Similar to Figure 15, this data set does not have a unique minimum. Without a
unique minimum solution, this model is not valuable for parameter identification. Another
possible solution to the model is to consider constant friction and viscous friction.
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Error Matrix for Linear and Constant Coefficients
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Figure 17: Error plot for constant friction and viscous friction

Unlike the other plots, Figure 17 appears parabolic for both the x-axis and y-axis. This
plot suggests that a unique set of parameters will generate a unique minimum error. In order to
determine if this is true, the minimizing function was tested for a wide range of initial conditions.
As predicted, the function consistently returned the same values.
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Position vs. Time at Incline Angle of 25.4 Degrees
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Position vs. Time at Incline Angle of 40.0 Degrees
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Figures 18& 189: Comparison of Experimental Data and Model Prediction
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In Figures 18 & 19, the experimental data is represented by the dashed blue lines and the
model prediction is represented by the solid black line. Air drag was most likely not an important
factor in the model because it was moving at low speeds. Further research could include running
the vehicle at higher speeds and seeing how the model of the vehicle would change.

3. Motor and Engine Control
This thesis had 5 main tasks that required completion in order to have a functioning
parallel hybrid vehicle:
1. Sensor-based motor control
2. Sensor-less based motor control
3. Engine Control
4. Wireless Communications
5. Parallel Drivetrain Assembly
The following sections explain each task, overview what was done to accomplish the task, and
report the degree of success of the work.

3.1 Motor Control
The two approaches to motor control involved sensor-based motor control and sensorless based motor control. The following explains how each of these methods tracks the position
of the rotor and explains how the theory was tested in real life.
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3.1.1

Hall-Effect Sensing

The sensor-based motor control method uses the signal from three Hall Effect sensors to
determine position. The AMC Brushless PWM Servo Amplifier was chosen because it was
already a part of the lab’s inventory and therefore easily and quickly acquired. The AMC
Brushless PWM Servo Amplifier The motor driver features a “speed control” setting that allows
the speed of the motor to be dictated using a PWM signal. The speed is directly proportional to
the PWM signal. The motor driver automatically incorporates the information from the Hall
Effect sensors so that the user does not have to create any complex algorithms. A complete list of
the components of the vehicle can be found in Table 2 located on page 32.

Figure 19: Test Car with Motor Driver and Batteries
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The motor driver and power source (2 7.4 V LiPo Batteries) were integrated into the test
vehicle from Section 2 to create the vehicle shown in Figure 19. When fully assembled, this setup had several issues.
-

The weight of the vehicle caused bending in the balsa wood.

-

The motor drivers were over 15 years old and were difficult to tune.

-

The batteries could not power the motor driver for an extended amount of time.

-

This set up would take up a lot of space when transferred onto the RC Chassis.

One solution to correct some of these issues was to replace the cumbersome battery packs
with smaller, more lightweight LiPo cells. A battery pack of 7 cells (23.2 V) was assembled to
power the motor drivers. This battery pack weighed less, provided more power, and took up less
space. However, when connected to the car, some of the electrical components of the motor
driver burnt out. This was most likely due to age and degree of wear and tear of the motor
drivers.
Although motor control was not achieved, this trial revealed much insight on how to
control a hybrid electric vehicle. It illustrated the limitations of controlling a brushless DC motor
with Hall Effect sensors. The presence of the three sensors increases the potential for problems
when controlling the motor. If a sensor fails, is not correctly connected, or is not correctly
powered, the motor will not run as intended. In addition, the motor controller was very large and
appeared to use outdated technology. The electric motor system for the HEV toy needed to be
redesigned.
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3.1.2

Back EMF Sensing

Another method to control a brushless DC motor is using “back EMF” sensing. Back
EMF, which is short for back electromotive-force, refers to the voltage produced by a motor that
resists the current driving it. In a brushless DC motor, the position of the rotor affects the back
EMF of each coil. There are various ways to track the back EMF of the three coils, but all
methods are equally effective in driving a brushless DC Motor.
Using this type of sensing reduces the number of required connections between the motor
and the motor driver from 8 to 3. This resulted in less challenges with motor control.
There are many brushless motors that come coupled with a pre-programmed electronic
speed-control (ESC). The ESC’s that are sold with the motors are programmed to read the back
EMF and drive the motor. Some models, such as the Castle Creation’s Sidewinder ESC and
Motor combination can be controlled using an Arduino board’s Servo Library.

Figure 20: Test vehicle with new battery pack, motor, and ESC
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The second test vehicle, shown in Figure 20, had many upgraded parts. The motor and
ESC combination proved to be much more reliable and consistent; it could easily be configured
and controlled with the Arduino Servo library. The LiPo cells weighed much less than the battery
packs used in the first vehicle configuration and could provide more power to the motor. In
addition, the ESC was much more efficient than the AMC motor driver and did not require
nearly as much power to run its motor.

Table 2: Comparison of Electric Vehicles

Component

Version 1

Version 2

Motor

Novak Vulcan

5700kV Brushless Motor

Motor Driver

AMC PWM Servo Amplifier

Sidewinder SV3 12V ESC

Power Supply

2 x 7.4 V Battery Packs

3 x 3.2 V LiPo Cells

Body

Balsa Wood

Balsa Wood

Control

Arduino Uno

Arduino Uno

Communication

USB cord

XBee Wireless Sheild

Speed Monitoring

Sparkfun Encoder

Sparkfun Encoder

Table 2 shows the different devices used in each vehicle model. The second version of
the vehicle had improved motor control, more powerful battery cells, and could wirelessly
communication with a computer. The second version of the vehicle was used to test the motor
until it could be transferred onto the hybrid vehicle. This method proved very successful in motor
control. With the programs from Appendix D, the speed of the motor could be dictated by the
user.
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3.2 Engine Control

Figure 21: Parallel RC Hybrid Electric Vehicle without Battery Pack

Achieving control of the internal combustion engine was far less complicated than the
motor control. The steps to control the engine were:
1. Perform routine maintenance
2. Start the engine with the built-in starting motor
3. Use servo motor to vary speed of the engine
The engine uses a “glow plug” during the combustion process. This glow plug uses electrical
resistance to create heat to ignite the fuel. This component can become easily worn out but can
be replaced very easily with the proper wrench. The engine was able to run with a 5 V signal
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attached to the glow plug and one 3.2 V LiPo cell attached to the starting motor. Michaluk’s
Honors Thesis, explains that the speed of the motor is controlled by altering the airflow into the
motor. Although this task was not completed, all the necessary components have been assembled
in the car.

3.3 Wireless Communication

Figure 22: XBee Wireless Sheild Set

The XBee wireless shield from Sparkfun (Figure 22) was determined to be the ideal
option for wireless control. These wireless controllers can be connected to computers using a
USB port or they can set up communication between to Arduino Boards. This option seemed
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ideal so that the shields can be used with a computer, but later converted into a handheld
controller.
The computer can wireless send commands using the program “XCTU”. XCTU is a free
software developed by Digi. This program takes regular text input, converts it to hexadecimal,
and then sends the command to the Arduino board. In this case, the Arduino program then uses
these commands to drive the vehicle forward or backward.

3.4 Parallel Drivetrain Assembly
In this section the motor and engine configurations are explained, and then there is a brief
overview of the parallel vehicle assembly. Each diagram shows the physical and electrical
connections used in the vehicles. A description of each symbol can be found in Table 3, along
with which vehicle(s) the item is used in.
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Table 3: Symbols, Names, and Definitions

Name

Description

Vehicle

Drive Train

Gears connecting motor/engine to wheels

Electric and ICE

Wheels

Four wheels of the RC Car

Electric and ICE

ESC

Device used to drive 3-phase brushless motor

Electric

Motor

3-phase brushless DC motor

Electric

Engine

1/10th scale internal combustion engine

ICE

Starting Motor

Brushed DC motor that starts engine

ICE

Servo Motor

Motor used to adjust engine speed

ICE

Fuel Tank

Tank containing RC fuel for motor

ICE

9V

9V alkaline battery for Arduino board

Electric and ICE

LiPo Cell

Single LiPo cell for starting engine

ICE

Lipo Pack

3 LiPo cells in series to power ESC and motor

Electric

Aduino

Microcontroller used to control vehicle

Electric and ICE

XBee Shield/Transmitter Wireless communication system

Electric and ICE

Computer

Electric and ICE

Computer sending commands to Arduino

The purely electric model used the configuration shown in Figure 23 and the internal
combustion engine’s configuration can be found in Figure 23: Electric Vehicle Configuration.
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LiPo
Pack

9

Motor

ESC

Wheels

9V

Drive Train

X

XBee Transmitter
Arduino with
XBee Sheild

Wire Legend
Battery Power
Battery Ground
ESC Ground
PWM Signal

CTU

Computer

Figure 23: Electric Vehicle Configuration

In this arrangement, the Arduino Uno takes hexadecimal commands sent using “XCTU”
and translates the command into a signal that is sent into the ESC. The ESC uses this signal and
back EMF reading from the motor to run the motor. The motor gear turns a gear on the drivetrain
that propels the car.
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Figure 24: Internal Combustion Engine Configuration

The engine used in this model comes attached to a brushed DC starting motor. This motor
spins the engine in order to start the combustion cycle. The engine speed is controlled by sending
a PWM signal to a servo motor that adjusts the air and fuel intake rate of the engine [11].
Similarly to the electric model, the engine is connected to the drive train which in turn spins the
wheels of the vehicle.
For the parallel configuration, the engine and drive train remained in their factory
positions. The electric motor was fitted with a compatible gear and attached to the motor.
Although this assembly is a simplification of full sized parallel configurations, it still shows how
both the motor and engine directly drive the wheels in the vehicle.
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Figure 25: Assembly of drive train (left), engine (middle gear), and motor (right gear)

The battery pack, ESC, and Arduino board were assembled onto a board that is mounted
onto the car over the electric motor. The battery pack had two sets of 3 series cells. One set is
connected to the ESC for power, and the second is a backup set.
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Figure 26: Battery, Arduino Uno, and ESC configuration

In Figure 26, the arrangement of the board is shown. The ESC is not visible because it is
mounded underneath the Arduino board. This board has an XBee wireless shield attached that is
discussed in Section 5.2. The completed assembly can be found in Figure 278.

Figure 27: Fully assembled parallel hybrid vehicle

For further information on the vehicle’s design, Appendix A contains detailed diagrams
of the parallel vehicle. This vehicle could use several improvements to its structure. The fuel
tank needs brackets in order to secure it more, and the balsa wood interferes with the tires if the
car turns left or right. In addition, a steering system needs to be incorporated into the design. A
remote control that uses an XBee shield should also be constructed for this vehicle.

4. Results and Future Work
This work first overviews the process of parameter identification for a vehicle rolling
down a hill. Although the ramp model is simple, it can be used in a wide variety of applications.
For example, a vehicle rolling up or down a ramp could be simulated with a few modifications to
the Simulink model. The various fully electric vehicle models show the advantages and
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disadvantages of each motor control technique. Hall Effect sensing allows any motor driver to
control a 3-phase brushless motor without knowing the back-EMF constants. In contrast, sensing
back-EMF can be less susceptible to failure and is very easily done.
The currently assembled electric vehicle requires a few modifications before it can be
functional. The most important tasks to create a reliable hybrid vehicle would be mounting the
servo motor that controls the engine and finding a better method of attaching the gear to the DC
motor. Another important improvement would be changing the way the motor and engine power
the vehicle’s wheels. The best technique to do so would most likely be assembling a “through the
road” parallel configuration. The separation of the motor and engine could prevent damage if the
system could malfunction. More details on future work to be done on the vehicle can be found in
Table 4.
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Table 4: Explanation and Recommendations for Future Projects
Task

Reason For Failure

Future Recommendations

First and Second Electric Test Vehicles
Use PWM Servo Amplifier to
control motor

Outdated technology, wear and tear

 ESC’s are easier to control and already
tuned to the motor
 Newer motor drivers could also be
tested

Collect data on electric test
vehicle dynamics and report
findings

Wheels were not compatible with motor
at high speeds, car did not have proper
traction

 Use electric motor on larger vehicle
 Use wheels with good traction

Electric-Only RC Vehicle
Collect data on fully electric RC
car and report findings

Gear was not properly mounted on
motor’s shaft

 Permanently mount gear to electric
motor

Read built-in encoder with
Arduino

Time limitations, intended to have
encoder working on Parallel RC Vehicle

 Use interrupt function to monitor
RPM, use RPM to calculate speed

Combustion-Only RC Vehicle
Control servo motor with
Arduino Board

Time limitations, the servo needed
remounted to car before it could be used

 Modify chassis to make room for servo
and mounts
 Design and build brackets to hold servo
in place

Vary engine speeds using servo
motor and PWM signal

Servo motor not properly mounted

 Run tests after servo motor is working

Parallel RC HEV
Time limitations

 Design system to safely couple motor
and engine
 Use a “through the road” configuration

Use data from motor and engine
to determine how to synchronize
them

Time limitations, no data available

 At low speeds run only the electric
motor
 At high speeds, use a combination of
the two

Achieve maximum energy
efficiency

Time limitations, RC HEV toy not fully
functional

 Electric motor: incorporate
regenerative braking
 ICE: only run at most efficient speeds
 ICE: turn off engine when idling

Design and build better
drivetrain
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Appendix A: Additional Figures
Figure A-1: Diagram of RC Vehicle without Battery Pack

Fuel Tank
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Engine
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Drive Train

Exhaust
Motor Bracket
Electric Motor
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Figure A- 2: Diagram of Vehicle with Battery Pack

Fuel Tank
Starting Motor
Electric Motor

Electric Motor
Leads

Engine
ESC (under Arduino)

Leads
Back-up Cells

9V Alkaline Battery
3 LiPo Cells in Series
Electric Motor Leads

Adruino Uno with
Xbee Sheild
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Figure A-3: Simulink model used to generate error matrices

Figure A-4: Final Simulink model of system
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Appendix B: Bill of Materials
First and Second Electric Vehicles
Quantity

Part

Source

Total
Cost

Unit Cost

2

Balsa Wood

N/A

~ 3.99

7.98

1

Wheel Encoder Set

Sparkfun

33.00

33.00

2

Novak Vulcan 21.5T Motor

Novak

98.99

197.98

2

Motor Mounts

Sparkfun

6.99

13.98

1

90x10 mm Wheels (Pair)

Pololu

9.95

9.95

1

3-Phase Motor with ESC

Castle Creations

109.99

109.99

6

A123

~10.00

60.00

12

ANR26650 Lithium Ion
Cylindrical Cell
Battery Holders

--

--

--

1

Arduino Uno

Arduino

29.95

29.95

Parallel Hybrid Electric Vehicle
Quantity

Part

Source

Unit Cost

Total
Cost

1

1/10 Ten-T 4WD Nitro Truggy
RTR

Losi

499.99

499.99

1

Glow Plug

O.S. Engine

6.69

6.69

1

Top Fuel

Taxxas

9.79

9.79

1

ANR26650 Lithium Ion
Cylindrical Cell

A123

~10.00

10.00
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Appendix C: Calculations
Figure C- 1: Free Body Diagram of System

Table 5: Variable Definitions and Units

Variable

Definition

Units

m

mass of the vehicle

kg

θ

angle of incline of the ramp

radians

g

gravitational constant

9.81 m/s

x1

position in the “x” direction

m

x2

velocity in the “x” direction

m/s

C

constant for viscous friction

--

Cd

constant for air drag

--

ρ

density of air

Af

frontal area of vehicle

1.3 kg/m3
m2

In order to analyze the system, the derivatives of x1 and x2 should be taken. By definition,
velocity is the derivative of position with respect to time, which yields the following equation:
𝒙̇ 𝟏 = 𝒙𝟐

[1]
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Newton’s second law states that the sum of the forces acting on a body is equivalent to
the product of that body’s mass and acceleration.
∑ 𝑭 = 𝒎𝒂
Acceleration by definition is equivalent to the derivative of velocity with respect to time.
𝒂 = 𝒙̇ 𝟐
Taking the “x” vector as the positive direction, the net force is as follows.
𝟏
∑ 𝑭 = 𝒎𝒈 ∗ 𝒔𝒊𝒏(𝜽) − 𝑪𝒙𝟐 − 𝝆𝑪𝒅 𝑨𝒇 𝒙𝟐 𝟐
𝟐
After substituting the values into Newton’s Second Law and solving for 𝑥̇ 2 , the second
governing equation is shown to be
𝒙̇ 𝟐 =

𝟏
𝒎

𝟏

[𝒎𝒈 ∗ 𝒔𝒊𝒏(𝜽) − 𝑪𝒙𝟐 − 𝝆𝑪𝒅 𝑨𝒇 𝒙𝟐 𝟐 ]
𝟐

[2]
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Appendix D: Codes for MATLAB and Arduino
Arduino Codes
Read encoder for position/time information
/*
*
*
*

This code uses the signal from an optical encoder to track the time
for each 1/24th of a rotation. The code outputs the value of milliseconds
that have passed each time the encoder changes from HIGH to LOW or LOW
to HIGH */

// Set pin values for encoder
int encoder0PinA = 2;
int encoder0PinB = 4;
void setup() {
// set pins 2 and 4 as inputs.
// This code is set up so it can also sense direction of
// the wheel, since it is not necessary for this application,
// it has not been included in the function
pinMode(encoder0PinA, INPUT_PULLUP);
pinMode(encoder0PinB, INPUT_PULLUP);
attachInterrupt(0, doEncoder, CHANGE);
Serial.begin (9600); }
void loop(){
}
void doEncoder() {
// prints the amount of time for each signal of the encoder,
// the information can then be copied and stored for later use
Serial.print (millis() );
Serial.print (" ");
}

Run electric motor using XBee, XCTU, and ESC
/* xbee_to_esc_1 * This program (adapted from Sparkfun's "XBee_Remote_Control.ino"
(link at end of code)) * uses commands typed into "XCTU" (a program by digi) to send
hexadecimal code to an arduino * This program translates that code and outputs
commands to an esc. *
*/
include <Servo.h> // used to control esc
// SoftwareSerial is used to communicate with the XBee
#include <SoftwareSerial.h>
#define MOTOR_PIN 9 // pin 9 will send a pwm signal to the ESC
//Set pins 2 and 3 for Xbee Communication
SoftwareSerial XBee(2, 3); // Arduino RX, TX (XBee Dout, Din)
// motor will use the Servo library
Servo motor; // esc commands will be called motor
void setup(){
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motor.attach(MOTOR_PIN); // set pin 9 as motor output
motor.writeMicroseconds(1500);
//Bee Software Serial port. Make sure the baud
// rate matches your XBee setting (9600 is default).
XBee.begin(9600);
printMenu(); // Print instructions:
}
void loop()
{
// In loop() we continuously check to see if a command has been
// received.
if (XBee.available())
{
char c = XBee.read();
switch (c)
{
// tell motor to move
case 'w':
// If received 'w'
case 'W':
// or 'W'
writeAPin(); // Write analog pin
break;
// stop motor
case 'd':
// If received 'd'
case 'D':
// or 'D'
writeDPin(); // Write digital pin
break;
}
}
}
void writeDPin()
{
while (XBee.available() < 1)
; // Wait for pin and value to become available
char hl = ASCIItoHL(XBee.read());
motor.writeMicroseconds(1500);
// Print a message to let the control know of our intentions:
XBee.print("Motor is now neutral ");
}
// Write Analog Pin
// Send 'w' or 'W' to enter
// Then send a 0
// Then send a 3-digit value ( 0 to 500)
//
Must send all 3 digits, so use leading zeros if necessary.
void writeAPin()
{
while (XBee.available() < 4)
; // Wait for 0 and three value numbers to be received
char pin = XBee.read(); // Read in the pin number
int value = ASCIItoInt(XBee.read()) * 100; // Convert next three
value += ASCIItoInt(XBee.read()) * 10;
// chars to a 3-digit
value += ASCIItoInt(XBee.read());
// number.
value = constrain(value, 0, 500); // Constrain that number.
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// Print a message to let the control know of our intentions:
XBee.print("Recieved value of ");
XBee.print(value);
XBee.print(" Running motor at ");
XBee.println((100*value)/500 percent);
Run motor
int micsec = value+1500;
motor.writeMicroseconds(micsec);
}

// ASCIItoHL
// Helper function to turn an ASCII value into either HIGH or LOW
int ASCIItoHL(char c)
{
// If received 0, byte value 0, L, or l: return LOW
// If received 1, byte value 1, H, or h: return HIGH
if ((c == '0') || (c == 0) || (c == 'L') || (c == 'l'))
return LOW;
else if ((c == '1') || (c == 1) || (c == 'H') || (c == 'h'))
return HIGH;
else
return -1;
}
// ASCIItoInt
// Helper function to turn an ASCII hex value into a 0-15 byte val
int ASCIItoInt(char c)
{
if ((c >= '0') && (c <= '9'))
return c - 0x30; // Minus 0x30
else if ((c >= 'A') && (c <= 'F'))
return c - 0x37; // Minus 0x41 plus 0x0A
else if ((c >= 'a') && (c <= 'f'))
return c - 0x57; // Minus 0x61 plus 0x0A
else
return -1;
}
// printMenu
// A big ol' string of Serial prints that print a usage menu over
// to the other XBee.
void printMenu()
{
// Everything is "F()"'d -- which stores the strings in flash.
// That'll free up SRAM for more importanat stuff.
XBee.println();
XBee.println(F("Arduino XBee Remote Control!"));
XBee.println(F("============================"));
XBee.println(F("Used to run a motor calibrated as follows:"));
XBee.println(F("1000 = full brake, 1500 = neutral, 2000 = full throttle"));
XBee.println(F("To run motor forward..."));
XBee.println(F("d#v
- digital WRITE pin # to v"));
XBee.println(F("type 'w0' and then a a number from 0 to 500"));
XBee.println(F(" e.g. w0200 - run motor at 1700 ms (40%)"));
XBee.println(F("To stop motor, type 'dl' or 'Dl'"));
XBee.println(F("============================"));
XBee.println();
}
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//Sparkfun's "XBee_Remote_Control.ino" (https://learn.sparkfun.com/tutorials/xbeeshield-hookup-guide?_ga=1.32920315.419007857.1436289554)
//XCTU: http://www.digi.com/products/wireless-wired-embedded-solutions/zigbee-rfmodules/xctu

Calibrate ESC
/*
*
*
*
*
*
*

This code calibrates the sidewinder ESC so that it
can be run with an arduino board. This code programs the
ESC so it know the maximum signal value, minimum signal
value, and the signal value for neutral
This program is modified from the University of Victoria's
Mechatronics Project website
(http://robots.dacloughb.com/project-2/esc-calibration-programming/) */
#include <Servo.h>
#define MAX_SIGNAL 2000 // "full throttle"
#define MIN_SIGNAL 1000 // "brake"
#define MOTOR_PIN 9
Servo motor;
void setup() {
Serial.begin(9600);
Serial.println("Program begin...");
Serial.println("This program will calibrate the ESC.");
motor.attach(MOTOR_PIN);
motor.writeMicroseconds(MAX_SIGNAL);
Serial.println("Now writing maximum output.");
Serial.println("Turn on power source, then wait 2 seconds and press any
key.");}
void loop() {
if(!Serial.available()){
Serial.read();
motor.writeMicroseconds(1000); //set brake and then wait 4 seconds
delay(4000);
motor.writeMicroseconds(1500); // set neutral
}}
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MatLab Codes
Parameter Identification (1st Half of Experimental Data)
%% parameter_id_1
%
%
%
%

This function takes in an array of the parameters for the RC car rolling down the
hill, simulates the RC car's model, compares the simulatin results to
experimental data, and computes an error metric. The error metric is
intended for optimal parameter identification.

% This code compares the model to a total of 10 data sets, The first 5 data
% sets from "int_h1" which are for the angle "B1", and the first 5 data
% sets from "int_h2" which are for the angle "B2"
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%

This code has been derived from the code "b1_parameters"
This code computes the error metric when values for C and Cdaf are
entered in the form x = [C Cdaf]
Version 1.0
Last edit: 4.12.2015, Mady Hamilton
Changes relative to version b1_cdaf0_1:
- Changed the file name from b1_parameters.m to b_parameters.m0
- Set the variable C to always be 0
- Set CdAf to equal x(1)
- Created sinB1 and sinB2
- in set_param('model1/sinBeta','Value',num2str(h1/L)), h1/L was replaced
with sinB1 (which is equal to h1/L)
- had the function define C = x(1) and Cdaf = x(2)
- changed int_h1 to int_h2
- changed sinB1 to sinB2
- changed the model to evaluate the first 5 rows of "int_h1" and then rerun
the model for B2 and compare to the first 5 rows of "int_h2"
- added a "cost function" so that the function will not be optimized to
have negative values

function err = parameter_estimation_1(x)
C = x(1);
%Coefficient of viscous friction
r = .021;
% Radius of the encoder wheel, meters
h1 = 0.381;
% Height of ramp round1, meters
h2 = 0.5715;
% Height of ramp round 2, meters
L = 0.889;
% Length of board, meters
steps = 24;
% Counts/revolution on the encoder
d_step = 2*pi*r/24;
% Distance the car has traveled after 1 step
x1_exp = cumsum(d_step*ones(1,200));
% Vector of distances traveled for each
encoder measurement instant
B1 = asin(h1/L);
B2 = asin(h2/L);
sinB1 = (h1/L);
sinB2 = (h2/L);

%
%
%
%

Angle for first test, radians
Second test angle, radians
Sine of the first test angle
Sine of the second test angle

m = .678;
g = 9.8;
B= B1;
rho = 1.3;
CdAf = x(2);

%
%
%
%
%

Mass of vehicle, kg
Acceleration of gravity, m/s^2
Copy into global variable
Density of air, kg/m^3
Aerodynamic drag constants
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rollF = x(3);

% Rolling resistance force

% Set the parameters of the model
set_param('model1/sinBeta','Value',num2str(sinB1));
set_param('model1/C','Gain',num2str(C));
set_param('model1/recipM','Gain',num2str(1/m));
set_param('model1/dragEffCoef','Gain',num2str(0.5*rho*CdAf));
set_param('model1/rollF','Value',num2str(rollF));
sim('model1');
% Run the Simulink model
load int_h1;
% File containing results of 9 experiments; all for B1
slope; one row per experiment; one column per time step
load int_h2;
% File containing results of 9 experiments; all for B1
slope; one row per experiment; one column per time step
for j=1:5
% Go through first five datasets
positionError(j,:) = int_h1(j,:)-(x1(:))'; % For each dataset, at every instant
in time, subtract estimated position from measurement to get error
end;
set_param('model1/sinBeta','Value',num2str(sinB2)); % Change the model parameter to
the second angle
sim('model1');
% Run the Simulink model for B2
for j=1:5
% Go through first 5 datasets
positionError(j+5,:) = int_h2(j,:)-(x1(:))'; % For each dataset, at every instant
in time, subtract estimated position from measurement to get error
end;

err = sum(sum(positionError.^2));
% Compute the sum of squares of all errors
if x(1) < 0 | x(2) < 0 | x(3) < 0 % increases the error if the parameters are less
than 0
err = err+1000;
end
end

Parameter Identification (2nd Half of Data)
%% parameter_validation_1
%
%
%
%

This function takes in an array of the parameters for the RC car rolling down the
hill, simulates the RC car's model, compares the simulatin results to
experimental data, and computes an error metric. The error metric is
intended for optimal parameter identification.

% This code compares the model to a total of 8 data sets, The last four data
% sets from "int_h1" which are for the angle "B1", and the last four data
% sets from "int_h2" which are for the angle "B2"
%
%
%
%

This code has been derived from the code "parameter_estimation_1"
This code computes the error metric when values for C and Cdaf are
entered in the form x = [C Cdaf]
Version 1.0
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% Last edit: 4.13.2015, Mady Hamilton
% Changes relative to version b1_cdaf0_1:
% - Changed the file name to parameter_validation_1.m0
% - Set the variable C to always be 0
% - Set CdAf to equal x(1)
% - Created sinB1 and sinB2
% - in set_param('model1/sinBeta','Value',num2str(h1/L)), h1/L was replaced
% with sinB1 (which is equal to h1/L)
% - had the function define C = x(1) and Cdaf = x(2)
% - changed int_h1 to int_h2
% - changed sinB1 to sinB2
% - changed the model to evaluate the last 4 rows of "int_h1" and then rerun
% the model for B2 and compare to the last 4 rows of "int_h2"
% - added a "cost function" so that the function will not be optimized to
% have negative values
% - deleted "B" because it was not used in the code
function [err] = parameter_validation_1(x)
C = x(1);
%Coefficient of viscous friction
r = .021;
% Radius of the encoder wheel, meters
h1 = 0.381;
% Height of ramp round1, meters
h2 = 0.5715;
% Height of ramp round 2, meters
L = 0.889;
% Length of board, meters
steps = 24;
% Counts/revolution on the encoder
d_step = 2*pi*r/24;
% Distance the car has traveled after 1 step
x1_exp = cumsum(d_step*ones(1,200));
% Vector of distances traveled for each
encoder measurement instant
B1 = asin(h1/L);
B2 = asin(h2/L);
sinB1 = (h1/L);
sinB2 = (h2/L);

%
%
%
%

Angle for first test, radians
Second test angle, radians
Sine of the first test angle
Sine of the second test angle

m = .678;
g = 9.8;
rho = 1.3;
CdAf = x(2);
rollF = x(3);

%
%
%
%
%

Mass of vehicle, kg
Acceleration of gravity, m/s^2
Density of air, kg/m^3
Aerodynamic drag constants
Rolling resistance force

set_param('model1/sinBeta','Value',num2str(sinB1));
set_param('model1/C','Gain',num2str(C));
set_param('model1/recipM','Gain',num2str(1/m));
set_param('model1/dragEffCoef','Gain',num2str(0.5*rho*CdAf));
set_param('model1/rollF','Value',num2str(rollF));
sim('model1');
% Run the Simulink model
load int_h1;
% File containing results of 9 experiments; all for B1
slope; one row per experiment; one column per time step
load int_h2;
% File containing results of 9 experiments; all for B1
slope; one row per experiment; one column per time step
for j=1:4
% Go through all nine datasets
positionError(j,:) = int_h1(j+5,:)-(x1(:))'; % For each dataset, at every instant
in time, subtract estimated position from measurement to get error
end;
set_param('model1/sinBeta','Value',num2str(sinB2));
sim('model1');
% Run the Simulink model
for j=1:4

% Go through all nine datasets
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positionError(j+4,:) = int_h2(j+5,:)-(x1(:))'; % For each dataset, at every
instant in time, subtract estimated position from measurement to get error
end;
err = sum(sum(positionError.^2));
% Compute the sum of squares of all errors
if x(1) <0 | x(2) < 0 | x(3) < 0 % increases the error if either parameter is negative
to avoid negative optimized parameters
err = err+1000;
end
end

Create Plots of Error Matrix
%Parameter Mapping
%
%
%
%
%

This code uses parameter_estimation_1.m and parameter_validation_1.m to
generate the total error between the model and the experimental data.
This code tests two situations. One where rollF and C are nonzero and
C is zero. And another situation where rollF is zero and C and Cdaf
are nonzero.

% Test rollF from 0 to 1
% Test C from 0 1
%% C and rollF
x1_C = 0:.05:1; %creates an array for 'C' values
y1_rollF = 0:.05:1; % creates an array for 'rollF' values
z1_err = zeros(length(x1_C), length(y1_rollF)); %creates a 0 matrix for the error
values
%finds the total error for each combination of C and rollF from the above arrays, CdAf
is 0
for j = 1: length(x1_C);
for k = 1:length(y1_rollF);
x = [x1_C(j), 0, y1_rollF(k)];
z1_err(j,k) = parameter_estimation_1(x) + parameter_validation_1(x);
end
end
% 3-D plot of the data:
figure(1)
mesh(x1_C, y1_rollF, z1_err);
title ('C and rollF');
%% C and CdAf
x2_C = 0:.5:20; %creates an array of 'C' Values 0 to 1
y2_CdAf = 0:.1:2; % creates an array of 'CdAf' Values 0 to 2
z2_err = zeros(length(x2_C), length(y2_CdAf)); % creates a zero matrix to store error
values
% finds all combinations of C and CdAf values
for j = 1: length(x2_C);
for k = 1: length(y2_CdAf);
x = [x2_C(j), y2_CdAf(k), 0];
z2_err(j,k) = parameter_estimation_1(x) + parameter_validation_1(x);
end
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end
%3-D plot of the data
figure(2)
mesh(x2_C, y2_CdAf, z2_err);
title('C and CdAf')
%% CdAf and rollF
x3_CdAf = 0:.1:2; % creates an array of 'CdAf' values from 0 to 2;
y3_rollF = 0:.05:2; % creates an array of 'rollF' values from 0 to 2;
z3_err = zeros(length(x3_CdAf), length(y3_rollF)); % creates a 0 matrix to enter error
values in to
% creates z matrix of all combinations of CdAf and rollF
for j = 1:length(x3_CdAf);
for k = 1:length(y3_rollF);
x = [0, x3_CdAf(j), y3_rollF(k)];
z3_err(j,k) = parameter_estimation_1(x) + parameter_validation_1(x);
end
end
% 3-D plot of the data:
figure(3)
mesh(x3_CdAf, y3_rollF, z3_err);
title('CdAf and rollF');

58

Works Cited

[1]

S. Papert, Mindstorms: Children, Computers, and Powerful Ideas, Basic Books, Inc.,
1980.

[2]

J. Piaget, "Part I: Cognitive developement in children: Piaget development and learning,"
Journal of Reaseach in Science Teaching, vol. 2, no. 3, pp. 176-186, 1964.

[3]

N. Zografakis, A. N. Menegaki and K. P. Tsagarakis, "Effective education for energy
efficiency," Energy Policy, vol. 36, no. 8, pp. 3326-3232, 2008.

[4]

"EcoCar," Pennsylvania State University. [Online]. [Accessed 25 September 2014].

[5]

M. Egerstedt, "Control of Mobile Robots," Georgia Tech. [Online]. [Accessed 25
September 2014].

[6]

M. J. Rothenberger and K. F. Hosam, "An Interactive Multimedia Framework for
Education on Vehicle Electrification," in ASME 2013 Dynamic Systems and
Control Conference, 2013.

[7]

A. Rojiko, M. Spaner and D. Hercog, "Sustainable energy education: Hybrid electric
vehicles," in emote Engineering and Virtual Instrumentation (REV), 2014 11th
International Conference on, 26-28 Feb. 2014.

[8]

D. Docimo, "Model Based Design for Vehicle Powertrains," [Online]. [Accessed 25 09
2014].

[9]

J. Gover, M. Thompson and C. Hoff, "Design of a hybrid electric vehicle education
program based on corporate needs," Vehicle Power and Propulsion Conference
59

(VPPC), 2010 IEEE, pp. 1-4, Sept. 2010.
[10]

L. Johannes, "Developement of a scaled-down series hybrid vehicle for education in
vehicle hybridization and electrification," The Pennsylvania State University
Schreyer Honors College, Spring 2013.

[11]

N. Michaluk, "Developement of a parallel hybrid RC Hobby car," The Pennsylvania State
University Schreyer Honors College, Spring 2012.

[12]

S. N. Brennan, Modeling ans control issues associated with scaled vehicles, Diss.
University of Illinois at Urbana-Champaign, 1999.

[13]

R. Verma, D. Del Vecchio and H. K. Fathy, "Development of a scaled vehicle with
logitudinal dynamics of an HMMWV for an ITS testbed," Mechatronics
IEEE/ASME Transactions , vol. 13, no. 1, pp. 48-57, 2008.

[14]

P. Fajri, N. Lofti, R. G. Landers and M. Ferdowsi, "Development of an Educational Small
Scale Hybrid Electric Vehicle (HEV) Setup," Electric Vehicle Conference (IEVC),
2013 IEEE International, pp. 1-6, 2013.

[15]

M. Ehsani, G. Yimin and J. Miller, "Hybrid Electric Vehicles: Architecture and Motor
Drives," in Proceedings of the IEEE, April 2007.

[16]

A. Emadi, K. Rajashekara, S. Williamson and S. Lukic, "Topological overview of hybrid
electric and fuel cell vehicular power system architectures and configurations," in
Vehicular Technology, IEEE Transactions on, May 2005.

[17]

racing-car-296772_1208, pixaboy (Creative Commons).

[18]

T. Bradley and K. Stanton, Hybrid Electric Vehicle Architectures, Colorado State

60

University.
[19]

haade, Motor DC 2Pole, Wikimedia Commons.

[20]

Medvedev, Stator Winding of a BLDC Motor, Wikimedia Commons.

[21]

H. Peng and et. al., "Recovery Act-Transportation Electrification Education Partnership
for Green Jobs and Sustainable Mobility," 2012. [Online].

[22]

A. Rojko and P. Bauer, ""Education in power electronics based on remote resources:
Three approaches and lessons learned"," in Power Electronics and Motion Control
Conference and Exposition (PMEC), 2014 16th International, 2014.

[23]

Motor_DC_2Pole, Wikimedia Commons.

61

ACADEMIC VITA
Madeline Hamilton
mrh5379@psu.edu; madyhamilton@gmail.com

EDUCATION:
The Pennsylvania State University, University Park, Pa
Schreyer Honors College
B.S. Mechanical Engineering, August 2015

ENGINEERING EXPIERIENCE:
The Pennsylvania State University, Dpt. of Mechanical Engineering
May 2014 –
Control Optimization Laboratory
Present
Research Assistant
- Developed undergraduate thesis on the creation of educational toy kit for hybrid
electric vehicles in partial fulfillment of honors college requirements
- Presented research updates in group laboratory meetings and weekly individual
meetings
Carnegie Mellon University, Dpt. Of Chemical Engineering
Summers of 2012
Environmental Engineering Laboratory
and 2013
Research Assistant
- Conducted research on air quality around Marcellus Shale drilling sites
- Assembled and performed maintenance on mobile laboratory
- Assisted graduate students in various atmospheric research
AWARDS AND ACHEIVEMENTS
Teaching Assistant and Peer Tutor for 1st-year Physics
Faculty Award for Academic Excellence in Engineering
Eric A. & Josephine S. Walker Award Nominee
Penn State Greater Allegheny Honors Program

Spring 2013
April 2013
February 2013
September 2011 – May 2012

SKILLS:
MatLab, Arduino, Solid Works, Public Speaking, Microsoft Office, Leadership

62

