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ABSTRACT

This report details the work completed in the first semester of creating a mechatronics
and propulsion control system for the Spartan Superway. A mechatronics system consisting of
motors, servos, sensors, and other components will be created for the Spartan Superway to
provide a platform for continued testing of different control systems. In addition, a propulsion
control system for the motors will be created and optimized to meet certain design goals.

A propulsion control system was created for the 10-meter scale bogie system with plans
to upscale to a full-scale model once all hardware has been retrieved. Its mechatronic system
consists of generic 83mm brushless DC hub motors, a Flipsky VESC, and an ESP32
microcontroller. The brushless DC motors found on the 10-meter scale bogie were characterized
using steady-state sampling and retrieving values using VESC Tool, an open-source brushless
DC motor control software for the electronic speed controller. Using the characteristic values
obtained, a Simulink model of the system was made in MatLAB using the Simscape module.
Varying load conditions, acceleration curves, and were applied in simulation to tune the velocity
PID controller to meet our design goals of rise time under 1.5 seconds, steady-state velocity of
2m/s, instantaneous power draw of less than 100W, and steady-state error of less than 2%.

As a result, we were successfully able to retrieve PID gain values that allowed us to
achieve these goals. These values can be imported into VESC Tool which will implement our
PID controller to the motors. Further testing includes testing the motors using a dynamometer

and implementing the controller onto the 10-meter scale bogie for on-track testing.
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INTRODUCTION

The Spartan Superway seeks to bring a new paradigm to public transportation as we
know it. Started in 2012, the Spartan Superway is a research initiative founded by Dr. Burford
Furman of San Jose State University and Mr. Ron Swenson of Swenson Development. It aims
to bring forth a new mode of public transportation by way of its personal “podcar” pedestrian
vehicle and elevated guideway design designed to eliminate carbon emission, improve travel
efficiency, and increase pedestrian safety. Through its use of solar panels, it aims to not only
have a zero-carbon footprint but be able to provide energy back to the grid. With its individual
podcar model, each destination is routed through its unique guideway system by personalizing
the public transportation experience and optimizing travel time. By nature of its ascended
infrastructure, the Spartan Superway separates the distance between other vehicles and
pedestrians, avoiding traffic and increasing overall safety. As demonstrated in figure 1, all

these technologies seek to redefine public transportation as we know it.

Figure 1: Spartan Superway demonstration prototype. This prototype depicts the many
technologies the Spartan Superway plans to implement such as its solar panels, personal
pedestrian podcar, and an elevated infrastructure.



The Spartan Superway seeks to be an autonomous system fully capable of navigating
through its guideway system without the need for a driver, otherwise known as an automated
transit network or ATN for short. Along with being autonomous, ATN’s typically feature a
complex guideway system to allow every podcar to reach its destination more efficiently
without having to make constant stops. This is made possible with the combination of
electrical, electronic, and mechanical systems, otherwise known as a mechatronic system.
These mechatronic systems take in data from mechanical sensors, user inputs, and other
sources and utilize software to compute a desired output to be translated by mechanical or

electrical means.

Figure 2: Mechatronic system of the 1/12™" scale model. A mechatronic system combines
electronic and mechanical hardware, as seen by previous Spartan Superway models which
utilized an Arduino microcontroller (red), electronic RFID sensor (orange), and mechanical
motors and servos (yellow).

In the case of the Spartan Superway, mechanical and electronic sensors are used to
track the position, velocity, and acceleration of a podcar, and a microcontroller takes in this
data to calculate how much power a motor needs to meet its required goals. These goals are

defined by a control system which dictates the actions of the system at any time. A control



system tells the podcars when they should start, stop, switch guideways, and so many other
functions through the components of a mechatronic system. As seen in figure 2 below, a
control system is the brains of a mechatronic system and is what will be used to autonomously

control the podcars of the Spartan Superway.

Directions
from mobile
app

Send power
to motors

Controls
system

Inputs from
sensors

Move servos
to correct
position

Inputs from
RFID reader

Figure 3: Control system layout of the Spartan Superway. The control system takes in user
input and sensor data and outputs directions to the motors and servos so that the podcar can
navigate effectively throughout the guideways.

The Spartan Superway is a project that has been conceptualized on many different scales.
A small-scale design, known as the 1/12%" scale model, allowed for testing of the ATN concept
on a closed railway system with multiple loops. This model, shown below in figure 4,
demonstrated the ability of these podcars to navigate autonomously after being given user
destination input. In addition, the system proved the feasibility of the podcars to switch between

different railway loops.
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Figure 4: 1/12™" scale podcar and guideway system. A small-scale prototype of the Spartan
Superway allows for testing and analyzation to achieve full-scale optimization.

In addition to the small-scale model, past half-scale and full-scale model have also been
created. As seen in figure 5 below, the full-scale model features a splitting guideway which
helped test the guideway switching components of the bogie. In figure 6, an early half-scale

model was created to experiment with the possibility of picking up passengers from street level.

team to create a switching mechanism to allow the podcar to travel along different railways.
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Figure 6: Half-scale Spartan Superway Model. The half-scale Spartan Superway model
featured a scissor mechanism that allowed the podcars to pick up passengers on a street level.

Currently, the Spartan Superway is focused on another small-scale model known as the
10-meter scale model. This model seeks to achieve the same goals as the older 1/12 scale
model, allowing for testing and optimization of the navigation and propulsion control systems on
a small scale. However, this model brings improvements that were not possible on the 1/12%
scale model. As seen in figure 7, the 10-meter mechatronic system utilizes brushless DC (BLDC)
motors which provide more torque, velocity, longer lifetime, and better position and velocity

tracking with its internal sensors. With the previous 1/12% scale model, the motors would quickly

die out due to its brushed design.
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Figure 7: Brushless DC (BLDC) motors on the 10-meter scale bogie. Brushless DC motors
provide many benefits over the older brushed DC motors used on the 1/12%-scale model.

LITERATURE REVIEW

Global warming and climate change

Among the many problems we are facing today, global warming is certainly one of the
largest detriments to our future. Climate change has immensely impacted the world by
destroying ecosystems and endangering many species of animals. Not only are animal
ecosystems destroyed, but humans are also affected by the increase in natural disasters. Storms,
hurricanes, heat waves, and forest fires are all causal problems of increased air and sea
temperatures (Garcia, 2016, p. 83). In California alone, millions of acres of land have been lost
due to the increased amount of forest fires due to climate change. The Philippines is currently
dealing with high amounts of category 4 and 5 typhoons in the last few months. With this, we

can see that climate change is a global problem and affects everyone and everything. Through

13



this, we can see that pollution causes a large amount of problems for the earth and a solution is
needed now more than ever.

Carbon dioxide is one of the many greenhouse gasses that are the main cause of global
warming, and transportation accounts for a large majority of carbon dioxide emission. In the
United States, a large part of the transportation sector is made up of personal vehicles, with
public transportation barely making up a quarter of the total at 26% according to the Department
of Transportation (2018). In fact, transportation has surpassed the power sector in carbon dioxide
emissions in 2016 (Ezike, 2019, pp. 19-20). With electric vehicles being a newer innovation, the

fact remains that the majority of carbon dioxide emission lies within personally owned vehicles.

Personal rapid transit and automated transit networks

Personal rapid transit (PRT) is a mode of public transportation that utilizes small
vehicles, commonly known as podcars, to transport pedestrians through a complex railway
infrastructure. Typically designed to fit a small group, these podcars traverse on a network of
railways designed for non-stop, point-to-point travel. The concept of these types of vehicles can
be seen over 50 years ago through the work Stanford University’s Howard Ross and his
personalized transit capsule powered by a compressed air railway system (Attoh, 2019, pp. 84-
85). Today, with operational systems in London, South Korea, and West Virginia, personal rapid
transit has proven to be a viable and successful method of public transportation.

Also known as automated transit networks (ATN), the concept of driverless podcars is
built upon the idea that these podcars must be fully autonomous. The system will determine the
best route to take, avoiding any stops and bringing the user from point A to point B efficiently. In
addition, the podcars should be available for 24 hours a day, 7 days a week to revolve around the

availability of the user and not a fixed schedule. Lastly, the system will operate upon its own
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exclusive infrastructure to avoid traffic congestion and prevent pedestrian accidents (Furman,

2014, pp 7-8). Through these ideals, an automated, personal rapid transit can be made.

OBJECTIVES

The objective of this project is to create both a mechatronic system and a propulsion
control system for the full-scale model of the Spartan Superway. The mechatronic system will
require obtaining motors to propel the podcars along the guideway, a motor driver to power
the motors, sensors to analyze the speed and position of the podcars, and a microcontroller to
autonomously control the podcar. A successful full-scale mechatronic system will provide the
Spartan Superway a platform to begin creating the various control systems required for an
autonomous system.
A propulsion control system will also be created for the full-scale mechatronic model. This
controller will power the motors to ensure that their position and velocity meet the desired
values while also optimizing the power efficiency and longevity of the motors. A typical PID
controller will be utilized to allow for the system to automatically correct for any
discrepancies between the desired and actual values. Two PID controllers will be created for
this model: a velocity controller and a position controller. This will allow for flexibility for
future groups in creating the navigation control system where position control might be better

suited in cases like platooning.

METHODOLOGY
The first step of beginning this project is to familiarize myself with the current status
of the 10-meter mechatronic system including the electronics being used and how they are
being controlled. The current remote internet-of-things (RIoT) team has been working on this

project for the previous two years and have gotten a lot of progress done. In the figure below,
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we can see how the project has been split into separate systems. For this project, I will be

working on the propulsion system located at the top left of the figure.

Figure 8: ESP32 subsystem breakdown. This diagram illustrates the different systems at work
on the 10-meter track’s microcontroller.

The next step of this project is to utilize VESC Tool, an open-source software used to
analyze and program the electronic speed controllers for the brushless DC motors shown in
figure 9. VESC Tool will allow us to run a variety of tests on the BLDC motors, such as duty
cycle or RPM stepping. Through these experiments, we can extrapolate data to be exported

into MatLAB for analysis, as seen in figure 10.

16



yﬂjy c® 7oo/ P\

esc-profect.com *&
¥ i t™M
it Welcome to VESC® Tool
¥ Firmware oM
€ Motor Settings To get started, you can use the Setup Wizards to configure the motor and app
= General settings respectively. Otherwise, you can connect to your VESC in the ™M
fif BLDC Connection page and go through the motor and app configuration pages
& DC manually. A
&% Foc
(™ PID Controllers DA
D Additional Info
—= App Settings YA
= General [ ApP |
@ PPM [ apP | ofo
& ADC m » Connect A Motor Setup Wizard [MOTOR] A Input Setup Wizard [APP]
& 11ART [ _app Ihd ;K\r/
D 0,20 < ® | w5000 RPM s ® 1B3,00A =) i @ Duty 0.0%
13,00 A </ ® Po000° 2 ® HB3,00A s @ Current 0.00 A v

Not connected

Figure 9: VESC Tool homepage. VESC Tool is an open-source software that provides many
tools and conveniences when programming control systems for BLDC motors.
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Figure 10: VESC Tool duty cycle stepping data log. VESC Tool has built-in experiments with
data logging for testing of the motors and PID controllers. The data log above shows the RPM,
voltage, current, power, and other data achieved from our BLDC motor when its duty cycle is

incrementally stepped from 0 to 100%.

With this data, we can analyze the motors at steady-state conditions. This is important
because it will allow us to calculate the motor characteristic values for use in simulation.
Once simulated, we can apply a propulsion PID controller which will allow us to control

certain goals like rise time, steady-state error, overshoot, and power draw.
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The methodology of creating the propulsion PID controller are as follows:
e Experimentally determine motor characteristic values.
e Solve governing differential equations and create a state-space model in MatLAB
e Utilize MatLAB’s Simscape BLDC motor model to simulate different conditions
e Tune PID controller through simulation to ensure design goals are met

e Apply PID values to the electronic speed controller using VESC tool

As seen below, VESC Tool makes it simple to integrate a PID controller into the velocity
and position control of the brushless DC motors. This eliminates the need to incorporate any

PID libraries in the microcontroller programming.

W =5) alcl
Speed PID Kp 0.01500

VeSC-Profect.com speed PID Ki 0.13000

A Welcome & Wizards ~ Speed PID Kd 0.00030
A¥ Connection Speed PID Kd Filer 0.200
¥ Firmware - Minimum ERPM 0.0
%:MGoet:;:Tttlngs MOTOR Allow Braking True

K Foc MOTOR -

(? PID Controllers MOTOR Position PID Kp 0.03000

[0 Additional Info P Position PID Ki 0.00000

E Experiments MOTOR Position PID Kd 0.00040

wou App Settings Position PID Kd Filer 0.200
%S General
UART

%8 VESC Remote
() Nrf

& MU

Position Angle Division  1.000

Figure 11: VESC Tool velocity and position PID controller input. VESC Tool allows the user
to easily input gain values for a PID controller through its software, simplifying the coding
process on the microcontroller side.
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Simulating the system will be done using MatLAB’s Simulink setup. With the use of
Simscape, a visual modeler found in Simulink, we can simulate our exact brushless DC motors
and apply different loads, request certain velocities, and analyze different values such as the
power draw, how long it takes to reach our requested velocity, and any discrepancies or errors

that may occur.

Decoder

emf_abc Hall

is_ ae_a

<Stator currentis_a (A)>
N <Stator back EMF e_a (V)> N (rpm)
m
° I
S <Rotor speed wm (rad/s)> E

rad2rpm

<Electromagnetic torque Te (N'm)>
Te (N.m)

Reference
speed (RPM)

Speed
regulator

Discrete Brushless DC Motor Fed by Six-Step Inverter

powergui

Figure 12: Simscape model of a BLDC motor model. Simscape, a module built into
MatLAB’s Simulink, comes with an example brushless DC motor model that would allow us to
simulate different loads and conditions our motors might encounter and how they would react.

Simscape simply has a block that represents our BLDC motor. By applying the
parameters that we achieve through experimental methods, we can accurately simulate our exact
motor. Luckily, we are able to achieve some values through VESC Tool and the rest can be

achieved using steady-state analysis which will be covered in the experiment setup of this report.
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Permanent Magnet Synchronous Machine (mask) (link)
Implements a three-phase or a five-phase permanent magnet synchronous machine. The stator windings are
connected in wye to an internal neutral point.

The three-phase machine can have sinusoidal or trapezoidal back EMF waveform. The rotor can be round or
salient-pole for the sinusoidal machine, it is round when the machine is trapezoidal. Preset models are available
for the Sinusoidal back EMF machine.

The five-phase machine has a sinusoidal back EMF waveform and round rotor.

Configuration ~ Parameters  Advanced
Stator phase resistance Rs (ohm): |2.8750 \ :

Stator phase inductance Ls (H) |8.5e-3 ‘ H

Machine constant

Specify: | Flux linkage established by magnets (V.s) v

Flux linkage: ‘0.175 ‘ H

Back EMF flat area (degrees): \120 \ H

Inertia, viscous damping, pole pairs, static friction [ J(kg.m~2) F(N.m.s) p() Tf(N.m)]: m
Initial conditions [ wm(rad/s) thetam(deg) ia,ib(A) ]: ‘[0 0,0] l:

Cancel Help Apply

Figure 13: Simscape BLDC motor block diagram parameter input. In Simscape’s model, the
motor parameters achieved through testing can be applied here and would effectively simulate
the motor that we are using.

DESIGN CONCEPT

Design Goals
For our propulsion control system, we are aiming to create a PID controller to meet the
following conditions:

e Achieve steady-state velocity under 1.5 seconds

e Maintain an error of less than 5%

e Maintain a speed of 2 m/s

e Minimize instantaneous power draw to under 100W

Design Specifications

20



The current mechatronics system of the 10-meter bogie utilizes the following components. No
changes will be made to the components as they are sufficiently able to meet our design goals
as it is.

e ESP32 Microcontroller

e 83mm Brushless DC (BLDC) Hub Motors (qty. 2)

e Flipsky Dual FSESC6.6 Electronic Speed Controller

e 222V 6S LiPo battery
No changes will be made to the components as they are sufficiently able to meet our design

goals as it is.

Figure 14: Mechatronics system test bench. The 12-meter bogie will be utiziling an ESP32
microcontroller to handle decision making, while the brushless propulsion motors will be
controlled using a Flipsky VESC.

Design Description
Brushless DC motors By accurately modeling the brushless motor in Simulink, we
will be able simulate differing torque loads on the motor and different acceleration and

deceleration profiles. Typical simulations would include acceleration and deceleration plots,
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steady-state response to varying loads, and energy efficiency plots. Through this, we will be

able to tune our PID to controller to meet various requirements.

A simple script that would allow us to communicate between the Flipsky VESC and
the ESP32. The current RIoT (remote internet-of-things) team has been able to control the
motors using UART communication however were limited to only duty cycle control. Ideally,
RPM control would allow for more complex mechatronics control in cases such as setting

individual wheel speed through a turn.

ANALYTICAL MOTOR MODELING

Theory and Calculations

A brushless DC motor contains 3 stators, as seen in figure 15, compared to a typical
DC motor which only contains 2. The differential equations of the electrical system must then
be separated into 3 different equation using components a, b, and c to represent the three

different stators.
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Figure 15: Electric schematic of a brushless DC motor and controller (Lu, 2011). A BLDC
contains 3 stators that are switched between using a 3-phase inverter. For our purposes, we can
produce three KVL loops for each stator and labeling them as components a,b, and c.

With this, the governing equations for a brushless DC motor are calculated as:

‘:r — ‘;('IH o L"«t T €a
Vi =R+ L‘i.ﬁ T €h
Ve =1i.R+ Li, + e, (1)
Next, we can analyze the back EMF constant of the brushless DC motors. If we look

at the physical representation, the stators are separated by an angle of 2n/3 radians. Thus, our

resulting back EMF equations will be separated by this angle.

23



Figure 16: BLDC physical stator layout (Lu, 2011). The 3 stators in a BLDC motor are
physically separated by 2n/3 radians, thus we can calculate the three separate back EMF
functions for each loop being separated by that angle.

The governing equations for a brushless DC motor are calculated as:

‘:: — ‘;('IH T L"«t T Ca
‘n — ‘;flR o L‘i.ﬁ T Eh
V=i R+ Li. + e, (1)

ea = K3 f(0.)0
€h = ]\-{'lfl:e)t - 27‘_3 I (—)

where:

V' = terminal voltage (V)

i = stator current (A)

e = back EMF (V)

R = armature resistance ()

L = armature inductance (H)

a,b,c = component of the 3 phases

K, =back EMF constant (V/rad-s)

(O] = trapezoidal function based on rotor angle (rad)
O = angular velocity of the rotor (rad/s)

The torque produced by the BLDC motor can be described as:

Cala + CHIL + Cplp

T, = ,
6 3)
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where:
T, = electromagnetic torque (N-m)
Under ideal conditions, the electromagnetic torque will be equal to the total torque
acting upon the motor, which we calculate as:
T,=T.+Tr+JO+ O @)
where:
I.' = load torque (N-m)

I'r = internal Coulomb friction (N-m)
J = rotor inertia (kg-m”2)

O = rotor acceleration (rad/s"2)
¢ = rotor viscous damping (Nm-s/rad)

These equation dictates the overall electrical system as a function of the mechanical
load applied. Using the Laplace Transform, we can create a state-space model to easily output
a desired set of variables with a certain set of inputs, known as a MIMO (multiple in, multiple
out) system.

In addition, the brushless DC motor model can be created using Simulink. By means
of Simscape, a visual electronic and mechanical system modeler in Simulink, we can easily
define the motor characteristics achieved and simply simulate different scenarios without

having to apply conditions to a physical model.

Description of the design
The control system will be implemented by an ESP32 microcontroller which will
define the logic involved in directions handling, railway switching, and other various

functions. Propulsion will be handled by the Flipsky VESC whose PID controller will be
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defined by the results of our simulation. Instructions will be sent to the VESC through the

UART protocol.

EXPERIMENTAL PROCEDURE

Obtaining Motor Parameters
Before a simulation can be conducted, we must first achieve the motor characteristic

values of the brushless DC motors. These values are used to solve the governing differential
equations which will be used to simulate our system. Because a datasheet was not provided
with our motors, we must observe the motor behavior at differing steady-state RPMs and data
fit a linear line to the resulting plots. The equation of this line will give us the missing motor
characteristics.

First, the values of resistance, inductance, and flux linkage can be easily extracted from
the VESC Tool as seen in figure 17. Using it, we found the following values for our motor:

e R =0.2464 ohm

e L[ =.000156 Henry
e Flux linkage =.00813 Weber
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0 Success!

VESC ID : 109
Motor current : 15.60 A
Motor R 1 246.40
mQ

Motor L : 156.14
MH

Motor Flux Linkage : 8.13
mwWb

Temp Comp : False
Sensors : Hall
Sensors

VESCs on CAN-bus:

VESC ID ;3
Motor current : 18.29 A
Motor R : 179.40
mQ

Motor L : 91.92
HuH

Motor Flux Linkage : 8.50
mwb

Temp Comp : False
Sensors : Hall
Sensors

0K

Figure 17: VESC Tool BLDC motor characteristics. VESC Tool can automatically retrieve
some motor parameters during its calibration process. It runs the motor back and forth and
calculates these values for resistance, inductance, and flux linkage. It also identifies what types
of sensors the motors utilize.

Next, the motor was run at three different rotational velocities using the experiment
functions found in VESC tool. During these times, the average current and voltage was
measured using a multimeter. With this data, we can plot the data on a chart and fit a linear
line to the plots to give us our motor characteristic values.

To simplify the problem, we can ignore the a, b, and ¢ components of the different
stators in equations 1 and 2 and treat the problem as if we were dealing with normal DC
motors. This is because we can assume that the motor is symmetrical, thus the resistances and
inductances are similar. We also assume that no Eddy currents are present due to ideal

conditions (Cham, 2014). For our application, most of these component data will be handled
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by the Flipsky VESC and does not impact the results. In this, our final electromechanical
equations are similar to that of a normal DC motor:

V=Li+Ri+K®
JO+ O =Ki+T +Tr (5)

If we evaluate the first KVL equation from (5) in steady-state conditions, there will be no
derivatives to evaluate. We can then solve for the value of the back EMF constant by plotting

voltages at different steady-state velocities in figure 18:

V=Kw+iR (6)

V = Kb*w + iR

*  data
7L Y= 0.01232*x - 0.07527 linear

X

1 . . . . . . . . .
100 150 200 250 300 350 400 450 6500 550 600

speed (rad/s)

Figure 18: Back EMF constant linear plot. After plotting three steady-state results of speed vs.
voltage, we can achieve the back EMF constant by applying a linear data fit line.

From the plot above, we can see that 0.01232 is the value of K for the steady-state
equation. Because we are dealing with a hub motor with no losses from a drivetrain, this value

also represents K.
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The next plot, figure 19, compares the torque of the motor at different velocities. In
the same fashion, we can remove the differentials from the second equation of (5). The
steady-state equation for torque in this scenario is:

T=cw+Tp (7)

-3 Kt*i = c*w + Tf
ol : ; : : :

O  datal D
y = 2.403e-06*x + 0.001664 linear
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O
2 i . . . . . . . .
100 150 200 250 300 350 400 450 500 550 600

speed (rad/s)
Figure 19: Viscous damping and internal friction plots. By repeating the previous steps but
plotting the steady-state velocity vs. torque, we can calculate the viscous damping of the motor
and the internal friction.

With this, we can compare our linear fit line to the original steady-state equation and
extract the missing motor characteristics. From the tests applied above, we were able to

achieve the following motor parameters:

R (ohm) 0.2474

L (H) 1.56e"-4

Flux linkage (Wb) 8.13e"-3
Kt/Kb 01232

C (Nm-s/rad) 2.403e"-6
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Tf (N-m) 001664

J 1.95e"3

Table 1: Motor characteristics obtained from VESC Tool and experimental procedures.
Listed here are the resulting values that will be applied to our Simscape simulation.

Simulink Simulation

With these values, we are finally able to create a Simulink simulation of our model.
Thankfully, Simscape comes included with a BLDC motor model. In this, we can change the
values of the motor characteristics we just calculated and observe many different points
throughout the system as seen in figure 20. For this, I will be closely watching the rotor speed,
power draw, and error. By adjusting the PID controller values these factors will become

manipulated, and with the right tuning the design goals should be met.

powersim

v
isaea
- h.J

<Stator currentis_a (A)>

9 Tm -2 By
8 A A <Stator back EMF e_a (V)> N (rpm)
g g >
- <Rotor speed wm (rad/s)> =
- c c rad2rpm

<Electromagnetic torque Te (N'm)>
.—’..' v
errorsim Vab

Te (N.m)

-
Discrete N
e
- fe]

powergui

Figure 20: Complete Simscape model with data ouputs and motor parameters inserted.
Several blocks were added to the Simscape model to allow us to analyze power draw, error, and
velocity.
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SIMULATION RESULTS

Acceleration/Deceleration
For the first design goal, we wanted the system to reach its desired velocity within 1.5
seconds. This applies to both acceleration and deceleration, and from the figure 21 and 22

below we have achieved this.

Acceleration

N
T

Velocity (m/s)
© o = 2 = 2
D (e0] — N £ D o

o
=N
T

0.2

O 1 1 1 1 1
0 0.5 1 1.5 2 2.5

Time (s)

w e -

Figure 21: Instantaneous acceleration response to 2 m/s. The PID controller allows our motor
to reach 2m/s under 1.5 seconds without any overshoot.
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Deceleration

1.8

Velocity (m/s)
o o — — —
o o =2 N B~ O

o
»~

0.2

5 5.5

Figure 22: Instantaneous deceleration from 2m/s to Om/s. Just like acceleration, we are able
to decelerate in under 1.5 seconds without any undershoot.

Instantaneous/Steady-State Power Draw

In terms of power, we aimed for an instantaneous power of no more than 100W and a
steady-state power draw of less than 10W. These goals were set to ensure the longevity of the
Flipsky VESC and BLDC motors as well as minimizing the load on the batteries. As seen by
our plots below in figure 23, we were able to satisfy our design goal. We also applied an
acceleration profile instead of an instantaneous change in velocity which resulted in a much
lower power draw, as seen in figure 24.
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Power results

100 [

80

D
(=]
T

Power (W)
S
o

20

-20 &

0 0.5 1 1.5 2 2.5 3
Time (s)

Figure 23: Instanteous power draw to 2m/s. The maximum power that this system will draw is
100W when a velocity of 2m/s is instantaneously requested.

Ramp acceleration results

Power (W)

Time (s)

Figure 24: Ramp acceleration power draw to 2m/s. If we ramp the velocity slowly to 2m/s
instead of instantaneously requesting it, we can see that our power draw is much lower.
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Steady-state power results

10

Power (W)

-10

1 1.5 2 25 3
Time (s)

Figure 25: Steady-state power draw at 2m/s. Once the motors reach their steady-state velocity,
they pull under 10W.

Velocity Error

Lastly, we wanted our velocity to stay within a 5% error. As we can see from the
figure below, we were able to achieve this goal with the error only occurring during big
changes in RPM. In this case, we requested the system to accelerate directly to 2 m/s at the
beginning of the simulation then back down to a stop starting at 3 seconds. As we can see in

figure 26 and 27, the error is able to stay under 5% in both cases.
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Error

Error (%)

Time (s)

Figure 26: Velocity error after accelerating to 2m/s and decelerating to Om/s. Our errors
only occur when instantaneously requesting 2 or Om/s.

151

0.5

Error (%)
o

1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3
Time (s)

Figure 27: Zoomed in plot to show variation in error due to added noise in loading torque.
Our error fluctuates less that 0.5% under simulation, however we expect to see more error in
real-world testing.
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DISCUSSION OF RESULTS

Through this experiment, I achieved the following values for the PID controller:

Kp 0.15
Ki 0.013
Kd 0.0003

Table 2: PID values. These values allowed our controller to meet our design goals.

Explanation of results

The PID controller is tuned such that each design goal is met. Changing the of our Kp,
Ki, and Kd can be a positive change for one aspect, whereas it may cause another design goal
to become out of spec. For example, increasing our proportional gain (Kp) could reduce our
error as the motors would react with a quicker acceleration, however this would also increase
our instantaneous power draw. In addition, changing the integral gain (Ki) may speed up the
time it takes to reach steady-state velocity, however it may also cause the controller to
overcompensate and cause a shakiness in the velocity, thus resulting in more error and steady-
state power draw. With this, I believe that the values we achieved for our PID controller

worked well in simulation and hope to be able to test this controller further next semester.
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CONCLUSION

Gantt Chart

Full-scale mechatronics plan, 1st semester

May-20Jun-20 Jul-20 Aug-20Sep-20 Oct-20 Nov-20Dec-20

Attend weekly meetings

Appoint committee chair

Conduct literature review

Review control system requirements

Read previous semester's final reports
Finalize concepts for master's project
Create project proposal

Testing & understanding of ESP32
Explore current mechatronics system
Calculate motor characteristic values
Solve electromechanical relation from governing egs.
Create Simscape BLDC model of system
Simulate different loads and conditions
Tune velocity PID controller to meet goals
Final report

Final presentation

Figure 28: First semester Gantt chart. A timeline of all the tasks completed in the first

semester can be found here.



Full-scale mechatronics plan, 2nd semester
Jan-21 Feb-21 Mar-21 Apr-21 May-21

Attend weekly meetings 1

Create position PID controller in Simscape

Simulate different loads and conditions
Tune position PID controller to meet requirements
Final testing of both PID controllers

Implement PID controllers on 10-meter bogie

I
I
|
I
Begin research for full-scale mechatronics... |
Obtain hardware and build test rig |
Begin coding to integrate sensors and motors ]
Apply velocity and position PID controllers I
Test PID controllers on test bench/dynamometer |
Integrate acceleration coding on microcontroller ]
Final changes to mechatronics and control system

Final documentation and finishing touches

Final master's presentation

Figure 29: Second semester Gantt chart. Our expected tasks for next semester can be seen in
this Gantt chart.

Next steps

Through the experiments above, we were successfully able to achieve the motor
characteristics on the BLDC motors used on the 12-meter track. With this, we were able to
take these values and simulate the motors under various conditions in Simulink. With this, we
will be able to test any changes to the propulsion system before we deploy it to the bogie. In
its current state, the 12-meter track only has one bogie. It is very difficult any changes to the
bogie off the track, so having a simulation of the system will make for a much easier for
making changes and tweaking anything.

The next steps for this project are to take the system from its current simulation stage
to the testing phase. We have brought up the idea of using a dynamometer to apply a constant

load to the motor while it is on a test bench. Once we have concluded that the motor works,
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we can then deploy our PID controller to the 12-meter bogie and test it in real world
conditions. This will help reveal any flaws that may have been missed in simulation but also
ensure that our PID controllers can correct for any outside error that would not occur in
simulation.

Lastly, research will need to begin for full-scale components. Because there is no
current full-scale mechatronics system, research into what components are necessary and how
they will be programmed and controlled will be necessary. Taking this project to the full-scale
will bring us one step closer to innovate the future of transportation with the Spartan

Superway.
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APPENDICES

Appendix A: Arduino Code

// ACCELERATION VARIABLES HERE:
float m duty = 0.1;

float acc 0.0001; //define acceleration here (more 0's longer acceleration)
float decel = 0.0005; //define deceleration here (more 0's = longer deceleration)
f /7

#include <Arduino.h>

#include <VescUart.h>
// Creat VescUart uh]acl to pruvidn access to
// the class functions

VescUart UART;
VescUart UARTI1;
HardwareSerial* serialPort = &Serial2;
HardwareSerial* serialPortl &Seriall;

float currentduty = 0;

volatile int count;
int count prev = 0;
float t 07

float dt;

//hw_timer t * timer = NULL;
//portMUX TYPE timerMux = portMUX INITIALIZER UNLOCKED;

// Allows count to increase without affecting main loop
//void IRAM ATTR onTimer () {

// POrtENTER CRITICAL ISR (&timerMux) ;

// count++;

// pOrtEXIT CRITICAL ISR(&timerMux);

/7}

void setup() {
Serial.begin(115200) ;

Seriall.begin (115200, SERIAL 8N1, 16, 17);
Serial2.begin (115200, SERIAL 8N1, 23, 22);
while (!Serial2 && !Seriall) {;}
UART.setSerialPort (serialPort);
UART1.setSerialPort (serialPortl);

// Setup below begins the timer to count 0.1 seconds
// timer = timerBegin(0, 80, true);

// timerAttachInterrupt (timer, &onTimer, true);

// timerAlarmWrite (timer, 100000, true);

// timerAlarmEnable (timer) ;

void loop() {
accelDuty () ;
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void accelDuty () {
if (currentduty < m duty && currentduty >= 0) {
currentduty = currentduty - acc; //ramp acceleration
Serial.println(currentduty);
////vescl.setDuty (currentduty) ;

else if (currentduty > m_duty && currentduty <= 1) {
currentduty currentduty * (1 + decel); //curve down deceleration
Serial.println(currentduty);
//vescl.setDuty (currentduty) ;

else if (currentduty > 1) {
currentduty = 1;
//vescl.setDuty (currentduty) ;
Serial.println(currentduty);
Serial.println("maxed out");

else if (currentduty > 1) {
currentduty = 1;
//vescl.setDuty (currentduty) ;
Serial.println (currentduty) ;
Serial.println("maxed out");

else if (currentduty < 0) {
currentduty = 0;
//vescl.setDuty (currentduty) ;
Serial.println(currentduty);Serial.println("below min");

else if (currentduty = m_duty) {
currentduty = m duty; //stabilize velocity
//vescl.setDuty (currentduty) ;
Serial.println(currentduty) ;
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Appendix B: Matlab Plots

load testdata.mat
%% Process data

R =.2464; % ohm
L =.00015614; % Henry
f=.008133 % Weber (flux linkage)

t = motorData(:,1);
rpm = motorData(:,6);
v = motorData(:,5);
i = motorData(:,4);

vtest =[1.5, 5.2, 7.0]; % multimeter measurement
rpmtest = [1354, 3686, 5633]
itest =[0.16973, 0.210, 0.260]

rads = rpmtest * pi/30;

figure(1);

plot(rads, vtest - (itest*R),'x")
xlabel('speed (rad/s)");
ylabel('Voltage(V)");

title('V = Kb*w + iR");

Kt=0.01232;

figure(2);

plot(rads, Kt*itest,'0")
xlabel('speed (rad/s)');
ylabel('Torque (N-m)")
title('Kt*i = c*w + Tf)

¢ =2.403e-6;
Tf=0.001664;

%% Simulink simulation

open('SuperwayBLDCModel.slx")
sim('SuperwayBLDCModel.slx")

%% Plots
v_des =[0 0; 2 0.0000000001; 2 2.999999; 0 3; 0 6];

figure(3); hold on
plot(velocitysim/1000)
plot(v_des(:,2),v_des(:,1),"--");
xlabel('Time (s)");
ylabel('Velocity (m/s)");
title('Acceleration');

figure(4);
plot(powersim);
xlabel('Time (s)');
ylabel('Power (W)");
title('Power results')

figure(5); hold on

plot(100 - ((500-errorsim)/500) * 100);
yline(2, '--);

yline(-2, '--');

xlabel('Time (s)");

ylabel('Error (%)");

title('Error');



Appendix C: Simscape setup

Stator phase resistance Rs (ohm): |R B

Stator phase inductance Ls (H) |L B
Machine constant

Specify: ]Flux linkage established by magnets (V.s) '\

Flux linkage: |f B

Back EMF flat area (degrees): |120 |_

Inertia, viscous damping, pole pairs, static friction [ J(kg.m”2) F(N.m.s) p() Tf(N.m)]: |[1.95e-3 c 14 Tf] |_

Initial conditions [ wm(rad/s) thetam(deg) ia,ib(A) ]: |[0 ,0, 0,0] |_

44



