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Abstract

The study of Acoustics has been of relative discussion dating back to the 6™ century.
Since then, the topic has expanded into different fields and degrees of complexity. Topics such
as wave phenomena, ultrasonics in medical science, effects on architecture, and
SONAR/underwater applications are presently being studied and applied in today’s world.
Seeing the glimpse of modern-day topics within acoustics, the study of acoustics itself continues
to become more prominent as society grows, gets louder, and technology advances. With this,
Worcester Polytechnic Institute (WPI) does not have a course on acoustics, hence the creation of
this project. Therefore, the end goal of this project was to create a foundation for a course that
professors, like our advisor, would be able to teach. In completing this goal, the student team
researched topics within acoustics following an ideation exercise to determine what was to be
included in this project. Once the research on a topic was complete, the student team
collaborated to create course material that applied the teaching methods the team researched and
believed in. Hence, course material was created via lecture slide decks, electronic modeling
applications and examples, and live demonstrations to assist in the conceptualization of topics.
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1.0 Introduction

1.1 Overview

This research project’s purpose is to create a widely adaptable course that will introduce
acoustic studies into the mechanical engineering department at Worcester Polytechnic Institute
(WPI). The group created a course that can be altered and taught by any professor
knowledgeable in acoustics leaving room for personal knowledge and experiences to be
incorporated into the course.

This MQP went through multiple iterations throughout the academic year. Planning the
best course of action to deliver information clearly and concisely was an overarching challenge
that caused the group to have to rework the course layout. While the initial plan was to have
lectures be created completely by the end of the first semester, then finalized in the second, the
group rerouted and restructured lectures to implement teaching methods proven to enhance
students understanding of topics presented.

Through researching mechanical engineering programs at alternative universities, it was
discovered that acoustics was taught at a variety of them. Therefore, the implementation of this
course may enhance students' understanding of mechanical engineering, but also diversify WPI’s
mechanical engineering department. Moreover, the primary objective of this project was to
create an acoustic course that will:

1. Provide students with introductory information about acoustic science.

2. Create a course that conveys information clearly and efficiently.

3. Incorporate real-world examples and lab opportunities that will enhance students'
ability to apply information in the workforce.

4.  Allow professors the flexibility to tailor this course to their own experiences and
knowledge.

1.2 Objectives

At the beginning of the project, the group created a “global map”. This allowed us to
build lectures based on topics. In turn, our first design method iteration of a course layout was
created. Overtime, however, it lacked lecture structure and did not focus on building knowledge
throughout the course. Initial slide deck creations did not have a cohesive theme, and the content
did not build from lecture to lecture. Despite its downfalls, the first course layout was helpful in
determining our course structure of three lectures and one lab per week.
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Figure 1: Initial Course Layout

In time, the course structure from Figure 1 was reworked based on the teaching
methodologies that will be explained in detail in Section 2.2. Through the application of teaching
methods involving multiple forms of information delivery, all students in the classroom can be
reached. Therefore, our final course layout is shown below. Section 4.0 describes in depth the
purpose of the final course design, and the application of the teaching methodologies.
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2.0 Background
2.1 History of Acoustics

In 6" century BC, the Greek philosopher Pythagoras experimented with properties of
vibrating strings.! These experiments ultimately lead to the tuning system in musical instruments,
as well as awarded Pythagoras to being the origin of acoustic science. In 4" century BC,
Avristotle hypothesized sound wave propagation in air.> He based this greatly on philosophy
opposed to experimental physics. He additionally hypothesized that high-frequency waves
propagate faster than low frequencies, which was later determined to be incorrect. However, this
false hypothesis persisted until 1% century BC. The Roman architectural engineer Vitruvius
determined the correct mechanism for sound wave transmission through his design of theatres. In
6" century AD, Boethius, a Roman philosopher, suggested the human perception of pitch and
frequency, based on the documentation of ideas relating science to music.®

Galileo elevated acoustic science in the 15" century to a modern study of sound waves in
acoustics. He introduced the correlation between pitch and frequency of the sound source and
created a foundation for mathematician Marin Mersenne. Mersenne studied the vibration of
stretched strings and created the three Mersenne’s laws which provided the basis for modern
musical acoustics. The three laws summarized state:

1. Longer strings play lower notes and shorter strings play higher notes.
2. Strings that are looser play lower notes.
3. Heavier strings play lower notes, while lighter strings play higher notes.*

Later in the 15™ century, English physicist, Robert Hook produced the first sound wave
of known frequency using a rotating cog wheel as a measuring device. This was the beginning of
simple harmonic motion.>

2.2 Teaching Methods

To effectively create a course, one must first identify the desired outcomes that students
must fulfill. This is done to achieve the overall goal of an effective course, which is to present
knowledge clearly, and concisely with multiple delivery methods. With this, students can begin
to develop characteristics that include:®

1 “Acoustics | Definition, Physics, & Facts | Britannica,” n.d., para. 5, https://www.britannica.com/science/acoustics.
2 “Acoustics | Definition, Physics, & Facts | Britannica,” para. 5.

3 “Acoustics | Definition, Physics, & Facts | Britannica,” para. 5.

4 “Sound - Overtones, Frequency, Wavelength | Britannica,” n.d., para. 5,
https://www.britannica.com/science/sound-physics/Overtones.

% “Acoustics | Definition, Physics, & Facts | Britannica,” para. 6.

8 Eric Forcael, Gonzalo Garcés, and Francisco Orozco, “Relationship Between Professional Competencies Required
by Engineering Students According to ABET and CDIO and Teaching—Learning Techniques,” IEEE Transactions
on Education 65, no. 1 (February 2022): 46-55, https://doi.org/10.1109/TE.2021.3086766.



Understanding the societal responsibility of their actions.

Behaving under high ethical precepts.

Being committed, autonomous, and reliable.

Having the necessary competencies to use, transform, and create technology.
Working effectively in teams.

Updating themselves in terms of current engineering problems and continuously learning
in the long term.

Knowing how to communicate efficiently.

Having negotiation and decision-making skills.

Incorporating the attitude toward service in the engineering profession, among other
characteristics.

Forcael et al. explains the relationship of professional competencies required by

engineering students according to the Accreditation Board of Engineering and Technology
(ABET) outcomes, the Concept-Design-Integration-Operation (CDIO) syllabus, and teaching-
learning techniques.’ This project’s course has taken the CDIO syllabus method to determine the
learning techniques that are applied. The CDIO syllabus method is divided into “syllabus levels”
which target four unique aspects of learning that are dispersed throughout the entirety of this
project’s course. The specific aspects of learning that the syllabus levels cover are as follows:

Syllabus Level 1 (SL1): Fundamental Knowledge
Syllabus Level 2 (SL2): Personal and Professional Skills
Syllabus Level 3 (SL3): Interpersonal Skills

Syllabus Level 4 (SL4): Application of Knowledge

Table 1 below depicts the summarized student syllabus levels of the CDIO syllabus

teaching method.

" Forcael, Garcés, and Orozco, para. 10.



Table 1. Description of Syllabus Levels of the CDIO syllabus®

Descriptions of Syllabus Levels (SL) of CDIO syllabus

SL1

Disciplinary knowledge and reasoning
Knowledge of underlying mathematics and science
Core fundamental knowledge of engineering

Advanced engineering fundamental knowledge, methods, and
tools

SL2

Personal and professional skills and attributes

Analytical reasoning and problem solving
Experimentation, investigation, and knowledge discovery
System thinking

Attitudes, thought, and learning

Ethics, equity, and other responsibilities

SL3

Interpersonal skills: teamwork and communication
Teamwork and communication

Communications in foreign languages

SL4

Conceiving, designing, implementing, and operating systems
in the enterprise, social and environmental context

External, societal, and environmental context
Enterprise and business context
Conceiving, systems engineering, and management

Designing, implementing, and operating systems

8 Forcael, Garcés, and Orozco, para. 14.




Reviewing Table 1, it is observed that, through following the CDIO syllabus, a course
can be structured to help students develop in a variety of areas. To this point, we used multiple
learning techniques, covering the key components of each syllabus level described in Table 1, to
produce this project’s course. Therefore, the CDIO syllabus is addressed throughout the course
overall, while the developed lecture slide decks themselves follow a philosophy that aids in
fulfilling the CDIO syllabus.

Each lecture slide deck created in this course follows what Domizio refers to as a “good
lecture”. In “Giving a Good Lecture”, Domizio explains preparation and structure are key to the
delivery of a quality lecture. First, the lecture topics need to be conceptually delivered to the
student. From here, the foundational math concepts can be implemented, leading to the final step
of a good lecture, where the conceptual and math concepts are applied to real-world problems.®
Below, Figure 3 shows how the individual lecture slide decks were structured to follow the good
lecture format explained by Domizio.

Math Heavy

Math Heavy Application

Math Heavy

Application

Figure 3: Ideal Structure of Balanced Lecture Slides

From Figure 3, it is observed how lectures should build both within themselves and
throughout the course. Beginning with the standalone conceptual boxes, these represent the
beginnings of individual topics, and the opening course slides as well. In this way, information is
presented to illustrate phenomena that will be explored in greater detail. As time progresses, the
material being covered will begin to grow in complexity, as Figure 3 illustrates. Through proper
execution, students will therefore experience high quality individual lectures, and feel a flow as
the course transitions between lecture topics.

% Paola Domizio, “Giving a Good Lecture,” Diagnostic Histopathology 14, no. 6 (June 1, 2008): 28488,
https://doi.org/10.1016/j.mpdhp.2008.04.004.



Alongside the structure of a lecture, Domizio explains that engagement is a key aspect of
a successful lecture, and in turn a fully developed course. Domizio explains “good learning
outcomes are achieved by active engagement with the learning process.”° Therefore, optimizing
engagement in the classroom setting can be achieved through professor-student interactions,
applying the knowledge being learned, and with in-class demonstrations. Hence, in class
demonstrations have also been incorporated throughout this course to improve the student
learning outcome.

Understanding the philosophy to a “good lecture”, this project’s course applies broader
learning-teaching techniques over the entirety of the course as well. These techniques are
Project-Based Learning, Flipped Classroom, and Simulation. Each of these techniques
incorporates the individual lecture philosophy explained by Domizio, but more importantly
addresses the CDIO syllabus levels introduced earlier. Table 2 below illustrates each learning
technique and the syllabus level/levels it fulfills.

Table 2. Link Between Learning-Teaching Techniques and the CDIO Syllabus Levels'!

Learning-Teaching Techniques

SL1

SL2

SL3

SL4

Project-Based Learning

Flipped Classroom

Simulation

In detail, project-based learning is targeted in our 5" lecture topic/series, where students
take their newly developed knowledge of general acoustics and develop a class lecture on
another topic within it. Through a flipped classroom, students are encouraged to review lecture
slides before class. This leaves opportunity for professors to assign outside work to survey the
student's understanding of what concepts need additional attention and time during the class
period. Simulation, the only learning technique that targets all four syllabus levels, allows
students to practice the knowledge they learn in lectures, and will be used throughout this course.
This is done through MATLAB simulations, that will be presented in tandem with the lecture
material.

10 Domizio, 284.
1 Forcael, Garcés, and Orozco, “Relationship Between Professional Competencies Required by Engineering
Students According to ABET and CDIO and Teaching—Learning Techniques,” para. 30.



It should be noted that no assessment methods were mentioned in this teaching method.
This allows individual professors to have adaptability in their courses, and choose their own
respective method of assessment or grading.

2.3 MATLAB Modeling

The software MATLAB was chosen to be the modeling platform used within this course.
After exploring different options, we chose MATLAB because of its accessibility to students as a
free and WPI supported software, familiarity to the project team, and presumed knowledge
students will possess as other WPI courses use this software. The specific modeling
environments used when modeling were Simulink and Simscape, both integrated within
MATLAB. There are some distinct differences between the Simulink and Simscape
environments in MATLAB. According to MATLAB “Simulink is a block diagram environment
used to design systems with multidomain models, simulate..., and deploy without writing
code.”'? More specifically, Simulink is for Model-Based Design, where complex systems are
broken down and sub-models are systematically used through the entire process. This provides
versatility for a user to generate, test, and redevelop models early and often.'® In the scope of this
project, Simulink generally appears as electrical components and appears as blue components in
the modeling window, like the example in Figure 4 below.

S "-'I.-'\I'A'-'l.-'\l' YT,

e Le

Chirp

Figure 4: Example of Simulink Modeling for a Portion of a Loudspeaker

Simscape varies slightly from Simulink, however. This is because Simscape is part of the
Simulink environment within MATLAB. Specifically, “Simscape enables [a user] to rapidly
create models of physical systems within the Simulink environment.”** The components within

12 MATLAB, “Simulink - Simulation and Model-Based Design,” n.d., para. 1,
https://www.mathworks.com/products/simulink.html.

13 MATLAB, para. 2.

14 MATLAB, “Simscape,” n.d., para. 1, https://www.mathworks.com/products/simscape.html.



Simscape can be directly integrated with the block diagrams of Simulink via converters within
the modeling environment.'® Additionally, Simscape enables a user to create a stand-alone mirror
model of a Simulink block-model but using the applicable physical systems instead. An example
of this is shown in Figure 5 below, where the spring-mass system was created in both the
Simulink and Simscape domains.

Simulink Simscape
(Block Diagram) (Schematic)
a 1 \' 1 X M
> TRTf D
1/Mass ml’ m}
b IL Damper OT “;]() Spring
Damping 1 L T )
r ANANY
Stiffness

Figure 5: Spring-Mass System Example for Simscape and Simulink*®

Through the application of MATLAB Modeling, students can create and simulate
acoustic phenomena within models they create. In turn, students become familiar with an
accessible and powerful free to use software. Furthermore, modeling applications within a course
takes the students out of remote memorization of information and provides an opportunity for
students to apply concepts learned. In turn, depth is fostered within a course structure. Finally,
MATLAB modeling with Simulink and Simscape is simple to use through drag and drop
components from a library of different applications. The user interface of the software provides a
practical and easy to learn experience, making it worthwhile for users of all technical
backgrounds.

15> MATLAB, para. 1.
16 MATLAB, para. 3.



3.0 Methods

Within this project’s timeline, we went through 3 different design method iteration
processes to complete it. Each design method iteration varied in the work being completed, how
each team member was used, and project productivity.

3.1 Design Method - Iteration One

Design Method Iteration One began prior to the first advisor meeting of the project.
Within this iteration, the student team members created a plan that we believed would optimize
our working hours and help us deliver the best material we could. Specifically, Design Method
Iteration One had 3 phases: Research, Compile and Review, and Finalize. Each of the phases is
expanded below.

3.1.1 Research Phase

The student team initially believed in a plan that would allow for the first quarter of the
project to be dedicated primarily to researching the topic of acoustics. The belief was that
through a quarter of research, the team could deliver the researched material in a concrete and
easy to understand fashion. Part of the reason to establish this phase of the project was due to
most team members being new to the topic of acoustics. By the end of the first quarter, we
believed that all team members would have obtained a working knowledge of the topics we
wished to cover in detail within this course.

3.1.2 Compile and Review Phase

The Compile and Review Phase was projected to take up the middle 1/3 of the project.
Within this phase, team members would have worked together to turn the researched material
into digestible lecture slides to be used in class. We presumed that the information researched
within the first quarter of the project would not have been the same among all team members.
Therefore, the team planned to have lecture review meetings both alone and with the project
advisor. During these meetings, lectures would be reviewed from beginning to end. That way
any gaps and/or misleading/confusing information could be confronted, discussed, and reviewed.
Ultimately, the compiling phase would have been the most labor-intensive portion of the project
since team members would have been editing the current lecture in review, while drafting the
future lectures simultaneously.

3.1.3 Finalize Phase

In this final phase of Design Method Iteration One, the team would have been looking
over all material, constructing all complete deliverables, and with extra time, creating
demonstrations to assist the lecture material. The timeline of this phase would have begun after
the Compile and Review Phase and ended with project submission. The belief was that all
lectures would be given a polishing period to make sure the desired flow of the course was



achieved. With enough dedication and work on the front end, the finalization phase would not
have weighed much on the team, we believed.

3.2 Design Method - Iteration Two

Following our first advisor meeting, the team was directed to explore an alternative
design method iteration process. The new iteration idea split the project timeline into two phases:
Hardware Development and Hardware Review.

3.2.1 Hardware Development

Prior to any research of material, we explored how other schools delivered their version
of “Introduction to Acoustics”. We eventually came together and, as a team, combed through the
information gathered from Massachusetts Institute of Technology (MIT), Georgia Tech, and
Penn. State. Specifically, we discovered some textbooks used, the course level at the respective
schools, and the material covered via syllabi. The conclusion from this exercise was that
introductory acoustics was often a higher-level course in undergraduate studies, or a beginning
level graduate course. Once we had an idea of what level information was delivered at, we
decided to structure the course to meet a medium to high-level undergraduate course.

After addressing the course level, each team member began research into textbooks that
could be used as the foundation for the material in this course. These textbooks came from online
searching and reviewal, a folder of sources provided from the project advisor, and
textbooks/sources team members had previously seen or used. Once a team member was
satisfied with their sources, it was the task of each member to make a running list of all topics
covered in their sources. Upon completion of each member’s topic list, we came together and
devised a master topic list that encompassed similarities between books and topics that we
wished to cover within this course. This process served as the ideation phase of our project. The
master topic list was then broken down into the timeline the course would be taught in. This led
to our proposed 7-week course plan, found below. From here the in-depth research and lecture
slide (hardware) creation began.
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Figure 6: Design Iteration Two ldeation 7-Week Plan

Within Design Method Iteration Two, the idea was to research and draft lecture slides
simultaneously. In the earliest lecture creation, all team members created their own version of the
lecture topic for that week. Then, we collaborated and made a singular presentation that
encompassed the work of all team members. Soon after, with the guidance of our project advisor,
we realized that productivity was hindered by all team members researching the same topics.



Therefore, we devised a plan that divided the team members up into different lecture topics and
live demonstration work. In this way, while others were researching topics and constructing live
demonstrations, other team members would be working on the lecture in review and finalizing
the work done there. Soon after this change of pace, we realized the amount of time a lecture in
review physically took away from the week and meetings. This left many team members in
limbo once they completed their research and initial lecture slide drafting. Furthermore, through
advisory meetings and input we began to deviate heavily from the latter portion of the 7-week
course plan, Figure 6, initially created and approved at the beginning of the project. Ultimately,
by the end of the first half of the project, we had created the desired slide decks, and were
presumed to be ready for review in the second half.

3.2.2 Hardware Review

Beginning in the spring semester, advisory meetings were spent reviewing all created
material for the project. This meant beginning at Lecture 1, and going slide by slide to make sure
information was understandable and accurate. Alongside this, the created live demonstrations
were reviewed, and certain team members were explicitly dedicated to the creation and
functioning of the live demonstrations. However, soon into the second half of the project, the
student team members hit a major hurdle. Through meetings and personal work on the project,
the student team members discovered that the course being created in this project had no linear
direction and instead appeared to be a bundle of facts about acoustics in no order. It became
apparent that a change was needed before any more progress was to be made.

3.3 Design Method - Iteration Three

Within this iteration, no structured timeline was set for the team to follow. Instead, we
addressed the aspects of the course that needed to be improved upon and assigned tasks to
individuals based on their knowledge and skill set. The areas of improvement were creating
lecture topic flow, delivering applicable/useful information, and creating a modeling portion of
the course created within this project. This led to the group being split into two parts, the lecture
creators, and the modeling creators. Each group had their own specific tasks that contributed to
the project.

3.3.1 Lecture Creators

Within this group, the primary task was to take the already developed lecture material
and create a new course flow. In some cases, this led to researched and created material being
deleted, restructured, simplified, or in the best case left the same. It became apparent to the
lecture creators that the bulk of the work was on the latter portion of the material created. In this
respect, during advisory meetings, the overall change in course direction was addressed, but
material that was reviewed and approved was not addressed again. Furthermore, there were cases
where lecture creators added information that was previously left out of the lectures created in



Design Method Iteration Two. Once implemented, this information was reviewed and approved
during advisory meetings.

3.3.2 Modeling Creators

Modeling was a portion of this course that was initially introduced in an arbitrary fashion.
Therefore, within Design Method Iteration Three, members of the team were tasked with taking
the circuitry information delivered in the lecture slides and using software to bring the
information to life. For this, the model creators chose software that was easy to use and access.
From there, the modeling creators began researching how to represent the phenomenon the
lecture creators believed should be modeled. Once an idea was found, it was then the task of the
model creators to replicate the information they found within their own model. If able to be
completed, the model creators then made modeling guides in the form of PowerPoints that would
be supplied for students and professors to follow.

Within each of the Design Iterations, the team continued its path towards a final course
for this project. In going through the different Design Iterations, we learned many valuable
lessons and were better able to structure the final course layout of this project.



4.0 Final Course Layout and Design

The final course layout reflects the shift to Design Method Iteration Three described
above. Generally, the final course layout mimics the team’s initial plan of a 7-week course with 3
lectures and 1 lab period a week. The major difference is the division of the course into lecture
topic blocks, in contrast to individual lecture topics. Resorting to this method allows a professor
to have fluidity in their teaching design. The accessibility to speed up or slow down lecture

material delivery can be vital to students’ ability to retain information.

Topic 1 Topic 2 Topic 3
T T T
I 1 I
I I I
! ! !
Introduction Free vikbration Fluid Dynamics
History Simple harmonic Review
Temminelogy moticn One dimenszional
Numerical Spring-mass wave eguaticn
examples system denvation
Easic propagation Pendulum Seolving the one-
Damped dimensional wave
oscillations equation
Forced Transmission line
oscillations equations
Helmholtz
Resonator

Lzb 1: Kundt's Tube

" Lab 2: Spring-Mass
Svstem Modeling

Lzb 3: Fundamental

Lab and Theorv Tepics (Live Demo Theory Live Demos
and MATLAE) Y,
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Topics
i i i
i ; |
Mechanical, Student completed Using simscape to model
electrical, and lecture on selected topics mechaneaconstie circuits
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impedance Room design for svetem
Mechanical, loudspeaker listening L-oudspeak.er
electrical, and Auditorium acoustics Loudpsesker in an
acoustical Vibro-acoustics enclomire
components Electrostatic
Analogons loudspeakers
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Lab 4: Loudspeaker
and Loudspeaker in
an Enclosure
Modeling Topics

Lab 3/6: Femainder of
Loudspeaker Medeling and
Student Created Live Demo

-

Figure 7: Final Course Layout




As portrayed in the figure above, the final course layout contains 5 lecture topic blocks,
one of which is a student research topic. In creating the lecture topics blocks, the team built upon
the finished material from the hardware development phase of Design Method Iteration Two.
Within Design Method Iteration Three, the lecture creators collaborated to distinguish and
organize the material into the 5 topics blocks seen above. Through their understanding of the
material, the final course lecture topic layout maintains a flow that the course was lacking
previously. Directing back to Figure 7, the right side of the figure contains the Modeling Topics
Block of this course. It is separated from the other topics because the modeling topics are
recommended to be introduced once the topic being modeled has been discussed within the
lecture material. The discretion of when to implement the modeling exercises is therefore
directed to the instructor presently teaching the course. In addition, the assessment/examination
portion of this course is directed toward instructor preference and is not included as a solidified
element to the final course created in this project.

4.1 Course Design — Conceptualization and Mathematics

The completed lecture slide decks contain all material this project team created to be
taught within the course structure. The team wanted the lecture slides to illustrate our teaching
method of conceptualization, math implementation, and then modeling application as described
in Section 2.2. The first major example of this kind of teaching method is introduced in lecture
topic 2, specifically with the spring-mass system.

-
JM ass on a spring

move along the x-axis
/

/
v

+x

When the mass is displaced a distance, x, the
spring exerts a restoring force on the mass M

According to Hooke’s Law, the restoring force

Let’s consider a simple spring-mass system

1S: F= ‘—ﬁ M
F = —kx /
N 5 N Force is negative because it opposes
Where k is the “stiffness” of the spring the chosen positive displacement /

e

Figure 8: Teaching Method Lecture Slide Illustration

Figure 8 alone illustrates the first two portions of our teaching method. Not withholding
the fact that this course is designed for 2" to 3™ year students, the lecture slide example above
conceptually illustrates the spring-mass system through the Free-Body Diagram (FBD) and
complete system diagram seen to the right of the slide. In addition, the spring-mass system



phenomenon is conceptually understood through the words on the page, and animation videos
(not pictured within this report) on the succeeding slide within the deck. Figure 8 upholds the
second portion of our teaching method through the addition of mathematics to the conceptual
information. In the figure above, the phenomenon is mathematically explained through the
application of Hooke’s Law, which is written out and illustrated within the slide. Figure 9 below
mirrors the introduction of mathematics to conceptual topics more vividly.

.
/Mass on a spring

Before we continue with the equation of motion, let’s briefly
discuss the circular frequency w o

—_—
As shown before:
wro ko [E j—/\/\/\rM
m m
The natural period of this system is therefore:
2w m F = —kx
L=—= Z”F — M
Wn k

And the natural frequency of the system is:

1 w, 1 [k
fn=?=z_=_ -
o T 2w m

P

Figure 9: Mathematical Introduction to Conceptual Topics

The topics of natural period and frequency are respectively discussed within the
introductory lecture for this course, lecture topic 1. Therefore, on the slide presented in Figure 9,
the students fundamentally see the mathematics governing the conceptual principles they have
already been introduced to. Mathematical concepts are built from the ground up within a lecture
deck. That way the students engaging with the course can work through a slide deck and
understand where the variables seen in Figure 9 come from, and what the individual variables
mean. It is our belief that through understanding conceptually, and then applying mathematics,
students will better grasp the governing principles and phenomena presented within the course.

It is important to add that student engagement with the lecture material was a goal we
tried to achieve throughout all lecture topics. Many of the topics within the acoustic textbooks
used in the formation of this course contained complex verbiage and descriptions of the topics
we sought to cover. In turn, it was the goal of this project team to value student engagement by
turning complex descriptions into digestible material mainly using pictures and animations. In
this way, the team held tightly to the phrase that “a picture is worth a thousand words”, attributed
to Fred R. Barnard.



4.2 Course Design — Application of Material

Through being students, the team understood that the final course of this project needed a
level of material application. Without it, we felt that students would read over information with
no intention of retaining the material. One method to achieve this goal comes from adding
questions into the lectures for students to work through.

y
/Mass on a spring

Consider a mass of, m = 1kg, suspended from a

spring of stiffness, k = 150 %

a) Draw a free body diagram

b) Write the system’s equation of motion
¢) find the system’s resonant frequency
a) T —kx
M M|T.
bmg
b)F = mg—— ~mg+kx=0
Q)w,? = I - f= I = 1.94Hz

e

Figure 10: Example of an Application Lecture Slide

From Figure 10 above, students are directly involved in applying the concepts presented
previously in the slide deck on the spring-mass system. Noting that the answers are shown in the
figure, these would be hidden from view while presenting, and brought into view through
animations. Within this example, a student finds themselves applying their knowledge of the
conceptual FBD introduced earlier, the mathematical equation governing the motion of the
spring-mass system, and the use of equations to solve for a characteristic of the spring-mass
system. While the work presented is simple in and of itself, these kinds of exercises aid in lecture
flow and information retention.

In a more complex example, all modeling done within this course is intended to be used
for applying material learned in lecture. As stated previously, Simscape and Simulink additions
to the MATLAB software govern where the modeling application was constructed. Each
modeling topic presented on the right side of Figure 7, has its own step-by-step lecture guide to
aid the students. For example, sticking with the Spring-Mass System concept, Figure 11 below
illustrates an opening slide to the modeling deck.



Introduction

The complete model setup should look like the diagram below

Simulink Model S Simscape Model
ensin
Si

Simulink

Construct this model following this slide deck

Figure 11: Spring-Mass System Introductory Slide

From the slide presented above, students can conceptually see what the entire model they
will be creating will look like prior to beginning the exercise. The succeeding slides then break
down each block of the diagram into the name of the block, where the block is located within the
modeling library, and what the input for the respective block is. Once the model is created and
the simulation is run, students can then see the application of the topics they have learned
through the simulation output. For example, in an undamped spring-mass system, the position of
the mass over time should be a perfect sinusoidal graph; students will have learned this concept
prior to beginning the modeling exercise. In this fashion, through constructing the model
prescribed in the modeling lecture, and running the simulation, a student could produce the
following output.



Run the Simulation again and the Run the Code and
the plot should look like the following

iqure 1: MQP_Models q o

Position (m)

Figure 12: Application of Material Through Spring-Mass Modeling

At this point, the student will have conceptually learned about all parts of the Spring-
Mass System, dealt with and applied the mathematics behind the system, and then observed the
application of the Spring-Mass System through a modeling exercise. The application exercises
were also constructed in such a way that the more complex phenomena can also be explored. For
example, once the student has a working spring-mass system, they can then apply a damper to
the system and observe what they believe should conceptually happen to the system. Therefore,
the student is not hindered in their curiosity of the application of the topic presented and can
observe what the lecture slides conceptually and mathematically attempt to portray.

In the end, the final course layout and design provides a simple and easy to use method
for instructors to follow. While there is guidance on the direction information should flow in, the
final course layout provides flexibility and personalization for an instructor. Overall, we believe
the final course layout and design upholds the teaching methods and principles presented earlier
and will foster student engagement from the beginning to the end.

4.3 Completed Lecture Topic Breakdown

The final course layout is based on 5 main lecture topics, with each lecture topic
including several related subtopics. The course layout is designed to be delivered over 7 weeks,
with 3 lectures and 1 lab session each week. The content of these topics are as follows:

1. Lecture Topic 1 — Introduction to Acoustics
a. Introduction
b. History
c. Terminology
d. Numerical examples



e. Basic propagation
2. Lecture Topic 2 — Oscillations and Waves
a. Free vibration
Simple harmonic motion
Spring-mass system
Pendulum
Damped oscillations
Forced oscillations
g. Helmholtz Resonator
3. Lecture Topic 3 — The Acoustic Wave Equation
a. Fluid Dynamics Review
b. One dimensional wave equation derivation
c. Solving the one-dimensional wave equation
d. Transmission line equations
4. Lecture Topic 4 — Analogous Circuits
a. Mechanical, electrical, and acoustical impedance
b. Mechanical, electrical, and acoustical components
c. Analogous circuits
5. Lecture Topic 5 — Student Selected Topics in Acoustics
a. Psychoacoustics
Room design for loudspeaker listening
Auditorium acoustics
Vibro-acoustics
Electrostatic loudspeakers
f. Etc.
6. Modeling Topics - using simscape to model Mechanoacoustic circuits
a. Basic spring-mass system
b. Loudspeaker
c. Loudspeaker in an enclosure

- D a0 T

© oo o

Lecture topics one through four are designed to be delivered in a standard lecture style,
with modeling topics being introduced to provide application of course material. These modeling
topics, along with supplementary live demonstrations, are meant to be introduced during the lab
sessions. The last topic, lecture topic 5, is designed to be a student designed topic. In this section
of the course, students will form small groups which are meant to research a related topic to
something they’ve learned in class. This will allow students to expand their understanding of
previous course material and give them the opportunity to learn a topic in acoustics they want to
explore.

The choice of lecture topic structure was made to provide fluidity in course delivery. In
the previous iteration of the course structure, the lectures were based on subtopics meant to be



delivered at a specific time during the 7-week period (Day 5 being X subtopic for example).
Removing when the subtopics should be delivered and instead creating a generalized timing for
larger topic groups allows the instructor to move the course at the pace of the class (week 1
should cover X, Y, and Z subtopics for example). This way if the class is struggling with a
certain topic, more time can be allotted to that topic.



5.0 Improvements for Future Iterations

In the creation of this course, the team understood that not all material related to the
introductory topic of acoustics would be possible to cover. Therefore, it is our hope that in future
iterations of this project, students will build on this framework with new and more in-depth
information. Specifically, there are subtopics to the phenomena presented in this course that a
future project team could add to their version of the course presented in this project. In this way,
the course would gain another layer of depth within the topic of acoustics, providing students
with a more comprehensive introduction to acoustics. Additionally, the team proposes expanding
the lab/live demonstration portion of our final course within future iterations. We believe that the
labs and live demonstrations make learning inherently more fun and provide a direct application
of topics learned in class for the students. Building from the current course, a future team may
seek to add more complex examples or simulations within the modeling software. Furthermore,
there are acoustic topics not presently demonstrated in a live model within this course.
Introducing more live demonstrations of acoustic phenomena would better help students to
visualize the versatility the topic of acoustics has. This could be completed in tandem with the
addition of the deeper fundamental acoustic topics not covered within this course, therefore
maintaining the idea of presenting a topic conceptually before application of the topic is
completed.

In conjunction with improving the depth of the course, a future iteration could pertain to
the mathematic concepts not deeply covered within this course. Mathematics is integrated into
the final course design of this project to explain and/or illustrate the more fundamental topics
related to acoustics. However, the team discovered early on and began working through more
complex math not included in our project’s final scope. One such example of math
improvements could be the use of complex variables related to the governing properties of waves
and acoustic characteristics. Most textbooks used in this course’s formation introduced complex
variables to simplify the mathematical concepts and application. From there, the textbooks were
better able to present and work through mathematical concepts and examples. In a future project,
through introducing complex math from the ground up like the textbooks used, a student team
may discover an additional mathematical layer this course is not currently supporting.

These improvements for future iterations are a starting point for a future team. It is our
hope that a future team will be inspired by the foundation we have built and will use their own
creativity and ingenuity to improve what is presented within this project.



6.0 Broader Impacts

As with all project work, the creation of this course has a broader impact than just this
project. Each topic of broader impact is expanded on below. It is important to note, however, that
broader impacts related to Societal and Global, Environmental, and Economic Impact were not
considered in the formation of this project.

6.1 Engineering Ethics/Codes and Standards

Ethically, the information within the final course design presented in this project were not
fundamental ideas created by the team or the advisor. All information was taken from textbooks
and online academic sources. Furthermore, the modeling and live demonstrations presented
within this course were created from other examples found online and through video searches.
Because of this, the team does not claim that any academic information from the course is of our
own discovery. Instead, the team formulated the researched information into our own structural
design, upholding the codes and standards to give credit where credit is due for the information
presented. In addition, the final course developed within this project reflects the level of
understanding the project team had throughout the course development. With this, certain topics
introduced within research readings were not included in the final course as the team did not
have a grasp on the material. Therefore, the course reflects the team members’ competence
within the topic of interest.

Creating this course ethically also required that the team members looked beyond
ourselves. Throughout this project, we strived to create course material that would benefit the
greater student body. In doing so, we believed in eliminating busy work within the course. In this
way, we designed the course with the mindset of how a student 3 years down the road would
perceive the course when taking it. Furthermore, the live demonstrations and modeling within
this course were created to maintain the safety of both instructors and students. Because of this,
we believe that live demonstrations and modeling can be completed by all students and
instructors within the course. Furthermore, there is no inherent risk when seeking to replicate the
live demonstrations or modeling exercises.



7.0 Conclusion

Throughout the development of the final course presented in this project, we learned
many valuable lessons on curriculum development, and a bountiful amount of information
pertaining to the topic of acoustics. Curriculum development is a lengthy process, and we believe
the course developed within this project is a solid foundation. By no means is the course
developed within this project incomplete, however. It is instead our hope that future students will
see the work completed here and take it further than we were capable of.

In the end, this project was rooted in teaching principles and lecture design theory. The
project brought material down to a digestible level that should be accessible for all student
knowledge levels within the course. Furthermore, the course materials created help to eliminate
students from being discouraged to learn if this course would be a stretch for them. This was
done by breaking material down to a step-by-step basis, for both lecture slides and modeling/live
demonstration exercises. Standing alone, this project can provide a lot of information and launch
a student into a desire to learn more about acoustics.
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Appendix A — Lecture Topic 1 Slides
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Lecture Topic 1

Introduction to Acoustics
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Why?

Topic1is meant to give the necessary contextin
order to begin understanding and modeling
acoustic systems




What are we learning?

01 02

Introduction Some history

What is acoustics? A little background for
context

03 04

Terminology Propagation
Important quantitiesand Conceptual overview of
how to use them the propagation of sound

“It Is audition and not vision that is the
most relevant social sense of human
beings. The auditory system is their

mMost prominent communicationorgan,
particularly in speech communication.

Take as proofthat it is much easier to

educate blind people than deaf ones.”

—Ning Xiang and Jens Blaubert




Why study acoustics?

Arguably the most important human

sense: —_— N\
e Hearingis compulsory;you can't ﬁ "ﬁ

close your ears

o o
e Thefield of hearing extends 360° H] B +

Canh d optical barri
e Can hear around optical barriers n f’ "f\ﬂ

For something so fundamental to our
lives, we oughtto tryand understand it!
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Why might it be important to study
acoustics?

What do you want to know from this
course?
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Introduction

What is acoustics?

Three Important Terms

" @ C

Sound Auditory Event Acoustics
Mechanic vibration An event that exists The study and science

caused by as heard, only of sound and its

a disturbancein becomingactual after accompanying

an elastic medium the act of hearing auditoryevents




Acoustics
Formally, acoustics is the study of o
the generation, transmission, and counaun Longitudinal Wave
reception of energy as vibrational waves in

matter .

‘When molecules of a fluid or solid are
displaced, an internal elastic restoring
force arises.

Transverse Wave

Essential conceptwhich
governs all vibrating systems

Ac:)n‘l—slic Lon.J,gitun\ﬁ:.nal Wave _ Sound \VHVES

& e Needs an elastic medium to propagate
)
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e Particlesoscillate aboutan equilibrium
A position
= e \What happenswhen there's no
| | medium?
| |
I
i /N "™ Propagation
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2 NS hd NS Min e Soundisa pressure wave
e Sound propagatesin all directions
isvr e We will describe more propertiesin

depth in further sections




Vibration

Vibrating Bodies —
focus of this course

Air Stream

Air acrossa bottle top
or whistle

Explosion

Shockwavesand
nonlinear acoustics

Thermal

pressure variation
from temperature
change
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A Little History

Where did acoustics
come from?

e

) N

History of Acoustics
500 BC 1842 1910
: Lieben and de Forest
Pythagorasfind Chladni von
the relationship Introduced acousticsas invent the vacuumn tube
between string a separate branch of physics triode allowing for
length and pitch amplification of weak
| signals
i L I
1643 1896
Toricellidemonstrated Acoustics had now matured
thatsound and Rayleigh writesa
cannot propagatein full text on acoustics
avacuum




Notable Inventions

o
Telephone
1867

olo

Consumer Audio
1930s

= o

Radio PA Loudspeakers

1920 1920s

o

DSP Smartphones

1970s 1990s

So many applications!

.

Acoustics

g
A
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Mechanical Engineering

Vibroacoustics, Noise Control,
Architectural, Seismology, Underwater
Acoustics

Electrical Engineering
Signal Processing, Amplifier Design, Bio-

Sensing, Sound Reproduction, Sound
Recording

Psychoacoustics
Human Perception of sound;

Loudness, Sharpness, Tonality, Roughness,
Pitch




O 3 Terminology

Thevocabularyto
describe acoustics

N i

Measurable
aspects of sound

Let usfirst consider what

measurements might be made on a °
: e ,000 4 eoo
medium ® °
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Let's take a gas at rest for example, ... .... :....... .: :.
what can be said about: oo o0 °
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e Particle movement?
e Pressure?

e Density?




Measurable
aspects of sound

When a sound wave propogates
through that medium what can be
said about:

e Particle position?

e Particlevelocity/acceleration?
e Pressure?

e Temperature?

e Density?
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Properties of a Waves

Frequency (v)
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position

Longitudinal—sound in air

Relevant Terminology

Particle Velocity  Sound Pressure Frequency Band

Alternating velocity of an Alternating pressure caused Interval in the frequency
oscillating particle/element; by particle oscillation; domain, usually defined by an
upper and lower frequency;

Meter/Second [m/s] Newton/Meter? = Pascal Hertz [Hz]
[N/m?2 = Pq]




Relevant Terminology

Acoustic Impedance Sound Pressure Level Sound Intensity

the opposition a system has Level on a logarthmic scale Sound power per unit area,
to the acoustic flow resulting of the effective sound where area is only the area
from an acoustic pressure; intensity to a reference; component perpendicular to
propagation;
Newton * Second/Meter? SPL =10log(l/I_ref) [dB]
[Ns/m3] Watts/Meter? [W/mZ]

N

N
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Numerical Context: Frequency Bands

Human hearing extends from 20 — 20kHz, here are some common examples
of frequency bands

Frequency Band
Kick Drum, Bass, Organ 20 - 40 Hz
Vocals 100-3 kHz
Guitar 25-5kHz
Hi-hat, cymbals, snare 8+ kHz




| et’'s See for Ourselves

Spectrogram

Numerical Context: Particle Velocity

® Particlevelocity can be solved for using the following relationship:
O Pressure = Acoustic Impedance * Particle Velocity
® Usingthe aboverelationshipand an acousticimpedanceof air of ~ 412 %,

solve for the following particlevelocities:
0 Measured pressure of 20uPa

P 0.000002 —
m v=—=———"=5+1078%
Zair 412 s
0 Measured pressure of 100mPa
P 0.1 —
m ov=—="=25x10"2
Zgir 412 s
0 Measured pressure of 100Pa
P 100
m U= =="=025%
Zgir 412 s
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Numerical Context: Sound Pressure and SPL

® Thequantitysound pressure level (SPL) is a common quantity for measuring
the sound pressure with respect to a reference pressure
O Thisreference is commonlythe threshold of human hearing at 20uPa

As shown before: SPL — dB = 10104%)

IntensitVrererence
pressure?
density = speed of sound
How would you express SPL in terms of sound pressure?

O
O  Acoustic Intensity =
o

Pmeas> 2
® SPL—dB= 101og(M) = 10log| =25 | = 1ozog(pL“f) = 10109(M)
Irer Pref Pref Pref
oc

® SPL—dB= ZOIog(pp’“‘m) « This equation is frequently used!

ref

~~

Numerical Context: Sound Pressure and SPL

® Thelowest pressurechangea human can hear is 20uPa, called the threshold of
hearing — This commonly serves as p;.

® Anoise just above thethreshold of hearing was recorded at 30uPa, express that
in terms of dB-SPL

_ 30,(LPa) ~
o SPL,,, = 20log (—zoﬂpa 3.5dB
® A person talking generates a sound pressure change of 100mPa, express thatin

terms of dB-SPL

o SPL,,.. = 20log (%) ~ 34dB

® Theloudesta humancan hear before pain is 100Pa, express that in terms of dB-
SPL

o SPL.,.. = 20log (10‘“’ a

20uPa.

~ 130dB
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\ i {w@,}g Sound Propagation

How does sound travel?

e

vl
/RCViCW on Waves

*  Transverse Waves o
« Displacement perpendicular tothe £\ e AN H ,,,,, L:m )
dueCtlon Of I)]"Ol)agatlcn'1 Transverse waves may occur FIoRegeRon

on a string, on the surface of
a liquid, and throughout a solid

* Ex) Wave on a string

* Longitudinal Waves —
PIOPAGANION e

* Displacement in the direction of
propagation
Displacement <,‘:>

* EX) Slinky or Sound in air

P




Increased Atmospheric
Pressure Decreased Pressure
Pressure 1

Sound waves

Oftentimes, transverse waves
are used graphicallyto
describe the motion of sound

Propagation of inair
sound

Motion of air molecules
associated with sound.

Sound
Propagation

Sound propagatesin all
directionsaround the sound ¥
source L 3

As such, soundtends to
propagate spherically unless
interfered with




Sound
Propagation in Air
Due to this spherical propagation,

sound energy distributes following the
mverse square law

By the rule of thumb for
loudness, a 20dB drop would
mean 1/4 as loud at 60m!

60

At 10 times the
distance, the same
sound energy wil
be spread over
100 times the area,
a drop to 1100
the intensity!

The Inverse Square Law

sphere area
4nr?

intensity at
surface of sphere

source power

The energy twice as far from the 21‘
source is spread over four times
the area, hence one-fourth the intensity. 3r

Relative Intensity

Click for simulation!

Distance from point source
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Numerical Context: Sound Propagation

® Considera pointsource producing an acoustic power of 1 Wattin free air;

o< 3m - @- 4m .®
X1 X2

0 Whatis thedifference in intensity heard by listener 1 when compared to
listener 27

!
T amr? 4m(3)2

s I = 000882, [, = —— = —
T

= =0.0016=, [, — I, = 0.0072—=
4nry?  4m(7)? m2 m?2
o What would thisdifference be in decibels?

0.0072
0.000002

m I,— I =0.0072-, 20log( ) ~ 50dB

Speed of Sound

Dependent on Medium and

= T, Temperature
' - e Generally,the speed of sound is not
s Tl dependent on:
e X e e Frequency
e Period
oy maie lele e Amplitude
i c ',-:' o L] Etc.
B o W Variables Affecting Speed
) ) ) e FElastic property; Bulk Modulus, B
e [nertial Property; Density, p
WAVES IN THE AIR e Related by:
B
e 2




Table of Propagation Speeds

Gases
Hydrogen (0°c) 1286
Helium (0°c) 972
Air (0°¢) 343
Air (20°¢c) 3N
Liquids at 25°C
Water 1493
Sea Water 1533
Mercury 1450
Solids
Diamond 12000
Iron 5130
Aluminum 5100
Brass 4700
N _
e ~
Reflection
cNt'noaﬁ;_ZSL?pon :::;?:egf?;:ngng.“h one fed ;ﬁ:npglais on Allgle of reflection
y reflection reflection. T e

Free End

Fixed End

equals the angle
of reflection for
sound waves too. 45

Phase Change

N When sound reflects off a

shift occurs

Click for simulation!

N

perpendicularwalla 180° phase
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Incident Wave

Standing Waves

Standing wave appear to stand still,
oscillating around nodes and
antinodes

Standing wave amplitude is twice
the incident wave amplitude

Click for simulation!

Reflection

.

/\

\ Standing wave from two propagating waves /

/\

V.

v,

/
/

Incident + Reflection = Standing Wave

e

Interference

Two travelling waves that exist in
the same medium will interfere
with each other




/N

Interference

/TN

7 _
In phase /"\
N

Constructive
interference

/_\ \/'l' 180° out

/\ of phase =

Constructive

If phases align and

amplitudesadd, itis
considered constructive

Simulation

NS

Destructive

If phases misalign and
amplitudessubtract, it is
considered destructive

Destructive
interference

If an obstacle is sufficiently
smaller than the wavelength
of an incident wave, it will
bend around that object

Click for simulation!

Diffraction

Sound
waves
e
Sound
source Diffraction
around post

O

Suppose you bought a

concert ticket without

looking at the seating chart and

wound up sitting behind a large post.
You would be able to hear the concert
quite well because the wavelengths of
sound are long enough to bend around
the post

If you were outside an
open door, you could still
hear because the sound
would spread out from
the small opening
asifitwere a
localized source
@ of sound

Diffraction
past small
opening.

If you were several wavelengths
of sound past the post, you would
not be able to detect the presence
of the post from the nature of the
sound.




Diffraction

If a marching band is approaching . . .
\ on a cross street, which Dlrectlonﬂ]lty

instruments will you hear first?
High pitched piccolo,

A+ 1=+ shon wavelength. Because higher frequencies have
shorter wavelengths, they “spread
E@J out” less than lower frequencies

&

This makes higher frequencies more

High pitched - ) - . : .
sounds tend e, directional than lower frequencies
to be more long wavelength.

directional

because they

don’t diffract

as much.

Refraction

Fast ‘&% Siow As previously discussed, when sound travels
Medium gag A <, Medium through two different mediums its speed will
As a column of - %‘%, h
marching troops ; &‘?} ‘%“% change
crosses from a fast g
mediumioa = g “E:%’ @ Asits speed changes, the travelling wave
slow medium, " g 4 d@;%u . .2 :
the direction - 58§ a8 ;%;%,_ - changesdirectionin the new medium
of march _sgg ‘%’w [ It
ohanges: g w&ﬁ g The changein the medium changes the
. g speed of propagation,andduetor = f4, the

Concrete Swamp wavelength changes as well




Warmer air,
Iamel sound

speed
Conl air,
slower sound
Source g I, Listener

If the air above the ground is warmer
than theair on the ground,itactsasa
medium change

\\\\\HH | IHH;

\\\ Additional sound
\\\ path as a result of ”//

refraction. ’ 7y Y

Direct sou
I

d path
Source ¥A#
<o [[LITTITTEEERTEEEErErrrn |

T

K
[TEITT] | Listener

This causes an effect where not only

the direct sound from the sourcecan

be heard, but additional sound thatis
bent down

Fisherman have often described being able to hear much greater
distances on water than on land due to the water cooling the surface
air, allowing more sound to be refracted down

e




Appendix B — Lecture Topic 2 Slides

/

Lecture Topic 2

Waves and Oscillations

Why?

Topic?2 is meant to break down the most basic
harmonic motion and simple oscillations. Also
understanding the entry-level math that will
prepare studentsto model acoustic systems.




What are we learning?

01 02

Characteristics Simple Harmonic Motion
Basic characteristicsof Mass ona spring and a
oscillating systems basic pendulum
Forced and Damped Mechanic to
oscillations Acoustic Analogy

01

Characteristics

Basic characteristics of oscillating systems




Mechanical Oscillations

All bodies with some mass and elasticity

are capable of vibration

Oscillating systems can be categorized

T

as follows: o
_Unstreiched | A +x) ibviam
e Linearor Nonlinear W’”j‘“ T AR srmm'f”u:
e Freeor Forced P
e Damped or Undamped - :
Let's get into what some of that means!
Linear vs. Nonlinear
Linear Non-Linear

Systems which follow the principles of
superposition and homogeneity

Doublethe input - Double Output

Combining inputsyields an additive

effect on output

Systems which do not follow the
principles of superpositionand
homogeneity

Doublethe input=+ Double OQutput
Often results in complex behavior like

chaotic motion or frequency-
dependent responses

Focus of this coursel




Free vs.

/

Rest & Starting point
@ & /\\V\WWWW\—

SHM Oscillating Spring
without damping
+ &
time

-8

Forced
Free Vibration

Every system possessing mass and
elasticity can vibrate

When disturbed from equilibrium
position,a system has a frequency it
tendstovibrateat

This is called its natural frequency

Free vibration refers to a system'’s
oscillation when left to vibrate at its
natural frequency

*Assuming nodamping,thisis
referred to as simple harmonic
motion (SHM)

N

j

Free vs. Forced

Force Vibration

Forcedvibration is simply when a
system is driven by an external force

This system is forced to oscillate at the
excitation frequency

When the excitation frequency aligns
with the natural frequency,a

phenomenon called resonance occurs
Theresultantamplitude grows larger
than the free vibration amplitude

In fields like noise and vibration control,
avoiding resonanceis often desired

N




Damping

Damped vibrationsdecrease in
amplitude over time

Dampingdissipates energy in the
system through friction, air resistance, or
otherdamping methods

Three main kinds of damping:

+ Underdamping: Oscillation
descreases over time

+ Overdamping: No oscillation, slowly
returning to equilibrium

+ Criticallydamping: No oscillation,
fastest return to equilibrium

1.25
1.00
0.75
0.50
0.25
0.00
-0.25

—=0.50

{\\ —— Underdamped
Overdamped
————— Critically Damped

j

_.Unstretched
position

k&
e k(A +x) . )
__I@ ) . _L _§__ Static equilibrium
| m ol
w

Mass on a spring

A mass on a spring serves as a
simple model to demonstrate
and apply these concepts

Let’s dive into how to use what
we've discussed!
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Simple Harmonic
Motion

.
/Mass on a spring

move along the x-axis
/

Let’s consider a simple spring-mass system /
R

When the mass is displaced a distance, x, the

spring exerts a restoring force on the mass M

According to Hooke’s Law, the restoring force

] F=—kx

1S:

F=—kx / ) M

: : : Force is negative because it opposes
Where k is the “stiffness” of the spring the chosen positive displacement




i
/Mass on a spring - animation

PHYSICS-ANIMATIONS.COM=

According to Newton’s second law:

+x

d%x .
F:mazmmzmx
Therefore, é
m¥ = —kx
m¥+kx=0 F =,_kx
.k
X+—x=20

m

AN

This is the differential equation of motion for
the spring mass system




k ;
—- can be defined as the circular frequency of
the system, w,,2

+x

As shown before:

The natural period of this system is therefore:

T 21 2 Jﬁ
=— =217 |—
" w, k

And the natural frequency of the system is:

1l w 1 |k
= ==

T, 2m 2n|m

The top eq now becomes: F=—kx M
4+ w,?x=0
Intuitively, how would you describe the motion
of the spring-mass system?
Before we continue with the equation of motion, let’s briefly
discuss the circular frequency w o
—

W

F=—kx




-
/Mass on a spring

With these equations in mind:

T—ZJﬁ 1 |k
n = 4l - fn—ga

« What happens if we increase mass?
* What happens if we increase the spring
stiffness?




/Mass on a spring

Consider amass of, m = 1kg, suspended from a
spring of stiffness, k = 150 X p—

a) Draw a free body diagram
b) Write the system’s equation of motion
c) find the system’s resonant frequency

a) t—kx
M
Vmg
b)F:mg—— ~mg+kx=20

Qwp? = f > f= f — 1.94Hz

Mass on a spring

Recall;
¥+ w,’x=0

Assuming motion to be sinusoidal in nature, the
general solution for the equation of motion is:
x = A; cos(wt) + A,sin(wt)

The constants A; and A, are found using the
system’s initial conditions:

x(t=0)=1x,
dx(t=0)

v(t =0) = It = vy

+x




-~

Mass on a spring

x(t =0) = x,

_dx(t=0)

v(t=0) T

Vo
Substituting this into our solution equation:
x = A, cos(wt) + A,sin(wt)
xp = A4 cos(0) + A,sin(0)
A =x,

dx
v=r = —A wsin(wt) + A, wcos(wt)
vy = —A w, sin(0) + 4,w,cos(0)
vy = Azop
Vo

A, =
2 w,

+x

~

Mass on a spring

Vo
A1 =xg 2=
w?’l

Substituting this into our general solution:
x = A4 cos(wt) + A,sin(wt)

v
x = xgcos(wpt) + (w_o) sin(w,,t)

n

Looking at this equation, what would happen if the mass
is never given an initial displacement?

What if it was given an initial displacement and velocity?

+x
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Mass on a spring

%
x = xq cos(wyt) + (—0) sin(wpt) X,
w

n

If given an initial velocity, the motion equation ‘a

gets scaled, and a phase change occurs

This can be demonstrated here:

Desmos Link

Phase

The concept of phase is importanttounderstanding the graphs of signals, including
displacement, velocity, and acceleration

Phase, ¢, describes a waveform'’s position in a cycle — Take a standard sine wave as
an example:

Ad




Phase

If two waves have the same frequency, but a different positionin time, they are said
to be “out of phase”

An example of this is shown below:

——A
P
b1
k AL
/
Mass on a spring
Recall:
x = A;cos(w,t) + A, sin(w,t) X,
If we let: a—/\/\,\' M
A; = xgcos(—¢) = xg cos(—¢)
Vo . Vo .
A, = w—nsm(—tp} = —w—nsm(tpj F =1—kx M
Then:

x = xgcos(w,t) cos(pp) — :;—0 sin(w,t) sin(¢)




s
JMass on a spring

Using the identity:

cos(a + B) = cos(@) cos(B) — sin(a) sin(F) i..
Where, 51 ANN
a = wnt, B=—¢ M

Then.

x = Acos(w, — ¢)
Where, F=—kx M

A= |(4°)+(4")

¢ =tan™! (j—j)

Desmos Link

-
Mass on a spring 2_,%_ v

With this equation:

x = Acos(wpt — ) F=—kx M

The displacement of a system undergoing SHM can be
described Acceleration, a

Using the equation of displacement, how would you find
an equation to describe velocity and acceleration?

d
velocity = a(x} = x = —Awsin(w,t — ¢)

acceleration = E(v} =% = —Aw, %cos(w,t — ) NS \

Velocity, v IDispIacement, x

Desmos Link




s
/Mass on a spring

Looking at the graph of displacement, velocity,
and acceleration;

* What can you say about their phase
relationship?

Velocity lags displacement by 90°
Acceleration lags velocity by 90°

Therefore,
Acceleration lags displacement by 180°

Acceleration, a

.Velocity‘ v IDispIacement, x

~

Pendulum

Another example of SHM is a simple pendulum
Consider the system to the right which consists
of a mass, m, suspended a distance, [, from its

pivot

This mass 1s free to swing at an angle, 6, in
either direction

Let’s find the equation of motion for this system!




—
/Pendulum

The process for finding the equation of motion
and the natural frequency is the same

1. Draw a free body diagram
Write out the sum of forces (Newton’s
second law)

3. Use the coefficient for the restoring force to
solve for natural frequency

Given the free body diagram to the right, try and
complete steps 2 and 3 (Hint, instead of x think
in terms of )

~

Pendulum

ZF =mlf = —mgsinf

0 = mlé + mgsin@

0= é+%sin8

Forsmall angles, sinf ~ 6
0=é+%8




~

Pendulum

Pendulum

Now that we’ve found the equation of motion
and natural frequency of the system, find the
natural period of the system




~

Energy Method

Another way to view a system’s oscillation is
through the conservation of energy

The big idea: In an ideal system, the total energy
remains constant

As asystem oscillates, its potential energy is
transferred to kinetic, then back to potential, and
SO on

Let’s derive the equations for potential and
kinetic energy

~

Energy Method

Potential Energy (E,): Related to the initial displacement of the
system

_1 2
EP —Ekx

Substitute: x = Acos(w,t — @)

L 42 cos?
Ep=EkA cos*(w,t + ¢)

Kinetic Energy (E}): Related to the velocity of the system

1
Eﬁ' =Emv

7

Substitute: v = —Awsin (w,t — @)

1
E,= —Em/lz w?sin?(w, t — ¢)




~

Energy Method

1202
E,= p kA cos*(wyt + @)
1
E.=— EmAzwzsinz(wnt — )
Total energy of the system:
Etotar = Ep + Ei
L iz 2 1 2 2.2
= EkA cos“(wpt + @) — Em.A w*sin®(w,t — ¢)

Since:

1
— 2 _
Etotal = Emvmax = Ekxmax

2

1 1
Etotar = E’"AZ = _Ek(Aw)z

il

Energy Method

Similarly for a pendulum:
E, = mgl(1 — cos(8))
1

Ek = Emv

2

Therefore

1
Etotal = Emvz —mgl(1 — cos(8))

And

3
Etotal = 2 m-vmax2 = mgh

Trne Dagcs of e Pariculugm
o —
| KE

__________________________________




Pendulum Simulation & |

Let's try a simulation!
Pendulum Interactive Demo

Press the play Button and go to “intro” =

jd
/ Simple Pendulum

In the Simulation, you can model:

Free oscillation: ] . =
- Length - .7m | ;
- Mass -1kg
- Gravity - Earth |
- Friction - none |
- Click period trace ;

‘What happens to the period and amplitude when...
- You increase the length? =
- You increase the mass? —
- You increase the gravity?
- You add friction?

Why does the pendulum slow down with friction? Let’s find out...
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Forced and Damped
Oscillations

~

Dampers

As previously mentioned, Damped vibrations

decrease in amplitude over time
The damping force is defined:

Fd:Ci

To account for damping, this term is added to

the equation of motion:
mx+cx+kx=0

Where ¢ isthe damping coefficient

position
=

L 10

DAY~V Spamon
maedificd by DRyl 1997

15
time

20
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Dampers

Recall, there are three main kinds of damping:

*  Underdamping: Oscillation descreases
over time

*  Overdamping: No oscillation, slowly
returning to equilibrium

* Critically damping: No oscillation,
fastest return to equilibrium

We’ll label the coefficient of damping related
to critical dampening as ¢,

The critical damping ratio is defined as:

Underdamped
Overdamped
Critically Damped

0 5 10 15 20
k t
c.=2m |— = Zmw
C m n
To express the damping in a given system, we’ll use
the damping ration, {
c —— Underdamped
¢= . Overdamped

The conditions for the three main forms of damping
are as follows:

Critical damping:

_fe_
(==t
Underdamping:
{<1l;c<c,
Overdamping:
{=1c>c,

Critically Damped

(5B

20




~

D a‘mp e r S There are many kinds of damping which

could change this caleulation, butfor this
/ course we're assuming viscous damping
k
c.=2m |— = Zmw,

1.254/
’ \\ —— Underdamped
c
== 100 Overdamped
(e 5 "
€ 0.75 ——~ Critically Damped
The damping ratio is therefore equal to: = 0.0 \\_
¢ ={c. = 2{mw, 0.25 AN
0.00 1 /\
Knowing the damping coefficient, you can —0.25
successfully describe the motion of a damped
oscillatory system: —0.50

mx+cx+kx=0

15 20,

-~

Forced Oscillation

Forced vibration is simply when a system is driven
by an external force

This system is forced to oscillate at the excitation
frequency

Recall, a system undergoing free vibration:

m¥+ecx+kx=0 M -l—x

To describe forced oscillation, simply have the
sum of forces equal to the external force:
mX + cx + kx = Fgyt




~

Forced Oscillation

Take, for example, a harmonically excited
system:

m¥ + cx + kx = Fysin(wt)

From before, we can assume a particular solution
of the form:

x = Xsin(wt — ¢)
Here, X, 1s the amplitude of oscillation

Amplitude, X, and phase, ¢, can be solved by
substituting Eq [] into Eq []

i

mgl lFO sin(wt)

—
/Forced Oscillation

We’ll save some time with the algebra. ..
X= =
(k= ma?)? + (cw)?

And

cw
=tan '—
¢ k — mw?

This can be simplified to:

R
v k
mw?\? ca 2
\[ (1 Tk ) +(%)
cw
_ k
tan(g) = o




~

Forced Oscillation

By using the equations, we had previously discussed:

k
w, = (— = natural frequency of undamped oscillation
m

¢, = 2maw, = critical damping
c

{ = — = damping factor
c
ch_ € cow 2 w
k= c. k a wy

Eq [l and Eq [] can be firther simplified:
Xk 1

T e
x(2)
- (&)

tan(g) =

£le

mgl lFO sin(wt)

~

Forced Oscillation

* T er

1— (2 ’
Wn
These equations reveals an important ratio:
@  excitation frequency

Wy, natural frequency

Why might this ratio be important?

mgl 1F0 sin(wt)
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Forced Oscillation

This ratio is what describesthe condition for

resonance ) T
Sl I 7 s e
21 oos s I e |
When @ = w,, om0 oot - | |
W T~ CI N i ]
R 1 | el |
= 2ol f 1 Rozs™ ] |
Wy | 4] ' Z 3 L]
lo 0,378 Frequency rato ¥
x |w - —
: o | : [
This means that the excitation frequency and \\o:s0 L | :
. 10 1 ! NI E— S SR SR | -
natural frequency of the system are aligned and 0 N\ [
there will be an increased amplitude response e ] - |l
| ™ :
c [+ [+ 20 30 a0 SC
Take a moment to look at the graph to the right, Frequency ano 1,

discuss some of the things you notice relating to the
concept of resonance

e
N

Forced Oscillations

Transitioning from harmonically excited systems, we encounter a spectrum of loading conditions

Excitation isn't always harmonic; various loading scenarios shape system response differently:

Harmonic Loading Transient Loading Random Continuous
Loading
When applied load varies as a Sudden changes in the When applied load that only has
sine (or cosine function). magnitude and/or the continuous values. Loading can
direction of a torque load happen overa specific range of time
Ex. Periodic Loading (sudden applied nonperiodic ex. [0,60] seconds instead of discrete
excitations) times Ex. 5 seconds

For this course we won't introduce the more complex loading conditions, but its important

to conceptually understand there is more than harmonic loading




Acoustic Resonance

Acoustical Resonance

[

04

Mechanical to
acoustic analogies

[

/




Helmholtz Resonator

S To start thinking about acoustic systems
in terms of mechanical system
analogies, let's consider the Helmholtz
resonator

The volume of air within the neck of the
bottle has a certain mass

When that mass travels some distance
downwards, it compresses the volume
of air withinthe bottle

The compressed air applies a force back
upwards, thuscausing oscillation

e

N

Helmholtz Resonator

Do the following:

1 Writean eguation to describe the
volume of air within the neck

2. Using that equation, find the mass | M
of air within the neck

— 1= density, V; = Volume
l

=
A%

t=]

Let the volume of air within the neck be
Volume = Area » Length—-V, = A* L k, = acoustic stif fress
Since
mass

M
density = ==
S Volume o Vi

po = density, Vy, = Volume

M = pAl

N i




Helmholtz Resonator

This mass, M = pAl, is the mechanical mass of
this system
Mmech =pA'E

We now need a way to transfer from the
mechanical to acoustic domain

Given:

F Force P Pressure

z dz,

mech "y, T Velocity

Can you solve for what the equivalent acoustic
mass would be? (Hint: Compare units!)

" U Volume Velocity

— 1= density, V; = Volume
? 1
l

k, = acoustic stif fness

py = density,V, = Volume

N

e

j

N

Helmholtz Resonator

2 F Force 2 P Pressure
mech Ty T Velocity ¢ U Volume Velocity
Write in terms of units:
N Ns
Zmech =@ = E
s
N
V4 _m _ E
¢ md md
s
Therefore:
1
Zg= Ezmech
Now,
1 1 pl
Ma = FMmech = FPA'E = K

— 1= density, V; = Volume
? 1
l

k, = acoustic stif fness

po = density, Vy, = Volume

e




Helmholtz Resonator

Using the equation for the acoustic stiffness of

P11 = density, V; = Volume

l

the larger volume of air below: A
o 225 7
. | M, |
Write the resonant frequency of the system
Recall,
=2
P2

k, = acoustic stif fness

= density,V, = Volume

e

N

Helmholtz Resonator

,P1= density, V; = Volume

[

2
_pe _rt
k“_Vz rmdMa—A
A
_1 k1 kg ——
= m T m, | 1 ’|
M,
1 [pe? A
=— JEo
2m |V, pl
_c |A
" m [Vl

k, = acoustic stif fness

pp = density, V, = Volume

Just like that, we were able to model this
acoustic system with the analogous mechanical
system!

N

e




Expanding The Idea

This method of analogous modeling is often used to
effectively model systems in the mechanical, electrical,
and acousticdomains

This has proven to be a powerful tool in the analysis of
complex systems

We will begin discussing this modeling method in
terms of analogous circuits in a later lecturetopic!




Appendix C — Lecture Topic 3 Slides
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Lecture Topic 3

The Acoustic Wave Equation

Why?

Topic3 provides an overview of fluid dynamics
principles, derivation of the one-dimensional
wave equation,and practical applications, giving
a fundamental knowledge and mathematical
tools for analyzing wave phenomena




What are we learning?

01

Fluid Dynamics Review

Covering important
fundamentals needed for
the wave equation

03

Wave Equation Solution

02

1D Wave Equation

Derivation of the one-
dimensional wave
equation

04

Transmission Line
Equation

01

Fluid Dynamics Review

Basic fluid dynamics is important to understanding
the one-dimensional wave equation




Fluid Dynamics Review

Why do we need fluid dynamics in The Conservation of Mass
acoustics?

Conservation Equations é 4 é _ é
o Mass

o Momentum

o Energy M, + M, = My + M,

Fluid Dynamics Review

What is described in conservation equations?

Physical quantities

mn incompressible and compressible fluids of:
o Density

o Pressure

o Velocity

Shows linearization methods that are applicable to
the wave equation




Fluid Dynamics Review

Physical quantities density, p, pressure, p, and
velocity, v, are functions of space and time

Density: p(x,y,z,t)
Pressure:p(x,y,z,t)
Velocity:v(x,y,z,t)

Fluid body B —

Fluid particle R

\ 3 Dimensions! I“ —

Fluid Dynamics Review

Using density as an example, the change in p in scalar quantities looks like:
_ (bp ép op ép
dp = (E)dt + (a)d% + (5)6{}’ + (E dz
If change in time dt is divided into each term:
d ép 6p(d ép (d ép (d
dp _38p  Op(dx\ Op(dy\ 8 (dz
dt &t  Sx\dt dy \dt 6z \dt

This equation can be simplified using:
D S Let’s discuss what

— =— 4+ vp-VA 4 this means

Dt 6t




Fluid Dynamics Review

D_é‘ —
Dt_6t+v

D . L. o . .
Dr Material derivative - the rate of change of a quantity with respect to time as it
moves through a fluid

v: Velocity vector of an individual fluid particle

VA: Gradient of some scalar quantity A

8 . - . ;
— Partial derivative with respect to time

Fluid Dynamics Review

D—5+ VA
Dt &t "

Here, the velocity vector, v, 1s a 3-Dimensional term:

dx dy dz
v(x,y,2) :E—I—E—FE

The gradient of A, VA, 1s defined as:
64, 64, 64,
V-A= 4
Sx * Sy + oz




Fluid Dynamics Review

_dx dy dz VA—6Ax 0A, 04,
v(x’y’Z)_E-I—E-I—E _E-I— W—I— 5z

= 6A, [dx 0A, (dy 64, (dz
VAT \ae) "oy \ar) T ez \@
Looking back at Eq [] and Eq []

d 5) 0 d 6p (d
_,0 — _'O + _'O — |+ — _y + _'o _Z
dt &t dt oy \ dt 6z \ dt

Therefore:

Fluid Dynamics Review

D ¢ -
ﬁ—g‘l'v

This equation can be used to describe the material derivative of any of the previously
mentioned physical quantities (Density, p. pressure, p, and ;

Dp ép

LT iy.v

Dt _ ot p

Dp _ dp

D_ = 5— +v- Vp In this equation, V represents the velocity
t t field of the fluid This describes how the

velocity of the flnid varies from point to
DV &V s
= vV
Dt 6t




Fluid Dynamics Review

D D 15} Dy &V
P P+ 7 p_op

e +v.7 Y
e ot 0P et VP pr e Y

Write out the second term on the left-side of the equation for each of the equations above

dx  dy  dz 8A,  SA, 64,
v(x}z)— dt+dtandv A_6x+ 6y+62
Therefore:
Dp 6p ©&pfdx Sp {dy Sp (dz
Dt 6t+5x(d )+5 ac ) "5z \ae
Dp Sp Op [dx Sp {dy Sp [dz
Dt 5t+6x(d )+5 ac )" sa\ar
DV _ &V &V (dx\ &V (dy) oV (dz
Dt &t Sx\dt) Sy\dt) 6z\dt
Fluid D 1cs Revi
Just discussed...
How properties in fluids (Ex. density) can be described in a fluid
body
Now...

Discuss how continuity equations are used in fluid dynamics/fluid
bodies




Fluid Dynamics Review

Spatial reference systems, or coordinate systems, particles in a domain as a
serve to define positions within a fluid medium function of time P ED)

Oftentimes in fluids, the geometry or boundaries

of the fluid domain changes over time ‘

This introduces a new variable, Q(t), which
serves to describe how the coordinate system
changes over time
+ We will be using Q(t) as a volume term
in the following slides

Fluid Dynamics Review

Fluid dynamics considers gas and liquids as a continuum

When sound disturbs a gaseous medium, mass is conserved
* No change in mass relative to space and time

Asweknow,pz%anszpV

M = fn p(x,t) dx




Fluid Dynamics Review
M :J;lp(x, t) dx

DA _ 54
Recall,a—§+v VA

DM—I % i v.Vp)dx=0
bt Jo\oc VP )T

The above equation is the mass conservation equation and by using assumptions like
this, we can greatly simplify the mathematics

We will see very similar operations in the derivation of the wave equation

o

/[

% 02

Acoustic Wave Equation

We’ll derive the one-dimensional wave equation and
practice your understanding with some applications




Direction of wave fravel *+  Sample particle
LN 1]
i
-

e AP -
. '.‘a’.ﬂ.‘t”‘! -'-'
L

Three Fundamental
Variables

?g
We will begin by describing i
three key variables: g
o Pressure, p 3 ! Displacementnode™—
- () I = saqulibrum
o} Den51ty, P ~ Distance L Wavelength |
; : §
o Particle velocity, u £ —
2 pressure
ezl -\ - = /= = — - - -
:

Eigenfrequency=74.884 Surface: Absolute pressure (Pa)

Pressure

pr(x t) = Total pressure
Po = atmospheric pressure
p(x, t) = incremental change in pressure

Averaged value Time-varving term |

(Constant term) \ /
Pr(xt) =po + p(x.t)

Measured in lz = Pascals (Pa)
m

*;r* Most quantities will take this form




Density bty ™ e

pr(x,t) = Total density Low [J
po = density under normal conditions deun¥y - "
_ = - - eGu
p(x,t) = incremental change in density Vlw;
(‘}_{:’.
X, t) = X, t g | A
pT( ’ ) Po + p( ’ ) 'uu' . Aexc,:'h}
- A&v\‘n K P
Measured in m—ga “equal mane
*;* Same Form!
Particle Velocity
externalities which affect ™™
particle velocity in a fluid
e N . e,
Ug = biasterm  #=™F = 00 s ¢ s s s s s s s s s s s s s s R
u(x,t) = incremental change in particle velocity DI ¢ SN ED

particle velocity

For our purposes, this can

be assumed to be negligible 0

pressure

ur(x,t) = %+ u(x, t)

ur(x,t) = ux,t)

. m
Measured in -




~

Where does the 1D Wave Equation Come From?

Pressure: pr(x,t) = pg + p(x, t)
Density: pr(x,t) = po +p(x,t)
Particle Velocity: up(x,t) = u(x, t)

The 1D wave equation relates these quantities using 3 fundamental
equations:
Newton’s Second Law of Motion
The Gas Law
The Continuity Equation

Let’s dive into each individually...

N

Newton’s Second Law of Motion

Consider a small volume of air depicted to the

right
Apply Newton’s Second Law (F = Ma); the - Aven A
external forces, F,,, act to accelerate this '
volume i the positive x-direction: A
urp(x,t) = ulx,t) | .
Du; - x x + .flx\
ZFext=Ma=ME=Mﬁ Width, Ax

Recall, D—‘: is the material derivative




Du
ZFef Mbe

The sum of the external forces, f, is equal to the difference
of the two pressures, p, pushing on each side of an air
particle, multiplied by the area, A:

M= pVandV = AAx

Therefore:

Du
Adxpro- = pr(x YA —pr(x+ Ax, DA

Du
Pr(x.) —pr(x +Ax, ) = Axpr oo

orce
pressure =
Area

-~

pr(x)A=f,

- f=pxA

prix+Ax, )A= fripn

Du
Pr(x.) —pr(x + Ax,) = Axpr

Du
Pr(x+Axt) —pr(xt) = —Axpr5-

prx+4Axt) —pr(xt)  Du
Ax TPt

pr(x+Axt) —pr(xt) Du
Ax Pt

To take this discrete representation and model the pressure
gradient of the system, we shrink the Ax to zero which gives us
the partial derivative in space:

lim Prx+Ax 0 - pr&x 9 —Sﬂ—_ D_“
Ax—=0 Ax T o8x Pr Dt

Now that Ax is infinitesimally small, pr(x,t) — pr(x + Ax,t) is
negligible and the equation can be written as:

Spr(xt) Du (x,t)
B T

pr(x)A=f,

prix +Ax, A= foop




Spr(xt) Du(x,t)
Tax Pt

As mentioned previously, pr(x, t) = py + p(x,t)

For disturbances that are less than 110dB, or 20uPa. it is

In terms of units:

wla|E

m
=—M-—of=—-M=a
s

w |
| -
|
|
<=

Newton’s Second Law!

= +Ax, t)A=
generally accepted that p(x,t) <« p, such that p(x,t) & pg prx )4 =fy prix VA= Freax
A
Spr Du
5x  PoDt
’ x x + Ax
Let us now take a closer look at the material derivative, D—‘:
Du 8u &u
Dt &t + Bx U Describes the velocity
\ of a particle as it
This is called the “convection , moves through its
term” of the material derivative surrounding fluid
Du 8u  &u
Dt 5t ax"
Using the small disturbance approximation mentioned before
(Less than 110dB), it turns out that e > 5—“11 and
Stlmax 8x  lmax
therefore the convection term can be considered negligible.
With this, Newtons 2% Law can finally be written as: prix,A=F, prix+Ax, )A= foiae
8p Su
5 Poge A
Thinking intuitively, this equation makes sense!
| l »
x x + Ax




The Adiabatic Gas Law

Pt is the total pressure within the volume
V is the total volume
n is the amount of subtance in mol

R is the universal gas constant = 8.314
mol * K

T is temperature measured in °K
Ideal Gas Law : prV = nRT

Before moving on, we must examine how temperature varies with
changes to pressure and volume in a gas:

Compressed gas = temperature rise
Expanded gas = temperature drop

PHYSICﬁMANIMAT[ONS.COM
I = |
’

-
.0
e 10
;¢ u_\.'.o; . B

MakeAGIF.com

Acoustically, compressions and rarefactions from a sonic
disturbance will cause temperature variations

In the case of sound waves, the changes in temperature
that occur remain within the system; this characterizes the
system as adiabatic
For an adiabatic system:

prVY = constant

Where y is the ratio of specific heats; y = 1.4 for air

We’ll introduce density and rewrite the equation as:

m\Y
Pr|—| = constant
Pt

pPr constant

pTY MY

Longitudinal or compression wave

Rarsfiction Rarsfiction
L L
Dacreasad Drassure Deacrzasad
Tempraturs
Compreszion Compression
L L

Increszad Prezsure Incressed Temperaturs




Pr constant
F = T = constant
T

Normalized gas law

Since a constant mass is assumed, the mass can be lumped into
the constant in the numerator

This constant is estimated by substituting atmospheric values for 1
pressure and density:

D-C}
&
Pr _ Po
Y PoY¥ -
Pr_pr e
Po  Po’ o
o 0s 1
¥ PPy
Pt _ (P_)
Po Po
¥
Pr_ (P_) cv=x
Po Po
If this system were isothermal, ¥ would have a value of 1 making .
the above expression linear ‘s Normalized gas law
By graphing these ratios against one another we can see that both
pr and pr are equivalent top, and p, respectively, with slight
variations around an operating point - —
D-C}
To construct the wave equation, it's viable to approximate or &
linearize this equation around the established operating point s
To find this linear relationship, we calculate the slope and
evaluate at the operating point ¥ =1 and ¥ = 1: e
o
o 0s 1
dy
S | ,’JTJ’;JU
ax ¥
dy
dx ¥

X=1




dy

dx
X=1

=Y

Here, we are interested in the AY as a function of AX, where ¥ =

14+dY and X =1+ dX Normalized gas law
1.5
We will simply relate them by slope
AY & yAX )
Recall, <
Pr Pr <
¥Y=— and X=— -
Po Po )
AY 1 A d AX 1 A —— Adiabatic (v = 1.4)
= — T == — ksathermal {5 = 1)
Po Pr Po P . J
o 0s 1
According to the small disturbance approximation, |p| < pg and Pri

|p| << py and make the following approximation:

P__P

Po Po

Taking the partial derivative of this yields the final
form of the equation we will use:

S(p S/p

5t\po ~ Vst Po




The Continuity Equation

The final equation comes from the conservation of mass equation,

also known as the continuity equation

While the air particle alters its shape and position, its mass can be

calculated by multiplying density with volume:
M = pV = prA(Xg — X;)

We now take the partial derivative of the above equation:

Mass is
—_— OM 8
=0=%5 (PrAXg — X))

A

A4

1
T
X
X

L

\

T
x + Ax
Xr

\

constant 8_
L Left-most side Right-most side
8pr 8Xp 68X
0=—"(Xp—X ==L
8pr 8Xp 68X
0=t En=X)+pr (W—W
L . .. Xg 5xp
Notice that for X; and X; the partial derivatives = and 5, e
simply the normal derivative:
8Xp dXp
&t  dt R A
8X; dX
—Lt__t_y,
8t dt , , _
T T »>
Using the p; & p, approximation once again, the top-most )“f, x }_ Ax
L R

equation can be rewritten:
Sp
0= ﬁ(xn —Xp) + po(Ug — Up)

8p

E(XR —X;)=—po(Ug — Up)




8p

Bt (Xg—X1) = —pp(Ug — Uy)

18p Ug—U
Po Bt Xp—X.

8§ (py u+Axt)—uxt)
£(2)--umremy

By taking the limit as Ax — 0, we shrink the Ax to zero gives us
the partial derivative in space:

5 (p) . u(x+Axt) —u(xt)
—|—]=-1lim
8t \po Ax—0 AX

8§ /p) 8u
st\p,)  8x

Bringing it Together

Sp _ &u
o PO

Newton’s 20 Law:
=2 L) = E(L)
Gas Law: St(pu s -

Conservation of Mass: E(L) = ——
&t \pp

We now must combine these equations to extract the wave
equation in terms of 1 of the 3 variables (pressure, density, and
particle velocity)

We will find the wave equation in terms of pressure

A4

xx T




J &p Bu
Newton’s 2™ Law: — = —p, —
Bx Po:

Gas Law: %(:LDJ = Y% (PLUJ

Conservation of Mass: E(L) — L
&t \pg bx

First, substitute the conservation of mass equation into the gas law
equation:

§(p\ du
5t\py) ~ Vox
Next, take the partial derivative with respect to time:
& (p\ 8u
52 \py) ~ ! Btéx

&8p . &8%u
sz "Posiex

?p &5%u
sz "Po%isx

Now, take the partial derivative with respect to x of Newton’s
second law:

\ p— 1¢ nd e S_F: _ 5_1[
Newton’s 20 Law: = Pos,
5%p &§%u

32 Po%xst

- 5%, S
Substitute s, to the top-most equation:
8%p  py &%p
8x2  yp, 612




~ ~
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One- Dimensional Acoustic Wave Equation

8°p _ po 8°p  9°p_18°p
8x2  yp, Ot? 8xz 2 §t?

Now, let’s discuss solutions to the acoustic wave equation

N -
//

N i

03

Wave Equation Solution

Now that we’ve derived the 1D Acoustic Wave
Equation, let’s find its solution

[




Solution Form

Before doing a formal derivation, let’s intuitively construct
its form
Consider the figure below showing three people located at
x = 0,x,and x,:

X X

t t t
0 x) Xy

X

What will the difference in perceived sound be between
person x; and person x?

e

The sound will arrive later to person x, than person x; shownin the above plot
Here we set time equal to the distance, x, over the speed of sound, ¢
If the waveform at x = 0 is set equal to:
p(x =0,t) = f(t)
Then the waveform heard by person x; and x, will be:

px=2,0 = ft—t) = £ (e =)
pOx=x5,1) = ft — 1) = f (£ = 22)

(&




To generalize this to any continuous sound pressure waveform
travelling in the positive x-direction:

p@0) = fi (6-3)

And 1n the negative x-direction:

p@ 0 =f (t-3)

Solving The Wave Equation

e As previously derived the 1-D wave equation in pressure is defined as:
§p(x,t) 1 8°p(x,t)
§x2 2 5t2
e We’ll solve this using the method of separation of variables whose solution
takes the form:

p(x,t) = X()T(t)
e Plugging this into the wave equation yields:
1 62

52
57z XCT(®) = 55 XIT(®))




Solving The Wave Equation

e As previously derived the 1-D wave equation in pressure is defined as:
5p(x,t) 1 8%p(x,t)
5§x2 ¢z &t2
e We’ll solve this using the method of separation of variables whose solution
takes the form:

p(x,t) = X()T(t)

e Plugging this into the wave equation yields:
2

52 16
552 XQ)T(t)) = 252 X()T(®))

52 1 52
52 XQT(®) = 55 XT(B)

52X 1 82T(t
e 6x(ZX)=c_2X(x) 6tg)

1 6%X(x) L 82T (t)
X(x) 6x2  c2T(t) &t2
e The variables have now been separated to either side of the equation

e Since each side of the equation holds for any x or t, each side must equal a
constant

A




e To proceed, we’ll make an educated guess at what the constant is:
1 &6%X(x) 1 1 8°T(t) w?
X(x) ox2 _2T(p) oz comstamt=—7
e Where w is the real angular frequency and c is the wave speed.
e This guess is made for convenience
e We will now continue with each side of the equation beginning with the left:
1 §2X(x) | w?®
XG) oxz Tz’
52X(x) w?
7 1= ?X(x) =0
52X(x) w?
v + ?X(X) =0
X (x) will take the following complex form:
X(x) = Xye™

Where X and a are both complex. This yields:

852X e 2
Tiz‘k?)foeax: 0

2
w
Xoa?e® + ?Xoe“" =0

w?
G (az + ?) =0




2
w
ax 2 - =
Xoe (a + Cz) =0
Analyzing this equation, we can see that setting Xoe“* = 0 provides a trivial

solution as it gives no information about the wave equation
For this reason, we are only interested in solution in which Xoe®* # 0

2+w2 0

a — =

c2

Given that w and c are real, the two solutions are:

a=1j> = tjk
j==4

LW .
a= ij? = +jk
Here, k = % 1s known as the wave number

The wave number (units of m~') can be thought of as the spatial counterpart
to frequency (units of s™1).
This leaves:

A0 X
e g
X(x) = Xpe™ = Xge™/ ¢ = X,et/**

X(x) = Xoetikx




e Now let’s work on the right side of the equation:
1 1 8T(t) w?
TR o2 2
82T (b)
8t2
e Applying the same complex form to T'(t):
T(t) = ToeP"
e Where T, and  are complex numbers. This yields:
52T, eht
ot?

=0

+ w?T(t) =0

+ w?Toeft =0

82T ePt
&t?
ToB?%ePt + w?Tyeft = 0
ToePt(B? + w?) =0
e Following the same logic as before, we are only interested in solutions where
ToePt #0

+ w2Tyeft = 0

B+ w?=0
82=_w2
B=tjw

e This leaves:
T(t) = T[)e’gt = Toeijwt




p(x,t) = Pyel®(t+0) 4 p,e/(-t7) 4 pe(t2) 4 p,efo(-+7)
e Next, we combine complex conjugates, rewriting their coefficients:
e = Ppct08E) 1 D) . ) 4 pyefol-44)

e The real components of complex pairs are equal:

p(x,t) = 2Re P/ *(*0)} + 2Re {Ppe/®(-0)}

p(x,t) = ZRe {PAe’iw(Hg} + 2Re {Pgef“’(t_%)}
e Rewriting this in a more informative way we set:

ZPA = P_and ZPB = P+

p(x,t) = Re {P.I_ej“’(t_%) + P_ej“’(t+%)}
e Here, the first term is a wave travelling in the positive x-direction and the
second is a wave travelling in the negative x-direction
e This gives the solution for a single frequency, but any signal can be created by

a superposition of various frequencies




The Solution

e To form a complete general solution, the use of an integral would be necessary

e For now, we’ll use a sum to illustrate the superposition principle:

= (e-2) o1 e+

p(x, t) = Z Re [P+’iej o(t-2) 4 P_e’ “’(”)T.f)}

e In further examples, we will demonstrate how the positive and negative traveling

wave functions serve as the foundation for all solutions to the wave equation

e

Transmission Line Equations

e We know the one-dimensional wave equation in pressure is:

570 t) _ 1 8%p(xt)
Sx? cz 6t2

e |t has the solution form:

p(x,t) = Re {Pﬁjw(t_ié) + P_ejw(”%)}

e Separating time and space terms yields:

p(x,t) = Re {(PJre_jw_f + p_efw—f) ejwt}




p(x,t) = Re [(P+e_j% + P_ej%) ef‘”t}
Now the term that only depends on space is defined as:

X J0X
p(x,w) =P,e /¢ +Pelc

This is defined as the complex amplitude of the waveform. For ease of notation, we will
typically denote jw by s, which represents the complex frequency:
s=0+jw

Rewriting the initial equation in terms of s:
p(x,t) = Re{P(x,s)et}

Where:

55X
C

=
P(x,s) =P,e ¢ +P.e

Example 1: Steady-State Sinusoid

e Consider a semi-infinite tube shown below:

t > X
0

e [tis common to use tubes to represent systems with place
waves as plane waves in larger spaces are difficult to create,
SO using a tube gives a simpler representation to study wave
behavior.




%5

! > X

0

In this example, there is one boundary condition: at x=0 a
speaker moves to create a steady-state sinusoid with pressure:

p(x = 0,t) = Acos(wt + 6) = Re{Aelbel®t}

Because the tube is infinite, there will be no reflections present:
P=0

And '
P, = Ael®

Therefore:
J'(.d

2 x|
p(x,) = Relde P e~ efot]

p(x,t) = Relae/?e /¢ ot}
p(x,t) = Refae0-1"F ot}
L WX L ex
p(x,t) = Re {ACOS (}9 —J B jwt) + jAsin (19 —j - jwt)}

p(x,t) = Acos (w (t - g) + 9)

e Foralltand x > 0.




Example 2: Velocity waves

® Previously, we found that the wave equation for velocity in 1-D takes the
same form as pressure:

S2u(x,t) 1 8%u(x,t)
5x2  c¢2  6t2
® The solution must then take the same form:
u(x, t) = Re{U(x,s)e/*t}

SX SX

Ulx,s) =Use ¢c +U_ec

e Now we must find a relationship between velocity and pressure.

* To do this we’ll take the result from Newton’s second law:
Sp(x,t) du(x,t)
sx 0T st
 Using the general expressions, we derived for pressure and velocity:

:—x (Re {(PJre_STx + P_es?x) e“}) = —pO%Re {(U+e_s?x + U_es?x) e“}

SX SX

S g5 S5 &2 S
el (-2 F 2] el (e % 0.8}

s sx 5 s _SX X
Re{(—EPJre c +EP_8 c)e“} = Re {(—p05U+e ¢ —posU_e C)e“}




* From the previous, the following equations must be true:

2P, = —p,sU
e PosSUy
2p U
e PosU-
P
—+:U+
PoC
P_
- —=U_
Po€

We can now rewrite the complex amplitude of velocity as:

P, _sx P sx
U(x,s) =—e ¢ ——ec
Poc Po€

P . sx P sx

U(x,s) =—e ¢ ——e<c
PoC PoC
With the following definition:
Zy = poc
This 1s rewritten as:

. _sx P sx
U(x,s):z—e c ——ec
0 0

Where Z 1s the characteristic impedance of the medium, which in

this case 1s air. Now we have equations for both pressure and velocity

with the same two unknowns!




» These are called the transmission line equations (Directly

analogous to electric transmission lines).

« In summary, the transmission line equations are:
p(x,t) = Re{P(x,s)es}
u(x,t) = Re{U(x,s)e"}

S5X

_SX X
P(x,s) =P,e ¢ +P.ec

P, _sx P sx
U(x,s):Z—e c —Z—ec
0 0

« Again, where Z, = ppc and s = jw.

Example 3: Transmission line equations Applied

® Consider the following 1D tube closed at the right end:

S5
P,—

S

; Rigid wall

e With the rigid wall at x = 0, the boundary condition here 1s:
u(x=10,t) =0




* This means that in the frequency domain:
u(x=20,s)=0
» Because this 1s true for all of time, this means that the positive

travelling wave reflects off the wall to become the negative travelling

wave. This means:

P, P

Zy Zo

P, =P

 This means that the pressure transmission line equation becomes:
sx sx
P(x,s)=P,e"c +P.ec
WX

P(x,s) = P+e'j$ +Pelc

P52 =y (s (=) jtn (<22 . (cos (2) o jin ()

P = Py (o (=25) e jtn (-2 (cos (2) o in ()
P =P (e () sin () 2 (s () wson ()




P(x,s) = P, (cog (%) — jsin (%)) +P, (COS (%) Jsin (%))

P(x,s) = 2P, cos (%)
p(x,t) = Re {2|P+|€j‘P+cos (%) ef“t} = 2|P,|cos (%) Re{e/“P+elot}
wx
p(x,t) = 2|P,|cos (T) cos(wt + £P,)

« Similarly, for all x < 0, velocity is defined as:
P+ sx P+ 5x

Ulx,s)=—e ¢ ——ec
PZO 50
X X
U(x,s) =Z—:;e_"7 —Z—;e"T

P wx

U(x,s) = —2j Z_; sin (7)
j£P.
u(x,t) = Re {—2)'%% sin (wa) efwt]
u(x,t) =2 24| sin (w_x) Re{—je/“P+ewt}
Zy c
u(x,t) = ZESEn (w_x) sin(wt + 2P,)
’ Z, c *




« The figure below shows the pressure and velocity envelopes within
the closed tube:

2P|

’
2P, 11z,

2P, 11z,

Pressure & Velocity envelopes
(=]

2P,

=34 =Al2 =\4 0

Pressure (blue) and velocity (red) envelopes in a closed tube.

Pressure & Velocity envelopes

* The solid blue curve shows:

2| P, | cos (g)

* Whereas the dashed blue curve is the negative of that. If a location is chosen within
the tube, then the time varying term:

cos(wt + £P,)

+ will scale the pressure within the envelope




Pressure & Velocily envelopes

* You’ll notice an established pattern with the tube for both pressure and velocity where
at specific points equally spaced there is a value of 0

* These points are called nodes, and the areas with maximum amplitudes are called
antiodes

» This pattern of nodes and antinodes set up a seemingly stationary wave called a
standing wave

* This wave, although perceived as stationary, is just the composition of 2 travelling
waves as shown above.




Appendix D — Lecture Topic 4 Slides
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Lecture Topic 4

Analogous Circuits (The Theory)

—

e

Why?

Topic 4 is meant to break down the use of
analogouscircuits, the theory behind them, and
its possible uses.




BefO l°e We Electrical

begin...

In order to understand the
transition between electrical,
mechanical,and acoustic
domains you must understand
the concept of impedance

Mechanical

Acoustic

~

Impedance

Simply put impedance is a measure of how much resistance a system presents to

some kind of flow

Electrical: Resistance to electric current
Mechanical: Resistance to mechanical force
Acoustical: Resistance to acoustic volume flow

This conceptis incredibly helpful in understanding how systems will react to

inputs




Impedance

Take pushing a child on a swing as a basic example

Here, the person pushing acts as a high impedance driver to the child who is a
low mmpedance load

If the person pushing matches their pushes to the resonant frequency of the child-
swing system, they can maximize swinging amplitude

~

Impedance

In this scenario, the mechanical impedance is a function of mput frequency

If the pushing frequency does not match that of the resonant frequency of the
child-swing system, inefficient power transfer occurs

This results in a small swinging amplitude




~

Impedance

In audio equipment, electrical impedance matching plays a crucial role in
ensuring that proper power transfer occurs

In this system, the audio amplifier acts as a high impedance source and the
loudspeaker as a low impedance load

To ensure efficient power transfer, achieving the best audio quality, the output
impedance of the amplifier must match that of the loudspeaker

__| =

i
\
Electrical Relating
o= Mechanical D Omains

Acoustic

Pressure

By understanding the
relationship between
impedance in different domains,
you can relate quantitieslike
voltage, force, and pressure to
aid in modeling systems




What are we learning?

01

Electric Domain

Crossand through
variables in the electrical
domain

03

Acoustic Domain

Crossand through
variables in the acoustic
domain

02

Mechanical Domain

Cross and through
variables in the
mechanicaldomain

04

Transformations

Transformingthrough
various domains

01

The Basics

Basic conceptsand variables behind analogous

circuits




~

Analogous Circuits — Acoustic Analogies

Electrical - Mechanical = Acoustical transition can be modeled easily!

Below is a model of a speaker you will make later in the course showing all
three systems!

:’ — % E SD:1
= R, M, .
N >< -r::. gg
‘: !
Aechanical Model Acowmscal Modal

Analogous Circuits — Acoustic Analogies

Electrical = Mechanical = Acoustical transition can be modeled easily!

First let’s look at their values. ..

Variable Y\ Electrical Mechanical Acoustic
Cross Voltage, e (Volts) Velocity, v (m/sec) Pressure, p (N/m?, Pa)
Through Current, I (Amperes) force, f (Newtons) Volume Velocity, U (m?/sec)

Two types of variables - Each system has 1 cross and 1 through variable
that will be transformed through each section of the circuit

e
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Analogous Circuits — Acoustic Analogies

Two types of variables:

Effort Variables (Cross)
» Variables measured across a circuit
» Voltage (V)

Flow Variables (Through)
» Variables measured through a circuit
» Current (I)

~

Acoustic Analogies — Electrical Domain | .,

------

Variable # Electrical Mechanical Acoustic

Cross
Through

Voltage, e (Volts)
Current, I (Amperes)

Velocity, v (m/sec) Pressure, p (N/m?2, Pa)
force, f (Newtons) Volume Velocity, U (m*/sec)

How do voltage and current
correlate. .. Resistance!

R = Resistance in Ohms [()]

R=— V = Voltage in Volts [V]
I = Current n Amps [A]




~

Acoustic Analogies — Electrical Domain

Mechanical Acoustic
Velocity, v (m/sec) Pressure, p (N/m?2, Pa)
force, f (Newtons) Volume Velocity, U (m3/sec)

Electrical
Voltage, e (Volts)
Current, I (Amperes)

Variable
Cross
Through

t
How else do voltage and current correlate. ..
Capacitance! V=- Idt
¢Jo
Capacitance — Ability of a circuit t = Time in Seconds [s]

componentto hold a charge for a durationof ~ V = Voltage in Volts [V]
time I = Current in Amps [A]
C = Capacitance in Farads [F |

Acoustic Analogies — Electrical Domain

Mechanical Acoustic

Variable # Electrical

Velocity, v (m/sec) Pressure, p (N/m?, Pa)
force, f (Newtons) Volume Velocity, U (m3/sec)

Voltage, e (Volts)
Current, I (Amperes)

Cross
Through

How else do voltage and current correlate. ..
Inductance! V=L-—
(&
Inductance — Property that causes an L = Inductance in Henrys [H]
electromotive force to be generated duetoa V= Voltage in Volts [V]
rate of change in current == Change in Current due to time [

Amps]
sec

N
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Acoustic Analogies — Mechanical Domain

Acoustic
Pressure, p (N/m2, Pa)
Volume Velocity, U (m?3/sec)

Mechanical
Velocity, v (m/sec)
force, f (Newtons)

Variable Electrical
Cross Voltage, e (Volts)
Through Current, I (Amperes)

How do velocity and force correlate. ..
Mechanical Responsiveness!

(b f(t) =Force [N]
= f(t) Trus — Mechanical Responsiveness [m/Ns]
TRMS v(t) = Velocity [m/s]

v(t) = v(t) * Trys

~

Acoustic Analogies — Mechanical Domain

Acoustic
Pressure, p (N /m?2, Pa)
Volume Velocity, U (m?3/sec)

Mechanical
Velocity, v (m/sec)
force, f (Newtons)

Variable Electrical
Cross Voltage, e (Volts)
Through Current, I (Amperes)

How else do velocity and force

t
correlate... Mechanical Mass! v (t) — i f f (T) dr
mJ_x

Mechanical Mass — Represents the
mnertia of the moving parts of the f(t)=Force [NJm
mechanical system m = mass [kg]

v(t)= Velocity [m/s]
Wait. .. where did 7 come from???

e




Relation to Newton’s 2" Law

1 t
v(t) = Ef f(r)dr

f(t) = Force [N]m
m = mass [kg]

v(t) = Velocity [m/s]

t
mxv(t) = f f(r)dr

d At
Gmer@) =g | f@r
mxa(t) = £(0

F =ma

~

Acoustic Analogies — Mechanical Domain

Variable
Cross
Through

Acoustic
Pressure, p (N /m?2, Pa)
Volume Velocity, U (m?3/sec)

af (t)

Mechanical
Velocity, v (m/sec)
force, f (Newtons)

Electrical
Voltage, e (Volts)
Current, I (Amperes)

How else do velocity and force
correlate. .. Mechanical compliance!

Mechanical Compliance— The
property that indicates the flexibility or
elasticity of mechanical parts

v(t) = Comp ar

Comp = Mechanical Compliance [m/N]
1

CO]_'Llp - Stiffness

v(t) = Velocity [m/s]
f(t) =Force [N]




~

Acoustic Analogies — Acoustic Domain

Variable [Electrical Mechanical
Cross Voltage, e (Volts) Velocity, v (m/sec)
Through Current, I (Amperes) force, f (Newtons)

Acoustic
Pressure, p (N/m?2, Pa)
Volume Velocity, U (m?/sec

How do pressure and volume
correlate. .. Acoustic loss!

P(t) = Acoustic Pressure [ub] (Micro Bar)
P(t) _ U(t) = Volume Velocity [m?/s]
Loss = Acoustic Loss [dB] (decibels)

P(t) = U(t) * Loss

~

Acoustic Analogies — Acoustic Domain

Variable Electrical Mechanical
Cross Voltage, e (Volts) Velocity, v (m/sec)
Through Current, I (Amperes) force, f (Newtons)

Pressure, p (N/m?, Pa)
Volume Velocity, U (m3/sec)

2 t
C
How else do pressure and volume p (t) — P— U (t)dt
correlate. .. Acoustic Volume! Volume | _ o
p(t) = Acoustic Pressure [ub] (Micro Bar)
AcousticVolume - Elements of a U(t) = Volume Velocity [m?/s]

. : _ s ;
system that act as compliances,used ~ Volume = Acoustic Volume [m”]

P . . p = Density [kg/ m?]
in findingacoustic compliance ¢ = speed of sound [m/s]




~

Acoustic Analogies — Acoustic Domain

Variable Electrical Mechanical
Cross Voltage, e (Volts) Velocity, v (m/sec)
Through Current, I (Amperes) force, f (Newtons)

Acoustic
Pressure, p (N/m?, Pa)
Volume Velocity, U (m?3/sec

pc? t
How else do pressure and volume p (t) — = f U (t)dt

correlate. .. Acoustic Port! Volume —00
p(t) = Acoustic Pressure [ub] (Micro Bar)

. . U(t) = Volume Velocity [m?/s]
AcousticPort- The lumped acoustic Volume = Acoustic Volume [m?]

mass that models loudspeaker ports p = Density [kg/ m3]
¢ = speed of sound [m/s]

~

Analogous Circuits — Acoustic Analogies

Variable Electrical Mechanical Acoustic
Cross Voltage, e (Volts) Velocity, v (m/sec) Pressure, p (N/m?2, Pa)
Through Current, I (Amperes) force, f (Newtons) Volume Velocity, U (m?2/sec)
vV v(t) P(t)
R=7 Tl =f@) o ==U)
TRMS Loss
(Electrical) (Mechanical) (Acoustic)

Did you notice all equations look similar?

Wait there’s more!




~

Analogous Circuits — Acoustic Analogies

Electrical Mechanical Acoustic
Voltage, e (Volts) Velocity, v (m/sec) Pressure, p (N/m?, Pa)
Current, I (Amperes) force, f (Newtons) Volume Velocity, U (m?3/sec)

1 rt 1 rt 2 t
V= EJ; Idt v(t) = aj_mf(r)dr p(t) = LJ’_MU(t)dt

Volume
1 f( ) _ pLength, dU(t)
V=L- v(t) - Comp— p(t) Area dt
C
(Electrical) (Mechanical) (Acoustic)

e

~

Analogous Circuits — Acoustic Analogies

Variable Electrical Mechanical Acoustic
Cross Voltage, e (Volts) Velocity, v (m/sec) Pressure, p (N/m?, Pa)
Through Current, I (Amperes) force, f (Newtons) Volume Velocity, U (m?/sec)

How do you convert voltage/current (Electrical) to velocity/force (Mechanical)
and
Velocity/force to pressure/volume (Acoustic)

All are dependent on the sensitivity of a
transformer!




~

Basic Element - Transformer

The different number of coils can adjust the voltage!

' |1H||| I
4"""" 01 .,

RUT—"}
i . lunm_

i
i

NI

Transformation of Variables

Variable Electrical Mechanical Acoustic
Cross Voltage, e (Volts) Velocity, v (m/sec) Pressure, p (N /m2, Pa)
Through Current, I (Amperes) force, f (Newtons) Volume Velocity, U (m2/sec)

Transformation — changing of an Across variable either to a higher or lower
magnitude between two systems.

Between two electrical systems it would look like this:

V; = incoming voltage [V]
E _ 1_2 I7,= outgoing voltage [V]
v, I Il_= incoming current [A]

I,= outgoing current [A]




Transformation of Variables —
Electrical to Mechanical

Acoustic
Pressure, p (N /m?, Pa)
Volume Velocity, U (m?3/sec)

Mechanical
Voltage, e (Volts) Velocity, v (m/sec)
Current, I (Amperes) force, f (Newtons

Transformation — same principle as electrical transforming to change domains
from electrical to mechanical

Between two electrical systems it would look like this:

V = voltage [V] (electrical system)
vV v(t) F = Force [N] (mechanical system)
=== v(t) = velocity [m/s] (mechanical system)
F | = current [A] (electrical system)

e

~

Transformation of Variables — Mechanical to Acoustic

Variable Electrical echanical Acoustic
Cross Voltage, e (Volts) Velocity, v (m/sec) Pressure, p (N/m?2, Pa)
Through Current, I (Ampere force, f (Newtons) Volume Velocity, U (m®/sec

Transformation — Same principle as electrical transforming to change the
mechanical domain to acoustic domain

Between two electrical systems it would look like this:

P = pressure [Pa] (acoustic system)
E _ U(t) F =Force [N] (mechanical system)

P v(t) v(t) = velocity [m/s] (mechanical system)
U(t) = volume velocity [m3/s] (acoustic system)

e




~

Analogous Circuits — Acoustic Analogies

* Analogies and circuit theory are useful in

studying complex systems

Ex. Loud Speakers

* Transform electrical signals —
mechanical forces — acoustical pressure

* This can be modeled through equations
and different simulators (MATLAB!)




Appendix E — Mass on a Spring Modeling Slides
/

Mass on a Spring
w/ Simulink and
Simscape

Introduction

The complete model setup should look like the diagram below




e N

/) N
We will begin with

undamped simple
oscillations

N e
) N

N\ -
/ N

Simulink

Model
™ 4

N i




Symbol FU > '!' — [1]
5
)
Part Name Sum of Elements Gain Integrator Goto
p— p— E_... ..l.
Location Search Part Name '
H ]
Sensing
Simulink
Symbol
Insert Area (Purple
Part Name Box) - add Logging Signal
annotation for the SR
text
Right Click the
L . Connector Line
ocation |

and Select “Log
Selected Signals”




Simulink
Model Inputs

N i

/[

Sum of Elements Input Top Gain Input

d

Surn

Add or subtract inputs. Specify one of the following:
a) character wector cantaining + or - for sach input port, | for spacer . Block Parameters: Gain2
between ports (e.g. ++|-1++)

b) scalar, >= 1, specifies the rumber of input ports to be summed.
When there is only one input port, add or sublract elements over al
dimensicns or one specified dimensicn,

Gain

Element-wise gain (y = K.*u) or matrix gain (y = K*u or y = u*K).
Main  Signal Attributes

Icon shape:  rectangular = . - .
= Main  Signal Attributes  Parameter Attributes
List of signs:
Gain:
0.27778
Main  Signal Attributes S - =
Multiplication: | Element-wise(K.*u)
Outpust minimum: Output mandmum:
il i0
Output data type:  Inberit: Inherit via internal rule i >
Accumulator data type:  Inberit: Inherit via inbernal rule H £

Require all inputs to have the same data type
Lock data type settings agairst changes by the fieed-point tools
Integer rounding mode:  Flaor

Saturate on integer overflow




/

/ Middle Gain Input Bottom Gain Input

[a] Block Parameters: Gain1 x [*a) Block Parameters: Gain »
Gain Gain

Element-wise gain (y = K.*u) or matrix gain (y = K*u or y = u*K). Element-wise gain (y = K.*u) or matrix gain (y = K*u or y = u*K).
Main  Signal Attributes  Parameter Attributes Main  Signal Attributes ~ Parameter Attributes

Gain: Gain:

V] t 200

Multiplication: Element-wise(K.*u) y Multiplication: | Element-wise(K."u) 2

/

/[

j Top Integrator Input Bottom Integrator Input

[%a] Bock Parameters: Integrator %
Integrator
Continuous-time integration of the input signal.

[%al Block Parameters: Integratorl X
Integrator

Continuous-time integration of the input signal.

Parameters Parameters

Bxternal reset: none External reset: none

Initial condition source:  internal Initial condition source:  internal

Initial condition: Initial condition:
0 1 :
() Limit output Lirnit output
) wrap state ) Wrap state
() Show saturation port () Show saturation port
[ Show state port [ Show state port
Absolute tolerance: Absolute tolerance:
auto

auto
[0 1gnore limit and reset when linearizing [ Ignore limit and reset when linearizing
18 Enable zero-crossing detection 8 Enable zero-crossing detection
State Name: (e.g., 'position’) State Name: (e.g., 'position’)




7z
J Goto Input

From Input

(al

Goto

Send signals to From blocks that have the specified tag. If tag visibility is
‘scoped’, then a Goto Tag Visibility block must be used to define the visibility

of the tag. The block icon displays the selected tag name (local tags are
enclosed in brackets, [], and scoped tag names are enclosed in braces, {}).

Parameters

Goto tag: v_s! Rename All... Tag visibility: local

[%a] Block Parameters: From1

From

Receive signals from the Goto block with the specified tag. If the tag is
defined as 'scoped' in the Goto block, then a Goto Tag Visibility block must
be used to define the visibility of the tag. After ‘Update Diagram', the block
icon displays the selected tag name (local tags are enclosed In brackets, (],
and scoped tag names are enclosed in braces, {3).

Parameters
Goto tag: v_sl Update Tags
Goto source: MQP_Models_MassonSpring/Goto

Icon display: Tag

Simscape
Model




S}’ml.]o] f{x) =0 p . 4DH H § i:‘
oo
- Solver . Translational Translational
Part Name . . Mass .

Configuration Spring Damper

Location Search Part Name
Symbol WA — —— 0
A\
Mechanical . . .
Part Name Translational Ideal "Ijranslatlona] PS-Simulink Coto
Motion Sensor Converter
Reference
Search Part Name

Location

(£




Simscape
Model Inputs

N

/[

/ Solver Configuration

Input

=

Cal
Solver Configuration

Sattings Description

Equation formulation ime

Index reduction method Derivative replacement
Start simulation from steady state

Consistency tolerance Model AbsTol and RelTol

Tolerance factor oo

Use local solver

Use fixed-cost runtime consistency iterations

Linear Algebra auto

Delay mermory budget [kB]
~ @ Apply filtering at 1-D/3-D connections when needed
Filtering time constant 0.001
Multibody

B AvoApply @

Mass Input

"l Block Pararmeters: Mass
Mass

Settings  Description

~ Parameters
Mass
Numnber of graphical ports
~ Initial Targets
Velocity
Force
~ Nominal Values
Velocity

Force

1

8 suto Apply

x
@




/

Translational Spring

Input

[%l Block Parameters: Spring

Translational Spring

Settings  Description

[~ Parameters
» Spring rate
[+ Initial Targets
Velocity
Force
~ @ Detormation
Priority
Value
~ Neminal Vakies
Velocity
Force

Deformation

8 ko boly @

Nim

Translational Damper

Input

|*3| Block Parameters: Translational Damper
Translational Damper

Setings Description

~ Parameters
* Damging coefMcent Q
 Initial Targets
] welocity
[ Force
~ Nominal Values

Velocity

Force

x

B autodpply @)

NAm's)

/

/[

Translational Motion
Sensor Input

o]

Ideal Translational Mation Sensor

Settings Description

~ Parameters
Measurement reference
] Acceleration
B velocity
B Position
~ Initial position

Configurability

Difference

Cormple-time

18 Auto Apply

]

Translational Damper

Input

|*3| Block Parameters: Translational Damper
Translational Damper

Settings  Description

~ Parameters
» Damping coeficient 0
“ Initial Targets
] welocity
[ Force
~ Nominal Values

Velocity

Force

x

B autodpply @)

NAm's)
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j Goto Input

From Input

aj Block Parameters: Gotol
Goto

Send signals to From blocks that have the specified tag. If tag visibility is
'scoped’, then a Goto Tag Visibility block must be used to define the visibility
of the tag. The block icon displays the selected tag name (local tags are
enclosed in brackets, [], and scoped tag names are enclosed in braces, {}).

Parameters

Goto tag: v_sc Rename All... Tag visibility: local

& Block Parameters: From 5

From

Receive signals from the Goto block with the specified tag. If the tag is
defined as “scoped' in the Goto block, then a Goto Tag Visibility block must
be used to define the visibility of the tag. After 'Update Diagram’, the block
icon displays the selected tag name (local tags are enclosed in brackets, [1,
and scoped tag names are enclosed in braces, {J).

Parameters

Goto tag: v_sc Update Tags

Goto source: MQP_Models_MassonSpring/Gotol
Icon display: Tag

Data
Measurement




Symbol

Part Name

Location

=
' ‘ﬁl

[v_sl]

Fromx2

L

Velocity of Mass

Mux Scope

Scope Inputs




4
Main  Time Display Logging

() Open at simulation start

[ Display the full path

Number of input ports: 1 Layout
Sample time: -1

Input processing: Elements as channels (sample based)
Maximize axes: off

Axes scaling: Manual - Confiqure ...

4 Configuration Properties: Velocity of Mass
Main Time Display Logging
Time span: Auto
Time span overrun action: Wrap
Time units: None
Time display offset: 1]

Time-axis labels: Bottom displays only

[ Show time-axis label

4\ Configuration Properties: Velocity of Mass
Main  Time Display  Logging
Active display: 1
Tithe: Velocity of Mass
@ show legend @ show grid

Plot signals as magnitude and phase
¥-limits (Minimum): -10
¥-limits (Macdmum}: 10

Y-label:

4\ Configuration Properties: Velocity of Mass
Main  Time Display Logging

() Limit data points to last:

) Decimation: 2
[0 Log data to workspace

Variable name:

Save format: Dataset

/
% Run the Simulation
- Make sure Stop time =5

Stop Time

| Normal v |

0@ Fast Restart

ML AT
SIMULA

d @ b

Run Step
v Forward

m




If Everything is Correct, Run the Simulation

Does Your Output Look Like This?

If your simulation output
matches, proceed to integrate
the code seen on the following

slides 1n order to plot the

simulation results.




Variables Needed for MATLAB Code

@ logsout_MQP_Mo... 7x7 Dataset

& simlog_MQP_Mas... 1x7 Node

1] tout 203x1 double
How to Get Variables

Back on

Simulation -

Screen, right e

click and select =

“Model -

Configuration —

Parameters” ZM




How to Get Variables
How to get signal logging variable

How to Get Variables

How to get logged simulation data




Insert this MATLAB Code for Simulation Result Plot

Minor Changes may be
Needed. See Code
Comments.

Run the Simulation again and the Run the Code and
the plot should look like the following

iguee 1: MQP_Models_MassonSpring
ew

Position (m)

Time (s)




What changes when a Damper
is introduced to the system?

[
/ Within the Simulink Model, adjust the following:
Middle Gain Input
B, ==
g

Within the Simscape Model, adjust the following:

Translational Damper




If Everything is Correct, Run the Simulation

Does Your Output Look Like This?

Following Correct Simulation, Run the Code

Does Your Output Look Like This?

Position of Mass 3 ]

How is this output different to the prior
simulation with no damper?




Appendix F — Loudspeaker Modeling Slides

/

Loudspeaker
Modeling w/
MATLAB

Introduction

The Dynamic Loudspeaker —

e Convertselectrical signals into acoustic waves
o Useselectromagnetic energy to produce
mechanical movementswithin a cone-shaped
diaphragm.
e Threedomains are represented in the model:
o Electrical
o Mechanical
o Acoustical
e For thesimplicity, a loudspeakerin free space is
considered in all models represented.

Surround

Magnet

|||I
| ch
|||||||||

Suspension

Dust cap
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10.
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Introduction - Loudspeaker Make-Up

Diaphragm (Cone): Moves in and out to push air and make
sound.

Dust cap(dome): Protectsthe voice coil from dust and dirt.
Surround: A piece of elasticrubber, foam, or textile that
flexibly fastens the diaphragm to the basket (outer frame).
Basket The sturdy metal framework around which the
speaker is built.

Spider (suspension). A flexible, corrugated support that
holds the voice coil in place, while allowing it to move
freely.

Magnet: Typically made from ferrite or powerful
neodymium.

Bottom Plate: Made of soft iron.

Pole Piece: Concentrates the magnetic field produced by
thevoice coil.

Voice Coil: The coil that moves the diaphragm back and
forth.

Former: A cylinder of cardboard or other material onto
which the coilis wound.

Top Plate: Also made of soft iron.

Cables: Connect stereo amplifier unit to voice coil.

3, Surround

1. Dispheagen (cone)

2. Dust Cap (dome)

(Suspension)
12. Cables

>N

6. Mageet

& Pole Picce

7. Hetom Plate

9. Vosoe Coil

~~

Introduction

The examples illustrated are for the dynamic loudspeaker in which linear and
nonlinear lumped element models are utilizied.

® Linear Elements: Show a linear relationship between voltage and current
o Examples: Resistors, Inductors, Capacitors, etc.
® Nonlinear Elements: Do not show a linear relation b/w voltage and current

o Examples: Voltage and Current Sources

For a loudspeaker,a common model is to represent the system as an electrical

circuit,a lumped element model

Electrical Modsl

Mlechanical hodel

Aroustical Model




Electrical Circuit Explained

S —

tal

Elecmical Modal Mlechanical hodel Acoustical Modsl

Inside the electrical model:
¢ lllustrated here is the voice coil and magnet, together creating the
motor for the loudspeaker
o E(t)is the voltage that drives the voice coil
o R.and L, are the resistance and inductance of the voice coil
s L. isalso impacted by the magnet because of its ferrous core

~

Electrical Circuit Explained

R —

I

Elecmical Modal Mlechanical hodel Acoustical Modsl

Inside the electrical model:
e The magnet has a magnetic field with a flux density B.
o When multiplied by the wire length (l) the force factor is created, Bl
0 The force factor is the conversion factor b/w electrical and mechanical domains.
m  Thisis the force applied to the voice coil, F(t) = BI*i(t) where i(t) = electrical current
applied at the input.

] Inversely, there is a voltage, uft) = BI*v{t) where vft) is analogous to the cone velocity.
] Asseen in the circuit diagram, the conversion b/w electrical and mechanical domains is through a
gyrator.

o Velocity, v(t), corresponds to electrical current, i(t)
O  Force, F(t), corresponds to voltage, uft)




Electrical Circuit Explained

S —
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Elecmical Modal Mlechanical hodel Acoustical Modsl

Inside the Mechanical model:

The electrical componentsare analogousto mechanical properities like mass and
compliance.
e M,, = the inertia of the total moving mass
o Includesthe coll, cone, and dust cap.
e C,, = the stiffness of the suspension and spider
e R, =mechanical loss in the suspension system

Electrical Circuit Explained

R —

I

Elecmical Modal Mlechanical hodel Acoustical Modsl

Inside the Acoustical model:

The connection b/w the mechanical and acoustical model is analogousto a
transformer.
e Connection is where the driver cone surface interfaces with air.
o For a given mass, more mechanical energy is transformed to acoustic energy through a larger cone.
e Z_ = animpedance (acoustic impedance), analogous to radiation resistance for the front and
back of the cone.
© Formed by R, = acoustic resistance, C, = acoustic compliance, and M, = mass of air moving in and out.
© Assume Z, = 0 since modeling loudspeaker in free space.




How to Find all of the Parts

While Modeling

All parts can be searched by their name

in the library browser.

In addition, the following slides have a
detailed break down of every part name,

symbol, and location in thelibrary

browser.

Librazy Browser

Fiodel Browser

b Simulink

b Asoapace Blockset

¥ Audio Toolbox

b Automated Driving Toolbex

» AUTOSAR Blockset

} C2000 Microcontroller Blockset
b Communicatsors Toolbox

b Communications Toolbox HEL Support
b Computer Vision Teslbox

b Control System Toolbon

b Data Acguisition Toolbox

b D0S Blockset

» Desp Learning Toolbax:

¥ D5P HOL Teslbox

¥ DEP System Toolbox

b DSP System Toolbox HOL Support
¥ Embedded Coder

¥ Pimed-Poink Designer

¥ Finsd-Poink Designer HDL Support
b Fuzzy Logic Toolbox

} HOL Coder

b HOL Verifier

b Image Acquisition Toolbox

b Inchatrial Communication Toslbex
» Instrument Control Toolbax

b Udar Teolbox

Libary  Search Results: Scher Configuration

Symbol AN

Part Name

Location

b Sigred Maregment
b Sigral Operatives
b Sk

- e

Brary Fie Repder

-} U

Simulink-PS
Converter

Search Part Name

Controlled Voltage
Source

Current Sensor

r simscape
 Feundation Ubrary
* Eecirical
» Bectrical Bemarts
* Bectrical Sensors

Currert Sernsor Voltage Sensor




Part Name Resistor Inductor Gyrator Re felilsszlii(c}if)un d)
Location i - - -
Symbol H H‘ 0 [1] > =0 b !
Part Name P(Sil)sni?:al;}::alll'k Goto From Conii(;l‘l':;tion
Location Search Part Name Search Part Name




Symbol

Part Name

Location

Capacitor

¥ Simscape
¥ Foundation Library
 Electrical
* Electrical Elements

Capacitor

Voltage Sensor

Gain

Scope

¥ Sieape
* Foundation Uibrary
 Electrical
¥ Electrical Elements
* Blectrical Sensors

Current Sensor Voltage Seror

Construct the Linear Gyrator Circuit as Shown Below

Linear Gyrator Mode!

o

M

[Thvmp—
L

4
o

Note: Do not worry about specific input values,
simply connect the partsas shown here

N




This is the Gyrator.
/N
N/ Specifically in this model circuit design,
the gyratoris implemented to convert
\ the mechanical domain of the
S loudspeaker circuit into the electrical
— domain.

~
a N
Linear Gyrator

Inputs
N\ -
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Resistor (Re) Input

5l

Resistor B avtoApply @

Settings  Description

Parameters

Resistance 336 Oken
Initial Targets
Mominal Values

Settings. Description

[ Parameters
> Inductance 0000274
> Serses resistance Q
» Parsllel conductance ]
 Initial Targets
* Nominal Values

/
/
/ Inductor (Le) Input Goto Block Input

Gl

Goto

Send signals to From blocks that have the specified tag. If tag visiblity is
‘scoped, then a Goto Tag Visibiity block must be used to define the wisibility
of the tag. The block kon displays the selected tag name (keal tags are.
enclosed in brackets, [], and scoped tag names are enclosed in braces, {}).

Paramaters

Goto tag: 1 Rerene All.. Tag visibdty: local




/

/ Solver Configuration Input

Solver Configuration

Settings Description

Egquation formulation
Ingex reduction method
L) Start simudation from steady state

Consistency tolerance

8 Aautospply @

Time

Derivative replacement

Model AbsTel and RelTol

Gyrator Input

Gyratar

Settings  Description

~ Parameters

Gyration conductance

8wt Apply

7]

+ Indtial Targets
Tolerance factor 1609 * Nominal Values.
) usze local solver
[0 use fived-cost runtime consistency iterations
Limear Algebra Sparse
Delay memory budget [iB] 1024
I~ @ Apply filtering at 1-D/3-D connections when needed
Filtering time constant 0.001
> Multibody
-
Right Loop Inputs For:
-
Resistor 8 atososty @
- Settings  Description
-
Resistor (Rm):
[ Parameters
Resistance G784 Ohm
Indhuctor B suniosly @
Sertingn Descriphion
Parameters
- Inchuhance oaar M
naucuoor m):. on
Paraliel conductarce ° One,
Initiad Targets
Nominal Vaues
Cagacites B sty @
Settingn Disiriphin
[~ Parameters
.
- Cacactarce 00 v
Capacitor (Cm): | == ¢ g
Paraliel conductince o 100m
Initial Targets
Mominal Vaues




4
/ Gain Input (Both)

Gain
Element-wise gain (y = K.*u) or matrix gain (y = K*uor y = u*K).

Main  Signal Attributes  Parameter Attributes
Gain:
0.00056

Mudtiplication: Element-wise{K."u)

From Block Input

From

Receive signals from the Goto block with the specified tag. If the tag is
defined as 'scoped' in the Goto block, then a Goto Tag Visibility block must
be used to define the: visibility of the tag. After "Update Diagram’, the block
icon displays the selected tag name (local tags are enclosed in brackats, (1,
and scoped tag names are enclosed in braces, {}).

Parameters
Goto tag: | Update Tags
Goto source: MOP_Models LinearGyrator/Goto

Icon display: Tag

£

Run the Simulation

- Make sure Stop time =1

Stop Time

v |

Normal

€ @

Step Run tep
@ Fast Restart Back ~ ~ Forward
< TE

>




Final Graph Data

For the correct graph output, make sure you have 3
layouts stacked vertical on top of each other.

- If you do not, go to view tab, click layout,and drag
till three blue boxes line up on each other.

The Following are the Scope Settings:

.

Hain Tt Daply  logging
Open at simulation start
Desplay the full path

Nusmtsr of input ports: 3 Linyenst
Sample tme: ‘1

Angast proscessing: Baments a5 channels (sample based)
Maximice 2 o

s scaling: Hanual Congure ..

Main Time Display  Logging
Time span: Auto

Time span overrun action: Wrap

Time units: None
Time display offset: [']
Time-axis labels: Bottom displays only

Show time-axis label

| HEE
H

|. Ca.r;cel

Main  Time  Display Logging

Limit data points to last: 5

Decimation:
8 Log data to workspace
Variable nama: ScopeData
Save format: Dataset

AN

Final Graph Data

The Scope Display Settings are as follows:

Main  Time Display  Logging

Active display: 1

Title: Input Current
Show legend B show grid
Plot signals a5 magnitude and phase

v-limits (Mirdmum):  -0.37063

v-limits (Maximum): 037063

¥-label:

Main  Time Display  Logging
Active display: 2
Title: Velocity

Show ligend 8 show grid

Plot signals as magnitude and phase
w-limits (Minimum):  -0.2328
w-limits (Masdmum):  0,23224

¥-label:

Main Time Display  Logging
Active display: 3
Title: Position

Show legend B show grid

Plot signals as magnitude and phase
Welimits (Minimum):  -0.00096
¥-limits (Maximum): 0,00095

-label:
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Do your Scope Outputs Look Like This?

Now Construct the Linear Circuit Model

Linear Circuit Model

[ ANAA- + .
. I E
o = é Loas
- Crmas :’
lf 1
5 L 4
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J N
Linear Circuit

Model Inputs
N 4

N e
/
/ Log Chirp Inputs Resistor (Re) Input

Resistor

Settings  Description

I Parameters




/

/ Inductor (Le) Input

Inductor

B o apply @
Settings  Description

[ Parameters

» Inductance 0000274
> Series reststance ] Chm
> Parallel conductance L]
» Initial Targets

* Nominal Vahses

Goto Block Input

ks

Send signais i From blocks that hare the specified tag. 11 taq visibdty is
“Seoped, then  Gato Tag Visiblfty block mist be used to define the visibility
of the tag, The block icon dsplays the selected tag name (local tags are
encosed In brackets, [1, and scoped tag rams are enclosed in braces, {}).

Parameters

Gotor tag: 1 Rename AR.. Tagvisibilty: local

Solver Configuration
Input

W

Cal
Sobver Configuration 8 o apty @
Settings  Description

Equation formulabon T

Index reduuction method

Start srudabon from steady state
Consistency toleramce Model AbsTod ard RelTc
Toderance facior 200
U hoxcad

Usie Seoed

Linéss Algebes

Delay memary b

“ B Apply filtering at 1-D/3-D connections when needed
Fiiering Sme constant Qoo

Multibody

/

/[

Capacitance Input

]

Capsacitor

B atorpply @
Seftings  Duescription

~ Parameters

» Capacitance 000061224 F
Series resistance 0 Ohm

* Parallel conductance a 1/0hm

Initial Targets

Nominal Values

Resistor (Res) Input

=

LCal
Resistor B atonpply @
Seftings  Description
~ Parameters
Resistance 30625

* Initial Targets

Inductor (Lces) Input

(8l

Inductor

B wsorply @
Seftings  Dascription

~ Parameters
> inductance 0013446

Series resistance L]

> Paralk nductance 0
Initial Targets

HNominal Values




Top Gain

8l

From Block Input oo

- Element-wise gain (y = K_-*u) or matrix gain (y = K*u or y = u®K).
Ll
From Main  Signal Attributes  Parameter Attributes
Receive signals from the Goto block with the specified tag. If the tag s Gain:
dhefined as “scoped’ in the Goto block, then a Goto Tag Visibility block
must be used to define the visibility of the tag. After ‘Update Diagram', 6.25
the block icon displays the selected tag name (local tags are enclosed in .
brackets, [], and scoped tag names are enclosed in braces, {}). Multiplication: Element-wise(K.*u)
Parameters
Goto tag: 1 Update Tags

Goto source: SpeakerInEnclosure/Goto

. _Bouom Gain

Gain
Element-wise gain (y = K.*u) or matrix gain (y = K*u or y = u*K).
v oK Cancel Help
Main  Signal Attributes  Parameter Attributes
Gain:
0.002744

Multiplication: Element-wise(K.*u)

i
J Run the Simulation

- Make sure Stop time =1

Stop Time <lg w “D

Normal v |
Step Run Step
@ Fast Restart Back ~ ~ Forward
CI‘.'V_A-E




Final Graph Data

For the correct graph output, make sure you have 3
layouts stacked vertical on top of each other.

- If you do not, go to view tab, click layout,and drag
till three blue boxes line up on each other.

The Following are the Scope Settings:

.

Hain Tt Daply  logging
Open at simulation start
Desplay the full path

Nusmtsr of input ports: 3 Linyenst
Sample tme: ‘1

Angast proscessing: Baments a5 channels (sample based)
Maximice 2 o

s scaling: Hanual Congure ..

Main Time Display  Logging
Time span: Auto

Time span overrun action: Wrap

Time units: None
Time display offset: [']
Time-axis labels: Bottom displays only

Show time-axis label

| HEE
H

|. Ca.r;cel

Main  Time  Display Logging

Limit data points to last: 5

Decimation:
8 Log data to workspace
Variable nama: ScopeData
Save format: Dataset

AN

Final Graph Data

The Scope Display Settings are as follows:

Main  Time Display  Logging

Active display: 1

Title: Input Current
Show legend B show grid
Plot signals a5 magnitude and phase

v-limits (Mirdmum):  -0.37063

v-limits (Maximum): 037063

¥-label:

Main  Time Display  Logging
Active display: 2
Title: Velocity

Show ligend 8 show grid

Plot signals as magnitude and phase
w-limits (Minimum):  -0.2328
w-limits (Masdmum):  0,23224

¥-label:

Main Time Display  Logging
Active display: 3
Title: Position

Show legend B show grid

Plot signals as magnitude and phase
Welimits (Minimum):  -0.00096
¥-limits (Maximum): 0,00095

-label:




If Everything is Correct, Re-Run the Simulation
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Do your Scope Outputs Look Like This?

Now Construct the Mixed Domain Model Below

Mixed-Domain Model

Electrical Domain Mechanical Domain




e N

J N
Mixed-Domain

Model Inputs
N d

N e
/
/ Log Chirp Inputs Resistor (Re) Input

Settings  Description

F Parameters




/

/ Inductor (Le) Input

Inductor

Settings. Description

[ Parameters

> Inductance

> Series reststance

» Parallel conductance
 Initial Targets

* Nominal Values

B 2ute Apply

0000274 H
Q Ohm
L] 1/0hm

@

Goto Block Input

3l Black Parameters: Goto

Goto

Send signals to From blocks that have the specified tag. If tag visibility is
‘scoped’, then a Goto Tag Visibility block must be used to define the visibility

of the tag. The block icon displays the selected tag name (local tags are
enchosed in brackets, [], and scoped tag names are enclosed in braces, {}).

Parameters

Goto tag: A

Rename All... Tag visibity: local

/[

Input

/ Solver Configuration

Sclver Configuration

Settings  Description

Equation formulation
Index reduction method
Start simulation from steady state
Consistency tolerance
Tolerance Bactor
Use Iscal sotver

s

ed-cant

e contistency ite

Lineas Algeben

Delay memony tuadget (]

Filtering time constant

Mubtibody

%3l Btack Parameters: Sbver Configuration

B Apply filtering at 1-D/3-D connections when needed

*
B auto Apcly @

Time

Derivative replacement
Model AbsTel and ReiTol
0001

o

1024

0001

Translational

Electromechanical Converter
Input

~ Parameters

%] Block Parameters: Translational Electromechanicsl Converter x
Trarslational Electromechanical Converter B avtoApcly @
Sattings Descripticn

Constant of proporticnality K 4.9
Initial Targets

MNominal Values




Mass (Mm) Input

Translational Spring (1/Cm)

Input

4] Block Parameters: 1/Cm

®

("l Block Parameters: Mm ES
Mass 8 rutoawly @
Settings  Descriphion

~ Parameters
Mass o047 i
Number of graphical perts
Initial Targe ts
Nominal Values

Translaticnal Spring B autoapply @

Settings  Description

~ Parameters
> Spring rate 75T Wm
Imitial Targets
Nominal Values

Translational Damper (Rm)

Input

Traralational Damgr B atodochy @

Setiogs  Description

~ Parameters
Damping coeMaient 078 Nwm
Iritial Targets
Pcminal Wahses

/

/[

Ideal Translational Motion

Sensor Input

sl
Ideal Transiational Motion Sensor

Settings Description

~ Parameters

Measurement reference Difference
O Acceleration
B velocity
B Position
> Initial position ]

B autodpply @

From Block Input

[%a] Block Parameters: From x
From

Receive signals from the Goto block with the specified tag. Ifthe tag is
defined as "scoped’ in the Goto block, then a Goto Tag Visibility block must
be used to define the visibility of the tag. After "Update Diagram’, the block
icon displays the selected tag name (local tags are enclosed in brackets, [],
and scoped tag names are enchosed in braces, {3}).

Parameters

Goto tag: A

Goto source: MOP_Models MixedDomainModel/Goto
Icon display: Tag

Update Tags




£

Run the Simulation

- Make sure Stop time =1

Stop Time : <lg Q) “D

Normal
Step Run tep
@ Fast Restart Back ~ - Forward
<n \TE

IN

Final Graph Data

For the correct graph output, make sure you have 3 .
layouts stacked vertical on top of each other. |
- If you do not, go to view tab, click layout,and drag |
till three blue boxes line up on each other.

|. Ca.r;cel

The Following are the Scope Settings:

-+
Main Timé Display  Logging
Han  Tew Daplly  Loggng Main  Time Display  Logging
Time span: Huito
e Limit data points to last: 5
Deiplay the hall path Time span overrun action: Wrap
o e Decimation;
Nusribar of ingut perts: 3 Liyont Time units: Nani .
- 8 Log data to workspace
St S = Time display offset: [ o9 pac
Igad processing: Berments a5 channsls (sample tased) Variable name: Scopelata
[re—— o Time-axis labels: Bottom displays only
Save format: Dataset
A scalng: Manal Confiquee .. Show time-anis label

AN




Final Graph Data

The Scope Display Settings are as follows:

Main Time Display  Logging

Active display: 1

Title: Input Current
Show legend B Show grid

welimits (Miremum):  -0,37063
¥-limits (Maodmum)z 0.37063

v-labelz

Plot signals as magnitude and phase

Main  Time Diplay  Logging
Active display: 2
Tithe: Velocity

Show legend B Show grid

Flot signals as magnitude and phase
W-limits (Mirimum):  -0.2328
w-limits (Maodmum): 023224

¥-label:

Main  Time Display  Logging
Active display: 3
Title: Position

show legend (8 Show grid

Plot signals as magnitude and phase
Yelimits (Minimum):  -0.00096
W-limits (Madmum):  0.00095

-label:

AN

If Everything is Correct, Re-Run the Simulation
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Do your Scope Outputs Look Like This?




e N

/ N

L.ook back, what
similarities are there

between the graphs?
Why?

AW e

/ Let’s Change the .
Frequencies and
Observe What
Happens.

N\ -

N i




AN
In all 3 Models, Change the Following K

Do your Scope Outputs Look Like This?




N

~
J What is the difference
between the outputs of the

initial models and the

N

outputs with the frequency

changes?

™\ Why?

p

N

i




Appendix G — Speakers in Enclosure Modeling Slides
/

-

Speakers in
Enclosures
Simscape

el

Introduction K
You will be modeling a ported and sealed box by using a previously generated domain.

Construct these models following this slide deck




/

/

Installing the
Domain

—

e

/

ecause certain acoustic parts are not
properly modeled in basic Matlab, we
will need to install a domain where
they are modeled.

To start, click the link below

https://www.mathworks.com/matlabcentral/fileexchange/10

9029-acoustical-domain-for-
simscape?s_tid=srchtitle_support_results_3 loudspeaker%
2520enclosure

e




)
/ Download the domain

File Exchange

Acoustical Domain for Simscape

nnnnnnn

Unzip the folder under downloaded files on
your computer.
/
i
j Open Matlab and select this icon to change the

directory

=)} L=r G 3 Lgy Find Files » t J
New New New Open (] Compare Import  Clean
Script Live Script ¥ A Data

Select the unzipped file to set
it as the new directory.

cabla * OneDrive * C




£

J Restart Matlab and then open the “simscape-
acoustical” folder and ensure that the “+acoustical”
folder is visible.

/[

In the Matlab command window enter the following
function to build the library for the acoustical elements:

k library "acoustical 1ib" in the current directory 'C:\Users\cabla‘\Downloads\simscape-acoustical 20240110 (2)\simscape-acoustic

Double-click the “acoustical_lib.sIx” file in the simscape-acoustical folder
on Matlab, and then open the sealed box and ported box examples.

Name

license. txt rgmre s New heider - o e
simscape-acoustical ~ s Onelrive - Pers
] siblocks.m
@° README.rtf
& NonlinearSpeakerModeling. pdf Music Speskerfxampics
& Licenseinfo.pdf
& Installationinstructions.pdf

& Enclosures.pdf e )
& AcousticalDomainpdf WP e 1
*a acoustical_lib.six S
2 acoustical_lib.prj .
] Jgitignore ik v FrREET——rT———
1 DS _Store Cance
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/ Sealed Box Example Simulink Model: \

A
Disp
Simscape
l_e+ pistopiston -
zrad_pisien
nit:
I: ) Simscape
cona_hack ' el pressirs _Dh—’|§|
Simulink-PS Pt PS-Simulink
Convenar ' Convenar Scope
- =
.

Values for the parts should be as follow

Sine Wave Solver Configuration

vl F
Sarrgles per peviod = 2*pi [ (Frequency * Sample time) Solver Configuration Bt rply @
Mumber of offset samples = Phase * Samples per period | (2*p) Sattings  Description
Usee thee sampie-based sine bype if numerical probliens due 1o nunsing for
large times (2.0, overflow in absolute time) cocur Equaten farmulation Tifrs:
Parameters Index reduction method Deerivative replacement
Sine type: Thme based v Start smulation from steadly state
Time (1): Use simwdation time Comsistency tolerance Model AbsTol and RelTol
Amplitute: [ Tolerance factar 0.001

Use local sobwer

Bias Use foced-Cost runtime consistency iteratons
0
Linest Mgebra auto

Frequency (risd/sec).

paarcy { ! Delay memory budget (k8] 1024
1

~@8 Apply filtering at 1-0/3-D connections when needed

Phase (rad):
o - Filiering time constant 0:001
Sampie time: Moy
0

B Interpret vector parameters as 1-D

g O Cancel Help —

N e




~

~

Ll
Ressishor

Seitings  Description

| Parameters
Resatance
Initial Targets

Nominal Values

Values for the parts should be as follows:

Linear moving coil
Resistor speakerl

&l
B auoagply @ Linsar Moving Cod Spaaker
| Settings Description

'~ Parameters

Ghm . Resistance Re 78 Ohm
Inductance Le 12401 01M mu
Inchade B2 and L2? Simgle linear medel
Mass 48
Cone area W4 em*2
Mechanical Resistance a1 Nrsm
Force Constant 8L 534 NiA
Spring stdfness 1000 Nm

Inclade Mecharscal force port?  Without Mechanical Port

B vt agply @

N

j

Values for the parts should be as follows:

Enclosure with hole Radiation Impedance

[l

Acoustical enclosure with hole for speaker meurt B sutoappy @

Settings Description

~ Parameters
Valume of enclosure

Area of hole

Cal
Radiation impedance - circular piston
Settings Description
~ Parameters
25 |

* Piston area 04 emt2
0.4 ma2

Far field pressure reference

G
Lad
P_{f - far field pressure referenced to 1m in Pa B auto pply @

Seftings  Description

~ Parameters
dist 1

* Inktial Targets

8 o apply @ |

Nominal Values /




~ ~

J Using the values provided through the domain, run the
circuit after setting the stop time to 10 seconds.

-0 F@-

The produced graph
from selecting the
scope icon should be
identical to the one
shown:

N

s ~
/ Ported Box Example Simulink Model:\

Configuration =




~

~

4|

Values for the parts should be as follows:

Sine Wave

Samgles per period = 2*pi [ {Frequency * Samgle time)

Murmber of offset samples = Phase * Samples per peibod | (2*p)

s the sampie-based sine type if numerical probilens due to nunning for

larpe times (e.9. overflow in absolute time) ooour,

Parmmeters

Sine type: Thme based

Tme (1): Usee simaskation time

Amglitude:
1

" s,
(]

Frequency (rad/sec):

1
Phase (rad):
o
Samgple time:
[}

B interpeet vector parameters as 1-0

oK Cancel Hedp

Solver Configuration

W

Ll
Sohver Configuration

Settings  Description

Equatan formulation Timse
Indiex reduction method Dreenvative replicement

Start simulation from steady state

Consistency tolerance Mods AbsTol and RelTol
Tolerance factar 0001
Use local sober

Use feeed-¢ost runtime corsistency iterations
Linear Mgebra auto
Deday memory budget (k8] 1024
~ B Apply filtering at 1-D/3-D connections when needed
Filtering time constant 0001

© Multibody

8 nuto sty @

AN
/

-~
N

&
Resistor

Seiftings  Description

|~ Parameters
Restance
Initial Targets
* Nominal Values

Values for the parts should be as follows:

Linear moving coil

Resistor

Ohm

speakerl

=l
| o
Linear Moving Cod Spaaker

| Seffings  Deseription

|~ Parameters
Resistance Re T8
Inductance Le 124700
Include R2 and L27 Simple linear model
Mass 48
Cone area 04
Mechanical Resistance a1
Farce Constant BL s34
Spring stffness 1000

Inclade Mecharscal force p Without Mechanical Part

Chm

124

om~2
N m
N/A

Nfm

B vt agply @




~ ~

J Values for the parts should be as follows:
Ported acoustical enclosure Both Radiation
& Impedances
Ported scoustical enclosure B nute dppty @ Pl

Seftings  Description
Radiation impedance - circular piston 8 auto apply @

Piston area 304

Both Far field pressure references

=
(™)
P_ff - far field pressure referenced to 1m in Pa B auto Apply @

Seftings  Description

) N

/Use the values provided through the domain and then run
the circuit after setting the stop time to 1 second.

The produced graph
from selecting the
scope icon should be
identical to the one

shown:

N




- ~
/ What the notable differences K
between the two graphs?

What effect does a port have on the outcome of the speaker?

N\ -




