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ME 211A: Modeling and Analysis of Dynamic Systems (Fall 2010)

Instructor Dr. Nishant Kumar U, Dewver  preyious) Y

Office 129 Toomey Hall

Mailbox 194 Toomey Hall

Phone 573 - 341 - 5505 Projects  Eexams grmoed by Kumar
Fax 573 — 341 - 4607 lgeots qxsf‘jm,\,\w\ 5 gladaed \,1\1 TA
Email nkwtb@mst.edu '

Office Hours Tuesday 4 — 5PM, Friday 11 — 2pm,

Important: I have an open_door policy, so you are welcome to stop by my office and if you
need appointment, please see me after the class or send me an email.

TA TBD

Lecture 10:00 — 10:50 MWF (McNutt Hall 212)

Prerequisite Math 14 (or 8), 15 (or 21), 22, and 204; Physics 24; C or better in ME/AE 160
Textbook Modeling and Analysis of Dynamic Systems 3" Edition by Close, Frederick,
and Newell. ISBN: 0471394424  Poporyade ok @ 72570 USsedl

Course Objectives: The course is designed to introduce students to the basics of modeling and
analyzing dynamic systems. A group course project is included for students to model and analyze
a dynamic system. The Matlab/Simulink software package is used in this course. Topics covered
include: modeling mechanical translational, mechanical rotational, electromechanical, and fluid
systems, solutions of linear equations, frequency response of dynamic systems, linearization of
nonlinear systems, transfer function formulation, block diagrams, dynamic performance analysis,

and simulation. |

Must Use engieel poprr o 8.5 x

Assignments: 6 - 8 homework problems will be assigned each week. These problems provide
ample opportunity for learning the topics covered in class. HW’s are due in class, a week after
they are assigned. There will be several assignments during the semester. You are strongly
encouraged to discuss the assignments with other students; however, you must turn in your own
work. HW’s may be turned in ahead of time if you know you will not be in class on a particular
day. Late assignments will not be accepted for a grade~-Work that is not neat will be returned.
The lowest grade on HW will be dropped before calculatmde.\, Zpm ia o fe OK

Blackboard: This is not a web based course but Blackboard will be used as an alternative
means of communication between the students and instructor/TA for posting lecture notes,
homework solutions, grades, announcements and some useful information. You are advised to
log in to your Blackboard account frequently.

FExaminations: There will be three in-class midterm exams. The dates will be announced in the’
class atleast a week before the exam is scheduled. All examinations are closed book and notes.
You are allowed the sheet of Laplace Transforms (to be posted on blackboard) and one 8.5 by 11
inch (both side) formula sheet for each examination. The formula sheets may not contain solved

problems. Make up examinations will not be provided except in the case of a documented




emergency. Permission to miss an examination must be obtained from the instructor prior to
examination. Family emergency, University activity and health problems need to have written
documentation. Those with unexcused absences will be given a zero grade for this portion of the
course; the unexcused absence to the regular date of your exam will not give you the permission
to come at the make up time scheduled for that particular test.

Attendance: Attendance is not mandatory. However, each lecture introduces significant new
materials. If class is missed, you are responsible for obtaining announced information, handouts
and notes from other students or from me. If you miss more than 2 or 3 class sessions and do not
make them up, you will certainly get into difficulties.

Cheating: Cheating and/or plagiarism is unethical conduct and will not be tolerated. Anyone
found to be cheating or assisting another student in cheating will automatically receive a failing
grade for the course and the situation will be brought before the Office of Academic Affairs.

Grading: The following grading scale will be used unless class average requires some

adjustment.
A = 90%, 80% < B < 90%, 70% < C < 80%, 60% < D < 70%, F < 60%.
The percent credit for assignments, course projects, and examinations is:

Assignments 20%

Course Project 10% ,
In—Class Examinations (3) 50% (Total) p L Swes (207
Final Examination 20% [ast sw0re 10Y.

Reference Books:

1). Introduction to Dynamic Systems Analysis by T..D. Burton, 1994. . .

2). Feedback control of Dynamic Systems by Franklin, Powell and Emami-Naeini, 2002.
3). MATLAB — The language of technical computing, Version 5, The Math Works, Inc.
4). Fundamentals of Vibrations by Leonard Meirovitch, 2000

Important: Try to understand the material as much as you can during class. erzte and. (II‘;;I:)
big. Plan to spend average of 3-5 hours to do each assignment. .Learn how to stua y eflﬁaeln y.
Students are strongly encouraged to visit the instructor (lmzmg ‘ofﬁce Izours,‘zf tlley 1f1t;e
questions on the homework assignments or any related technical issues. You are welcome to

stop by my office during non-office hours.
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ME 211: MODELING AND ANALYSIS OF DYNAMIC SYSTEMS

PROJECT
(Due 12-6-2010 in class or in my office TMH 129 by 2pm)

The course project for ME-211 is a group project. Each group comprises of 4-5 students.
The objective behind assigning a group project is make you learn how to cooperate with
others who have different skills than their own, how to work in multicultural teams and,
finally, how to work in a way that is widely used in real-life today.

MODELING A TOY TRAIN SYSTEM

Consider a toy train consisting of an engine and a caboose. The engine-caboose system
has a rectilinear motion. The mass of the engine and the caboose are M; and M,,
respectively. The two are held together by a spring, which has the stiffness coefficient of
k. F, represents the force applied by the engine. For modeling purpose, take step input
and the rolling friction acting on the wheels as B(dx/dt), where x represent the
displacement coordinate and B is the coefficient of rolling friction.

The following values of constants are given:

M, =1 kg; My =0.5 kg; k =1 N/m; F, = U(t); Bengine = 0.02 kg/s; Beapoose = 0.01 kg/s;

[ (a): Find the differential equation of motion for engine and caboose. (5 Points)

~ (b): Let the output be the velocity of the engine. Put (a) into state-space form and identify

!

" the A, B, C and D matrices. (10 Points)

/(c): Assuming initial conditions; x(0) = v(0) = 0; find the transfer function of the system.
Using MATLAB command “roots” find the zeros and poles of the transfer function.
Then, using MATLAB command “zplane”, show the zero-pole plot on the complex
plane. Comment on stability of the system, based on the plot. (30 Points)

(d). Model the above system in MATLAB using “ss” and “Isim” commands. Plot time
(on x axis) versus output (y axis) graph. Show the step u&velocny response for 60
seconds, using 0.01 seconds as time increment. (10 Points) Stake spo

| (e). Repeat (d) using “tf” and “Isim” MATLAB commands. (10 Points)

\\(f). Plot the unit impulse velocity response for the engine. (5 Points)

(g). Submit project report (30 Points)



INSTRUCTIONS

1e objective of this course project is to model and analyze a toy train system consisting of an engine and a caboose.
You are expected to simulate the model for step and impulse input and perform system analysis based on the plots

generated.

The ME-211/ Blackboard website has a “Project” folder (in the contents section) that contains helpful examples and
m files you may require to generate MATLAB plots:

Report Format
The report must be created in a word processing package, include page numbers, and be written clearly and concisely.

Documents must be printed on a laser printer and major sections and subsections of the report must be clearly
denoted. Each group must submit a hard copy of the report before/by due date/time. Electronic submission (via
email as scanned files) of the report is not acceptable. Extension/ late submission of project work is not acceptable.

The report must contain the following sections:

Title Page: The Title Page includes the following information:- project title, student’s names, email addresses, course
title, instructor’s name, and submission date.

Abstract: (not to exceed 50 — 100 words): The Abstract provides a brief overview of the report that includes a clear,
concise explanation of the problem, approach, and results.

Introduction: The Introduction is an explanation of problem. You may paraphrase what is given in the problem
statement.

Kesults & Conclusion: The results and conclusion section is a detailed description of methods that are used to solve
the problem and the resulting outcomes. In this section you will attach:

a) Calculation work (to derive equation of motion, state space form, transfer equation, etc.). Hand written
calculation work is acceptable, but it should be clearly written, F.B.D’s drawn should have clearly marked
axis, forces labeled along with directions shown using arrows.

b) Figure(s)/ Plot(s) (properly labeled).

¢) MATLAB m files.

d) Any other supporting document/ file.
e) Conclusion: Provide a brief discussion of the project outcomes. Do not simply state what you see in the

graphs. Interpret the results.
Note: The project work will be evaluated along three primary axes:

Correctness: E.g., Math calculation(s), Matlab code free of bugs. .
Quality of Report: E.g., formatting of word document, quality of plots, clarity of thought and writing skills, etc.

Originality: Overall originality of your work.

Based on the above three criteria, groups will be given an extra credit of up-to 2 points (on a 10 point basis) if your
work is simply outstanding.



S.N NAME GROUP # .N NAME GROUP ..
1 |Allen,Joshua GROUP -1 1  |Bock,Benjamin GROUP -2
2  |Barlow,Jerry Meeting Time 2 |Boyert,Joshua Meeting Time
3 Barnes,Brian Wednesday 3 |Brasher,Grant Friday
4  |Binns,Crawford 11/10/2010 4  |Braun,Andrew 11/12/2010
5 Bird,James 11.30 - 1.30 pm 5 [Cawvey,Zachary 11.30 - 1.30 pm
1  |Davis,Nicholas GROUP -3 1 |Hamilton,Turquiose GROUP - 4
2 Doerner, Trent Meeting Time 2  |Heimsoth,William Meeting Time
3 |Ekholm,Michelle Monday 3 |Jenke,Robert Wednesday
4  |Fennell,Sean 11/15/2010 4  |Johnson II,Garrick 11/17/2010
5 |Garvey,Kyle 11.30 - 1.30 pm 5 |Johnson,Jeremiah 11.30 - 1.30 pm
1 Kekec,David GROUP -5 1 [Michael,Joseph GROUP -6
2 |Lange,Matthew Meeting Time 2 |Moesch,Nikolas Meeting Time
3 |Liston,Paul Friday 3 |Newman,Jacob Friday
4  |Livergood,Jacob 11/19/2010 4 |Ohlms,Gerald 11/19/2010
5 Malawey,David 11.30 - 1.30 pm 5 |Otto,Emily 1.30 - 3.30 pm
1 Perry,Zachariah GROUP -7 1 |Rose,Megan GROUP -8
2 |Quade,Justin Meeting Time 2 |Rusher,Charles Meeting Time
3 |Richert,Jacob Wednesday 3 |Russell,William Monday
4 |Ridenhour,Krishawn 11/17/2010 4  |Schaeperkoetter,Matthew 11/15/2010
5  |Riechers,Stephan 1.30 - 3.30 pm 5  |Shaffer,Samuel 1.30 - 3.30 pm
1 |Smith Jr,Todd GROUP -9 1 |Tigue,Adam GROUP - 10
2 |Smith,Caleb Friday 2 |Welch,Jacob Wednesday
3 |Stanley,Chad 11/12/2010 3  |Wommack,Daniel 11/10/2010
4 |Stowe,Dalton 1.30 - 3.30 pm 4 |Wood,Adam 1.30 - 3.30 pm

Note: The group meeting should not take more than 45-60 minutes. Please email me with a suitable time when all/

max. number of group members can attend the meeting.
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Abstract:

A model engine and caboose are modeled for inputs and outputs. The system involves a unit step input,
friction coefficients, and a spring. Output values of velocity and other parameters are to be produced.

Free body diagrams were created and equations are derived from these free body diagrams. The
transfer function, damping ratio, and natural frequency were then found. Using MATLAB, the system
was modeled and plots were produced.

The results show how the engine velocity results from the unit step input and unit impulse input.
Introduction:

The problem is to model an engine and caboose, with a force input and displacement as the output. A
second order differential equation and a transfer function are to be used with MATLAB to create plots of
the transfer function zero pole plot and the outputs given unit step and unit impulse inputs. The
constant values for the system are listed at the beginning of the calculation work.

Results and Conclusion:

a) Calculation Work

M, = 1Kg
M, = 0.5Kg
K=1N/,
F, = Ut

B, = .02%9/
B, =.01%9/,

ZFx = My%

My%; + Byxy = k(xq — x3) = U(t)

zF = széz

széz + Be.').CZ - K(x1 - xZ) = O

sz + lez - (xl - xZ) = 0
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X1=V1
V1:X1

. 1
Vi = E[U(t) — B,V; — K(x1 — x3)]

Vl = U(t) - 02V1 —x1 +x2

XZZVZ
I72=sz

. 1
V, = 7 [—BV, + K(x; — x3)]
2

V2 = _.02V2 + 2x1 - 2x2

X1 01 0 0 [*x] [0
Vi _|-1-02 1 0 [|" 1
Xl 0 0 0 1 x| to|V®
v, 2 0 -2 —o02ilv2] lo
X1
V1
Wil=[0 1 0 ol [+[0lU(®)
£

X1=V1

LX) = L(Vy) _— sX; — x(0) = Vyi(s)

Vi =u(t)— .02V, — X, + X,
L(V) = U(s) — .02(V}) — L(Xy) + LX)
sVi(s) — v(0) = U(s) —.02V,(s) — X1(s) + X2(s)

v(0)=0

Page |2
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X2=V2

sVo(s) = —(.02)V,(s) + X1(s) — Xz(s)

2 2
(s +.02)V,(s) = _EVZ(S) + EVl(s)

(s+ 02 + E)V (s) —EV (s)[s]
. 5) 2SI =2

_ 2Vi(s)
() = 025+ 2)
X,(s) = 2V (s)

s(s? +.02s + 2)

Vi(s) n 2Vy(s)

sVi(s) = U(s) = .02V, (s) - S(s2 +.025 + 2)

Vi(s) 2V1(s)

U(s) = sVy(s) + .02V;(s) +  s(s2+.025 +2)

2
s(s?+.02s +2)

U(s) = [s+0.2+ %— Vi(s)

s(s? +.02s + 2)U(s) = [(s? +.02s + 1)(s? +.025 + 2) — 2]

s(s24.02s + 2)U(s)

Vi(s) = [(s? +.02s + 1)(s%2 +.025 + 2) — 2]
_ Vi(s)
H(s) = Ues)
_ 3(5‘2 +.025 4+ 2)
H(s) = (s24+.02s +1)(s2+.02s+2)—2
Hs) = s2+.02s+2

s3 +.04s2 + 3.0004s + .06

Page |3
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b) Figures
X, X,
f k
‘— M1 —n_ M2
1. 9.9.6.4.8.4 1. 9.0.6.0.4.¢
Be Bc:

Figure 1- System Sketch

+— M1 — K(x1-x2) +— M2

B.x1 B %2

Figure 2 — Free Body Diagram
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Zero-pole Plot
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Figure 3 — Zero-pole plot of Transfer Function

Input velocity response from: State Space Method

Time (sec)

Figure 4 — Velocity vs. Time, State Space Method, Unit Step
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Input velocity response from: Transfer Function Method
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Figure 5 — Velocity vs. Time, Transfer Function Method, Unit Step

; Unit Impulse Velocity Response
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Figure 6 — Velocity vs. Time, Unit Impulse
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c¢) MATLAB m files

d)

SFINDING ZEROS AND POLES OF TRANSFER FUNCTION AND PLOTTNG ZERO-PLOT GRAPH
num=[1 .02 2];% DEFINES COEFICIENT'S OF s IN NUMERATOR

den=[1 .04 3.0004 .06];% DEFINES COEFICIENT'S OF s IN DENOMINATOR
rn=roots (num);%$ FINDING ZEROS OR ROOTS OF NUMERATOR

rd=roots (den);$%$ FINDING POLES OR ROOTS OF DENOMINATOR

figure (1)

zplane (rn,rd)

% PLOT OF OUTPUT VS TIME GRAPH FOR STEP INPUT USING STATE SPACE METHOD (i.e.
ss command in MATLAB)

tfinal=60;

t=0:0.01:tfinal;

U=ones (size (t));% DEFINING STEP INPUT

A=[0 1 0 0;-1 -.02 1 0;0 0 0 1;2 0 -2 -.02];% DEFINING A MATRIX

B=[0 1 0 0]';% DEFINING B MATRIX

C=[0 1 0 0];% DEFINING C MATRIX

D=0;% DEFINING D MATRIX

X0=[0 0 0 0];% DEFINING INITIAL CONDITION (MUST HAVE ENTRIES EQUAL TO THE

NUMBER OF STATE VARIABLES)

sys=ss (A,B,C,D);

figure (2)

lsim (sys,U,t,X0)% SIMULATING LINEAR SYSTEM

% PLOT OF OUTPUT VS TIME GRAPH FOR STEP INPUT USING TRANSFER FUNCTION METHOD
(i.e. tr command in MATLAB)

systf=tf (num,den);

figure (3)

lsim (systf,U,t);

% PLOT OF OUTPUT VS TIME GRAPH FOR IMPULSE INPUT USING IMPULSE COMMAND
figure (4)

impulse (systf,tfinal)

Basic Equations used:

Definiton of a transfer function

H(s)= Z(output)/L(input)= L(x1(t))/L(fa(t))

Poles of a second order eguation

S1, Sz such that characteristic equation P(s) = a,s? + a;s + ag = 0
Zeros of a second order equation: zeros of numerator of H(t)
Matrix form of input/output equations
da/dt=[A][q] + [B][u(t)]

H(s)

For any input u(t), yu(t)=Z( )

For unit impulse response, h(t)= Z(H(s))
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Conclusion:

The zero-pole plot (Figure 3) displays two zeros and three poles all lying on the imaginary axis.
This plot shows that the system is marginally stable.

For a unit step input, the engine of the train accelerates forward, but not with a constant
acceleration. The acceleration varies with the system’s natural frequency.  The cause for
humps in the velocity vs. time graph (Fig. 4 & 5) can be described as followed:

As the engine moves forward, the spring stretches and reduces the engine’s forward
acceleration. Then the caboose accelerates due to the spring tension and “catches up” with the
engine. Finally, the spring force is reduced and the engine accelerates at a greater rate. The
cycle then continues. The velocity of the train will increase until the friction forces equal the
input force.

Given a unit impulse input, the engine velocity follows a similar pattern with the same natural
frequency (Figure 6). However, the maximum velocity occurs at the first cycle, and the train
continues to slow due to friction forces. For each cycle, the velocity amplitude reduces due to
friction forces. The velocity and amplitude will both decrease until they equal zero.
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